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Editorial on the Research Topic 


Skin Autoimmunity



The Spectrum of Skin Autoimmune Diseases

According to the revised Witebsky’s criteria by Rose and Bona, a disease is considered of autoimmune origin if (i) it can be transferred by pathogenic T cells or autoantibodies, (ii) it can be induced in experimental animals, or if (iii) autoimmunity is suggested by circumstantial evidence from clinical clues (1). Rather new aspects are the iatrogenic induction of autoimmune side effects or the emergence of cutaneous side effects by new immunomodulating therapies (2, 3). According to the “classical definition”, skin autoimmune diseases include pemphigus and pemphigoid diseases (4, 5). In pemphigus and pemphigoid, autoantibodies bind to specific structural proteins of the skin and either directly or indirectly (through activation of the immune system) induce skin pathology (6). Within this Research Topic, several review articles provide an excellent overview of several pemphigus and pemphigoid diseases. More specifically, paraneoplastic pemphigus, bullous pemphigoid, anti-p200 pemphigoid and lichen planus pemphigoides are reviewed in detail. Within this editorial, we aim to provide an overview of the 68 articles of the Research Topic. Each article of the Research Topic can be directly assessed by the kinks provided in the blue font. To guide the reading, we have classified the articles into the following subheadings:

	“Emerging” autoimmune diseases

	Novel insights into the pathogenesis of skin autoimmune diseases

	New diagnostic approaches in skin autoimmune diseases

	Comorbidity in skin autoimmune diseases

	Epidemiology of skin autoimmune diseases

	Novel treatment targets and therapeutic approaches for skin autoimmune diseases

	Characterization of patient biomaterials and model systems of skin autoimmune diseases





“Emerging” Autoimmune Diseases

In contrast to these more “classical” autoimmune diseases, fulfilling the revised Witebsky’s criteria, there is an increasing evidence for a role of autoreactive T- and/or B-cells in chronic inflammatory skin diseases that have not been considered autoimmune so far (7). As reviewed by Boehncke and Brembilla autoreactive T cells are present in several chronic skin inflammatory diseases that are (so far) not considered to be caused by an aberrant immune response to self-antigens. Among others, autoreactive T cells have been identified in psoriasis and atopic dermatitis (8–10). Overall, these are very intriguing findings, but before fully considering autoimmunity as a significant contributing factor to psoriasis or atopic dermatitis, these findings require functional validation. In addition to T cell-mediated autoimmunity in “non-autoimmune” chronic inflammatory skin diseases, presence of autoantibodies has been described in chronic spontaneous urticaria (CSU), as well as in morphea. Yet, again, these findings await functional validation in vivo. The induction of systemic sclerosis, which shares pathogenic features of morphea, in mice immunized with type V collagen (11), however, provides strong evidence for a pathogenic contribution of autoantibodies in morphea and/or systemic sclerosis. In light of the increasing importance of pathogenetic networks of innate and adaptive immune responses (12, 13), this and other observations are highlighted in the review by Schön, where in psoriasis and other autoimmune or autoinflammatory diseases, and their relation to disease pathogenies is highlighted.



Novel Insights Into the Pathogenesis of Skin Autoimmune Diseases

A complex interaction of genetics and environmental factors is one of the key underlying pathogenic mechanisms in skin autoimmune diseases. The high number of submissions reporting on genetic associations in autoimmune skin diseases underscores this. The genetics and transcriptomics in pemphigus and pemphigoid are reviewed by Olbrich et al. Targeted genetic analysis identified novel gene polymorphisms in endemic pemphigus foliaceus, namely within cell death pathways and the soluble CR1. While most genetic studies focus on the nuclear genome, few address the impact of the mitochondrial genome on complex phenotypes. This highly interesting topic has been addressed by Russlies et al., who report on polymorphisms in the mitochondrial genome that are associated with bullous pemphigoid.

In addition to genetics, several articles also specifically address certain cell types in skin autoimmune diseases. Cao et al. allude to the role of regulatory immune cells in pemphigus and pemphigoid. Here, with a focus on pemphigus and pemphigoid, they review the impact of different types of regulatory T and B cells. Rauschenberger et al. present data on the crosstalk between skin infiltrating T cells and keratinocytes. Costa et al. focus on the contribution of mononuclear phagocyte activation in the context of psoriasis. Based on the determination of molecular markers of monocyte/phagocyte activation in inflamed skin and the serum of patients, they conclude that mononuclear phagocytes are activated in psoriasis and thus may contribute to disease pathogenesis. Interestingly, similar findings were made in patients with bullous pemphigoid by Riani et al. Neubert et al. also focus on the contribution of innate immune cells in the pathogenesis of chronic skin inflammation: Neutrophil extracellular traps (NETs) may be formed after neutrophil activation. NETs are important for host defense, but may also contribute to the pathogenesis of several chronic inflammatory (skin) diseases, such as rheumatoid arthritis, psoriasis, or systemic lupus erythematosus (SLE). Interestingly, some of these diseases may be triggered or aggravated by light exposure. Based on these findings, the authors investigated the impact of UVA on NET formation.

Another set of articles within the Research Topic focus on the role of cytokines in the pathogenesis of chronic skin inflammation: Buhl and Wenzel highlight the importance of the different isoforms IL-36, especially in psoriasis. The contribution of IL-36 in (pustular) psoriasis is underscored by the induction of pustular psoriasis in carriers of a missense mutation of the IL-36Ra. Le Jan et al. identified inflammasome activation in patients with bullous pemphigoid. Increased expression of IL-1β was induced by IL-17/-23 and led to an increased release of proteases from macrophages. Increased IL-1β expression was, however, predominantly found in patients with erythema and urticarial lesions. Thus, determination of IL-1β concentrations may allow to stratify patients in personalized treatment approaches.

Further articles focused on the pathogenesis of chronic inflammatory skin diseases: Liu et al. report on the effects of TIPE2, a members of the tumor necrosis factor-α induced protein-8 family, in mouse models of psoriasis and autoimmune uveitis. Interestingly, in TIPE2-deficient mice opposing effects were observed: While TIPE2-deficiency alleviated clinical disease manifestation in Aldara-induced psoriasiform dermatitis, development of experimental autoimmune uveitis was exacerbated. In his article, Arneth performed a systematic literature search on SLE and summarizes the evidence that SLE is a disease caused by a disorder of DNA degradation and elimination. While the review by Günther covers a similar topic, she points toward the type I interferon signature in lupus as well as environmental triggers of the disease. Two articles provide insights into the pathogenesis of pemphigoid diseases: Hiroyasu et al. summarize the contribution of proteases to pemphigoid disease pathogenesis. Jegodzinski et al. investigated the impact of the G protein-coupled receptor 15 (GPR15) on experimental pemphigoid disease. Of note, they identified GPR15 as one (of the few) anti-inflammatory molecule in pemphigoid diseases.



New Diagnostic Approaches in Skin Autoimmune Diseases

The molecular-based diagnosis of pemphigus and pemphigoid, with more detailed insights into mucous membrane pemphigoid, is also reviewed within this Research Topic. In addition to serology, novel non-invasive methods have been developed for the diagnosis of a variety of chronic inflammatory and autoimmune skin diseases. Among these are imaging systems such as optical coherence tomography, as well as non-invasive sampling methods such as plucked hairs and tape-stripping from skin. All of these are used for the diagnosis of disease. Recently, diagnostic developments have also focused on the development biomarkers to predict disease outcome and/or response to treatment (14). As an example, Nesmond et al. identified IL17RA and IL17RC expression on monocytes to be associated with disease activity in bullous pemphigoid.



Comorbidity in Skin Autoimmune Diseases

With the availability of (relatively) effective treatments for chronic skin inflammation (15–17), comorbid diseases, mostly metabolic and cardiovascular, now significantly contributes to the morbidity of patients with skin autoimmune diseases. For example, an increased prevalence was noted in psoriasis inpatients well over 50 years ago (18). Several decades later, an increased prevalence of coronary artery calcification and myocardial infarction in patients was demonstrated in imaging and epidemiologic studies (19, 20). Within this Research Topic Cugno et al. review the evidence for the prothrombotic state in CSU and bullous pemphigoid. Of note, inflammation and the prothrombotic state may form a vicious circle, whereby each pathway sustains and promotes the activation of the other. This has been compellingly reviewed in this Research Topic by Liu et al.

In addition to the metabolic and cardiovascular comorbidity of patients with autoimmune skin diseases, a high prevalence of neurologic disease has been noted in bullous pemphigoid patients (21, 22). Mechanistically, the expression of one of the major BP autoantigens, BP180 in the brain has been linked to this clinical association (23). Herein, Wang et al. demonstrate that in patients with stroke, autoantibodies against BP180 were more prevalent compared to healthy controls. This suggests that autoantibodies against BP180 are relatively common after stroke. Consequently, clinical manifestation of bullous pemphigoid could emerge after stroke. However, epitope spreading may be needed because in multiple sclerosis and Alzheimer’s disease, which are also associated with bullous pemphigoid, recognize different epitopes of BP180 than those bound by bullous pemphigoid patients (23).



Epidemiology of Skin Autoimmune Diseases

During the last years, evidence has accumulated that bullous pemphigoid may be triggered by certain medications. More specifically, use of checkpoint inhibitors and dipeptidyl peptidase-4 inhibitors (DPP4i) is significantly associated with bullous pemphigoid (24). Within the Research Topic, the association of bullous pemphigoid with DPP4i use is reviewed. This topic is also addressed in a cross-sectional study comparing the prevalence of bullous pemphigoid autoantibodies in patients with type II diabetes treated with or without DPP4i. Here, the authors demonstrated that BP180NC16A autoantibodies were more prevalent in those diabetics treated with DPP4i. Analysis of different DPP4i showed that the increased prevalence of anti-BP180-NC16A was observed only for some, but not all DPP4i. Regarding checkpoint inhibitor-induced bullous pemphigoid, the Research Topic includes one interesting case report: A patient suffering from metastatic melanoma was treated with nivolumab, leading to a partial remission. After approximately 5 months, anti- thyroid peroxidase autoantibodies and hypothyroidism developed. At the same time, bullous pemphigoid was diagnosed. Relating to bullous pemphigoid, intriguingly only LAD-1 autoantibodies were detected. This case reports is in line with previous cases that, however, so far had only reported on Japanese patients presenting with LAD-1-only bullous pemphigoid. Another important, so far neglected field of research in bullous pemphigoid, are insights into demographics and clinical data from the USA. This has been addressed by Lee et al. in this article collection. They demonstrate female predominance in both bullous pemphigoid and mucous membrane pemphigoid. Furthermore, a large number of bullous pemphigoid and mucous membrane pemphigoid presented with other autoimmune diseases; most commonly thyroid disease. Another important aspect of this study is the notion of severe limitations of daily activities imposed by these diseases in the patients. A significant decrease in the quality of life and an inverse correlation with disease activity is also reported for pemphigus patients. One article addresses the impact of airborne pollution with dermatomyositis, underscoring the importance of the environment modulating the susceptibility to develop autoimmune disease (25, 26).



Novel Treatment Targets and Therapeutic Approaches for Skin Autoimmune Diseases

Despite recent advances in the treatment of autoimmune skin diseases there is still a high medical need to develop new treatments that are more effective and safer, as well as induce long-term remissions. This need is for example reflected by pemphigus. Here, the combination of systemic corticosteroids with the anti-CD20 antibody rituximab is far more effective and induces dramatically less adverse events compared to treatment with systemic corticosteroids (albeit at a higher dose) alone (27). Yet, the time to remission still requires 180 days (27) and, as documented by Mohamad et al. in this Research Topic, relapses are frequent, even during tapering of the corticosteroid dose. One possible approach to meet this medical need may be the use of (modified) preparations of high dose intravenous immunoglobulins (IVIG) as highlighted by Hoffman and Enk.

In bullous pemphigoid several polymorphisms in genes encoding for cytokines have been described (28), some of which have been functionally validated in pemphigoid disease animal models (29–31). Herein, polymorphisms within IL8 were observed when contrasting patients and controls. The IL8 polymorphisms also translated into an increased mRNA expression of the cytokine. Over the last years evidence has accumulated that points toward the presence of IgE autoantibodies on pemphigoid diseases (32, 33). The pathogenic relevance of IgE in pemphigoid has been demonstrated in experimental bullous pemphigoid, where the disease was induced by injecting anti-COL17 IgE into mice humanized for (parts of) COL17 and the IgE receptor (34). In clinical settings, treatment of bullous pemphigoid patients with the anti-IgE antibody omalizumab has been reported to have beneficial effects. Within the Research Topic, Jafari et al. also report on the successful treatment outcome in 2 bullous pemphigoid patients after omalizumab. They furthermore provide insights into molecular changes that are associated with clinical improvement of the disease. Of note, down-regulation of FcϵRI, as well as IgE in lesional skin and on circulating basophils were observed to be associated with clinical improvement.

In addition to cytokines and potentially IgE autoantibodies, the activation of the complement system is of key importance to mediate skin inflammation and subepidermal blistering in pemphigoid diseases (35). This has already led to clinical trials investigating the safety and efficacy of complement-targeting biologics in pemphigoid diseases (36, 37). This topic is reviewed in detail in the Research Topic. In addition, Zheng et al. here provide compelling evidence that the central hub of complement activation, the C5a/C5aR1 is also critical for the pathogenesis of psoriasis. In the Aldara-induced psoriasiform dermatitis model, as well as in the IL-23-induced model of psoriasis genetic or pharmacological inhibition of the C5aR1 significantly ameliorated the onset of clinical disease. Mechanistically, this seems to be linked to the migration and differentiation of plasmacytoid dendritic cells.

Lichen planus is a chronic relapsing inflammatory disorder of the skin and mucous membranes. The disease is characterized by band-like T cell infiltrates along the dermal-epidermal junction and apoptosis of basal keratinocytes (38). More recently, compelling data has emerged that documents the presence of desmogelin 3- and COL17-specific, autoreactive T cells in lichen planus. Characterization of the T cell response in lichen planus showed a polarization toward Th1 and Th17 cells. In addition, IL-17-producing cells were found to be present in the skin of lichen planus patients (39). Herein, Solimani et al. follow-up on these observations and report the treatment outcomes of 3 lichen planus patients treated with anti-IL17 (secukinumab). In all 3 patients, a favorable clinical outcome was observed, that was accompanied by a reduced dermal T cell infiltrate. In addition to targeting T cell-derived cytokines, modulation of T cell metabolism is an alternative, but promising approach to treat chronic skin inflammation.

One major focus of the articles submitted to the Research Topic was inhibition of Janus kinases (JAK). Based on elaborate pre-clinical work that encompassed genetic studies, transcriptomics as well as use of pre-clinical model systems of chronic skin inflammatory diseases the JAK pathway was identified as a potential therapeutic target for several chronic inflammatory skin diseases (40, 41). In the review by Szilveszter et al., the various tyrosine kinase signaling pathways and their role in autoimmune and inflammatory skin diseases is presented in detail. The focus is on ongoing preclinical trials and clinical studies using small-molecule tyrosine kinase inhibitors in chronic inflammatory diseases. The reviews by Solimani et al. and by Howell et al. focus on the immunological basis and current stage of development of JAK inhibitors in chronic inflammatory indications in dermatology. However, as proposed by Ehrchen et al.,  insights into the mode of action of “old” drugs, such as glucocorticoids may lead to the identification of novel therapeutic targets.

As highlighted by Zeidler et al., pruritus is a highly prevalent in chronic autoimmune diseases, and often is one of the key factors contributing to patient morbidity (42). Of note, and highlighted herein, IL-31 may be one of the key drivers of pruritus. The potential importance of targeting IL-31 to alleviate itch and certain chronic inflammatory skin diseases is highlighted by several clinical trials that have and are evaluating the safety and efficacy of anti-IL-31 treatment (43, 44).

In addition to the above articles, CCR2-A in chronic cutaneous lupus erythematosus, neutrophil extracellular traps in Schnitzler’s Syndrome and the skin barrier in pemphigus and pemphigoid have emerged as potential targets and treatment approaches.



Characterization of Patient Biomaterials and Model Systems of Skin Autoimmune Diseases

Clinical and molecular characterization of patients and biomaterials, as well as model systems are an important pilar to understand pathogenetic pathways and identify novel therapeutic targets. As an example for an in-depth characterization of patient samples is the description of a protocol that allows the identification of autoreactive B cell subpopulations in the peripheral blood in patients with pemphigus. Another use of patient-derived biomaterial is its’ functional evaluation, exemplified by the Walter et al., who contrasted the signaling in keratinocytes after binding of either anti-Dsg 1 or anti-Dsg 3 IgG binding. This work demonstrates that pathogenic pathways in pemphigus differ depending on the autoantibodies. Therefore, exact determination of the autoantibody profile in pemphigus patients by the respective serological test systems (45, 46) is the key to personalized treatment approaches in pemphigus.

Several articles of this Research Topic described novel animal models or provided in-depth reviews: In most pemphigus patients, autoantibodies against Dsg 1 and/or 3 are present (5), while non-Dsg autoantibodies are found in a minority of patients (47). This may be one of the main reasons, why most pemphigus animal models mirror the immune response against Dsg 1 and/or 3 (48). Only recently, Lotti et al. described a pemphigus mouse model that is based on the transfer of lymphocytes from mice immunized with desmocollin into immunodeficient mice. In addition to this novel pemphigus mouse model, new findings in scurfy mice are described, namely the development of mixed connective tissue disease, and mouse models of Sjögren’s Syndrome are reviewed. Demeyer et al. report on the development of atopic-like dermatitis in ageing MALT1-deficient mice. Given further validation, this new model of atopic dermatitis may be useful to decipher pathogenic pathways in atopic dermatitis.



Concluding Remarks

Overall, the field of skin autoimmunity has become a major focus, both in research and clinical practice. This is also reflected by the 68 submissions to the Research Topic that provides state-of-the art reviews, as well as novel insights into skin autoimmune diseases. Overall, each novel insight into the pathogenesis of these severe disease provides clues to better treat and diagnose affected individuals.
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Mucous membrane pemphigoid (MMP) is a mucous membrane-dominated autoimmune subepithelial blistering disease that is caused by autoantibodies against various autoantigens in basement membrane zone (BMZ) proteins, including collagen XVII (COL17). Clinicians face diagnostic problems in detecting circulating antibodies and targeted antigens in MMP. The diagnostic difficulties are mainly attributed to the low titers of MMP autoantibodies in sera and to heterogeneous autoantigens. Additionally, no unanimous diagnostic criteria have been drawn for MMP, which can result in delayed diagnoses or misdiagnoses. This review aims to integrate and present currently available data to clarify diagnostic strategies and to present diagnostic criteria for MMP. The ultimate blistering mechanism in MMP has not been elucidated, and such mechanism is especially obscure in COL17-type MMP. In bullous pemphigoid (BP), which is the most common autoimmune subepidermal blistering disease, some patients show oral lesion as well as predominant skin lesions. However, there is no fundamental explanation for the onset of oral lesions in BP. This article summarizes innovative research perspectives on the pathogenesis of oral lesions in pemphigoid. Finally, we propose a potential pathogenesis for COL17-type MMP.
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INTRODUCTION

Mucous membrane pemphigoid (MMP) refers to mucous membrane-dominated autoimmune subepithelial blistering diseases (1–4). MMP is caused by autoantibodies against various autoantigens in the basement membrane zone (BMZ), including collagen XVII (COL17, also called BP180) (5), BP230 (6), laminin 332 (7–9), integrin α6/β4 (10–12), and collagen VII (COL7) (13, 14). Of these, the C-terminus of COL17 and laminin 332 are thought to be major autoantigens for MMP. Autoantibodies against Integrinα 6/β4 are associated with the occurrence of ocular lesions (15). Clinically, the most common site of involvement in MMP is the oral mucosa (80–90%). Also involved are the ocular mucosa (50%), the skin (20%), the genital mucosa (15%), the anal mucosa (10%), and the pharynx, esophagus and larynx (<10%) (16). In the oral cavity, the gingiva is most commonly affected (70% of oral MMP cases), followed by the buccal mucosa (60%), the palate (27%), and the tongue and lips (13%) (17).

MMP is relatively difficult to diagnose clinically, for several reasons that are documented in the next section. One reason is that the titer of autoantibodies is lower in MMP than in bullous pemphigoid (BP) (18, 19), which is the most common autoimmune skin blistering disease (2). Therefore, circulating autoantibodies are detected less frequently in MMP than in BP (17), which leads to challenges in diagnosing MMP.

The pathogenesis of MMP has been poorly understood to date. As for the mechanism of blister formation in autoimmune blistering disorders, the direct inhibition of protein–protein binding by autoantibodies in pemphigus (steric hindrance) (20, 21) and/or Fc-mediated complement and inflammatory cell activation in pemphigoid, including in epidermolysis bullosa acquisita, have been reported (22, 23). However, the mechanism of blister formation on the oral mucosa in pemphigoid remains undiscovered. Histologically, MMP patients tend to have fewer inflammatory findings than BP patients do (24). This may indicate differences in blistering mechanisms between MMP and BP.

This article focuses on diagnostic tips for improving the clinical diagnosis of MMP and proposes a possible pathomechanism for oral mucosa-specific blister formation that is related to less severe inflammatory mechanisms.



ISSUES IN DIAGNOSING MMP

To diagnose MMP, we perform several tests, including histological and immunological analyses. Histologically, the formation of junctional separations at the BMZ is observed in specimens from lesional mucosa (25, 26). However, histopathological examination is not always performed, particularly when the lesions are limited to the eyes due to the hesitation about performing conjunctival biopsies and the concern about scar formation. In addition, such examination does not always reveal subepithelial blisters, because of tissue destruction (27). Immunologically, the deposition of IgG autoantibodies and C3, or sometimes of IgA autoantibodies, at the BMZ can be detected by direct immunofluorescence (DIF) of lesional or perilesional samples (1, 28). To identify circulating autoantibodies to the BMZ, indirect immunofluorescence (IIF) with normal human skin as the substrate is usually performed, but autoantibodies are detected in only 17–53% of MMP cases (5, 17, 18, 29). According to the latest data from our hospital, in 22% (8/36) of cases, MMP autoantibodies (IgG) are detected by IIF with normal human skin. 1 M NaCl-split skin IIF (ssIIF) is more sensitive than IIF. The staining of ssIIF with MMP sera produces linear IgG deposits in 58–82% of MMP cases on either the epidermal or the dermal side of the BMZ (17, 30, 31). Even though ssIIF might be helpful to differentiate autoantigens located on the epidermal side of the BMZ from those located on the dermal side of the BMZ by causing separation at the level of the lamina lucida, it does not definitively identify the autoantigens. Immunoblotting using epidermal or dermal extracts and recombinant antigenic polypeptides is useful for identifying specific targeted autoantigens, although the techniques are not commonly available in routine examinations. Enzyme-linked immunosorbent assays (ELISAs) are widely used to detect autoantibodies directing specific autoantigens (32, 33). Approximately 85–96% of autoantibodies in BP are detected by commercially available COL17-NC16A ELISA or chemiluminescence enzyme immunoassay (CLEIA) systems (33–36). However, the antigens targeted by commercially available ELISA/CLEIA systems are limited to the certain domains on BMZ proteins, such as COL17 (NC16A), BP230 (N/C-terminus), and COL7 (NC1/NC2) (37). Due to the low titer and the heterogeneity of MMP autoantibodies, only 30–52% of the autoantibodies in COL17-type MMP may be recognized using COL17 NC16A ELISA/CLEIA (17, 38, 39). Because of these problems, a certain share of MMP patients may not be diagnosed and treated.


Diagnostic Points for MMP

Structure-Maintaining Biopsy Technique for Hematoxylin and Eosin (H&E) Staining

Inadequate biopsy techniques and improper tissue handing can easily lead to the loss of the oral mucosal epithelia in samples from MMP patients. The destruction of oral mucosal tissue makes a diagnosis difficult. Endo et al. presented a “stab-and-roll” biopsy technique to maintain the gingival epithelia in desquamative gingivitis (40). This technique is designed to keep the epithelium from detaching from the biopsy specimen by reducing lateral forces during the procedure. In 52 patients with desquamative gingivitis, the epithelium was maintained in 12 of the 13 patients with MMP using this technique.

Tissue-Bound Immunoglobulin and Complement

In cases that are difficult to diagnose, DIF using the patient's tissue is a valuable test for diagnosing MMP. Shimanovich et al. showed that multiple and repeated biopsies increase the sensitivity of DIF (41). At the first workup, 69% (36/52) of patients who underwent only 1 biopsy were found to be positive, whereas 85% (22/26) of patients who underwent biopsies from more than 1 site were positive. Overall, 95% (74/78) showed positive results in DIF after repeated biopsies. The same group demonstrated that immunohistochemistry for C3d or C4d is helpful in screening for cases of suspected MMP when paraffin-embedded tissue is available (42). Linear deposits of C3d or C4d were detected in 53% (18/34) or 59% (20/34) of patients, respectively. We also reported that DIF samples taken from non-lesional buccal mucosa by punch biopsy contribute to the diagnosis of MMP (27). In 7 MMP with gingiva-dominant oral lesions, tissue-bound antibodies were detected in all cases. The buccal mucosa is easy to access, and punch biopsies provide well-maintained BMZ structures.

Detection of Autoantibodies

Laminin 332-Type MMP

Goletz et al. established a specific IIF assay using laminin 332-expressing human HEK293 cells for the detection of anti-laminin 332 autoantibodies (43). Using BIOCHIP® mosaics, the laminin 332 heterotrimer recognized 77% (72/93) of the anti-laminin 332 MMP sera. Several studies developed ELISA systems to detect autoantibodies against laminin 332. Bernard et al. presented a novel ELISA that uses purified laminin 332 from SCC25 cells and detected autoantibodies in 20.1% of MMP patients (44). Chiorean et al. showed that the results of an ELISA using purified or recombinant human laminin 332 correlated closely with those of immunoblotting in 36 MMP cases (45).

COL17-Type MMP

Ali et al. demonstrated that salivary IgG and IgA antibodies against COL17-NC16A are equal to serum in diagnostic value (39). 45% (29/64) of whole saliva samples and 53% (33/64) of serum samples were positive for IgG and/or IgA antibodies by COL17-NC16A ELISA. However, 50–70% of MMP autoantibodies were found to mainly react with the C-terminus of COL17 instead of with the COL17-NC16A domain (5, 6, 46). Immunoassays for the detection of autoantibodies against the entire extra domain of COL17 need to be provided. Schmidt et al. proposed an IF assay that uses Sf21 insect cells expressing full-length COL17 (47). The novel assay detected 84% (6/7) of circulating autoantibodies in MMP sera. Recently Izumi et al. established a novel ELISA system using full-length human COL17 recombinant protein (full-length COL17 ELISA) (48). With the full-length COL17 ELISA, 9 of 12 MMP cases (75%) showed positivity, whereas with the conventional COL17-NC16A ELISA and BP230 ELISA, 4 of 12 sera (42%), and 3 of 12 sera (25%) showed positivity, respectively. We reported on another unique concept that helped to overcome the difficulty of detecting MMP autoantibodies. IIF is usually performed using normal human skin, even though MMP mainly involves the mucosa and not the skin. We performed IIF tests using normal human oral mucosa (18). In 20 MMP sera and 20 BP sera, the sensitivities were compared by IIF using skin and mucosa. 85% (17/20) of the MMP sera reacted to mucosa, and 35% (7/20) to skin. Immunoblotting using normal human epidermal keratinocytes (skin keratinocytes) and normal human oral mucosal keratinocyte lysates was able to detect autoantibodies. Skin and mucosal keratinocyte lysates reacted to a 180-kDa protein corresponding to COL17 in 10% (2/20) and 55% (11/20) of MMP sera, respectively.

Mucosal substrates (normal oral mucosa and normal oral mucosal keratinocytes) are beneficial for detecting autoantibodies and identifying autoantigens in MMP. However, it is more difficult to obtain oral mucosa than skin. To overcome this drawback, we attempted to immortalize the oral mucosal keratinocytes by using E6/E7 proteins of HPV (49). Cell lysates of immortalized mucosal keratinocytes effectively identified MMP autoantigens in 60% (18/30) of MMP sera.

For the sensitive detection of COL17-NC16A-specific IgG, Emtenani et al. reported that normal human skin was superior to monkey esophagus. The monkey esophagus was able to detect only 17% (2/12) of COL17-NC16A antibodies, whereas skin detected 100% (12/12) of the antibodies (50). Together with the low homology of COL17-NC16A between human and monkey esophagus, these pieces of evidence suggest that the expression of COL17 protein differs by anatomical location, such as skin vs. mucosa. The use of suitable specimens for IIF from specific sites may contribute to the sensitive detection of autoantibodies in pemphigoid.



Proposed Diagnostic Strategies

The diagnostic criteria for MMP remain unclear. The lack of commonly recognized diagnostic criteria can result in delayed diagnoses or misdiagnoses. The international consensus has documented that the clinical findings of mucosa-dominant lesions and DIF detecting tissue-bound IgG, IgA, and/or C3 are essential for the diagnosis (1). Several studies have followed this criteria (41, 44, 51). We also fundamentally agree with the criteria and have introduced it in our studies. However, in pure ocular pemphigoid, up to 20% of cases are negative in DIF (52, 53). Therefore, serological analyses detecting circulating autoantibodies and histological examinations are included in the diagnostic criteria in some studies (39, 52, 54, 55). To clarify MMP diagnosis, we here propose diagnostic criteria based on current knowledge. We emphasize the significance of serological analyses, especially in cases of DIF negativity (Figure 1). The diagnosis of MMP is confirmed when clinical criteria and DIF findings are fulfilled. In DIF-negative or DIF-unavailable (not performed) cases, at least one serological or histological finding is needed.


[image: image]

FIGURE 1. Diagnostic strategy for MMP. The diagnosis of MMP is confirmed by clinical features and positive DIF results. In DIF-negative or DIF-unavailable cases, at least one serological or histological finding is needed. DIF, direct immunofluorescence; IIF, indirect immunofluorescence; ELISA, enzyme-linked immunosorbent assay; H&E, hematoxylin and eosin staining.






THE EVIDENCE OF BLISTERING MECHANISMS FOR ORAL LESIONS IN PEMPHIGOID


Clinical Evidence of Mucosal Lesions in Pemphigoid

Several pieces of evidence demonstrate associations between mucosal lesions and certain clinical features in pemphigoid. Kridin et al. reported that BP patients with normal eosinophil counts present mucous lesions more frequently than those with elevated eosinophil counts (56). In some patients with oral involvement, the administration of a dipeptidyl peptidase-4 inhibitor (DPP-4i) is associated with BP onset (57). An association between MMP and the intake of DDP-4i was also reported (58). Furthermore, a certain HLA allele (HLA-DQB1*03:01) is associated with MMP occurrence (59–63). HLA-DQB1*03:01 is also related to a high risk of DDP-4i-associated BP (59). Hofmann et al. demonstrated that 56% of BP patients with mucosal involvement showed IgG reactivity against both the COL17-NC16A and C-terminus regions of COL17 (64). Clape et al. revealed that the absence of anti-BP230 autoantibodies was associated with the presence of mucosal lesions in BP (65).



Experimental Evidence of MMP in vivo and in vitro

In addition to the previous studies on mechanisms of blister formation in BP, several lines of evidence that partly explain the MMP pathogenesis have been demonstrated.

Laminin 332-Type MMP

In 2017, Heppe et al. established a mouse model in which injected rabbit anti-laminin 332 IgG antibodies caused subepidermal blisters to develop in the ears, eyes and oral cavity of adult C57BL/6 mice (66). In this model, the clinical manifestations are Fc receptor-dependent and complement-dependent, similar to those of previous BP mouse models. Meanwhile, Lazarova et al. showed that injections with rabbit anti-human laminin 332 IgG or Fab fragments induced subepithelial blisters in the skin of neonatal BALB/c mice (67, 68). In this antibody-transfer model, C5-deficient or mast cell-deficient mice also exhibited subepidermal blisters on the skin (67). The same group established a human skin graft model that uses SCID mice (69). They noted that the injection of purified IgG from MMP patients or anti-human laminin 332 IgG resulted in non-inflammatory subepidermal blisters on the skin. These models from the latter group might define the pathomechanisms in MMP; however, the models lack predominant mucosal involvement.

COL17-Type MMP

Although experimental mouse models for laminin 332-type MMP have been established, in vivo studies on COL17-type MMP have not made progress. In previous studies of COL17-targeted mouse models for BP, oral lesions were not addressed and there was a lack of description, both clinically and histologically (70–73).

For the pathogenesis of COL17-type MMP in vitro, Imanishi et al. reported that some MMP IgGs targeting the C-terminus of COL17 showed the internalization of COL17 in both oral keratinocytes and DJM-1 cells (74), which are cells from a squamous cell carcinoma cell line (75). In contrast, other MMP IgGs against the C-terminus did not induce the internalization of COL17 thoroughly. The autoantibody-induced endocytosis of COL17 is thought to play an important role in pemphigoid blister formation (76, 77). However, it remains unclear why some MMP IgGs targeting the C-terminus of COL17 show the internalization of COL17.




POTENTIAL BLISTERING MECHANISMS IN THE ORAL MUCOSA IN PEMPHIGOID

Even though COL17 is a major targeted antigen both in BP and MMP, the predominantly involved organs differ between these two diseases. The blister mechanisms in autoimmune subepidermal blistering diseases are complicated, but they are strongly associated with various factors, such as complement activation and inflammatory cell infiltrates (78, 79). In contrast, several lines of evidence have been reported regarding complement-independent blister formation in BP (80). Anti-COL17-NC16A antibodies induce the internalization and depletion of COL17 and lead to inadequate adhesion strength in keratinocytes (76). COL17 depletion is important for blistering along the lamina lucida without inflammation. We noticed that no research has addressed the pathomechanisms of oral lesions in both BP and MMP. Before addressing the possible pathogenesis of MMP, we first focus on blister formation in the oral mucosa in BP.


The Blistering Mechanism in the Oral Mucosa in BP

Recently, we gained new insight into the blister mechanism of oral lesions (81). We showed that COL17 expression is approximately 30–50% higher in mucosal keratinocytes than in skin keratinocytes, as confirmed by qPCR and immunoblotting analysis. This higher COL17 expression in mucosal keratinocytes is associated with stronger cell adhesion in such keratinocytes. The cell adhesion strength was found to be 50% higher for mucosal keratinocytes than skin keratinocytes. Furthermore, anti-COL17-NC16A antibodies induce significantly greater COL17 depletion in skin keratinocytes than in mucosal keratinocytes. This indicates that the higher expression of COL17 in mucosa may compensate for the COL17 depletion induced by pemphigoid IgG. In other words, the predominant skin blistering may relate to the residual amount of COL17 after BP-IgG induces COL17 depletion. This is similar to the blistering mechanism in pemphigus, in which desmoglein 1 and 3 compensate for each other in the oral mucosa and the skin. Potential blister formation in BP is initiated by the binding of autoantibodies to COL17, which leads to the internalization and depletion of COL17 from the plasma membrane. The depletion of COL17 may impair hemidesmosome formation and weaken the strength of adhesion to the basement membrane. Finally, separations may be caused by mechanical stress or inflammation induced via the Fc fragment of the pathogenic IgG. The lower frequency of oral lesions in BP may be attributed to the high expression level of COL17 in oral mucosa (Figure 2A). Additionally, we showed that IgG against the C-terminus of COL17 may have pathogenicity. The pathogenicity of IgG against regions outside the NC16A domain remains controversial in vivo and in vitro (74, 82, 83). In our study, however, COL17 depletion was significantly enhanced by stimulation with a combination of IgGs against the NC16A domain and the C-terminus (Figure 2A). This evidence suggests that BP patients with IgG targeting not only the NC16A domain but also the C-terminus may show blisters in the skin and the mucosa. To support this, several studies demonstrated an association between autoantibodies to the C-terminus and mucosal lesions in BP (64, 84). Autoantibodies targeting the C-terminus are potentially pathogenic in certain cases of BP.
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FIGURE 2. Potential blistering mechanisms in oral mucosa. (A) The oral mucosal blistering in BP. COL17 molecules are located in both the hemidesmosomal and the non-hemidesmosomal plasma membranes. In the skin, autoantibodies targeting COL17-NC16A lead to the internalization of non-hemidesmosomal COL17 and result in COL17 depletion. The internalization and depletion of COL17 disturb the supply of hemidesmosomal COL17 and impair hemidesmosome formation. Eventually, intra-lamina lucida separation is caused by mechanical stress, complement activation, and/or inflammatory cell infiltration. This is mainly observed in the skin; therefore, the blisters predominantly occur in the skin (left panel). In the oral mucosa, autoantibodies targeting the C-terminus of COL17 enhance COL17 depletion induced by autoantibodies targeting COL17-NC16A. The blister formation in oral mucosa may be a result of the enhancement of COL17 depletion induced by autoantibodies targeting the C-terminus of COL17 in BP patients (right panel). (B) The predominant oral mucosal blistering in MMP. The direct binding of COL17 to COL4 is disrupted by IgG against the C-terminus in the oral mucosa. Autoantibodies in MMP targeting the C-terminus of COL17 inhibit the protein–protein interaction in the oral mucosa and reduce hemidesmosomal adhesion without the internalization of COL17.





MMP-Specific Blister Mechanism Without Inflammation

Histologically, MMP patients have less severe inflammatory findings than BP patients do. The blistering mechanism of MMP may differ from that of BP. We recently found direct binding between collagen IV (COL4) and COL17 in skin and oral keratinocytes (24). Interestingly, this COL4–COL17 binding is disrupted by IgG against the C-terminus in oral keratinocytes. Furthermore, several MMP IgGs that target the C-terminus of COL17 were found to inhibit COL4–COL17 binding and to result in the reduction of hemidesmosomal adhesion (Figure 2B). That is, MMP-IgGs may directly disrupt COL4-COL17 binding and result in separation at the BMZ without inflammation.

As for the potential blistering mechanism of laminin 332-type MMP, Fc-dependent, and complement-dependent mechanisms have been revealed by using laminin 332-type mouse models. However, laminin 332 interacts with other BMZ molecules, including COL17. Given our latest concept of MMP-specific blister formation, anti-laminin 332 antibodies may disrupt the molecular interactions of laminin 332, resulting in the predominance of mucosal blister formation in laminin 332-type MMP.




CONCLUSION

As highlighted in this review, we propose disease-specific diagnostic strategies for MMP. The pathogenesis of COL17-type MMP is distinct from that of BP and is more closely related to less inflammatory blister mechanisms due to the inhibition of COL4–COL17 binding or COL17 depletion.
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Objective: Current evidence has revealed a significant association between bullous pemphigoid (BP) and neurological diseases (ND), including stroke, but the incidence of BP autoantibodies in patients with stroke has not previously been investigated. Our study aimed to assess BP antigen-specific antibodies in stroke patients.

Design: One hundred patients with stroke and 100 matched healthy controls were randomly selected for measurement of anti-BP180/BP230 IgG autoantibodies by enzyme-linked immunosorbent assay (ELISA), salt-split indirect immunofluorescence (IIF), and immunoblotting against human cutaneous BP180 and BP180-NC16A.

Results: Anti-BP180 autoantibodies were found in 14 (14.0%) patients with stroke and 5 (5.0%) of controls by ELISA (p < 0.05). Sera from 13 (13.0%) patients with stroke and 3 (3.0%) controls reacted with 180-kDa proteins from human epidermal extract (p < 0.05). 11 (11.0%) of stroke and 2 (2.0%) of control sera recognized the human recombinant full length BP180 and NC16A (p < 0.05). The anti-BP180-positive patients were significantly younger than the negative patients at the time of stroke (p < 0.001).

Conclusion: Development of anti-BP180 autoantibodies occurs at a higher frequency after stroke, suggesting BP180 as a relatively common autoantigen after stroke and providing novel insights into BP pathogenesis in aging.

Keywords: BP180, anti-BP180 autoantibodies, BP180-NC16A, bullous pemphigoid, stroke


INTRODUCTION

Bullous pemphigoid (BP) is an autoimmune blistering skin disorder most commonly found in the elderly (1). It is characterized by circulating and tissue-bound autoantibodies directed against two hemidesmosomal components: the transmembrane BP180 (collagen XVII, BPAG2) protein, and the plakin family protein BP230 (BPAG1). The skin-specific BP180 molecules locate primarily at the basement membrane zone (BMZ) (2), and the neuronal form of BP180 was observed mainly in cytoplasm, which is highly expressed in the hypoglossal nucleus, oculomotor nucleus, and pyramidal cells of the hippocampal regions in human brain (3). Expression of tissue-specific isoforms of BP180, such as the skin and neuronal BP180, is attributable to alternative splicing and variation in translational start sites of the gene transcripts, although the exact difference between these isoforms was not clearly demonstrated (3, 4). Anti-BP180 IgG autoantibodies play a key role in blister formation and correlate with disease activity in BP, particularly at the time of diagnosis and at disease flare (2, 5). These autoantibodies mainly target immunodominant epitopes of BP180 localized in the extracellular non-collagenous 16A (NC16A) domain (2). The majority of BP patients also react with the intracellular antigen BP230, which is thought to result from a secondary immune reaction after tissue damage (6).

A significant association between BP and neurological diseases (ND) (stroke, dementia, Parkinson disease, epilepsy, and schizophrenia) has been fully supported by a series of previous studies (7–9). Development of BP autoantibodies against both the skin and neuronal forms of antigens in BP with ND might be associated with aging-related dysfunction of the immune system in the elderly population. Alternatively, the autoimmune response might be triggered by chronic inflammatory changes or tissue damage in ND, which exposes antigens from the brain to the immune system.

Stroke is one of the most common forms of ND, which often presents as a life-threatening condition and is the second leading cause of death worldwide. It is characterized by an acute onset and considerably severe tissue damage in the brain. Recently, a study including 12,607 patients with first-ever stroke has revealed that 38 (0.3%) patients developed BP in a median of 3.5 years, while only eight people (0.06%) had BP in a median of 3.7 years in the control group (10). In addition, a population-based case-control study has shown that there was a 2-fold increase in risk of developing BP in those with acute ischemic stroke in the UK (11). In the current study, we aimed to quantitatively determine the level and estimate the positive rate of BP autoantibodies in stroke patients, which may shed light on the mechanism for the high incidence of BP in the ND.



METHODS


Patient Samples

Following the principles of the Declaration of Helsinki this study was approved by the Ethical Committee of Peking Union Medical College Hospital and informed consent was obtained from all patients and unaffected individuals. Patients with stroke were from the Department of Neurology, Peking Union Medical College Hospital. These included 82 patients with ischemic, 5 with hemorrhagic, and 13 with both ischemic and hemorrhagic stroke, who had been diagnosed with stroke for 1 week to 19 years before our study. The patients were recruited for review and serum samples were collected during July 2014 to October 2016. Stroke was diagnosed based on medical history, clinical symptoms, and results of neuroimaging in the Department of Neurology. The age- and sex- matched control group was comprised of patients attending the hospital for surgery (benign neoplasms resection) in the Department of General Surgery from 2014 to 2016. The average age of stroke and control patients is 66 years for both populations, with a proportion of male patients of 69 and 74%, respectively. Patients with neurological diseases (other cerebrovascular disease, Parkinson's disease, dementia, multiple sclerosis, and amyotrophic lateral sclerosis) and skin diseases (bullous skin disease, dermatitis, eczema, and other autoimmune diseases) were excluded from the control group after reviewing medical records. Normal human foreskin was obtained from patients receiving circumcision in the Department of Urology.



BP180 and BP230 Enzyme-Linked Immunosorbent Analysis (ELISA)

Anti-BP180/BP230 IgG autoantibodies in the sera samples of patients and healthy controls were detected by commercially available ELISAs for human BP180 (NC16A domain) IgG (MEASACUP BP180, MBL, Japan) and BP230 N-and C-terminal domain IgG (BP230 ELISA kit, MBL, Japan), according to the manufacturer's instructions (based on a cut-off value >9 U/ml).



Immunoblotting

Protein extract preparations, polyacrylamide gel electrophoresis, and immunoblotting were performed as previously described (12). Briefly, human foreskin samples were treated with 1 M NaCl (24 h) and the epidermis were subjected to Cell Lysis Solution (Thermo Fisher Scientific, Massachusetts, U.S.A). Following homogenization, ice-incubation (30 min) and centrifugation (4,700 rpm, 4°C, 15 min), the supernatant was collected and mixed with loading buffer. Primers were designed according to the full length BP180/NC16A DNA sequence to amplify the target gene fragments by PCR and sequence for FLAG tag was incorporated into the cDNA. Then the human full length BP180/NC16A gene fragments were subcloned into the pcDNA3.1 mammalian expression vector. HEK 293 cells were transiently transfected with the plasmids and lipofectamine (Life Technologies, Carlsbad, CA, USA) as per the manufacturer's instructions, followed by lysis of the cells in a lysis buffer (50 mM Tris (PH8.0), 300 mM NaCl, 1% Triton X-100, 1 mM DTT, 5% glycerol). The proteins in lysates were purified using FLAG peptide affinity chromatography and peptide elution. Expression of the target proteins were confirmed by western-blot (anti-FLAG tag antibody) and quantified by the protein quantification assay kit with final concentrations of 600–1,000 μg/ml. Proteins were subjected to 8% SDS-PAGE gels under denaturing conditions, transferred onto a PVDF membrane (Thermo Fisher Scientific, Massachusetts, U.S.A), and incubated with 0.5 ug/ul human serum samples as the primary antibody and anti-human lgG-HRP (Abcam, Cambridge, Britain) as the secondary antibody. Membranes were developed with detection solution (Merck KGaA, Darmstadt, Germany) and the protein side of the membrane was exposed to an image analysis system (Tanon, Shanghai, China). Anti-human Collagen XVII antibody (Abcam, Cambridge, Britain) (primary antibody) and goat anti-rabbit IgG H&L (HRP) antibodies (Abcam, Cambridge, Britain) (secondary antibody) were used as the positive control to detect BP180-protein in immunoblots.



Salt Split Indirect Immunofluorescence (IIF)

Five micro molar frozen non-fixed sections of human skin (treated with 1 M NaCl) were blocked (1% BSA in PBS) and human sera in 1:4 to 1:320 dilutions were used as primary antibodies. Rabbit anti-human IgG-FITC (Abcam, Cambridge, Britain) was used as the secondary antibody. The skin sections were then mounted with glycerol/PBS (2:1, pH 9.0) and observed under a fluorescence microscope. A clear linear immunostaining on the BMZ was considered positive, while no fluorescence was considered negative.



Statistical Analysis

The data involved in the statistical analysis included qualitative analysis, such as BP180 antibody (positive/negative), sex (male/female), complication (yes/no), and frequency of attack (single/ multiple); and quantitative analysis (such as age, BP180/BP230 antibody titer). Specifically, qualitative data were statistically analyzed by chi square test and logistic regression analysis, and the quantitative data were statistically analyzed by t-test and rank sum test.




RESULTS


BP180 but Not BP230 Autoantibodies Are Significantly Elevated in Patients After Stroke Compared to Unaffected Controls

Sera from patients with stroke (n = 100) (including cerebral infarction and cerebral hemorrhage) and healthy controls (n = 100) were collected to examine anti-BP180/BP230 IgG antibodies by ELISA (cut-off value >9 U/ml). The positive rate of anti-BP180 antibody in the stroke cohort (14, 14.0%) was significantly higher than that in controls (5, 5.0%) (P = 0.03) (Tables 1, 2). All anti-BP180 IgG positive patients (14 stroke samples and five healthy controls) were further examined by immunoblotting against human epidermal extract, human recombinant full length BP180, and human recombinant NC16A (Tables 1, 2). Sera from 13(13.0%) stroke patients and 3 (3.0%) healthy controls reacted with a 180-kDa protein from the human epidermal extract (P = 0.016) (Figure 1A). Sera from 11 (11.0%) patients with stroke and 2(2.0 %) healthy controls recognized both of the human recombinant full length BP180 (P = 0.018) (Figure 1B) and human recombinant NC16A (P = 0.018) (Figure 1C). Anti-BP180 positive sera were further tested by salt-split IIF, and only one patient with stroke revealed IgG antibody binding on the epidermal side of BMZ (Figure 2).



Table 1. Comparison of the BP autoantibody positive rates between stroke and control.
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Table 2. Immunological testing results of anti-BP180 positive patients.
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FIGURE 1. Autoantibodies in the sera of stroke patients react with BP180 and BP180-NC16A in immunoblotting. Serum antibodies from a patient with bullous pemphigoid (BP), a stroke patient (Stroke), or anti-human BP180 antibody (Control) but not a negative control serum (Negative) recognized a 180-kDa protein from human epidermal extract (A), the human recombinant full length BP180 (B), and human recombinant BP180-NC16A (C).
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FIGURE 2. Positive result of salt split IIF. The IgG autoantibodies in the sera from a stroke patients bind to the epidermal side of BMZ (linear deposition of antibodies as shown in green).



The positive rate of anti-BP230 antibodies had no statistical difference between the stroke (14, 14.0%) and control groups (15, 15.0%) by ELISA.



The Appearance of Serum BP180 Autoantibodies Is Not Associated With Clinical Onset of BP During Short-Term Follow up

Anti-BP180 autoantibody titers were significantly higher in the stroke group (19.2 ± 6.07 U/ml) compared to those of control group (12.2 ± 2.39 U/ml; P = 0.024). The medical records of anti-BP180 positive patients and controls were reviewed and all patients were followed up until October 2017. In the 1-3-year follow-up period, neither stroke patients nor the controls developed BP-like skin lesions. The 1-3-year survival rate of anti BP180 positive patients with stroke and control were both 100%.



Younger Stroke Patients Are Significantly More Likely to Develop BP180 Serum Autoreactivity Than Older Stroke Patients

According to statistical analysis, the average age of the anti-BP180 positive group (60.1 years) was significantly lower than that of the anti-BP180 negative group (69.0 years; P < 0.001). Among them, the proportion of patients younger than 60 years in the anti-BP180 positive group (8/14, 57.1%) was significantly higher than that of the anti-BP180 negative patients (19/86, 24.4%; P = 0.006). The duration of follow up after first stroke attack for the BP180 positive group (7.0 ± 2.94 years) was significantly shorter than that of the anti-BP180 negative group (10.4 ± 6.05 years; P < 0.001). There was no significant difference in sex, complications, and stroke attack times between the two groups (Table 3).



Table 3. Demographic characteristics of anti-BP180 negative or positive patients in the stroke group.
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DISCUSSION

Previously we have shown that a significant proportion of serum samples obtained from patients with BP and ND could react with both the human skin and neuronal forms of BP antigens, supporting the existence of BP antigens in the brain of ND patients (12, 13). In the present study, we evaluate the BP autoAb levels in 100 Chinese patients with stroke and 100 unaffected controls, demonstrating that BP autoantibodies are detectable at a higher frequency in stroke patients relative to unaffected controls (14 vs. 5%) and they react with human cutaneous BP180 and BP180-NC16A. The 5% incidence of BP autoantibodies in our control group is consistent with a previous study in 337 healthy Americans (11/297, 3.7%) by ELISA (14). These observations raise the possibility that BP 180 acts as a shared autoantigen in both stroke and BP. We speculate that severe damage or alterations in the human central nervous system (CNS) during the course of stroke could release or expose the neuronal isoform of BP180, thus triggering an immune reaction that may eventually lead to BP and cutaneous damage (12, 13).

In our study, only one stroke patient positive both for BP autoantibodies by ELISA and immunoblotting (human BP180 and BP180-NC16A) showed binding of IgG autoantibodies to the epidermal side of the BMZ, consistent with works by Messingham et al. (15), Tuusa et al. (16), and Kokkonen et al. (17) in Alzheimer's disease, multiple sclerosis, and Parkinson's disease, respectively. Our results suggest that that these autoantibodies were not able to bind the conformational epitope of skin BP180 but the linear protein epitope due to release of the neuronal form, indicating that epitopes bound by BP patient antibodies and stroke patient antibodies do differ. The stroke patient antibodies may bind to epitopes only present in the denatured skin BP180, except for the one case.

Notably, we found that anti-BP180 positive stroke patients (60.1years) were significantly younger than anti-BP180 negative stroke patients (69.0 years; P < 0.001), suggesting that young age might be a risk factor for stroke patients to develop BP. The proportion of patients younger than 60 years in the anti-BP180 positive patients (8/14, 57.1%) was significantly higher than that in the anti-BP180 negative patients (19/86, 24.4%; P = 0.006) (Table 3). The duration of follow-up after first stroke attack of anti-BP180 positive patients (7.0 ± 2.94 years) was significantly shorter than that of anti-BP180 negative patients (10.4 ± 6.05 years; P < 0.001), further supporting that younger stroke patients with shorter duration after first attack are more likely to develop BP antibodies. This may be due to strong immune responses in the early stage after stroke, whereas there is down-regulation of the autoimmune response in the late or recovery stage of stroke (18).

During our follow-up, neither the anti-BP180/BP230 positive stroke patients nor the controls exhibited BP-like skin lesions, in accordance with a previous study that showed none of the anti-BP180/BP230 antibody positive individuals had BP-like skin lesions (14). More recently, Kokkonen et al. showed BP180 autoantibodies were found in 18% of patients with Alzheimer's disease and 3% of controls (P = 0.019), while none of them had BP-like lesions (17). The reason why anti-BP antibody positive patients had no BP-like lesions may be due to a few possibilities. First, titers of anti-BP antibodies in these subjects may be too low to cause cutaneous lesions. Second, some patients may be misdiagnosed because of atypical lesions. In about 20% of BP patients, atypical lesions arise as prurigo-like nodules, intertrigo-like pemphigoid, and localized forms. In about 10–20% of BP patients, disease onset is preceded by a prodromal phase of weeks to months with pruritus, excoriations, and eczematous lesions, and some patients never develop blisters (19). Third, the time of follow-up is not long enough and the study sample is not large enough to develop BP. Future studies with longer clinical follow-up and larger samples will be necessary to clarify the association of BP autoantibody development with overt clinical disease.

The positive rate of anti-BP180 ELISA in stroke and control groups was a little higher than that of immunoblotting in our study (Table 1). A meta-analysis described ELISA as a quantitative test with high sensitivity and specificity (87 and 98–100%, respectively) for diagnosis of BP (20), while immunoblotting was a semi-quantitative test. Therefore, the ELISA positive stroke patient with low titers may have a negative test by immunoblotting. It is also important to note that for BP180, 7.8% of BP sera react exclusively to regions of BP180 outside of the NC16A region, which would not be identified by using the commercially available BP180 NC16A ELISA test. Thus, a negative test should be closely followed up with DIF and/or IIF (21). There was no ELISA negative patients that were positive for IIF in our study.

Anti-BP180 autoantibody values were significantly higher in the stroke group (19.2 ± 6.07 U/ml) compared to those in the control group by ELISA (12.2 ± 2.39 U/ml; P = 0.024). As the anti-BP180 antibodies are correlated with the disease activity of BP, we considered that the difference between the two groups is of clinical significance and may herald the development of BP in the future. Jedlickova et al. found that male stroke patients were more likely to have BP (22). In our study the proportion of male anti-BP180 positive patients (11/14, 84.6%) showed no significant difference compared to controls (4/5, 80.0%; P > 0.999).

We conclude that anti-BP180 autoantibodies could be detected at a higher rate in stroke patients than age- and sex- matched controls, supporting that BP180 could serve as a shared autoantigen in both stroke and BP. Our data suggest young age in stroke could be a risk factor for later developing BP and provide a molecular mechanism for BP associated with ND (23). The present study is limited by a relatively short follow-up time so that, although long enough to detect significant differences in serum reactivity, may not have been long enough to allow for the subsequent development of BP skin lesions. Because of the low incidence of BP, a larger sample size is also necessary to detect the clinical onset of BP after stroke. In the future, cell and animal models may be used to help further clarify why BP is significantly associated with aging and neurologic diseases.
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Schnitzler's syndrome is a rare autoinflammatory disorder characterized by interleukin-1ß-mediated and neutrophil-dominated inflammation. Neutrophil extracellular traps (NETs) are web-like structures of decondensed chromatin, histones, and antimicrobial peptides released by neutrophils. NETs were initially described in the context of pathogen defense but are also involved in autoimmune-mediated skin diseases. Here, we assessed the role of neutrophil extracellular trap formation (NETosis) in Schnitzler's syndrome. Immunofluorescence co-staining of myeloperoxidase and subnucleosomal complex was performed on lesional skin samples from patients with Schnitzler's syndrome, other neutrophilic dermatoses (cryopyrin-associated periodic syndrome, Sweet syndrome, and pyoderma gangrenosum), urticarial vasculitis and chronic spontaneous urticaria as well as healthy control skin. Blood neutrophils from patients with Schnitzler's syndrome and controls were isolated, and NETosis was induced by phorbol 12-myristate 13-acetate (PMA). Also, NETosis of control neutrophils induced by symptomatic Schnitzler's syndrome sera, cytokines and sub-threshold PMA doses was studied. Immunofluorescence co-staining revealed widespread and substantial NET formation in lesional skin of Schnitzler's syndrome patients but absence of NETs in chronic spontaneous urticaria and control skin. Neutrophils undergoing NETosis were observed in the skin of other neutrophilic diseases too. Correspondingly, blood neutrophils from Schnitzler's syndrome patients showed significantly elevated NETosis rates compared to control neutrophils following stimulation with PMA. Increased NETosis correlated well with high levels of C-reactive protein (CRP). SchS patients with the lowest NETosis rates had persistent joint and bone pain despite IL-1 blockade. Stimulation of control neutrophils and sub-threshold PMA with sera of symptomatic Schnitzler's syndrome patients disclosed enhanced NETosis as compared to control sera. Our results suggest that the induction of NET formation by neutrophils contributes to skin and systemic inflammation and may support the resolution of local inflammation in Schnitzler's syndrome.
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INTRODUCTION

Schnitzler's syndrome (SchS) is a rare acquired autoinflammatory disease defined by recurrent urticarial rash, monoclonal gammopathy, and systemic inflammation that presents with fever episodes, muscle, bone, and joint pain (1). Until now, little is known about the exact pathophysiology of SchS. As in other autoinflammatory diseases, interleukin-1ß (IL-1β) functions as a key mediator of inflammation (2). In the skin of SchS patients, IL-1ß, and related cytokines are upregulated and produced by dermal mast cells and neutrophils (3, 4). The urticarial rash in SchS corresponds to neutrophil-rich dermal infiltrates classified as neutrophilic dermatosis. This term comprises a heterogeneous group of non-infectious inflammatory skin diseases characterized by the predominance of neutrophils in lesional skin (5). The specific role of neutrophils in SchS, however, is still ill-defined.

Neutrophils are part of the innate immune system and are responsible for the first line defense against pathogens by degranulating and secreting granule-stored antibacterial proteins as well as phagocytosis. Moreover, neutrophils are known to release neutrophil extracellular traps (NETs), which are web-like structures of decondensed chromatin, histones, and antimicrobial peptides that were initially described in the context of pathogen defense (6). NETs are also involved in various immune-mediated disorders as well as autoimmune diseases, and they contribute to the cutaneous inflammation in systemic lupus erythematosus (SLE) and psoriasis (7, 8). Recently, NETs were shown to regulate IL-1ß-mediated systemic inflammation in the autoinflammatory disease familial Mediterranean fever (FMF) (9) and were linked to arthritic inflammation in patients with gout (10).

In this study, we assessed NET formation in the lesional skin and peripheral blood of patients with SchS.



MATERIALS AND METHODS


Patients and Patient Samples

Lesional skin biopsies (ø 3−4 mm) were obtained from symptomatic patients with SchS (based on the Straßbourg diagnostic criteria (1)) or chronic spontaneous urticaria (CSU) who were treated at the Department of Dermatology, Charité - Universitätsmedizin Berlin. At the time of the skin biopsy, patients did not receive anti-IL-1-therapy or other immunomodulatory therapies. In addition, lesional skin samples from patients with Cryopyrin-associated periodic syndrome (CAPS), urticarial vasculitis (UV), and other neutrophilic dermatoses (Sweet syndrome [SwS] and pyoderma gangrenosum [PG]) as well as skin samples from healthy control subjects who underwent bariatric, plastic or breast reduction surgery, were obtained from the Department of Surgery, Charité—Universitätsmedizin Berlin. Also, blood samples from SchS patients (canakinumab-treated within the last 8 weeks and untreated patients) and healthy donors were taken. Blood samples were derived from SchS patients who underwent skin biopsy and from additional SchS patients. The mean disease duration in SchS patients was 10.45 years when tests were performed. Skin and blood specimens from individual patients were obtained at different time points. The study was approved by the local ethics committee (EA4/005/15, EA1/007/17), and patients provided written and oral informed consent.



Immunofluorescence Staining of Skin Samples

Paraffin sections (5 μm) of lesional skin (SchS n = 8, CSU n = 5, CAPS n = 3, UV n = 5, SwS n = 4, PG n = 4) and healthy control skin (n = 10) were prepared and processed for immunofluorescence staining. We stained hematoxylin eosin, myeloperoxidase (MPO) as well as subnucleosomal complex as a marker for NET formation and used DAPI (4',6-Diamidino-2-phenylindole dihydrochloride 10236276001, Roche Diagnostics Deutschland GmbH, Mannheim) for counterstaining of nuclei. MPO (1:400 392105 MAB3174 R&D Systems, Inc., Minneapolis, USA) was incubated with the secondary antibody (1:600 30 min room temperature, Alexa Fluor® 488-conjugated AffiniPure goat-anti-mouse IgG, 115-545-146; Jackson Immuno Research, West Grove, USA) and mouse normal serum 4% was added (1 h room temperature). The Alexa 488-labeled MPO antibody (overnight 4°C) was followed by incubation with Alexa 594 (1:200 30 min room temperature, Alexa Fluor® 594-conjugated Fab AffiniPure goat-anti-mouse IgG, 115-585-062; Jackson Immuno Research, West Grove, USA) labeled monoclonal mouse-anti-human-subnucleosomal complex (Histone 2A, 2B, chromatin) antibody (1:1,500 1 h room temperature). Samples of tonsil tissue served as positive controls for staining MPO and were derived from routine tissue sampling of the Department of Pathology, Charité – Universitätsmedizin Berlin. Sections omitting the primary antibody served as negative controls.



Isolation and Stimulation of Neutrophils

Peripheral blood neutrophils from SchS patients (n = 12; canakinumab-treated patients n = 9, untreated patients n = 3; Table S1) and healthy controls (n = 12) were isolated by using a neutrophil isolation kit (MACSxpress® neutrophil isolation kit human, MACS Miltenyi Biotec GmbH, Bergisch-Gladbach, Germany, no. 130-104-434). Neutrophils were assessed for spontaneous NET formation (incubation with RPMI medium with 2% fetal calf serum for 130 min) and for NET formation after stimulation with 20 nM phorbol 12-myristate 13-acetate (PMA) for 80, 100, and 130 min as previously described (11). Neutrophils were isolated and processed in pairs of one patient and one healthy control at a time.

In addition, NET formation of healthy control neutrophils by SchS sera (10% serum concentration) from symptomatic patients (n = 12), combined with RPMI medium with 2% fetal calf serum as well as sub-threshold (0.05 nM) PMA doses for 130 min, was assessed. Sera from healthy individuals (n = 14) served as controls. Also, NET formation of control neutrophils and neutrophils from SchS patients was assessed after stimulation with IL-1β (10–50 ng/ml), IL-6 (10–100 ng/ml), IL-17 (20–100 ng/ml), or IL-8 (20–100 ng/ml) as well as with a combination of proinflammatory cytokines (IL-1β, IL-6, IL-17, IL-8) and subthreshold PMA.



NET Detection by Immunofluorescence Staining and Quantification of NET Formation of Peripheral Blood and Skin Neutrophils

Samples were stained (immunofluorescence co-staining of DAPI and subnucleosomal complex), and microscopic images of peripheral blood neutrophils were analyzed by ImageJ as previously described (12). In brief, 5 microscopic images of each coverslip were randomly taken per experiment (100x magnification). Image files were loaded in the ImageJ software and for total cell number, the DAPI fluorescence image stack was analyzed (automatic particle analysis, 20 pixels minimum size). For neutrophils undergoing NETosis, the anti-subnucleosomal complex fluorescence image stack was counted automatically. To clearly distinguish between non-NETting and NETting cells, exposure times were calibrated to show no fluorescence signal in non-stimulated neutrophils (negative control) and full fluorescence signal of anti-subnucleosomal antibody in the PMA 130 min.-stimulated samples (positive control). We kept this threshold value of exposure time constant for each experiment. Relative NETosis rates were calculated by using the highest NETosis rate per experiment as 100%. NETosis in the skin was assessed by percentages of neutrophils undergoing NETosis per high power field. Stainings were analyzed by one blinded researcher who counted all neutrophils undergoing NETosis in five exemplified high power fields per skin sample (400x magnification). Cases of dense neutrophilic infiltration with wide-spread NETosis covering the HPF, were assessed as 100%. Exemplified stainings of NETosis were analyzed by confocal microscopy.



Assessment of Serum Inflammation Markers and Physician Global Assessment

Sera of canakinumab-treated SchS patients (n = 8) were analyzed for C-reactive protein (CRP, Ref. <5.0 mg/l), serum amyloid A (SAA, Ref. <6.4 mg/l), and total blood neutrophil count (Ref. 1.5–7.7/nl) at the time of neutrophil stimulation. For analysis of S100A8/9 (Ref. <2.94 μg/ml) and interleukin-1-receptor antagonist (IL-1RA, Ref. <500 pg/ml), sera of n = 5 canakinumab treated patients were available. We also assessed quantitative immunoglobulins (IgM, Ref. < 2.3 g/l; IgG, Ref. 7–16 g/l). In addition, physician global assessment (PGA, categories: urticarial rash, fatigue, fever, myalgia/bone pain and arthralgia, score 0–4; maximum score: 20) was performed.



Statistical Analysis

Statistical analysis was performed for non-parametric data by using the Mann Whitney U-Test. Correlation analyses for inflammation marker concentrations as well as PGA and NETosis rates were performed by Spearman's rank coefficient. For all analyses, SPSS version 22.0 and Graph Pad Prism version 6.0 were used. Statistical significance was considered by p ≤ 0.05.




RESULTS


The Lesional Skin of Patients With SchS Is Characterized by Abundant Infiltrates of Neutrophils That Undergo NETosis

Lesional skin of SchS patients showed stronger neutrophilic cell infiltrates as compared to CSU (Figure S1). Immunofluorescence co-staining revealed marked and aggregated NET formation in lesional skin of all untreated SchS patients (n = 8) with highest median NETosis scores (68.54%) (Figures 1, 3). This could be confirmed by confocal microscopy (Figure 2) which demonstrated extracellular co-localization of subnucleosomal complex and MPO in SchS lesional skin. Interestingly, marked and aggregated NET formation was also present in lesional dermal skin of patients with SwS, (median score 40.99%) and PG (median score 65.28%) (Figure 3). Only single neutrophils undergoing NETosis were observed in CAPS patients (median score 4.17%), whereas n = 2/5 UV patients presented with single or marked aggregated NETs (median score 0%) (Figure 3). There was an absence of NETs in the skin of CSU patients (n = 5) (Figures 1, 3; SchS vs. CSU p = 0.011) and healthy controls (n = 10) (data not shown).
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FIGURE 1. Marked NET formation in lesional skin of Schnitzler‘s syndrome (SchS) patient vs. absence of NET formation in chronic spontaneous urticaria (CSU) patient. Exemplified fluorescence images showing marked and aggregated NET formation characterized by nuclear expansion and extracellular web-like DNA-fibers (white arrows) in the lesional dermis of a SchS patient vs. absence of NETosis of neutrophils (green arrows) in lesional dermis of a CSU patient. Neutrophils (Alexa 488-MPO–green) undergoing NETosis (subnucleosomal complex Histone H2A, H2B, chromatin Alexa 594–red). Nuclei are counterstained with DAPI (blue) (original magnification 200x). Overwiew: Hematoxylin-Eosin staining of infiltrate in lesional skin of SchS patient (original magnification 200x).
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FIGURE 2. Confocal microscopic images of Schnitzler's syndrome (SchS) skin tissue. Neutrophils (Alexa 488-MPO–green) undergoing NETosis (subnucleosomal complex Histone H2A, H2B, chromatin Alexa 594–red) are demonstrated by extracelluar co-localization of subnucleosomal complex and MPO. Nuclei are counterstained with DAPI (blue) (original magnification 1,000x).
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FIGURE 3. NETosis - immunoreactivity score in %: High NETosis rates in lesional dermis of Schnitzler's syndrome (SchS) patients as well as Sweet syndrome (SwS) patients and pyoderma gangrenosum (PG) patients. In lesional skin of Cryopyrin-associated periodic syndrome (CAPS) patients, only single neutrophils underwent NETosis. In n = 2/5 patients with urticarial vasculitis patients (UV) NETting neutrophils (single cells or aggregated NETs) were detected. Absence of NETosis rates in lesional dermis of CSU patients. Bars indicate median values. Exemplified fluorescence images showing dense neutrophilic infiltration with marked and aggregated NET formation characterized by nuclear expansion and extracellular web-like DNA-fibers in the lesional dermis of a SchS patient (top), SwS patient (middle) and PG patient (bottom). Neutrophils (Alexa 488-MPO - green) undergoing NETosis (subnucleosomal complex Histone H2A, H2B, chromatin Alexa 594 – red). Nuclei are counterstained with DAPI (blue) (original magnification 400x).





PMA-Stimulated Peripheral Blood Neutrophils of SchS Patients Show Higher NETosis Rates Than Healthy Controls

Blood neutrophils from the majority of canakinumab-treated patients (n = 6/9 for 80 min and 100 min, n = 9/9 for 130 min) and all untreated SchS patients showed higher NETosis rates of PMA-stimulated (20 nM) blood neutrophils. NETosis rates of PMA-stimulated blood neutrophils from SchS patients increased over time compared to healthy control neutrophils with significant difference after 100 min (p = 0.045) and 130 min (p = 0.007) of PMA-stimulation (Figures 4A,B). However, considerable variability was observed in both groups and between experiments. Incubation of neutrophils with RPMI medium alone resulted in near absent NETosis rates in both SchS patients and healthy controls. Patients on IL-1 blockade (canakinumab; n = 6) showed similar results compared to untreated patients (n = 3) without significant differences between both patient groups (Figure 4B, # marked as untreated patients).
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FIGURE 4. (A) Higher NETosis rates of blood neutrophils in Schnitzler‘s syndrome (SchS) patient vs. healthy control after 130 min of PMA stimulation: Fluorescence images of peripheral blood neutrophils of a patient with SchS compared to healthy control: NET formation of isolated neutrophils (subnucleosomal complexe Histone H2A, H2B, chromatin Alexa 594 – red). Nuclei are counterstained with DAPI (blue) (original magnification 100x) (B) Higher NETosis rates of neutrophils in SchS vs. healthy controls: NETosis rates in % of blood neutrophils in IL-1-inhibitor treated and untreated SchS patients (# marked untreated patients) vs. healthy controls after 80, 100, and 130 min following 20 nM PMA stimulation. *patients with persistent joint/bone inflammation despite IL-1 blockade. (C) Higher NETosis rates after SchS serum stimulated control neutrophils compared to control serum stimulation: NETosis rates in % of control blood neutrophils after stimulation with 0.05 nM PMA and 10% serum of symptomatic SchS patients and healthy controls. Bars indicate median values.



Stimulation with individual or combined proinflammatory cytokines IL-1β, IL-6, IL-8, IL-17 in different concentrations and together with PMA showed higher NETosis rates of blood neutrophils in single SchS patients, but there was no overall statistical significance between patients and healthy controls (data not shown).



SchS Sera Induce High Rates of NETosis in Healthy Donor Neutrophils

Stimulation of healthy control neutrophils with serum of untreated symptomatic SchS patients showed near absence of NETosis rates, which is comparable to stimulation with healthy control sera as well as to stimulation with RPMI medium. Co-stimulation of healthy control neutrophils with serum of untreated symptomatic SchS patients and sub-threshold PMA (0.05 nM) disclosed significantly higher NETosis rates as compared to control sera and sub-threshold PMA (p = 0.001) (Figure 4C).



High NETosis Rates Significantly Correlate With Increased Inflammation Markers

Due to the continuous anti-IL-1 blockade in the majority of patients, inflammation markers were barely elevated. Still, a strong correlation between high NETosis rates and high CRP levels (for 80 min PMA stimulation p = 0.000; r = 0.970) was identified (Figure 5A). In contrast, no significant correlation between NETosis rates and markers of subclinical inflammation (SAA, S100A8/9, IL-1RA), neutrophil count, disease duration or clinical disease activity assessed by PGA was observed (Figure 5). Also, we could not detect a significant correlation between NETosis rates of symptomatic SchS patients and immunoglobulin levels. The two SchS patients with the lowest NETosis rates had persistent joint and bone pain despite IL-1 blockade (Figure 4B, * marked patients with persistent joint and bone pain). Vice versa, 2 out of 3 patients with high NETosis rates had only mild bone pain/arthralgia.
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FIGURE 5. Correlation between serum markers, physician global assessment (PGA), disease duration and NETosis rates: (A) Correlation between high NETosis rates and high C-reactive protein (CRP) levels for 80 min PMA stimulation in Schnitzler's syndrome patients (p = 0.000; r = 0.970). No significant correlation between NETosis rates and serum levels of (B) serum amyloid A (SAA), (C) total blood neutrophil count, (D) S100A8/9, (E) interleukin-1-receptor antagonist (IL-1RA), (F) PGA or (G) disease duration was observed in Schnitzler's syndrome patients. The dotted lines indicate normal values (CRP, SAA, neutrophil count, S100A8/9, IL-1RA) and minimal disease activity (PGA).






DISCUSSION

Our results demonstrate increased amounts of neutrophils undergoing NETosis in lesional skin and peripheral blood of SchS patients as compared to CSU and/or healthy controls. To the best of our knowledge, this is the first study which reports NETosis in SchS. Furthermore, it supports the significance of NET formation in autoinflammatory diseases as previously described for FMF and gout (9, 14).

Neutrophils undergoing NETosis in lesional skin of SchS patients and their absence in CSU patients may explain the clinical observation of more solid and stable wheals with longer duration in autoinflammatory patients compared to urticarial lesions in CSU patients (15). In contrast to SchS, lesional skin of CSU patients usually shows rather sparse lymphocytic infiltrates and fewer neutrophils (4). The spectrum of UV varies from only mild urticarial lesions to severe disease with systemic manifestations which could explain the heterogeneity of UV patients regarding the occurrence of NETs in lesional skin. Clinical phenotypes of neutrophilic dermatoses include pustular, urticarial, plaque-like, and ulcerous lesions. All of them are commonly associated with systemic diseases such as hematologic, autoimmune and autoinflammatory entities (5). The presence of NETs in SwS and PG suggests that NETosis contributes to the pathogenesis of other neutrophilic dermatoses as well. This is underscored by a very recent publication showing that enhanced NET formation and decreased NET degradation contribute to the inflammation in the hereditary autoinflammatory disease Pyogenic arthritis, pyoderma gangrenosum and acne (PAPA) syndrome (16). Although neutrophilic dermatoses are clinically heterogenous disorders linked to either autoimmune or autoinflammatory pathways, they share the activation of neutrophils that could be elicited via alterations in homeostasis or chemotaxis of neutrophils (17).

NETosis was previously associated with skin inflammation in psoriasis and SLE (7, 8). Psoriasis is characterized by epidermal hyperproliferation and neutrophil infiltrates invading the epidermis. As expected, NETosis was primarily observed in the epidermis next to keratinocytes (7), whereas in SchS epidermal involvement is missing, and neutrophil infiltrates undergoing NETosis are dermally located as can also been seen in SLE (8).

A dual role for NETs was implicated in the pathophysiology of inflammatory diseases. In prototype autoimmune disease SLE, NETs induce the expression of double stranded DNA (dsDNA) and LL-37, resulting in externalization of autoantigens and immunostimulatory proteins (8). These may contribute to an antigenic source for autoantibodies that promote the inflammation and damage of endothelial cells by synthesis of proinflammatory cytokines or type I interferons in SLE (8). On the other hand, NETs may limit the inflammation as suggested for autoinflammatory disorders gout and FMF (9, 14). Aggregated NETs in gout were shown to contribute to the resolution of inflammation by degrading cytokines and chemokines via serine proteases (14). In FMF, neutrophils were demonstrated to release IL-1ß through NETs, but they also downregulated further NETosis and thereby resolved FMF attacks via a negative feedback mechanism (9).

NETosis rates in psoriasis patients correlated well with clinical disease activity (7). Although this was not the case in our study, we observed a positive correlation between high NETosis rates and increased inflammatory marker CRP in SchS. We hypothesize that the systemic inflammation drives NET formation in SchS. These NETs may exert both pro- and anti-inflammatory functions. NETosis could stimulate aberrant NLRP3 inflammasome activation in SchS monocytes and macrophages via cathelicidins and thereby enhance the release of inflammatory cytokines followed by further NETosis as shown for SLE (18). Also, NETs may support the resolution of inflammation by degrading cytokines locally in SchS (Figure 6). As in gout inflammation, high amounts of aggregated neutrophils were found in lesional tissue of SchS patients. The inflammation-limiting ability of NETosis via cytokine degradation could explain the observation that SchS patients with low NETosis rates suffer from persistent chronic joint and bone inflammation as degradation of cytokines may not be sufficient in these patients.
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FIGURE 6. Main hypothesis on the pathophysiological role of neutrophil extracellular traps (NETs) in Schnitzler's syndrome: Mast cells hypersensitive to damage-associated molecular patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs), are activated via Toll-like receptors (TLRs) and produce Interleukin (IL)-1ß and IL-6. Cytokine production by mast cells is presumably mediated via the NLRP3 inflammasome. These proinflammatory cytokines lead to neutrophil recruitment from peripheral blood. Cytokines and other serum factors induce initial NET formation in the skin. During NETosis, IL-17 and LL-37 (cathelicidin) are secreted. IL-17 induces further neutrophil recruitment, while LL-37 activates the NLRP3 inflammasome in macrophages to produce further IL-1ß, which again recruits neutrophils. Additional NETting neutrophils aggregate and secrete serine proteases such as proteinase 3 and elastase which degrade cytokines (e.g., IL-1ß) and limit inflammation.



In lesional skin of patients with prototype autoinflammatory urticarial syndrome CAPS, we observed only single neutrophils undergoing NET formation. This finding may indicate a pathophysiological link of NET formation and SchS-specific paraproteinemia. Nevertheless, we could not show a significant correlation between NETosis rates and immunoglobulin levels, and there is no evidence for a link between paraproteinemia and NET formation in other diseases associated with paraproteinemia. However, aberrant inflammasome component expression is described in both SchS and multiple myeloma (19, 20).

The pathophysiologic mechanisms of how neutrophils are activated to undergo NETosis locally in the lesional tissue as well as systemically in the peripheral blood of SchS patients, are unclear. Our results of higher NETosis of donor neutrophils induced by SchS serum compared to healthy serum are in line with the findings in psoriasis and support the existence of a potential serum factor inducing NETosis (7). Several proinflammatory cytokines, including IL-1ß, IL-6, and IL-17 were shown to be elevated in the serum of different inflammatory conditions such as sepsis, diabetes and rheumatoid arthritis and to induce enhanced NETosis of peripheral neutrophils in these disorders (12, 21, 22). These cytokines are known to be upregulated in SchS as well (3, 4). Interestingly, mast cells induce neutrophil recruitment and were shown to be a source of IL-1β and IL-6 in lesional skin of SchS patients (3, 4). Whether these proinflammatory cytokines e.g., produced by mast cells or even neutrophils themselves contribute to NET formation locally in lesional skin of SchS patients remains to be elucidated. However, none of these cytokines, whether alone or in combination, could induce NETosis of peripheral neutrophils in our study, and we are assuming that additional factors are needed to stimulate neutrophils to form NETs in SchS.

Limitations of our study comprise the relatively small patient number, which is explained by the rarity of SchS and the heterogeneity of individual experiments showing considerable variability.

In conclusion, our results suggest that skin and systemic inflammation in SchS are associated with neutrophils undergoing NETosis. These may exert pro-inflammatory or in the case of aggregated NETs anti-inflammatory properties. For the future, evaluation of drivers of NET formation in autoinflammatory diseases are essential in order to better understand disease mechanisms. Also, these studies may help to identify therapeutic targets that promote cytokine degradation and resolution of inflammation via enhancing aggregation of NETs.
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Cutaneous lesions feature prominently in lupus erythematosus (LE). Yet lupus and its cutaneous manifestations exhibit extraordinary clinical heterogeneity, making it imperative to stratify patients with varying organ involvement based on molecular criteria that may be of clinical value. We conducted several in silico bioinformatics-based analyses integrating chronic cutaneous lupus erythematosus (CCLE)-skin and blood expression profiles to provide novel insights into disease mechanisms and potential future therapy. In addition to substantiating well-known prominent apoptosis and interferon related response in both tissue environments, the overrepresentation of GO categories in the datasets, in the context of existing literature, led us to model a “disease road-map” demonstrating a coordinated orchestration of the autoimmune response in CCLE reflected in three phases: (1) initiation, (2) amplification, and (3) target damage in skin. Within this framework, we undertook in silico interactome analyses to identify significantly “over-connected” genes that are potential key functional players in the metabolic reprogramming associated with skin pathology in CCLE. Furthermore, overlapping and distinct transcriptional “hot spots” within CCLE skin and blood expression profiles mapping to specified chromosomal locations offer selected targets for identifying disease-risk genes. Lastly, we used a novel in silico approach to prioritize the receptor protein CCR2, whose expression level in CCLE tissues was validated by qPCR analysis, and suggest it as a drug target for use in future potential CCLE therapy.

Keywords: CCLE, cutaneous lupus, skin, autoimmune, therapeutic, bioinformatics, expression profiles


INTRODUCTION

Lupus erythematosus (LE) is a complex (1) autoimmune disease that spans a tremendous variety of forms, degrees, and phenotype expressions ranging from relatively well-defined cutaneous manifestations to a rapidly progressive, lethal, multi-organ involvement in the systemic disease (SLE) (2, 3). Cutaneous features represent a major and medically significant component of LE and are evidenced as a wide range of clinical manifestations, some of which are disfiguring and debilitating. CCLE, which encompasses discoid lupus erythematosus (DLE), represents the most common category of cutaneous lupus erythematosus (CLE). While it is clear that CLE pathogenesis is multifactorial, with distinct roles for genetic, environmental, immunologic as well as epigenetic factors, large gaps in knowledge remain regarding the exact causes, mechanisms and biological interactions leading to the development of autoimmune attack on the skin. A number of trigger factors have been reported to influence the course and prognosis of cutaneous lupus including, UV light, medication, and smoking. Additional factors such as race, sex, age of onset and genetic predisposition, among others also impact disease manifestation (4–9). Although susceptibility to CCLE has been linked to genes within the HLA (HLA-DQ and/or DR), as well as outside the HLA region (HSP70-1, TNF–α/β, C4 null, C2, IL-1, and IL10) (10–19) the molecular and genetic basis of disease initiation, progression, and response to treatment is poorly understood.

In large part due to the gap in knowledge regarding disease susceptibility and pathomechanisms, the current therapeutic armamentum in cutaneous LE does not include any approved systemic drugs (20) and needs to be empirically determined for individual patients. Thus, an enhanced understanding of the molecular and genetic basis of disease is a requisite to advance the search for novel therapeutic targets, particularly those that are more targeted and even personalized.

In the present study, gene enrichment analyses of the CCLE skin and blood transcriptional datasets were conducted to illuminate shared, over-represented, disease-related pathways and processes across both tissue environments. Our findings corroborate the involvement of a generalized immune dysregulation and altered apoptosis as central drivers of the cutaneous lupus phenotypes (21, 22). Through our integrative analytical approach we propose a detailed “disease road-map” tethered upon functional enrichments that illuminate a potential orchestration from initiation, amplification to tissue targeting in skin as linked steps in the autoimmune response of CCLE. This framework allowed us to assign existing and emerging therapies within the “disease road-map” based on mechanism of action of specific medications. In silico based interactome analysis identified 3 “over-connected” genes as potential key functional players in the metabolic reprogramming associated with skin pathology in CCLE. Subsequently, drug target analyses allowed us to narrow the search and prioritize CCR2 as the druggable target receptor that needs further research to test viability in potential future disease therapy.



MATERIALS AND METHODS

Recruitment of CCLE/CLE (more specifically the most common subtype, discoid LE DLE), age- and sex-matched patients, and healthy control individuals, tissue procurement and handling has been described in detail along with IRB approval number, consent, demographic data and raw data in our earlier reports (21–24). None of the patients were positive for ANA or met any criteria for SLE. No systemic or topical medications had been used by any of the patients for 2 months prior to sampling. The procedures for blood and tissue handling, peripheral blood mononuclear cell extractions, total RNA preparation, cDNA synthesis and microarray processing have also been described previously (21, 22, 25, 26). The transcriptional data analyzed was from skin of 6 lesional and 4 non-lesional biopsies from patients with CCLE and blood from 3 CCLE patients and 3 healthy controls. There was an overlap of 2 patients (1008 and 1009) between blood and skin analysis. The range of sample size reflects the limited human samples that were available for the rare autoimmune disorder CCLE/DLE.


Differentially Expressed Genes (DEGs)

For the present study, we re-analyzed the CCLE-blood expression dataset to define a new DEGs list based on statistical criteria identical to our previously published CCLE-skin (21) thus allowing a more direct comparison. Briefly, we controlled the p-value at ≤ 0.05 and fold change (FC) ≥ ±1.1 and identified 783 non-redundant CCLE- peripheral blood DEGs (337 UP and 446 DOWN), that distinguished patients from healthy controls. The low FC cut off was chosen for this study because: (1) minimal expression differences may be biologically significant (27) and (2) it allowed us to start with a larger pool of significant genes from both transcriptional profiles with which to perform downstream statistical analyses with high stringencies, in order to streamline our search to only “over-connected” DEGs.

Bioinformatics tools in DAVID (28), (https://david.ncifcrf.gov/) and MetaCore™ v6.21 (Thomson Reuters, St Joseph, MI) were used (http://www.genego.com) to analyze and compare the two gene expression profiles (29). Unique gene symbols from the DEGs lists were mapped to “network objects” and used to probe the MetaCore database (metabase) (30). Using the disease terms “lupus” or “cutaneous lupus” we were able to generate and analyze several disease–associated canonical pathway maps followed by similar investigations in the Gene Ontology (GO) and KEGG databases. This allowed us to dissect each known overlapping disease-related biological pathway/process between the two tissue environments.

We compiled lists of interferon (IFN) inducible genes and those linked to apoptosis related pathways as described earlier (22). We also consolidated one hundred and five potential SLE susceptibility loci from genome–wide association studies (GWAS) recorded (31–44) in the National Human Genome Research Institute (NHGRI-EBI) catalog (http://www.ebi.ac.uk/gwas/search?query=lupus) and the SLEGEN study as well as susceptibility loci for CLE in a recent GWAS study (16) for comparison.

The DEG lists were analyzed for their chromosomal enrichment by leveraging the gene expression data to detect regions of the chromosomes with a statistically significant proportion of DEGs (called transcriptional “hot spots”) (45–49). We used DNA–Chip Analyzer (dCHIP) (www.dchip.org) for the purpose of gene mapping using the “genome” tool with masked duplicate probe sets. P-value ≤ 0.001 was calculated for all stretches of chromosomes (“hot spots”) that contained ≥ 5 DEGs (CCLE-blood DEGs used for this analysis) (50). We overlaid a similar map generated from our previous site-matched lesional vs. non-lesional skin analysis (from CCLE patients) (21) on the CCLE –blood chromosomal map. We explored the overlapping and unique genes that were significantly associated or not with systemic or cutaneous disease in previous gene expression and GWAS studies.



Quantifying Gene Expression Using RT-qPCR

Total RNA was isolated as described previously (22, 26) using TRIzol reagent (Invitrogen, San Diego, CA, USA) per manufacturer's protocol and treated with DNase, purified and quantified by Nanodrop ND-1000. We used reverse transcription quantitative real-time PCR (RT-qPCR) to quantify gene expression from peripheral blood of an entirely different set of 5 CCLE patients (LE 1013, 1014, 1016, 1017, and 1018) and 5 healthy controls (CR, 221, 220, 231, 1042, and 1032). cDNA was synthesized from 400 ng total RNA using Promega Kit (Promega Corp., Madison, WI, USA) and quantitative real-time PCR was subsequently carried out using the FastStart Universal SYBR Green Master (ROX) from Roche (Roche Diagnostics,Mannheim, Germany) according to carefully standardized protocols. Intron-spanning primers were designed using Primer3 v. 4.0.0 (http://bioinfo.ut.ee/primer3/) for the following selected DEGs: CCR2, IFI30, OAS1, OAS2, STAT1 TNFAIP3, ERBB3, and FGFR2, based on published human gene sequences in the Ensemble Genome Browser (http://useast.ensembl.org/index.html). Primers were checked with a BLAT search (http://genome.ucsc.edu/cgi-bin/hgBlat). Amplicons were designed to be < 150 bp in most cases (Table 1). Duplicate experiments were run for the 5 biological replicates in each of the patient and control group. The resulting qPCR cycle times (Ct) were normalized against the β-actin (ACTB) housekeeping gene to obtain ΔCt. Fold changes in expression were calculated using the 2−ΔΔCt method (51) relative to one control sample taken as unity (Figure 6). The fold changes in gene expression obtained by qPCR were compared to those observed by microarray analysis.



Table 1. Quantifying gene expression.
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Interactome and Drug Target Analysis

We started out with the broadest pool of statistically significant genes, and subsequently employ downstream bioinformatics-based statistical tools with high stringency to assign disease relevance. To go beyond simply cataloging disease-related molecules we subjected our DEGs from CCLE skin and blood to an interactome analysis by protein function” (52). The relative connectivity of a gene (encoded protein) mirrors its functional significance to the disease under investigation (53) and is calculated by the number of interactions between the experimental gene with the genes on the experimental list normalized to the number of interactions it has with all genes in the human database (in MetaCore). The ranking of importance is related to the “knowledge based” analysis that takes into consideration experimental DEGs in the context of their known interactions in complex gene/protein and molecular networks. The localization of receptors in membranes that allows the extracellular domains to be targeted by specific ligands and drugs was key to narrowing the search to the “over-connected” 3 receptors that were shared between the skin and blood transcriptional profiles. Finally, we were able to prioritize one DEG CCR2 based on several analytical criteria discussed above. Network generating algorithms in MetaCore were based on auto-expand by one interaction including both up- and downstream reactions. We further categorized the genes by their association with SLE-genes (either expressed or as susceptibility loci). A “drug target analysis” was performed via MetaCore along with a literature search on all three receptor proteins, to discover novel drug/target combinations that offer the best potential to be used in the treatment of CLE.




RESULTS


Differentially Expressed Genes (DEGs) and Ontology Enrichment Analysis

We generated a blood gene expression profile of 783 non-redundant DEGs (Supplementary Table 1) for comparison with the skin profile (776 DEGs) described previously (21). Both lists were generated using the same fold change and p-value cut off (Figure 1A). Of the 87 DEGs (Figure 1B) common between the blood and skin transcriptional profiles, 65 were dysregulated in the same direction in both tissues (upregulated = UP or down-regulated = DOWN) and 22 were in the opposite direction (Supplementary Table 2).
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FIGURE 1. Gene expression analysis in CCLE blood and lesional skin. (A) Differentially expressed genes (DEGs) were generated from blood (CCLE vs. healthy control) and skin (lesional vs. non-lesional) of CCLE patients and healthy controls that were able to distinguish between compared phenotypes via hierarchical clustering. (B) An overlap of 11% (87 DEGs) between the two lists is shown by the Venn diagram. The majority of genes in both lists are distinct to the respective environment (skin and blood) from which they are generated.





Pathways and Processes Based Enrichment Analyses

Ontology enrichment analysis was processed through two different analytical platforms (DAVID and MetaCore) to identify enriched disease-related biological functions, pathways and processes. We uncovered prominent apoptotic and type I interferon (IFN) signatures in both tissue environments. The overall number of DEGs in the activated immune response related pathways and processes are consistently higher in lesional skin than in peripheral blood. However, processes associated with lysome/proteasome related breakdown were more pronounced in peripheral blood than in skin. The differences and similarities in the two tissue environments forms the basis of our present analysis aimed at elucidating specific local and systemic disturbances linked to pathomechanisms related to CCLE (Figure 2).
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FIGURE 2. Functional annotation and pathway analysis of the DEGs from CCLE-blood and lesional skin. The two transcriptional profiles reveal several enriched disease-related Gene Ontology (GO) biological processes. We break down the number of DEGs (up- and down-regulated) included in some of the shared disease related processes such as: apoptosis, oxidation: reduction, cytokine chemokine, leukocyte chemotaxis, TLR signaling, cell adhesion, dendritic cells, T cell, B cell, type I interferon, NK cells and lysosome/proteasome. The most prominent signatures for interferon and apoptosis in both profiles are marked with a star (*).



Integration and synthesis of CCLE blood and skin transcriptional data in the context of existing literature regarding SLE/CCLE-related processes suggests a coordinated orchestration of the autoimmune response leading to organ-specific tissue damage in the skin that can be viewed in 3 phases: (1) initiation, (2) amplification of immune response, and (3) target damage in skin (Figure 3).
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FIGURE 3. Disease Road Map. Enriched disease-related pathways and processes found in skin and blood profiles underlie three distinct phases in the autoimmune response in CCLE: (i) initiation, (ii) amplification of the immune response, and (iii) target damage in the skin, that are not mutually exclusive. The shared disease-related processes over-represented in skin and blood are as follows: apoptosis, oxidation reduction, cell adhesion, cytokine chemokine activity, leukocyte chemotaxis, NK cell, TLR signaling, dendritic cells, T cell, B cell activation, Interferon signature, lysosome and proteasome, antigen processing and presentation, complement cascade among others (see also Figure 2). Potential molecular targets of some of the existing and emerging drugs R (n) have been identified in the schematic according to mechanism of action presently used for CLE/DLE treatment. Some experimental drugs have also been included (see inserted box). Drugs used in CLE/DLE treatment R(n) (teal hexagons): Topical agents: R1 = corticosteroids fluocinonide, R-salbutamol sulfate (anti-inflammatory, acting upon cytokines and leukocytes) Systemic agents: R1 = glucocorticoids, R2 = hydroxychloroquine (antimalarial) (acting upon MHC presentation and lysosome pH, anti-inflammatory), R3 = thalidomide, lenalidomide, CC 11050 (TNF-α inhibitors, apoptosis), R4 = methotrexate MTX (acts on T cell proliferation), R5 = pimecrolimus (calcineurin inhibitor, down-regulating T cell activity) TRX-1, AMG 557 (humanized mAbs act as T cell regulators), R6 = humanized mAbs AMG 811 (anti-IFNα) and sirukumab (acts on pro-inflammatory cytokines such as IL-6). Ds, double stranded; UV, ultraviolet; PAMP, pathogen–associated molecular pattern; HMGB1, high mobility group protein B1; ICs, nucleic acid containing immune complexes; NMDAR, N-methyl-D-aspartate receptor; C1q, complement component 1; q subcomponent; C2, complement component 2; C4, complement component 4; DC, dendritic cells; pDC, plasmacytoid DC; LC, Langerhans cells; T, T cells; B, B cells; Th, T helper cells; Th0, T helper cells 0; CTL, cytotoxic T lymphocytes; IgG, immunoglobulin G; NK, natural killer cells; IFN, interferon; TLR, toll-like receptor; PDE4, phosphodiesterase-4; TNF, tumor necrosis factor.





Identification of Risk Loci

We leveraged the blood transcriptional profile to locate genomic regions in which the 783 CCLE-DEGs cluster more frequently than would be expected by chance.(47, 49) 16 transcriptional “hot spots” were identified on chromosomes 1, 3, 5, 6, 11 (2), 12 (2), 14, 15, 16, 19, 20, 21, 22, and X, harboring 177 CCLE-blood DEGs. We had previously described 13 CCLE-skin specific “hot spots” on chromosomes (21). Seven transcriptionally active regions (chromosome 1, 3, 6, 11, 19, 22, and X) overlapped between skin and blood profiles (Figure 4A). Twelve dysregulated genes including AIM2, ANP32E, CD48, EFNA1, CCR2, CAP2, PSMB8, FEN1, ECH1, LGALS2, TST, and APOBEC3G were common to skin and blood within the overlapping “hot spots” (Figure 4B). See Supplementary Table 3 for details on the 177 DEGs contained within the sixteen CCLE-blood “hot spots.”
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FIGURE 4. Chromosomal locations of transcriptional “hot spots” found in CCLE-associated blood and lesional skin signatures. (A) CCLE blood gene expression data is leveraged to identify transcriptional “hot-spots” in chromosomes where DEGs map with statistically increased frequency. Each horizontal line corresponds to one chromosome. Chromosomal locations of CCLE blood molecular signature are colored in bold black vertical bars vs. the non-differentially expressed genes which are gray. The vertical bars above and below the horizontal lines represent genes either on the forward or reverse strand. Sixteen significant stretches at p-value ≤ 0.001 are considered to be transcriptionally active “hot spots” using the CCLE blood profile (red boxes). Thirteen “hot spots” associated with CCLE lesional skin signature (blue boxes) from our previous study, have been overlaid on the blood chromosomal map revealing seven regions of overlap (bold). (B) Twelve genes in the overlapping “hot spots” (including CCR2) were shared between the skin and blood profiles. The seven overlapping “hot spots” also include 14 DEGs from skin (blue), blood (red) and both milieus (purple), which have been previously reported as potential disease loci in SLE. TNF is a skin-DEG that is previously described as a putative disease locus for both SLE as well as CLE. CSNK2B is a blood-DEG that has been described as a disease locus in CLE.





Identification of a Novel Therapeutic Target

Using our transcriptional datasets, CCLE-specific gene regulation was evaluated through enrichment by “protein function” revealing a significantly high number of ligands, proteases, receptors and other protein classes (Supplementary Table 4). Overall interaction topology reveals a high level of incoming and outgoing connections within the CCLE-experimental dataset as well as to and from the CCLE-datasets to the metabase (Supplementary Table 5).

We leveraged our expression dataset to search for key drivers of mechanisms underlying CCLE pathogenesis. We reveal 44 DEGs shared between blood and skin that are statistically “over-connected” to objects within the two CCLE datasets as well as the larger human database in MetaCore (Supplementary Table 6). Three (CCR2, ERBB3, and FGFR2) of the seven “over-connected” shared DEGs coding for receptor proteins (localized at the cell membrane) were selected for further investigations. All three were found to be interactive hubs by interactome and network analysis (Figure 5). A literature- and Metabase- search with the term “discoid lupus erythematosus” allowed an investigation into existing as well as emerging therapies in CLE/DLE. A drug analysis on all three receptors revealed CCR2 to be targeted by drugs that are currently in clinical trials for treatment of other related diseases. see Supplementary Table 7 for a list of existing, emerging, and experimental as well as the newly proposed therapeutic agents, along with relevant literature and source documentation.
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FIGURE 5. Interactive receptor proteins CCR2, ERBB3 and FGFR2. (A) We focused on three receptor proteins (CCR2, ERBB3, and FGFR2) that were considered “over-connected” when the number of observed interactions (actual) was greater than the number of expected interactions accompanied by (significant) low p-values (*) and high z-scores (B) Algorithms in MetaCore are used to generate networks using the expand by single interaction in both upstream and downstream directions. Interactions within the network reveal all 3 receptors as central hubs connected to each other as well as with a large number of curated interactions with both positive (green) and negative effect (red) to and from (arrow direction) several objects in the CCLE-skin profile as well the larger human proteome database. The individual CCLE-DEGs and proteins in the metabase are representated as nodes of different shapes (see legend) with connections/interactions to one another. Drug target analysis revealed 4 drugs (teal box) that target one of the receptor proteins CCR2, (yellow). All 4 drugs are currently being used in the clinic to treat other closely related diseases (see Supplementary Table 7). Explanation of columns: Actual, number of network objects in the activated signatures which interact with the chosen object; n, number of network objects in experimental datasets; R, number of network objects in the activated background list which interact with the chosen object; N, total number of protein-based objects in the activated background list; Expected, mean of hypergeometric distribution; Ratio, connectivity ratio (Actual/Expected); z-score, (Actual-Expected)/(standard deviation); p-value: probability to have the value of Actual by chance under null hypothesis of no over-connectivity. Star (*) denotes significant p-values.





Validation Studies

We further evaluated the expression of 8 genes shown to be dysregulated by microarray analysis in CCLE/DLE by RT-qPCR (qPCR) (Table 1 and Figure 6). Included among the 8 was CCR2, which we propose as a potential drug target in CCLE therapy. The qPCR experiments demonstrate a relative level of gene expression consistent with our microarray data for all eight DEGs. Genes such as CCR2, IFI30, OAS1, OAS2, and STAT1 and TNFAIP3 are over-expressed in CCLE/DLE patients as compared to healthy controls. While ERBB3 and FGFR2 exhibited overall low levels of expression, the trend in downward expression (case vs. controls) was also similar to our microarray analysis.
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FIGURE 6. Quantifying gene expression by RT-qPCR. Gene expression for the eight DEGs: CCR2, IFI30, OAS1, OAS2, STAT1, TNFAIP3, ERBB3, and FGFR2, within both the CCLE skin and blood signatures were quantified using RT-qPCR. Data is normalized to the housekeeping gene β-actin (ACTB). Fold change in gene expression in peripheral blood (presented as bar graphs with S.E.M) is calculated using the 2−ΔΔCt method and represent duplicate runs of 5 biological replicates each of CCLE (DLE)-patients and healthy control individuals. Fold change in expression (between case and controls) of CCR2 and STAT1 trended toward significant (*p-value = 0.055 and 0.053, respectively). CCLE, chronic cutaneous lupus erythematosus/discoid lupus erythematosus; S.E.M., standard error of the mean.






DISCUSSION


Development of a Disease “Roadmap”

Our new in silico analyses reveal a more enhanced composite of disease pathomechanisms operative in CCLE. In the proposed disease road-map schema (Figure 3), the three phases are not necessarily mutually exclusive, with specific components potentially operative in two, or all three phases across the spectrum. Below, we break down the three broad phases: (1) initiation, (2) amplification, (3) target damage, and dissect the linked disease relevant biological pathway/process (Figure 2) to discuss a model for pathobiology in the context of recognized systemic (blood) and local (skin) disturbances.

Initiation

Several well-known trigger factors e.g., UV light, medications, smoking are associated with cutaneous lupus (4, 9, 54–57), all of which could contribute to enhanced autoantigen display to the immune system. Theoretically, this could occur via increased keratinocyte apoptosis, autoantigen translocation to the keratinocyte cell surface, and/or a decreased clearance of apoptotic debris as in SLE (58), causing self-antigens (e.g., nucleosomes) to persist in the extracellular environment, enabling recognition by autoreactive cells (59–65). The skin has been speculated to be the site of autoimmune initiation for both cutaneous and systemic disease in genetically susceptible individuals (56, 57, 66).



Apoptosis

The potential significance of apoptosis in CLE is underscored by several observations including an increase in the number of UV induced apoptotic keratinocytes found in lesional skin (54, 67). In our analysis, a larger number of dysregulated genes were associated with apoptosis in lesional skin (117 with 75% UP) as compared to peripheral blood (81 with 61% UP), emphasizing enhanced apoptosis (particularly in the skin) as a prominent signature of the disease. Both pro- and anti-apoptotic molecules are dysregulated simultaneously in both environments (21, 22), underscoring the complex and epistatic nature of the apoptotic cascade. It might also indicate redundancies of contributors to apoptosis, perhaps including involvement of diverse cell types (e.g., keratinocytes and lymphocytes) relevant to lupus pathology.



Oxidation: Reduction

Increased upregulation (71% of the 28 DEGs) in oxidative and nitrosative stress related processes in CCLE peripheral blood demonstrated in our dataset is similar to past observations in both SLE and CLE (68–71), underscoring the possibility of post-translational modification of auto-proteins/peptides, rendering them altered and able to provoke the autoimmune reaction.



Cytokines, Chemokine, and Leukocyte Chemotaxis

UV radiation is known to induce the production of numerous pro-inflammatory cytokines in the skin and contributes to the marked photosensitivity observed in CCLE (56, 72). These cytokines can promote translocation of intracellular autoantigens to the surface of epidermal keratinocytes (13, 73). We find higher numbers of upregulated DEGs (93%) associated with cytokine-chemokine related processes in lesional skin as opposed to blood (70% DOWN), perhaps reflecting an influx of cytokine producing cells at the local site of pathology. This may be particularly important as these mediators are short lived and local effects could be tissue specific and different from systemic effects (74).



Pattern Recognition Receptor (PRR) Signaling

We discovered 19 genes (100% UP) related to PRR to be activated in lesional skin, as opposed to 7 (71% UP) in peripheral blood. Upregulation of TLR-4 expression was previously demonstrated in affected tissue of CLE patients (75). PRRs participate in the recognition of both extrinsic and endogenous danger-associated conserved molecular patterns, and thus bridge innate and adaptive immune responses.

Amplification of Immune Response

CCLE is characterized by an increase in local mediators of inflammation in the skin. These effects in turn induce changes which include induction of adhesion molecules that are needed for the migration and sequestration of activated lymphocytes and leukocytes to the skin (76). Accumulating apoptotic debris may also bolster autoantigen presentation by Langerhans cells (LCs) to T cells (77). Binding of autoantibodies to keratinocytes could then further expose self-antigens and promote cytokine release to continue and amplify the autoimmune response. T cell reactivity may in turn promote B cell activation and production of autoantibodies specific to previously sequestered or altered molecules.

Cell Adhesion

Progression of lupus is facilitated by the local generation of adhesion molecules and expression of their ligands in inflammatory cells (78, 79). In the present study, we demonstrate nearly equal numbers of dysregulated genes linked to cell adhesion in both skin and blood, but observe 59% UP in lesional skin as compared to 76% DOWN in peripheral blood.

Dendritic Cells (DC)

Antigen presentation by immature DCs may lead to T cell anergy due to lack of co-stimulation, a mechanism by which certain (self) antigens may evade immune responsiveness (80, 81). We observe much higher numbers of activated genes associated with skin-dendritic cells (94% UP of 63 DEGs), as compared to only 8 DEGs (63% DOWN) in the peripheral blood, underscoring clear patho-mechanistic differences in the two environments.

HLA Region

CLE susceptibility (in patients positive for anti-Ro) is linked to the major histocompatibility complex (MHC) on chromosome 6, including genes for human leukocyte antigens (HLA), complement components, and tumor necrosis factor (TNF) (12, 21, 82–84). We found the top enriched KEGG pathway associated with the 87 DEGs overlapping between CCLE-skin and blood profiles to be antigen processing and presentation (Supplementary Table 8) skewed toward activation in both skin (92% UP) and blood (79% UP). Of the twelve DEGs mapping to chromosome 6, CSNK2B, and CDKN1A are reported as potential CLE-associated susceptibility locus (16) and associated with SLE (85), respectively (Supplementary Table 3). The precise influence of the HLA region on CCLE is not clear as of yet, but is likely related to its well-defined role in antigen presentation and activation/selection of T cells in the pathogenesis of LE (86–91).



T Cell Response

Our analysis uncovered 60 DEGs (95% UP) in skin and 18 (56% UP) in blood (Figure 2) that are involved in T cell related processes such as -activation, -differentiation, -selection, -proliferation, -receptor signaling and -thymic selection, thus implicating a similarly activated T cell mediated autoimmune reaction in CCLE as well.



B Cells

Although B cell hyperactivity and the production of autoantibodies in LE appears to be T cell driven (92, 93), breaking of B cell tolerance without the support of T cells has been reported as well (94). Given that 55–75 % of B cell receptors on human immature B cells are self-reactive, maintenance of B cell tolerance is vital for thwarting the production of autoantibodies with potential disease causing specificities (95). We observed 32 DEGs (100% UP) in lesional skin and 13 (62% UP) in blood associated with B cell antigen receptor engagement.



Interferon

Cytokines play a crucial role in modulating the immune response to foreign and self-antigens, both in the initiation and amplification of the immune response in CCLE. A prominent IFN-α signature in dermal lesions of SLE patients, suggests that the skin acts as a reservoir for IFN producing cells with the ability to promote autoimmunity (96–98). This appears to be a central theme in cutaneous lupus as well (99). In this analysis, we demonstrate a stronger IFN signature in CCLE skin (that is predominantly upregulated) as compared to peripheral blood. This may indicate a potential shift in the engagement of this key cytokine pathway as a pathogenic mediator from the blood to the skin in CCLE patients. Supplementary Figure 1 demonstrates one such over-represented and activated canonical pathway linked to IFN signaling, with more upregulated genes in the skin than from blood. A more comprehensive picture of the role of various IFN family members in disease pathogenesis will emerge as detailed demographics such as disease onset, age, organs involved, and therapy are taken into consideration.

Target Damage

The pathology in CLE is one of inflammatory lichenoid reaction in which basal keratinocytes that express surface self-antigens are the chief center of damage (100). Global gene expression data revealing dysregulated apoptosis, inflammation, complement system as well as lysosome and proteasome associated breakdown processes in skin and blood from CCLE patients serves to support the model for the creation, accumulation and presentation of autoantigens to the immune system to be at the heart of the disease (101–103). Dysregulated apoptosis and clearance processes might be significant for both initiating the autoimmune response as well as for the ultimate damage to the skin, demonstrating how various phases of the disease might be mutually non-exclusive.



Apoptosis/NK Cells and Inflammation

The role of defects in the apoptotic pathway has been discussed previously in the context of disease initiation, but may be relevant for ultimate target damage as well. Multiple apoptotic pathways are involved in both CCLE skin and blood. We observed upregulated markers from both the extrinsic (death receptor related) and intrinsic pathway (stress related) in blood and skin. An understanding of the molecular events that regulate cell death at both the skin and systemic level is essential for clarification of pathogenesis in the disease.

In addition to UV induction of apoptosis, cellular cytotoxic mechanisms involving CTLs, and natural killer (NK) cells have also been implicated in CLE (4, 104–107). Our analysis finds several more NK cell associated genes (65 DEGs, mostly UP) in the CCLE lesional skin than in the blood profile (14 DEGs, mostly UP), with 7 DEGs shared between the two environments. Inflammatory response also included more activated genes in the skin (90% of 144 DEGs UP) than in the blood (78% of 14 DEGs UP).



Complement

The complement cascade is known to be involved in opsonization of apoptotic cells for efficient clearance by phagocytosis, in the absence of which apoptotic cells may remain longer in the system to stimulate autoantibody production (108). This aberration in the clearing mechanism could be associated with both initiation as well as the target damage stage of the autoimmune reaction. In the present study, we observe many more dysregulated genes related to the complement cascade in lesional skin (such as C2, C1R, C1QB, C3AR1, C4A /// C4B, CD59, CFB, CFD, ERCC6 /// PGBD3, and ITGB2 among others; 89% UP) than in blood (C4BPB, CFHR3, FANCC PLAU, IGHG1. and ITGB2; 83% DOWN). Another effect of complement activation can be apoptosis through cellular events (109), and could be yet another explanation of the increased apoptosis observed in lesional skin over blood (described earlier).



Lysosome/Proteasome

Ubiquitin-mediated proteasomal proteolysis constitutes the intracellular protein-degradation apparatus involved in several cellular functions such as cell cycle, cell differentiation, immune and inflammatory response, stress signaling and apoptosis among others. Upregulated genes (CTSB, CTSC, CTSH, CTSZ, and CTSL) from the cathepsin related protease family, as well as 15 other members of the proteasome family (all involved in proteolysis), were skewed toward the blood than in skin. The evidence supporting enhanced activation of proteolytic markers in peripheral blood over skin of CCLE patients indicates effective processing of peptides in the systemic milieu to enable MHC I and II mediated autoantigen presentation in the disease, which could lead back to amplification of the immune response and serve as a feedback mechanism in the disease.

Overall, our investigations offer a global comprehensive viewpoint of CCLE-associated transcriptional changes that may be particularly relevant for understanding disease mechanisms and identification of biomarkers relevant to disease progression.



Genetics

We have reported a significant, but not complete overlap between our CCLE expression data and previously reported SLE transcriptional data, indicating that while these two conditions are related, they are also clearly distinct (110). Five of the twelve shared DEGs (described above) in the overlapping CCLE skin and blood “hot spot” regions (AIM2, CD48, CCR2, FEN1, and LGALS2) also overlap with previously reported SLE associated genes expression or GWAS studies. The remaining seven common DEGs in the two profiles (ANP32E, EFNA1, CAP2, PSMB8, ECH1, TST, and APOBEC3G) that do not overlap with SLE may thus represent CCLE specific genes. CSNK2B (casein kinase 2, beta polypeptide), in the CCLE-blood “hot spot” within the MHC region of chromosome 6, and APOC1, mapping to the “hot spot” on chromosome 19 in CCLE-skin have also previously been reported as potential gene markers of CLE (16, 111).

Although the pathogenetic relationship between DLE and SLE is still unclear, our comparative CCLE skin and blood analyses supports the existence of both overlapping as well as distinct genetic susceptibilities and mechanisms relevant to the development of systemic as well as cutaneous LE as discussed previously (4, 21, 22, 110, 112, 113). Furthermore, the DEGs mapping to the “hot spots” which do not overlap with SLE and/or are previously identified as CLE susceptibility loci potentially represent specific association to the cutaneous disease.



Therapeutic Considerations—Current and Future

Currently, no consensus or evidence based therapeutic regimen exists for CCLE. Moreover, very few well-controlled trials have systematically evaluated commonly used treatments for CLE (114–118). Disease management in CCLE begins with precise diagnosis and a treatment plan that can only be decided upon after comprehensive evaluation and recording of patient clinical and laboratory data. This includes immunological, clinical presentation, race, sex, age of onset, disease flares history, family history, past therapy failures, and histopathology of a skin biopsy among others.

Topical and systemic glucocorticoids, antimalarials, methotrexate and thalidomide are the standard of care in SLE, and are used in cutaneous disease as well. All treatments must be accompanied by intermittent re-evaluation of the patients to screen disease prognosis. The overall choices in therapy are discussed very briefly.

Tacrolimus (calcineurin inhibitor), may be a good substitute for those patients who respond poorly to topical corticosteroids (119). Antimalarial drugs (oral) such as chloroquine and quinacrine are also considered the first line of systemic CLE therapy (120–122). In refractory CLE that does not respond well to antimalarial therapy, the addition of medications that generally suppress the immune system is required. These include: methotrexate (123), mycophenolate mofetil (124), oral retinoids such as acitretin (125, 126), dapsone (127), as well as intravenous immunoglobulin (IVIG) (128, 129), Thalidomide and its structural analogs have also been used to treat recalcitrant CLE, with success in some cases (130). Trials assessing monoclonal antibodies such as sifalimumab and belimumab in CLE are on-going but mostly found to be effective in SLE with mucocutaneous involvement (131, 132).

We have mapped many of the drugs that are currently in clinical use for CCLE to their targets of influence in the “disease road map” based on mechanism of action (please refer to Figure 3). GO enrichment analyses of our transcriptional profiles reveal enhanced and activated leukocyte chemotaxis and B cell activation in skin more so than blood. This might explain the observed efficacy of the preventive topical corticosteroids (CS) treatments (114), since they bind to specific cytoplasmic receptors resulting in the inhibition of leukocyte infiltration at the site of inflammation. CS are equally effective in both humoral- and T cell mediated diseases (133). Over-represented disease-related processes such as lysosome/proteasome degradation in blood, as well as NK cells, and antigen processing and presentation in both skin and blood are expected to be the target of antimalarials (hydroxychloroquine or chloroquine), that are known to alter pH in lysosomes (134), modify TLR activation (135) and inhibit antigen presentation. We observe activated T cell related processes in CLE skin and blood analyses which are the predicted targets for several immunosuppressant medications such as methotrexate, a T cell proliferation inhibitor used in the treatment of recalcitrant CLE (123). Thalidomide and analog lenalidomide effectively target TNF-α in UV-induced apoptosis, thus decreasing inflammation. Prominent apoptotic signatures in both skin and blood presumably indicate effective use of these drugs, but they are not the drug of choice in cutaneous lupus due to potential serious side effects. Experimental therapeutic agents include azathropine, (anti-purine metabolite); apremilast, (phosphodiesterase-4 inhibitor); R333 (topical JAK/spleen tyrosine kinase inhibitor acting as an anti-inflammatory molecule), and etanercept (TNF-α inhibitor). Many of these agents are linked to clinical trials (Supplementary Table 7).

Clearly, healthcare is moving toward tailoring medicines/therapy targeting specific molecules in individual patients whose expression profiles are known. Our genome-wide transcriptome study is a representation of gene regulation in a highly balanced system of networks and pathways underlying CCLE. Disruption of any of the pathways by primary or secondary drug targeting offers unique treatment opportunities (136). Overall, our new in silico analyses identified a novel target, CCR2 which is a key link to prominent disease related pathways and processes that merits further investigation for potential use in future therapy of CLE.

Chemokine (C-C motif) receptor2 (CCR2) encodes two isoforms of a receptor for monocyte chemoattractant protein-1 (MCP-1), which specifically mediates monocyte chemotaxis in inflammatory diseases such as rheumatoid arthritis. CCR2 maps to the overlapping CCLE skin (FC = 1.8) and blood (FC = 1.6) “hot spot” on chromosome 3. Additionally, previous reports have found a positive correlation with increased gene expression in SLE (137, 138). This makes CCR2 (implicated in the damaging inflammation underlying autoimmune and inflammatory diseases) a good potential therapeutic target candidate in cutaneous lupus as well. We discovered three xenobiotics: CCX915, CCX140 (clinical trials- phase I and II), and TAK779 (preclinical) that have been used to target the extracellular region of CCR2. CCX915 is a highly selective inhibitor of the CCR2 chemokine receptor in multiple sclerosis and other autoimmune and inflammatory diseases. Preclinical data show that CCX140 selectively inhibits CCR2-mediated migration of monocytes and does not inhibit migration mediated by other chemokine receptors, even when the compound is given at high doses. This high degree of target specificity is an important safety feature that may allow CCX140 to be effective while avoiding unwanted side effects. We also discovered one highly specific humanized monoclonal antibody MLN1202 (clinical trial-Phase II) that interrupts MCP-1 binding to CCR2. These drugs (CCX915, CCX140-B, TAK779, and MLN 1202) have been used in the past in treatment of rheumatoid arthritis, diabetes mellitus, multiple sclerosis (139) and cardiovascular diseases with a modicum of success (140, 141) (Supplementary Table 7).




SUMMARY

Overall, the present study represents the first comparative analyses of CCLE skin and blood transcriptional profile along with “interactome-” “network-” “drug target-” analyses. The data is integrated and synthesized within the milieu of current literature on SLE/CCLE. We hypothesize a “disease road-map” demonstrating a coordinated orchestration of the autoimmune response in CCLE reflected in three phases: (1) initiation, (2) amplification, and (3) target damage in skin. In -silico interactome analyses was conducted to identify potential key functional players associated with the skin disease. Our careful and systematic downstream analyses of the CCLE skin and blood transcriptional data not only allowed us to uncover potential crucial contributors to the metabolic changes linked to the skin disease, but to select the best potential target candidate for future therapy.

Chemokine (C-C motif) receptor2 (CCR2) is the only molecule within the scope of our bioinformatics-guided analyses that fits all criteria we used to prioritize it as a potential drug target: (a) included as CCLE-DEG (blood and skin) by microarray analysis. The observed upregulation in case vs. control (blood) and lesional vs. non-lesional (skin) were accompanied by low e-values of ≤ 0.05, (b) overexpressed in disease vs. control peripheral blood by RT-qPCR analysis, in a separate set of samples as those used in the microarray analysis, (c) enriched in lupus-related pathways and processes by ontology enrichment analyses, (d) “over-connected” functional molecule by interactome analysis, (e) a reaction hub by network analysis, (f) mapped to chromosome 3 in an overlapping skin/blood transcriptional “hot spot” by chromosome mapping analysis, and (g) targeted by drugs that are currently being used to treat other diseases such as inflammatory and immune diseases by drug target analysis.

In summary, the present study, based on genome-wide gene expression aims to integrate clinical, genetic and bioinformatics data to bridge the gap between the laboratory and clinical management of patients. Information and evidence garnered from this report potentially impacts future clinical decision-making through the definition of actionable diagnostic and prognostic markers of the disease and the illumination of disease related pathways relevant to therapeutic response. Finally, we present the exciting possibility of designing potential new clinical trials (with a shorter cycle time due to pre-resolved regulatory issues) in the treatment of CCLE using repurposed drugs that target the CCLE related receptor, CCR2.
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Bullous pemphigoid (BP) is a rare autoimmune skin blistering disease, characterized by the presence of autoantibodies against hemidesmosomal autoantigens. Cytokine expression is altered in BP patients, and several of these differently expressed cytokines, including IL-1α, IL-1β, IL-8, and TNF-α, contribute to disease pathogenesis. Since genetic polymorphisms in the genes of these cytokines might be implicated in susceptibility to BP disease, we aimed at testing this implication in susceptibility to BP in an Iranian cohort. Blood samples were collected from the subjects and genomic DNA was extracted. To detect the single nucleotide polymorphisms (SNPs), IL-1α (rs1800587), IL-1β (rs1143627, rs16944, rs1143634), IL-8 (rs4073), and TNF-α (rs1799964, rs1800630, rs1799724, and rs361525) genes were genotyped in BP patients and healthy controls as well as IL-8 (rs4073) in pemphigus vulgaris (PV) patients. Quantitative gene expression was evaluated by RT-PCR analysis. A significant difference was observed in the distribution of genotypes or alleles of IL-8 SNP between the BP patients and controls. The A-allele of IL-8 SNP is significantly more prevalent in the control individuals compared to the BP patient. To further validate this observation, we included PV patients as an additional control. Again, the A-allele of IL-8 SNP is significantly more prevalent in the PV compared to the BP patients. While we observed a trend toward significant differences regarding alleles of TNF-α rs1799724 as well as alleles of TNF-α rs1799964, this difference was, however, not evident after correction for multiple analysis. There was no significant difference in all other studied SNPs. In contrast to IL-1α, IL-1β, and TNF-α, IL-8 gene expression levels were significantly higher in the patients than that of controls. The minor allele in IL-8 SNP might play a protective role in susceptibility to BP in Iranian patients. Although higher expression levels of IL-8 gene was found in the patients compared with healthy controls, these levels, however, suggest no association with the examined polymorphism. Moreover, further investigation revealed an elevation in gene expression between wild and polymorphic genotypes of IL-1α rs1800587 and TNF-α rs361525 in the patient group and these SNPs are therefore associated with altering the levels of gene expression.

Keywords: bullous pemphigoid, autoimmune disease, proinflammatory cytokines, gene polymorphism, gene expression


INTRODUCTION

Bullous pemphigoid (BP) is a rare and difficult-to-treat autoimmune skin blistering disease characterized by the presence of an autoimmune response against type XVII collagen (COL17, BP180) and BP230, and presents with blisters and erythema, and/or urticarial plaques, where itch is clinically a leading symptom (1–4). Binding of autoantibodies to their antigens attenuate skin integrity and initiate a cascade of the inflammatory response (5). This response is mainly mediated by infiltration of inflammatory cells, deposition of complement, and activation of proteases and reactive oxygen species which finally result in blister formation (5). Cytokines, as regulators of inflammatory and immune reactions in the skin, contribute to inflammatory blister induction by recruitment of inflammatory cells as well as activation of resident cells (6).

Humoral immune-mediated mechanisms and cytokine involvement have been described in the pathogenesis of autoimmune blistering disorders (7). High levels of proinflammatory cytokines interleukin (IL) 1 alpha (IL-1α), IL-1β, IL-8, and TNF-α have been detected in the BP patients (8–10). IL-1α and IL-1β are two proinflammatory cytokines belong to the IL-1 family. IL-1 has central roles in infection, inflammation, and disease which the inflammatory process is initiated by IL-1α but multiplied and retained by both forms (11). Tumor necrosis factor- α (TNF- α) is another proinflammatory cytokine and acts as a central and multifunctional mediator of diverse cellular events (12). IL-1 and TNF- α can subsequently induce cytokines involved in leukocyte attraction, including IL-8 (13). IL-8 is a chemoattractant cytokine produced by a variety of cell types which contribute to a variety of proinflammatory activities (14).

Cytokine gene polymorphisms may influence the induction and release of cytokines, contribute to the disease-associated cytokine imbalance, and thereby affect the susceptibility to autoimmune diseases (15, 16). Gene polymorphisms of IL-1α, IL-1β, IL-8, and TNF-α cytokines have substantially been studied in several autoimmune diseases. To date, the contribution of cytokine polymorphisms in BP disease has not been investigated in great detail. One study investigated the cytokine polymorphisms in a Chinese cohort (17). One additional study focused on single polymorphism in TNF-α in Iranian population (18). In the Chinese cohort, a polymorphism in the IL-1β was identified in female patients only. In our study, in Iranian BP patients, we found no significant association of BP with TNF polymorphisms. With the exception of these two studies, no data is available about the association between proinflammatory cytokine polymorphisms and the development of BP. Since these polymorphisms might be associated with susceptibility to the diseases, the present study designed to examine the frequency of different polymorphisms in Iranian BP patients compared with healthy individuals. Due to different gene expression as a result of polymorphism, the RNA expression was evaluated in patients with different allelic variation and furthermore, compared with control subjects.



MATERIALS AND METHODS


Study Population

Patients with BP disease were selected from Iranian patients attending the Shohada Tajrish, Loghman Hakim, and Razi hospitals in Tehran between 2013 and 2016. The patient group (n = 40) consisted of 12 males and 28 females, with an age ranging from 47 to 100 years with a mean age of 69.9 ± 2.01 years. BP was diagnosed based on clinical presentation, subepidermal blister on skin biopsy, compatible light microscopy findings, and positive direct immunofluorescence microscopy (DIF) data according to investigational assessment guidelines (19). 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 the patients. Samples with a lack of demographic data or inappropriate processing of initial laboratory specimens which could bias the study are excluded. Relevant information was taken from all study participants such as suffering from autoimmune diseases, past history of BP, skin diseases, and heart diseases using questionnaires. Furthermore, 84 samples from patients with pemphigus vulgaris (PV) were used as control patients. Clinical presentation, as well as direct and indirect immunofluorescence, were performed for the diagnosis of PV. Furthermore, autoantibodies against desmoglein 3 were detected in all PV patients. Local ethics committee (Human Research Ethics Committee of Skin Research Center, Shahid Beheshti University of Medical Sciences) considered and approved the study protocol. Informed patient consent was obtained and the principles outlined in the Declaration of Helsinki was conducted in the study. Unrelated sex and age-matched healthy volunteers were also recruited without any evidence of previous BP. Control individuals (n = 40) included 20 males and 20 females, aged 46 to 92 years with a mean age of 64.7 ± 1.72 years.



Single Nucleotide Polymorphism (SNP) Genotyping and Gene Expression Analysis

Whole blood was taken from the subjects and genomic DNA was extracted using isolation kit (DNGTM—Plus; SinaClon, Iran) according to the manufacturer's protocol. Genetic SNPs of IL-1α (rs1800587), IL-1β (rs1143627, rs16944, rs1143634), IL-8 (rs4073), and TNF-α (rs1799964, rs1800630, rs1799724, and rs361525) genes were analyzed using primers and respective restriction endonucleases by PCR-based restricted fragment length polymorphism (PCR-RFLP) as described previously (20–25).

IL-1α, IL-1β, IL-8, and TNF-α gene expression was evaluated by quantitative RT-PCR, based on RNA extraction and cDNA synthesis from blood leucocytes of all subjects using RNX-Plus kit (SinaClon, Iran) according to the manufacturer's instructions. Expression of candidate genes, as well as housekeeping glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene, was analyzed by real-time RT-PCR using SYBR Green assays. Primer sequences and conditions were designed by ABI PCR equipment (Applied Biosystems, USA) except GAPDH which obtained from previously published sequences (26) (Supplementary Table 1).



Statistical Analysis

Statistical analysis was carried out using the SPSS statistical software program or Prism software. Post-hoc power analysis of the present study was performed using G*Power (version 3.1) (http://www.gpower.hhu.de/). Genotype distribution, allele frequencies, and consistency with the Hardy–Weinberg equilibrium was analyzed using Chi-square (χ2) test. Linkage disequilibrium (LD) parameters delta coefficient (D′) and r squared (r2) of the population, as well as haplotype analysis, were calculated by comparisons among the SNPs using the Haploview software version 4.2 and SNPStats online software (http://bioinfo.iconcologia.net/snpstats/start.htm). The χ2 test, analysis of variance (ANOVA), or t-test are used to conduct a possible association between SNPs and clinical-demographic features. Logistic regression analysis was performed to predict the probability occurrence of BP. Shapiro–Wilk test was applied to verify the normality of data distribution and differences between groups, where Mann–Whitney t-test was used to analyze a non-Gaussian distribution. Data were expressed as median with interquartile range and a P < 0.05 was considered statistically significant. The P-value was corrected (Pc) for multiple analysis using the Bonferroni method.




RESULTS


Study Population and Characterization

This study included 40 patients with BP and 40 age- and sex-matched controls. Sample size estimation and the statistical power calculation was conducted based on the reported prevalence of the variants. The sample size of the study is sufficient to reach 70% power at a significance level of 0.05 when considering the medium effect sizes of 0.3. There was no significant difference between patients and controls regarding age and gender (P > 0.05). Frequencies of IL-8 (rs4073) and TNF-α (rs361525) SNPs in both patient and control groups, as well as the distribution of IL-1α (rs1800587), IL-1β (rs1143634), and TNF-α (rs1800630) in control individuals, deviated from Hardy–Weinberg equilibrium. Genotype frequencies of all other polymorphisms were within the equilibrium.



Allele and Genotype Frequencies of Proinflammatory Cytokines

Gene variations of IL-1α, IL-1β, IL-8, and TNF-α were analyzed in BP patients compared to healthy controls to uncover whether these polymorphisms are associated with BP (Table 1). A significant association was found between the genotypes and alleles of our cases and controls in rs4073 of IL-8, where the polymorphic A-allele was significantly more present in the controls (42.5%) than to that of patient individuals (22.5%) (Pc = 0.01). Analysis of logistic regression indicated that the A-allele might be a protective factor for developing BP; the calculated odds ratio (OR) was 0.41 (95% confidence interval (CI): 0.18–0.89). In contrast to IL-8, we observed no significant difference in the distribution of genotypes or alleles of IL-1α and IL-1β SNPs between the BP patients and controls (P > 0.05). In TNF-α rs1799964, the frequency of C-allele was a two-fold increase in the control individuals (30%) compared to the patients (15%), which was significant (P = 0.02). Logistic regression analysis revealed that the minor C-allele at this locus of TNF-α might be protective for developing BP; the calculated odds ratio (OR) was 0.41 (95% confidence interval (CI): 0.18–0.89). However, this difference remains at the border of significance (Pc = 0.05). In TNF-α rs1799724, we found a significant difference in the distribution of genotypes (P = 0.03) and alleles (P = 0.04) as well as genotypes (P = 0.03) in IL-1α rs1800587, but this difference does not achieve the levels of significance after correction for multiple analysis. No significant association was found between our cases and controls in other SNPs of TNF-α (P > 0.05).



Table 1. Genotype and allele frequencies of IL-1α, IL-1β, IL-8, and TNF-α gene polymorphisms in Iranian patients with BP and respective controls.
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Given the significant association between BP patients and respective healthy controls in IL-8 rs4073 and in order to uncover whether the observed association is BP-specific, this polymorphism was likewise analyzed in 84 PV patients (Table 2). The genotypes and alleles were similarly distributed between PV patients and healthy controls; the calculated odds ratio (OR) by logistic regression analysis for A-allele was 1.06 [95% confidence interval (CI): 0.62–1.82]. However, when comparing genotypes and alleles of PV to BP patients, the polymorphic A-allele was significantly more present in PV as compared to BP patients; odds ratio (OR) for A-allele was 0.58 [95% confidence interval (CI): 0.34–0.99]. Although this significance for allele distribution disappears after correction for multiple analysis, it remains significant for genotype analysis.



Table 2. Comparison of genotype and allele frequencies of IL-8 rs4073 gene polymorphism in PV Iranian patients with healthy control subjects as well as BP patients.
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Linkage Disequilibrium and Haplotype Frequencies

Linkage disequilibrium (LD) was performed in order to investigate the relationship between polymorphisms in IL-1 and TNF-α (Figure 1). The LD analysis of the genotyped SNPs in our samples suggested that two SNPs (rs1800587 and rs1143634) in IL-1 are in strong linkage disequilibrium (D′ = 0.80, LOD = 2.94) (Figure 1, left panel). No correlation was found between polymorphisms in TNF-α (Figure 1, right panel). Haplotype frequencies were compared between IL-1 and TNF-α SNPs and their association with BP which is summarized in Table 3. The P-values for individual and global haplotype score tests did not indicate a significant difference in haplotype frequency profiles between cases and controls (P > 0.05).
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FIGURE 1. Linkage disequilibrium pattern of the genomic region in chromosome 2 and 6 located between SNPs IL-1α and IL-1β (rs1800587, rs1143627, rs16944, and rs1143634) and TNF-α (rs1799964, rs1800630, rs1799724, rs1800629, and rs361525), respectively.





Table 3. Haplotype patterns with their frequencies in the population.
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Genotype Association of BP Patients With Clinical and Demographic Characteristics

Clinical and demographical features were analyzed for a possible association between patients with wildtype and polymorphic genotypes in which the P-values are shown in Table 4. Of note, patients with polymorphic genotypes in TNF-α rs1799964 (T/C+C/C) and rs1800630 (C/A+A/A) SNPs were significantly older than patients with wild-type genotypes (T/T and C/C, respectively) (P = 0.001). Similarly, in these SNPs patients with polymorphic genotypes developed the BP disease in older ages (P = 0.002) and were suffering from heart diseases and focal infection. Furthermore, patients with polymorphic genotypes in TNF-α rs1799724 (C/T +T/T) and rs361525 (G/A+A/A) SNPs had anemia, depression, or other skin diseases. In the case of IL-1β rs1800587, comparison of BP patients carrying wild genotype (C/C) against those with polymorphic genotypes (C/T+T/T) demonstrated that the majority of patients with polymorphic genotypes were suffering heart disorders (P = 0.005). Comparison of cytokine gene polymorphisms in male/female subjects of patients suggested that the polymorphic genotypes of IL-1β rs1143627 and rs1143634, as well as TNF-α rs1799964 and rs1800630, were significantly more frequent in female patients than in male subjects.



Table 4. Association of clinical characteristics and demographic data in BP patient with polymorphic and wild genotypes in IL-1α, IL-1β, IL-8, and TNF-α gene polymorphisms.
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Gene Expression in BP Disease

To investigate whether BP disease influences gene expression, a quantitative analysis of the IL-1α, IL-1β, and IL-8 genes were performed which are shown in Figure 2A. Previously, we could show that the RNA expression levels of TNF-α elevate in circulating leukocytes obtained from patients with BP compared with control subjects (18). Although the gene expression of IL-1β was higher in the controls than in patients, it did not reach the levels of significance (IL-1β/GAPDH: 1.95 [0.42–11.7] vs. 1.13 [0.006–42.5], P = 0.07). The IL-8 gene was expressed significantly higher in the patient subjects than to that of control (IL-8/GAPDH: 3.06 [0.42–10.7] vs. 1.02 [0.001–51.1], P = 0.0005). There is no significant difference between patients and controls in IL-1α gene expression. Further investigation revealed an alteration in gene expression between wild and polymorphic genotypes of IL-1α rs1800587 (P = 0.03) and TNF-α rs361525 (P = 0.01) in the patient group and these SNPs are therefore associated with altering the levels of gene expression (Figure 2B).
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FIGURE 2. Quantitative real-time RT-PCR analysis of IL-1α, IL-1β, and IL-8 RNA expression of the patients with BP or control individuals. Comparison of candidate gene expressions/GAPDH ratio is shown between patient and control subjects (A) as well as between wild and polymorphic genotypes in the patient group (B), expressed as median with interquartile range and were compared based on the Mann-Whitney U-test. n.s., non-significant.






DISCUSSION

Cytokines such as IL-1, IL-8, and TNF-α are key pro-inflammatory cytokines and play an essential role in inflammatory response through cell activation and triggering a cytokine cascade (27). Despite elevated levels of these cytokines have been demonstrated in BP, the obvious role of cytokines remains controversial. Since altered expression of cytokines could affect the pathogenesis of BP, functional polymorphisms in cytokine genes may alter cytokine production and its biological balance which in terms results in higher susceptibility or severity of BP disease. Lack of sufficient data about any possible effect of gene variations on susceptibility to BP disease in different ethnicity indicates a necessity for further investigations. This is the first study to the best of our knowledge, which investigates the association of alleles and genotypes of proinflammatory susceptible genes IL-1α, IL-1β, IL-8, and TNF-α with the risk of BP as well as the influence of these variations on cytokine gene expression.

IL-1α and IL-1β cytokines stimulate the release of chemotactic cytokines such as IL-8, either directly or in synergy with TNF-α (28, 29) and are involved in the pathologies of several skin diseases including psoriasis, cutaneous lupus erythematosus, atopic dermatitis, and autoimmune blistering diseases (11, 30). IL-1α and IL-1β, mainly produced by the keratinocytes in the skin, as well as TNF-α are key inflammatory cytokines in inflammatory skin diseases such as dermatomyositis and pemphigus (31), as well as experimental pemphigoid disease (32, 33). IL-1β stimulates the inflammatory signals by inducing other cytokines such as TNF-α and IL-8 (13). In our cohort study, we discovered an association between polymorphism of IL-8 cytokine in BP patients compared to the controls. There is disagreement in the results reported for IL-8 rs4073 in Iranian populations with inflammatory diseases. While a study has shown no association between the occurrence of chronic periodontitis (34), another investigation was observed a significant difference for this polymorphism in the same disease (35), which could be due to the diverse ethnicity of the Iranian population. In agreement with the later results of Iranian population, our data indicate that the minor allele is protective for developing the BP disease. Of note, analysis of PV patients revealed that this association is specific for BP because the allele distribution was indicial between healthy controls and PV patients.

However, our observations for IL-8 rs4073 is in contrast to data reported by a publication from China which investigated cytokine gene polymorphisms in a Chinese population (17). In this study, we found similar allele and genotype distribution of all studied SNPs in IL-1α and IL-1β genes. Except for IL-1β (rs1143627) (36), these findings are in line with observations of Iranian investigations on autoimmune diseases (37, 38). Among four studied polymorphisms in TNF-α, our observation revealed that the prevalence of minor allele in rs1799724 is significantly higher in the patients than controls, confirming previously published date from Iran in inflammatory disease (39). However, this significance disappeared after correction for multiple analysis. Similar to reported findings from Iran on autoimmune or inflammatory diseases, no significant differences were observed in our cohort study in all other SNPs in TNF-α (40–42).

There are controversies regarding the concentration of IL-1 in the blister fluid or sera of BP patients (43, 44). Nevertheless, since there is a relationship between IL-1β, IL-8, and TNF-α levels and the number of skin lesions in the patients, they might play a pathogenic role in BP disease (8, 45). Furthermore, blocking of pathogenic effect of rabbit IgG by using neutralizing IL-1 antibodies in an experimental mouse model of BP suggest a critical role of this cytokine in autoimmune blistering diseases (46). Genetic polymorphisms which are located in genes encoding for susceptibility factors may contribute to the gene expression or protein function and in turn to the disease predisposition in certain individuals. Our previous data indicate that the serum or plasma levels of TNF-α are significantly higher in the patients with BP or acute myocardial infarction to that of controls (18, 47). We could also show that the −308A allele is associated with elevated levels of TNF-α mRNA and protein expression in the patients which in turn might be contributed in increased transcription levels of TNF-α gene (47). There is also evidence that the −238G, −863A, and −1031C alleles influence the up-regulation levels of TNF-α expression in individuals (48, 49). In contrast, the −238A and −857T alleles are associated with lower levels or inhibition of TNF-α expression and transcription (50, 51). In other studies, it has been shown a higher serum level of IL-1β in patients with Alzheimer disease who carry −511T/T genotype (52). The SNPs in the IL-8 gene (-251A/T and +781C/T) have been shown to be associated with IL-8 production or protein expression both in vivo and in vitro (53, 54). Since the influence of the BP disease on cytokine gene expression as well as the effect of the SNPs in alteration of gene expression levels are still controversial, a quantitative analysis of the IL-1α, IL-1β, and IL-8 genes was performed. In agreement to previous investigations, the IL-8 gene was expressed significantly higher in the patients than to that of control. However, these expression levels of IL-8 gene suggest no association with the examined polymorphisms and comparable levels were found in wild-type and polymorphic genotypes. In contrast, further investigation revealed that variations of IL-1α rs1800587 and TNF-α rs361525 might contribute to altering the levels of gene expression.

The data presented herein has to be interpreted considering the limitations of our study. First, our study has a power of 70% to detect assumed differences of 30%. Hence, we may have missed significant associations due to the relatively low power of the study. However, nothing had been known about the investigated polymorphisms. Hence, our data now allows for a precise sample size calculation for future studies. In addition, despite this limitation, we identified one significant association. Second, the diagnosis of BP, like in the BLISTER study (55) was based on clinical presentation and DIF. Subsequent serological analysis of the BLISTER Study confirmed BP diagnosis in almost 90% of the cases (56). Hence, a maximum of 10% of our patient population may have had an alternative diagnosis, such as p200 pemphigoid, mucous membrane pemphigoid or epidermolysis bullosa acquisita. Third, genetic association studies cannot provide functional insights into the identified associated polymorphisms. However, these genetic studies may be used as a guide for further studies, addressing the functional impact of the newly identified associated gene polymorphisms.

In conclusion, our findings suggest that the minor allele in IL-8 SNP might play a protective role in susceptibility to BP in Iranian patients. Possible protective influences of IL-8 (rs4073) polymorphism against auto-inflammatory disorders might be helpful toward developing potential therapeutic strategies that intervene with the functions of inflammatory cytokine IL-8 in patients with BP. Given that this association was not observed in PV patients, this would also allow a more specific treatment of different pemphigus and pemphigoid diseases.
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Urticaria (hives) is a highly prevalent skin disorder that can occur with or without associated angioedema. Chronic spontaneous urticaria (CSU) is a condition which persists for more than 6 weeks in duration and occurs in the absence of an identifiable provoking factor. CSU results from pathogenic activation of mast cells and basophils, which gives rise to the release of proinflammatory mediators that support the generation of urticaria. Several theories have been put forth regarding the pathogenesis of CSU with much evidence pointing toward a potential autoimmune etiology in up to 50% of patients with this condition. In this review, we highlight the evidence surrounding the autoimmune pathogenesis of chronic urticaria including recent data which suggests that CSU may involve contributions from both immunoglobin G (IgG)-specific and immunoglobulin E (IgE)-specific autoantibodies against a vast array of antigens that can span beyond those found on the surface of mast cells and basophils.
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INTRODUCTION

Urticaria, more commonly known as “hives”, is a prevalent disorder that affects between 15 and 25% of the population at some point during their lifetimes (1). The condition tends to be more common in adults than in children and in woman than in men with peak occurrence in the third to fifth decades of life. This condition is marked by the onset of pruritic “wheals,” which represent well-circumscribed areas of non-pitting edema with blanched centers and raised borders that involve only the superficial portions of the dermis and are seen in conjunction with surrounding erythema of the skin (2). Lesions can be as small as a few millimeters in diameter but can coalesce to form wheals as large as several centimeters wide. They often remit within 24 h since time of onset. Urticaria may be accompanied by the presence of angioedema, which is a similar process that occurs at submucosal surfaces of the upper respiratory and gastrointestinal tracts and deeper layers of the skin including subcutaneous tissue (3). Urticaria is classified as either acute or chronic depending on whether the onset of episodes lasts for less or >6 weeks in duration, respectively. In this review, we will focus specifically on the pathophysiology of chronic urticaria. Formerly referred to as chronic idiopathic urticaria, chronic spontaneous urticaria (CSU) refers to recurrent urticaria lasting more than 6 weeks that occur in the absence of an identifiable trigger. Urticaria that are incited by a well-defined eliciting factor (e.g., pressure, temperature, vibration) are referred to as inducible urticaria and will not be further discussed in this review. Prevalence of chronic urticaria is estimated to be anywhere from 0.5 to 5% in the general population but is not truly known, though incidence is thought to fall around 1.4% annually (4). Recent guidelines now include isolated idiopathic angioedema within the definition of CSU provided that other causes of angioedema, particularly those that are bradykinin mediated, have been excluded (5). Multiple studies have suggested that CSU may be an autoimmune condition in a substantial proportion of cases, but it is important to identify potential triggers of disease and exclude other differential conditions prior to making the diagnosis as outlined in Figure 1. In this article, we will discuss the pathophysiology of chronic urticaria and review the evidence surrounding its autoimmune etiology.


[image: image]

FIGURE 1. Diagnostic workup of chronic urticaria.





MAST CELLS AND BASOPHILS AS CENTRALIZED REGULATORS OF CHRONIC SPONTANEOUS URTICARIA

The pathophysiology of CSU is not well-understood, but it is clear that derangement of both mast cell and basophil activation and degranulation remains central to the process. Of these, mast cells are most widely accepted as the primary effectors of chronic urticaria. While other cell types including lymphocytes and polymononuclear cells (PMNs) have been observed within the inflammatory infiltrates of patients with CSU, it is well-established that histamine and other mast cell products are predominantly responsible for development of this condition [note that skin biopsies are seldom needed for the diagnosis but are occasionally useful to distinguish CSU from other inflammatory conditions such as urticarial vasculitis (5)]. The physical manifestation of urticaria can be attributed to the enhanced vascular permeability that results from the release of preformed mediators from mast cells (e.g., histamine, tryptase, leukotrienes) and their delayed generation of cytokines. Ongoing research continues to probe into the mechanisms by which mast cells are activated by blood-borne antigens, with recent data from murine in vivo studies suggesting that CD301b+ dermal dendritic cells (DCs) are actually first to sample antigen and then relay it to nearby mast cells through secreted microvesicles (6). However, the vast majority of cases of chronic urticaria are not triggered by any identifiable substance and are in fact idiopathic. In these cases, anaphylaxis does not occur though angioedema may be present.

Two major mechanisms have been put forward with regards to the pathogenesis of chronic urticaria. The first is not autoimmune in nature, but involves dysregulation of intracellular signaling pathways within mast cells and basophils that lead to defects in trafficking or function of these cells. The second involves the development of autoantibodies to FcεRIα or IgE on both mast cells and basophils and will be discussed in more detail in the following sections (7). Both of these mechanisms will be further explored here and are outlined in Figure 2.
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FIGURE 2. Model of the mechanisms underlying chronic urticaria. Pathologic activation of mast cells and basophils in patients with chronic spontaneous urticaria is thought to occur via two major mechanisms: intracellular signaling defects and autoimmune mechanisms. In the former, inappropriate activation of molecules such a spleen tyrosine kinase (SYK) or inhibition of negative regulators including the Src homology 2 (SH2)-containing inositol phosphatases (SHIP) promotes spontaneous degranulation of mast cells/basophils with subsequent release of histamine and other protein and lipid mediators. The more commonly accepted theory of pathogenesis in CSU includes antibody-mediated mast cell and basophil activation, which can occur via IgG- or IgE- mediated pathways. In the former, IgG molecules directed against the Fc portion of IgE or the FcεR1 promote spontaneous cellular degranulation. In patients with autoallergy, crosslinking of Fc epsilon R1 (FcεR1) via autoreactive IgE molecules directed against self-antigens such as thyroid peroxidase (TPO) promote mast cell/basophil degranulation.





DYSREGULATION OF INTRACELLULAR SIGNALING PATHWAYS CAN PREDISPOSE TO PATHOLOGIC ACTIVATION OF MAST CELLS AND BASOPHILS

Activation of the high-affinity IgE receptor, FcεR1, is an important step in the development of allergic responses and in the development of urticaria. This receptor is composed of an α-, β-, and two γ subunits (8). Whereas the α-subunit binds to the Cε3 constant region of the IgE molecule, the β-, and γ- subunits contain cell immunoreceptor tyrosine-based activation motifs (ITAMs) which, when phosphorylated, promote activation of spleen tyrosine kinase (SYK) and downstream recruitment of a host of secondary molecules including those involved in the phosphoinositide-3 kinase (PI3K) pathway. This series of events is responsible for degranulation of mast cells and can predispose to pathologic mast cell activation when inappropriately upregulated. SYK is recruited to the FcεR1 upon antigen stimulation, and inhibition of this protein has been shown to inhibit mast cell degranulation and production of both lipid mediators and cytokine activity (9). When mast cells from CSU patients with active urticarial disease at the time of blood sample collection were compared to those from healthy human donors, they were unsurprisingly found to release significantly more histamine in vitro than their healthy counterparts (10). Yet when these CSU patients were further subdivided into responders vs. non-responders based on their ability to degranulate in response to anti-IgE (with responders showing >10% degranulation activity), SYK levels were shown to be higher in the responder group than in the non-responder group, suggesting that this protein is a major determinant of predilection toward spontaneous degranulation. SYK expression is highly variable among the general population and is thought to correlate with the degree of IgE-mediated degranulation. Intriguingly, the presence of autoantibodies to FcεRIα or IgE do not predispose to upregulation of basophil SYK expression (11).

Negative regulation of mast cell activation occurs through phosphoinositide lipid phosphatases which function as well-described negative regulators of hematopoietic cell activation and proliferation. Src homology 2 (SH2)-containing inositol phosphatases SHIP-1 and SHIP-2 associate with the FcεR1 β subunit and are activated upon stimulation with IgE or antigen (12). It is likely that dysregulation of these pathways that leads to an imbalance of positive signaling plays a pathogenic role in the development of CSU. One study demonstrated that when basophils from highly allergic IgE-positive donors (distinguished as having the ability to mount a response to human-recombinant histamine release factor, a complete stimulus for histamine release) were compared to those from healthy human donors, they contained lower levels of SHIP protein. As such, they demonstrated hyperresponsiveness (i.e., degranulation) in response to stimuli that did not appear to affect IgE-negative basophils (13). Similar results have been shown in mast cells from CSU patients highly sensitive to degranulation, with responders showing significantly lower levels of SHIP protein than both non-responders and healthy human donors (10).



THE AUTOIMMUNE THEORY OF MAST CELL ACTIVATION IN CHRONIC SPONTANEOUS URTICARIA

While cellular signaling defects may account for some cases of CSU, the autoimmune theory is the more widely accepted hypothesis to explain the inappropriate activation of mast cells and basophils in patients with chronic spontaneous urticaria. Up to 45% of cases of CSU are thought to be autoimmune in etiology. In a sentinel study conducted by Grattan et al., 12 patients with chronic urticaria were subjected to intradermal autologous serum injection (14). Seven of the 12 subjects (of whom six were female) mounted a positive wheal-and-flare reaction to this test, and fewer of these patients described a history of disease exacerbation with application of pressure when compared to patients with a negative injection test. This suggested that these patients with a positive result were less likely to have an inducible urticarial syndrome. Additionally, only one patient described a personal history of atopy, suggesting an alternative etiology for urticaria in the majority of cases. When the same serum was re-injected into the same subjects 1 year later, most of the patients with an initial positive test demonstrated a second positive result, though the same was not necessarily true when fresh serum was injected. In the small number of serum-positive patients who did not mount a second reaction at 1 year, the authors noted that their urticaria had cleared. On the contrary, the two patients who continued to mount a reaction with both original and fresh serum at the 1 year interval were noted to have continued disease activity. Ultimately, the authors concluded that many patients with chronic urticaria contain a “circulating mediator” in their serum which is capable of inducing urticaria. Over the past 30 years, the search has been ongoing to identify the mysterious culprit; multiple theories have since been put forth. However, it was these initial findings that opened the floodgates to the autoimmune theory of chronic spontaneous urticaria.

Though theoretically performed by Grattan et al. (14), the autoimmune etiology of CSU was further supported by formal development of the autologous serum skin test (ASST), an in vivo assay of mast cell activation that is induced by intradermal injection of a patient's serum into self. It has now been accepted that nearly 50% of patients with CSU will have a positive test in response to factors present within their own serum within 30 min of injection. Additional groups have suggested that such “factors” are indeed autoantibodies or histamine-releasing factors that are capable of inducing mast cell degranulation. Unfortunately, these data have been somewhat difficult to interpret, as positive ASSTs are not unique to patients with CSU and have been noted in a substantial proportion of patients with allergic or non-allergic rhinitis, multiple drug allergy syndrome, and even in healthy control subjects (15). Furthermore, the positivity of the test has been shown to persist even when CSU patients are in clinical remission, particularly in subjects with autoimmune thyroiditis (16). Interestingly, it has been shown that levels of autoantibodies in CSU do not vary with disease activity which may, in part, explain this finding (17).

Some individuals have suggested that the autologous plasma skin test may be more sensitive than ASST for the diagnosis of CSU (18), though this result has not been reliably demonstrated (19). Since plasma and serum have similar levels of autoantibodies, additional mechanisms beyond autoantibody production have been put forth to explain the pathophysiology of the disease. One such theory states that factors that are uniquely present in plasma may be involved in the development of urticaria, and indeed it was shown that levels of the prothrombin fragment 1+2 (a marker of thrombin generation) were significantly higher in CSU patients than in control subjects (18). This suggests involvement of the clotting cascade in the development of the urticarial reaction. While the role of the coagulation cascade in the pathogenesis of urticaria is beyond the scope of this review, thrombin has been shown to directly increase mast cell degranulation, activate protease-activated receptors on mast cells, and enhance vascular permeability through actions on endothelial cells (20). It should also be noted that autoantibodies against the low affinity IgE receptor FcεRII (CD23) have been demonstrated in a large percentage of CSU patients (21). Anti-CD23 autoantibodies can activate eosinophils to release major basic protein, which in turn can trigger histamine release from mast cells, and basophils. Curiously, in CSU patients eosinophils are also a major cellular source of tissue factor, a protein which promotes activation of the extracellular coagulation cascade and generation of thrombin (22).

It has also been speculated that activated lymphocytes may play a role in the pathogenic activation of mast cells. Indeed it has been demonstrated that mast cells release inflammatory mediators including TNF-α upon direct contact with activated T cells (23). This TNF-α release is responsible for upregulation of several mast cell genes, among which includes matrix metalloproteinase 9 (MMP9) and tissue inhibitor of metalloproteinase 1 (TIMP1). Intriguingly, MMP9 and TIMP-1 have both been found at higher levels in the plasma of patients with chronic urticaria, and levels of MMP-9 may correlate with disease severity (24).


Chronic Spontaneous Urticaria Is Associated With Development of Autoantibodies to IgE and the High Affinity IgE Receptor

Circulating mediators with the potential to induce wheal-and-flare reactions in nearly half of all patients with CSU have been demonstrated in response to ASST. The identify of those factors became apparent in the early 1990s. One landmark study demonstrated that antibodies present in the serum of patients with chronic spontaneous urticaria (but not in patients with dermatographism or pressure urticaria) were able to elicit histamine release from healthy donor peripheral blood leukocytes with similar kinetics as anti-IgE antibodies (25). Intriguingly, the authors noted that preincubation of basophils with either anti-IgE or chronic urticarial serum abolished subsequent histamine release upon incubation with urticarial serum or anti-IgE, suggesting that both anti-IgE and chronic urticarial serum stimulate degranulation via a similar mechanism. Removing surface-bound IgE from leukocytes prior to incubation with urticarial serum or anti-IgE reduced histamine release. These important results suggested for the first time that histamine-releasing autoantibodies present in the serum of patients with chronic urticaria act by cross-linking cell surface IgE receptors.

In addition to the aforementioned findings, the authors astutely noted that histamine release could be elucidated when chronic urticarial serum was incubated with basophils from donors with very low serum IgE concentrations but not with anti-IgE (25). These data implied that non-IgE-dependent histamine releasing factors are present in the serum of patients with CSU. Shortly after the publication of this initial study, the same group determined the presence of IgG antibodies against the α subunit of the high-affinity FcεR1 in a group of patients with CSU (26). In this subset of patients, IgG anti-FcεR1α pathologically induced histamine release irrespective of the degree of IgE sensitization of the basophils. As proof of concept, histamine release was effectively neutralized in a concentration-dependent manner by preincubating donor basophils with soluble fragment of FcεR1α prior to the addition of purified IgG from sera of patients with CSU.

The concept that circulating IgG antibodies against IgE and the high-affinity IgE receptor FcεR1 likely contribute to the pathogenesis of CSU has since become widely accepted. Approximately 40% of patients with CSU have circulating antibodies to one of these targets (27) with a higher frequency of positivity in CSU patients who are ASST positive (28). Anti-FcεRI antibodies are thought to be the more common of the two. FcεRI is found on the surface of both dermal mast cells and basophils, and autoantibodies to this receptor can provoke chronic stimulation and degranulation of these cells in an IgE-independent fashion (2). On the contrary, IgG-anti IgE antibodies may bind to and crosslink receptor-bound IgE on the surface of mast cells and basophils, thus leading to activation and degranulation of these cells. As is the case with many autoimmune conditions, the presence of autoantibodies does not necessarily result in a disease phenotype. The presence of FcεR1α autoantibodies have been noted in the sera of patients with other autoimmune skin conditions and even in healthy subjects, though these have not been shown to display pronounced histamine-releasing activity in individuals without CSU (29). The authors attribute this difference to the fact that anti-FcεR1α antibodies tend to be of the complement-fixing IgG1 and IgG3 subtypes in patients with chronic urticaria but of IgG2 and IgG4 subtypes in patients with other inflammatory skin conditions. Other groups have shown that in vitro basophil activation and subsequent histamine-releasing activity fails to correlate with the presence of autoantibodies to FcεR1α even among patients with chronic urticarial (27).

The presence of autoantibodies to IgE and to FcεR1α infers the presence of antigen-specific lymphocytes in individuals with chronic urticarial disease. FcεR1α-specific T lymphocytes are detectable in a large percentage of patients with CSU and these cells more typically adopt a Th1 cytokine profile with the largest percentage being INF-γ secretors (30). Intriguingly, the relationship between INF-γ and autoantibody responses to FcεR1α has been found to be inversely related, similar to that which has been observed for T cell and autoantibody reactivity to glutamic acid decarboxylase antigen in individuals at risk for type 1 diabetes mellitus (31). It remains unclear how T cell reactivity vs. antibody reactivity to FcεR1α affects pathogenesis of CSU. However, it has been demonstrated that markers of T cell activation are directly proportional to markers of mast cell degranulation in chronic urticaria patients, particularly in patients known to have positive antibodies against FcεR1 (32). Further evidence for the involvement of T lymphocytes in the pathogenesis of CSU stems from observed variations in protein tyrosine phosphatase 22 (PTPN22) in patients with CSU (33). PTPN22 is a strong susceptibility gene for a variety of autoimmune disorders and encodes lymphoid specific tyrosine phosphatase (Lyp), which normally serves as an inhibitor of T cell activation.

An increased frequency of the HLA-DR4 allele has been found in patients with CSU (34). Intriguingly, the HLA-DR4 has been found at an increased frequency in a variety of other autoimmune disorders including rheumatoid arthritis, type 1 diabetes mellitus, and multiple sclerosis. Patients with autoimmunological subtypes of CSU have been noted to have a particularly high likelihood of carrying this HLA class II allele (35). However, these data have not been replicable across a wide spectrum of populations, with other studies noting increased frequencies of HLA-DR9 (30) and HLADR12 (30, 36) among patients with CSU. Heterogeneity in allelic association with this disease likely indicates that FcεR1α contains a number of different epitopes which act as targets of autoreactive T lymphocytes.



The Overlap Between Chronic Spontaneous Urticaria and Other Autoimmune Diseases

The concept of “overlapping autoimmune diseases” suggests that disorders which are autoimmune in nature occur at increased frequency in patients with known autoimmune disease. Numerous autoimmune conditions including systemic lupus erythematosus, polymyositis, dermatomyositis, and rheumatoid arthritis have been associated with chronic urticaria (2).

One large population study of over 12,000 subjects derived from a large health maintenance organization in Israel determined that female patients with CSU demonstrate a significantly higher incidence of rheumatoid arthritis, Sjögren syndrome, celiac disease, type I diabetes, and systemic lupus erythematosus than patients without CSU (37). While men also demonstrated higher odds of having these autoimmune conditions when compared with control subjects, these numbers did not reach statistical significance. When further investigation into serologic markers of autoimmune disease was performed, it was determined that patients with CSU as compared to control subjects had significantly higher levels of anti-thyroid peroxidase (anti-TPO) antibodies, antinuclear antibodies (ANA), antithyroglobulin (i.e., antimicrosomal) antibodies, rheumatoid factor, anti-transglutaminase IgA antibodies, and anti-parietal cell antibodies with anti-dsDNA, and anti-cardiolipin antibodies trending toward significance. Moreover, the mean platelet volume (MPV) was noted to be abnormally high in 29% of CSU patients and only in 1% of control subjects. Elevations in MPV occur when the body produces platelets at a more rapid rate and tend to correlate with levels of systemic inflammation.

As this study was the first of its kind to examine the relationship between CSU and other autoimmune diseases, it has shed some light on some intriguing commonalities between these two conditions. As is the case with most autoimmune conditions, CSU tends to affect women more commonly than it does men, and women with CSU tend to have much higher odds of developing other autoimmune conditions vs. men. This sex difference is also mirrored by the observation that both CSU and autoimmune diseases on the whole tend to occur more commonly in young adulthood as opposed to in older, post-menopausal adults. Additionally, the high prevalence of the aforementioned autoimmune conditions in CSU patients at much higher frequencies than occurs in the general population adds more strength to the theory that the underlying pathology of CSU is autoimmune in nature. When overlapping autoimmune conditions did occur, they were frequently diagnosed within the first 10 years after onset of CSU and quite commonly within the first 6 months. A recently conducted systematic review of autoimmune comorbidities in individuals with CSU also noted that organ-specific autoimmune disorders are more common than systemic autoimmune disorders in patients with urticaria, with endocrine, hematologic and skin disorders being among the most common (38). The reasons for this discrepancy remain largely unclear.

The common pathogenic mechanism between these conditions is the presence of autoantibodies on a background of chronic inflammation. However, autoimmune disorders are incredibly heterogenous in nature and thus it is difficult to extrapolate whether the link between chronic urticaria and the aforementioned conditions truly stems from a common pathologic tie or is merely reflective of detection bias. If a true connection does exist, one would imagine that CSU would be found at a higher frequency in patients with established autoimmune disease, but this link has been difficult to definitively make. For example, the prevalence of CSU in patients with SLE ranges from 0 to 22% depending on the individual study (39).



Autoallergy in Chronic Spontaneous Urticaria

With regards to the idea of overlapping autoimmune diseases, the well-established link between chronic urticaria and autoimmune thyroid disease deserves particular mention. Even among euthyroid subjects, many patients with CSU have detectable levels of antibodies against thyroglobulin or microsomal-derived antigen (40). Furthermore, an increased prevalence of clinical hypothyroidism (i.e., Hashimoto's thyroiditis) as well as hyperthyroidism has been found among patients with CSU, with one study estimating a 23 times and seven times greater odds for hypothyroidism in female and male patients with chronic urticaria compared to control subjects, respectively (37). In 80% of these cases, the diagnosis of thyroid disease was made within 10 years, of the diagnosis of urticaria. The occurrence of IgG anti-thyroid antibodies in patients with CSU documented in studies where more than 100 patients were enrolled was noted to be anywhere from 3.7 to 37.1% with two-thirds reporting increased anti-thyroid antibody levels in >10% of patients (41).

Patients with CSU also demonstrate higher levels of IgE anti-thyroid peroxidase (anti-TPO) antibodies relative to healthy controls, though this distribution was found to be bimodal with 39% of CSU patients exhibiting IgE anti-TPO levels similar to control subjects (IgE anti-TPOlow) (42). It is theorized that autoallergic mast cell activation may contribute to the pathophysiology in CSU patients with detectable levels of IgE anti-TPO. IgE has a well-established role in the defense against helminthic infections and in recognition of exogenous allergens, but it was not until very recently that its potential role in autoimmunity has emerged. The term “autoallergy” refers to a type I, IgE-mediated hypersensitivity reaction against self-antigens which can, in turn, promote degranulation of basophils and mast cells. It was first put forth by Rorsman et al. as an explanation for urticaria-induced basopenia (43). Rorsman theorized that unlike in physical causes of urticaria, antigen-antibody interactions in non-physical causes of urticaria are likely to occur in both the skin and within the circulation (44). Autoallergic mast cell activation has been shown to occur in a variety of skin disorders including atopic dermatitis (45, 46) and bullous pemphigoid (47). In such disorders, IgE directed against skin antigens may bind to these cognate antigens and activate mast cells residing within the skin. On the contrary, TPO can be released from the thyroid into circulation, where it is free to bind to the surface of FcεR1-expressing cells. This extracutaneous nature of TPO may be one reason why the manifestations of CSU are not simply limited to the skin as they are in many other autoimmune skin disorders. Indeed it has been shown that anti-IgE TPO antibodies have the ability to induce basophil degranulation in vitro in the presence of TPO antigen and likely play a role in the pathogenesis of CSU (48). Recent findings have demonstrated that IgE anti-TPO antibodies are present at higher frequency and amounts in patients with CSU and have greater potential to induce TPO-mediated skin reactions in these subjects vs. in healthy controls (49). These results were validated by increased upregulation of basophil activation markers in CSU subjects upon exposure to TPO and ability of anti-TPO IgE to induce positive skin reactions upon passive transfer of this antibody from a patient with CSU to the skin of a healthy subject. In addition to IgE anti-TPO antibodies, IgE anti-dsDNA antibodies have also been noted at higher frequency in patients with CSU (50). However, no significant difference in IgE anti-dsDNA levels were observed between ASST-positive vs. ASST-negative patients, which suggests that these antibodies may be correlated with but are not likely to be involved in the pathogenesis of CSU.

IgE-mediated autoimmunity is becoming increasingly recognized as a possible contributor to the pathogenesis of a variety of systemic conditions including systemic lupus erythematosus and rheumatoid arthritis (51). A multicenter study in patients with SLE showed over half of all subjects had detectable levels of IgE against at least one common nuclear autoantigen (dsDNA, SS-A, SS-B, Sm) (52). This frequency increased during active disease and was strongly associated with the presence of active nephritis. There is still much to learn about the fields of autoallergy and IgE-mediated autoimmunity, which currently remain in their infancy, but it is likely that this will reveal a host of novel, targetable autoantigens. Over 200 IgE autoantigens were recently demonstrated in CSU subjects that were not present in healthy controls, among which included IL-24, which were detected in all patients with CSU (53). Further in vitro analyses demonstrated that IL-24 contributes to histamine release from human mast cells sensitized with IgE from CSU but not control subjects and that IgE-anti-IL-24 levels have reasonable predictive value for disease activity. The questions of why and how IgE autoantibodies develop and to what degree they contribute to CSU pathogenesis when compared to IgG autoantibodies has yet to be determined and is likely to be the focus of many future studies in this field.




TREATMENT OF CHRONIC SPONTANEOUS URTICARIA

The primary treatment for chronic urticaria is to address the underlying pathology whenever possible and prevent mast cell activation. In any patient with chronic urticaria, elimination of potential triggers including drugs which can cause non-allergic hypersensitivity reactions (most commonly NSAIDs) should first be undertaken (5) Multiple guidelines have been put forth for management of CSU, though the EAACI/GA2LEN/EDF/WAO remain the most popular among practicing clinicians (5). If cases where no triggers can be identified, antihistamines (particularly the modern 2nd-generation antihistamines) are recommended as the mainstay pharmacologic treatment modalities for this condition. In patients who are poorly responsive to antihistamine therapy, it is recommended that the dosage be increased up to four times the normal limit prior to initiating a new agent. In cases of severe urticaria not adequately controlled with antihistamines alone, the EAACI/GA2LEN/EDF/WAO guidelines have recommended the addition of anti-IgE therapy, with cyclosporine being reserved for the most refractory cases of CSU. While short courses of prednisone do have a role in acute exacerbations of CSU, there is a strong recommendation against the use of long-term oral steroids given risk for adverse effects.


Evaluating the Use of Omalizumab for the Treatment of Chronic Spontaneous Urticaria

Omalizumab is an IgG monoclonal antibody against the Fc portion of the IgE antibody and prevents free IgE from binding to high-affinity FcεR1 receptors on mast cells and basophils. The first multicenter, placebo-controlled study evaluating omalizumab use in CSU examined efficacy of this therapy in subjects with IgE autoantibodies and found that 70% of omalizumab-treated patients who were otherwise refractory to standard antihistamine therapy were completely protected against wheal development (vs. 4.5% of placebo-treated subjects) (54). Another phase three study demonstrated that omalizumab given in three subcutaneous doses of either 150 or 300 mg over a 12 week period significantly reduced symptoms in antihistamine-refractory CSU patients without rebound of symptoms following discontinuation of the medication (55). Lack of relapse after discontinuation and very good safety profile have made omalizumab suitable for long-term therapy in patients with CSU, though cost still limits its use in many circumstances.

The mechanism by which omalizumab benefits patients with CSU has yet to be fully elucidated but the aforementioned results strongly argue for the contribution of IgE autoantibodies in the pathogenesis of CSU with rapid neutralization of these antibodies being an effective component of therapy. While the exact mechanisms by which omalizumab treatment benefits patients with CSU remain unclear, clearance of IgE autoantibodies is certainly likely to be of relevance. It has been well-established that omalizumab rapidly reduces levels of free IgE, which promotes downregulation of FcεR1 on basophils within the span of weeks and on mast cells within the span of months (56). The reason for this is because FcεR1 is effectively degraded when it is not stabilized by IgE binding (56, 57). Additionally, omalizumab has been shown to improve the genetic signature of lesional skin in patients with CSU to reflect non-lesional skin signatures by downregulating expression of genes involved in mast cell and leukocyte infiltration (FCER1G, C3AR1, CD93, S100A8), oxidative stress, vascularization (CYR61), and skin repair (KRT6A, KRT16) (56). Notably, non-responders to omalizumab do not demonstrate these genetic alterations. Basophils are also thought to be recruited to the urticarial lesions of patients with active CSU (58). Post hoc analysis of randomized clinical trial data have demonstrated that omalizumab increases peripheral blood basophil counts by likely reducing recruitment of these cells to the skin (59) and may also help to regulate defective basophil IgE receptor pathways (57). Clinical trials are currently underway to better characterize the effects of omalizumab on basophil responses.

Treatment with omalizumab has been shown to decrease levels of both FcεR1- and IgE- positive skin cells in skin of patients with CSU (60). In theory, omalizumab may reduce the autoimmune effects of self-antigen by mediating this decrease in pathogenic IgE levels and/or IgE receptors on the mast cell surface. Recently, a great deal of attention has been placed on the utility of IgE levels for predicting responses to omalizumab. Patients who have lower IgE levels prior to receiving omalizumab and lower IgE levels 4 weeks after undergoing treatment tend to respond less well to this therapy than those with higher baseline and post-treatment IgE levels (61), suggesting that these laboratory tests may help to guide management of CSU patients being considered for second- and third-line treatment options (61, 62). Interestingly, total IgE levels have been shown to positively correlate with basophil FcεR1 expression, the latter of which tends to be higher in those who respond quickly to omalizumab therapy (62). Despite our poor knowledge of the precise role of basophils in CSU pathophysiology, it is becoming clear that the time to effect for omalizumab in CSU appears to correlate with the expected time for reduction of FcεR1 on basophils (54) as opposed to on mast cells. Similar results were noted in prior studies examining use of omalizumab for cat allergy, which demonstrated that reduction of nasal symptoms correlated directly with a reduction in basophil responsiveness as opposed to mast cell responsiveness (63).

The question of how omalizumab benefits patients whose disease is mediated by a type I hypersensitivity reaction (autoallergy) vs. a type II hypersensitivity reaction (autoimmunity) is still largely unclear, however, it does appear that patients with autoallergy experience faster response times when treated with omalizumab. In one study, subjects refractory to standard antihistamine therapy with IgE anti-TPO antibodies were randomized to receive omalizumab in 2 or 4 week intervals for a span of 24 weeks. Patients with anti-IgE TPO antibodies experienced early responses to omalizumab, suggesting that rapid neutralization of IgE is the major mechanism by which omalizumab benefits this particular cohort (54). On the contrary, subjects who display a slow response to omalizumab are thought to have IgG antibodies against FcεRI since downregulation of this receptor occurs only after free IgE is first complexed by the drug (64). The authors validated this hypothesis by demonstrating a high correlation between length of time to the onset of omalizumab efficacy and positive basophil histamine release activity, with the latter predicting slower response times to treatment (64). Basophil activation, which is more specific for the detection of histamine-releasing autoantibodies in CSU patients than the ASST, may thus be a useful test in assessing patient responsiveness to omalizumab (64). As such, patients with refractory CSU may benefit from longer, more “personalized” courses of omalizumab (65). Further investigation on the mechanisms by which omalizumab benefits patients with CSU is certainly in need as are biomarkers to predict the efficacy of responsiveness and likelihood of relapse among patients with various subtypes of CSU.




CONCLUSION

Chronic spontaneous urticaria is a common and complex disorder that occurs in the absence of any identifiable provoking factor. While there are many aspects regarding CSU that have yet to be understood, it is becoming increasingly clear that both autoimmunity (IgG-mediated disease) and autoallergy (IgE-mediated disease) can contribute to the pathogenesis of this disorder and predispose subjects to the development of additional autoimmune diseases. Subjects with IgE autoantibody-mediated CSU appear to have a faster onset of improvement in response to omalizumab than those with IgG-mediated disease due to the unique mechanisms by which this drug sequentially affects IgE levels and FcεR1 status. Further investigation is required to determine how the presence of unique autoantibodies can predict the disease course and comorbidities associated with various subtypes of CSU as well as overall responsiveness to therapy.
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Objective: Dermatomyositis (DM) may result from exogenous triggers, including airborne pollutants, in genetically susceptible individuals. The United States Environmental Protection Agency's 2011 National Air Toxics Assessment (NATA) models health risks associated with airborne emissions, available by ZIP code tabulation area (ZCTA). Important contributors include point (fixed), on-road, and secondary sources. The objective of this study was to investigate the geospatial distributions of DM and subtypes, classic DM (CDM) and clinically amyopathic DM (CADM), and their associations with airborne pollutants.

Methods: This retrospective cohort study identified 642 adult DM patients from 336 unique ZCTAs. GeoDa v.1.10 was used to calculate global and local Moran's indices and generate local indicator of spatial autocorrelation (LISA) maps. All Moran's indices and LISA maps were permuted 999 times.

Results: Univariate global Moran's indices for DM, CDM, and CADM prevalence were not significant, but LISA maps demonstrated differential local spatial clustering and outliers. CADM prevalence correlated with point sources (bivariate global Moran's index 0.071, pseudo-p = 0.018), in contrast to CDM (−0.0053, pseudo-p = 0.46). Bivariate global Moran's indices for DM, CDM, and CADM prevalence did not correlate with other airborne toxics, but bivariate LISA maps revealed local spatial clustering and outliers.

Conclusion: Prevalence of CADM, but not CDM, is geospatially correlated with fixed sources of airborne emissions. This effect is small but significant and may support the hypothesis that triggering exposures influence disease phenotype. Important limitations are NATA data and ZCTA population estimates were collected from 2011 and ZCTA of residence may not have been where patients had greatest airborne pollutant exposure.
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INTRODUCTION

The pathogenesis of dermatomyositis (DM) is incompletely understood, but may result from diverse exogenous exposures that trigger disease in genetically susceptible individuals, including drugs, infections, and environmental factors such as ultraviolent radiation (UVR) and airborne pollutants (1–18). Important subtypes include classic DM (CDM), which demonstrates clinical and laboratory evidence of myositis, and clinically amyopathic DM (CADM), diagnosed when patients do not have symptomatic myositis and have only minimal or no objective findings of myositis (19, 20). There is evidence that disease phenotype has been associated with specific exposure patterns (5, 8, 10, 21).

The United States Environmental Protection Agency (EPA), an independent agency of the United States federal government that aims to protect human health and the environment, provides publicly available data on airborne emissions in the United States at the level of ZIP code tabulation areas (ZCTA) (22). ZCTAs are geographic representations of the United States Postal Service ZIP code service areas, and were developed by the United States Census Bureau to tabulate summary statistics over geographic areas. In 2015, the EPA released the most recent version of the National Air Toxics Assessment (NATA) based on 2011 emissions. NATA is a screening tool designed to provide information on potential risks of breathing air toxics (22). Emission levels of 181 air toxics (such as benzene, formaldehyde, and diesel particulate matter) were measured, then modeled to predict overall health risks and applied over geographic areas (22). Important contributors include point sources, which denote emissions from larger, stationary industrial and commercial facilities, on-road sources, produced by vehicles on roads, and secondary sources, which are formed from the chemical reactions of other emitted pollutants (22). Since DM has been associated with airborne pollutants, this dataset may be useful in analyzing exposure patterns (11–13).

Geospatial analysis is a statistical approach to analyze data over a geographic region, with applications in environmental science, public health, and other fields. Geospatial statistical techniques, including global and local Moran's indices, can be used to evaluate clustering and dispersion patterns, and have found increasing use in medicine (23–25). These techniques have not been applied to the study of DM due in part to the low incidence and prevalence of disease. The relatively large cohort at the University of Pennsylvania provides an opportunity to use geospatial analysis to assess exposure patterns in DM.

The objective of this study was to investigate the geospatial distributions of DM and its subtypes and their associations with airborne pollutants in the greater Philadelphia metropolitan area.



METHODS


Patient Selection

This retrospective cohort study spanned January 1, 2000 through December 31, 2017. Data collection was complete July 31, 2018. Adult patients ≥18 years of age seen in dermatology or rheumatology clinics at the University of Pennsylvania with a United States ZCTA of primary residence listed in their medical record and a diagnosis of DM, encoded by International Classification of Disease (ICD) 9th and 10th revision codes (710.3 and M33.0X, M33.1X, M33.9X, respectively) were included. Patients were identified using PennSeek, a custom, secure implementation of Oracle's web-based Endeca Information Discovery platform adapted by the University of Pennsylvania Data Analytics Core. PennSeek allows for targeted keyword searches using Boolean logic of unstructured or semi-structured medical documents that reside in the main Penn Medicine electronic health record and ancillary systems, described in detail elsewhere (26). After assembling the cohort, individual patient charts were reviewed to verify diagnosis, exclude erroneously coded patients, and extract variables of interest.



2011 NATA Dataset

2011 NATA risk estimates including total airborne, point, on-road, and secondary source risks were taken from the EPA's dataset, organized by ZCTA (22).



Variables

DM subtype was assigned based on the treating clinician's note. In cases of ambiguity or disagreement, evidence of myositis was determined by patient-reported symptoms plus an objective sign (elevated creatinine kinase or aldolase or consistent EMG, MRI, or muscle biopsy). Patients who fulfilled these criteria were labeled as CDM and those lacking labeled as CADM. Demographics and ZCTAs were extracted from the medical record. Prevalence was calculated using United States Census Bureau (USCB) 2007-2011 American Community Survey population estimates, organized by ZCTA (27).



Analysis

Continuous variables are presented as median (interquartile range, IQR) and categorical data are presented as count (percentage). Heatmaps were created with Tableau Public version 10.4 (Tableau Software, Inc. 2018. Seattle, Washington).

Geospatial analysis was performed by calculation of the global Moran's index, an inferential statistic which estimates spatial autocorrelation and falls between −1 and +1 (28). More positive or negative values correspond to greater spatial clustering or competitive dispersion, respectively (28). To test the null hypothesis of random spatial distribution, empiric significance is computed by permutation to yield a pseudo-p-value (28). A pseudo-p-value differs from an analytic p-value because it is a summary of the results of the reference distribution, and is dependent on the number of permutations used (28). In order to visualize spatial clustering, local indicators of spatial autocorrelation (LISA) maps were created using local Moran's index calculations (29). This statistic identifies significant locations as high-high or low-low spatial clusters and high-low or low-high spatial outliers relative to neighboring regions (29). In both indices, neighbor less regions are excluded from analysis.

Bivariate global and local Moran's indices were calculated in the same fashion; global indices measure spatial autocorrelation between an outcome variable in one geographic region and a second variable in neighboring regions, and local indices were mapped with bivariate LISA (BiLISA) maps (30).

GeoDa version 1.10 was used for geospatial analyses. Shapefiles were obtained from the USCB 2017 ZCTA boundary files and the weights matrix was assigned first-order queen contiguity (neighboring regions share common edges or vertices). All global and local univariate and bivariate Moran's indices and LISA and BiLISA maps were permuted 999 times. A pseudo-p < 0.05 was set as significant.



Ethics

This study was carried out in accordance with the recommendations of the University of Pennsylvania Institutional Review Board (protocol number 828959), which waived the requirement of written informed consent from subjects. Written consent was waived due to the retrospective nature of the study and minimal risk it posed to subjects. The protocol for this study conforms to the ethical guidelines of the Declaration of Helsinki. The protocol was approved by the University of Pennsylvania Institutional Review Board.




RESULTS

Of 205,084 adult patients seen in dermatology or rheumatology clinics at the University of Pennsylvania from January 1, 2000 through December 31, 2017, PennSeek identified 653 patients. Upon individual chart review, 9 patients were excluded for diagnoses other than DM and 2 were excluded for absence of a ZCTA in their medical record, resulting in 642 patients who met inclusion criteria.

Baseline characteristics of the patient cohort are noted in Table 1. The median age at symptom onset was 49 (IQR 37, 58) years. Most patients were female (532, 82.8%), white (476, 74.1%), and diagnosed with CDM (439, 68.4%), though a notable fraction had CADM (203, 31.6%). Data on year of symptom onset was available for 630 patients (98.1%) and divided into approximate quartiles. One hundred fifty-nine patients (25.2%) developed symptoms in 2005 or earlier, 176 patients (27.9%) between 2006 and 2009, 153 patients between 2010 and 2013, and 142 patients (22.5%) from 2014 to the end of the study period.



Table 1. Baseline characteristics of adult dermatology and rheumatology patients with dermatomyositis (DM) seen at the University of Pennsylvania between January 1, 2000 and December 31, 2017, with median 2011 NATA risk calculations.
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Three hundred thirty-six unique ZCTAs represented a total underlying population of 8,110,198 (Table 1, Data Sheet 1). The median prevalence of DM per ZCTA was 8.6 (IQR 4.6, 15.2) per 100,000. When ZCTAs outside of the greater Philadelphia metropolitan area were excluded, the median prevalence of DM was 9.2 (IQR 5.2, 16.3) per 100,000. The median total airborne risk per ZCTA was 43 (IQR 37, 48) per million, including 1.24 (IQR 0.64, 1.67) per million from point sources, 9.13 (IQR 6.56, 12.18) per million from on-road sources, and 18.10 (IQR 16.47, 19.17) per million from secondary sources.

Heatmaps of the prevalence of DM and subtypes CDM and CADM in the greater Philadelphia metropolitan area are illustrated in Figure 1, divided into sextiles. Many ZCTAs with high prevalence of DM and CDM were observed in the western and northern metropolitan area. CADM prevalence is lower overall and aligns along a northeast-southwest axis. Figure S1 shows heatmaps of the onset year by quartile, with no clear patterns of clustering or outliers.
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FIGURE 1. Heatmaps of prevalence per 100,000 of the full cohort of dermatomyositis (DM) patients (a), and subtypes classic DM (CDM, b) and clinically amyopathic DM (CADM, c) in the greater Philadelphia metropolitan area (legend inset: low prevalence, blue; high prevalence, orange). Many ZCTAs with high prevalence of DM and CDM are observed in the western and northern metropolitan area. CADM prevalence is lower across the region and aligns along a northeast-southwest axis.




Geospatial Analysis

Univariate global Moran's indices for the prevalence of DM, CDM, and CADM were not significant (Table 2), but LISA maps demonstrated differential local spatial clustering and outliers (Figure 2), as indicated by the presence of high-high (red) and low-low clustering (bright blue), and high-low (pink) and low-high (light blue) outliers. DM and CDM shared several clustered and outlier ZCTAs, and differed notably from CADM, which demonstrated high-high clustering along a northeast-southwest axis. High-low outliers occurred predominantly in ZCTAs of low relative population.



Table 2. Univariate global Moran's indices of the prevalence of dermatomyositis (DM) and subtypes, and bivariate global Moran's indices of DM prevalence vs. 2011 NATA metrics.
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FIGURE 2. Local indicators of spatial autocorrelation (LISA) maps for prevalence of the full cohort of dermatomyositis (DM) patients (a), and subtypes classic DM (CDM, b) and clinically amyopathic DM (CADM, c). High-high (red) and low-low (bright blue) spatial clusters, and high-low (pink) and low-high (light blue) spatial outliers relative to neighboring regions are identified. Geospatially non-significant (white) and neighborless (dark gray) regions are visible. Differential spatial clustering is most notable between CDM (b) and CADM (c).



The prevalence of CADM vs. point sources showed a significant bivariate global Moran's index (0.071, pseudo-p = 0.02), and BiLISA mapping demonstrating western metropolitan high-high clustering and eastern metropolitan low-low clustering (Figure 3a). In contrast, the prevalence of CDM vs. point sources was not significant (−0.0053, pseudo-p = 0.46), and BiLISA mapping demonstrating western low-high outliers and eastern low-low clustering (Figure 3b). Bivariate global Moran's indices for the prevalence of DM, CDM, and CADM vs. other airborne toxics were not significant, and BiLISA mapping revealed similar local spatial clustering and outliers between subtypes (Figure S2).
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FIGURE 3. Bivariate local indicators of spatial autocorrelation (BiLISA) maps for prevalence of clinically amyopathic dermatomyositis (CADM, a) and classic dermatomyositis (CDM, b) vs. point sources. High-high (red) and low-low (bright blue) spatial clusters, and high-low (pink) and low-high (light blue) spatial outliers relative to neighboring regions are identified. In CADM (a), western metropolitan high-high clustering and eastern metropolitan low-low clustering is prominent, while in CDM (b), western low-high outliers and eastern low-low clustering is notable. Geospatially non-significant (white) and neighbor less (dark gray) regions are visible.



Univariate global Moran's indices for both DM onset year (by quartile) and median age at symptom onset were not significant (data not shown).




DISCUSSION

In this retrospective study of 642 DM patients, we found a significant geospatial correlation between exposure to point sources of airborne pollutants and CADM. Other airborne toxics including overall calculated airborne risk, on-road, and secondary sources did not correlate with DM, CDM, or CADM prevalence.

The association between point sources and CADM is modest but significant, as seen by the magnitude of the global Moran's index. Since DM has been associated with a variety of exogenous triggers besides airborne toxics, it is not surprising that this exposure does not account for all cases. It is noteworthy that CDM was not correlated with point sources, supporting the hypothesis that the type of triggering exposure may influence disease phenotype.

Past studies have demonstrated associations between specific exogenous triggers and serotype, which is known to correlate with clinical phenotype (31–33). The intensity of UVR exposure has been strongly associated with the proportion of CDM patients expressing anti-Mi-2 antibodies (odds ratio [OR] 6.0), while anti-TIF1-γ antibodies have been negatively correlated with latitude (OR 0.96) (8, 21). HLA alleles associated with anti-Mi-2 and anti-TIF1-γ antibodies were also negatively associated with latitude (21). Anti-MDA-5 antibodies were inversely associated with population of city of residence and appeared to cluster along rural areas near the Kiso River in Japan (10). Hydroxyurea may induce a DM-like eruption that spares muscles, while other drugs may induce a CDM-like presentation and viral infections may trigger juvenile DM (5, 34).

This study has important limitations. It is a retrospective cohort from a tertiary referral facility in a heavily-populated urban center. The ZCTA of residence listed in the patient's chart may not have been the location where greatest airborne pollutant exposure occurred and does not factor transportation routes or job location. The listed ZCTA may not have been where DM onset occurred, especially in longstanding cases. Reference data were taken from available years: ZCTAs were collected from medical records in 2018, ZCTA shapefiles were based on 2017 USCB boundary files, NATA metrics were calculated from data collected in 2011, and ZCTA population estimates were collected from 2007 to 2011 in the USCB American Community Survey. Both population estimates and airborne pollutant levels may have changed since 2011, though more recent, reliable data was not available.

It is important to note that NATA metrics are risk assessments based on collected airborne emissions and do not reflect exposure to all compounds, all pathways of exposure, or accurately model episodic emissions (22). Risk assessments by source represent pooled data from many pollutants, and the contributed risks of individual compounds were not assessed. Furthermore, these data apply to geographic areas and groups, rather than specific locations or individuals (22).

The prevalence of DM found in this study is lower than previously reported (35). This estimate is not population-based and likely underestimates the true prevalence in the greater Philadelphia metropolitan area. During the 18-year time period of this study, there were 5 major academic medical centers and a large number of group and individual dermatology and rheumatology practices, many of whom see DM patients not included here.

While the spatial distribution of onset of DM symptoms changed over time, specific regions did not cluster by onset year. DM frequency remained approximately stable when comparing the 4-year intervals from 2006 to 2009, 2010 to 2013, and 2014 to 2017. However, DM, especially CADM, is frequently delayed in diagnosis or misdiagnosed and presentation to a tertiary referral center may result in additional delay, so patients with more recent onset may be unaccounted for (36).

Identifying exogenous triggers for DM is challenging given the heterogeneity of both exposure and the underlying disease. Geospatial analysis is a candidate method for studying geographic patterns of exposure and may have applications examining infectious triggers, pollutants, demographics, and other factors. Future population-based studies may better estimate these associations. Further exploration of the geospatial distribution of DM phenotype by serology, malignancy association, or the presence of interstitial lung disease may also be useful for determining risk factors and understanding disease pathogenesis.

In conclusion, in this retrospective cohort study we found prevalence of CADM, but not CDM, is geospatially correlated with larger, geographically fixed sources of airborne pollution. This effect is small but significant and may support the hypothesis that triggering exposures may influence disease phenotype in DM.
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Data Sheet 1. Unique ZCTAs and corresponding census populations and DM counts, calculated prevalences, and NATA risk estimates are shown. On the far right, counts of DM are listed by year of symptom onset. CADM, clinically amyopathic dermatomyositis; CDM, classic dermatomyositis; DM, dermatomyositis; NATA, National Air Toxics Assessment; ZCTA, zip code tabulation area.

Figure S1. Heatmaps of new-onset cases of dermatomyositis in the greater Philadelphia metropolitan area in 2005 or earlier (a), 2006–2009 (b), 2010-2013 (c), and 2014–2017 (d) (legend inset: lower count, light blue; higher count, dark blue). Geospatial analysis did not demonstrate clustering or dispersion.

Figure S2. Bivariate local indicators of spatial autocorrelation (BiLISA) maps for prevalence of the full cohort of dermatomyositis (DM) and subtypes classic DM (CDM) and clinically amyopathic DM (CADM) vs. total airborne risk (a–c, respectively), on-road sources (d–f, respectively), and secondary sources (g–I, respectively). High-high (red) and low-low (bright blue) spatial clusters, and high-low (pink) and low-high (light blue) spatial outliers relative to neighboring regions are identified. Geospatially non-significant (white) and neighbor less (dark gray) regions are visible. Note the similarities in both spatial clustering and outliers between DM, CDM, and CADM. All global Moran's indices were non-significant.
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Due to a missense mutation in the Foxp3 gene, scurfy mice are deficient in functional regulatory T cells (Treg). The consequent loss of peripheral tolerance manifests itself by fatal autoimmune mediated multi-organ disease. Previous studies have outlined the systemic inflammatory disease and demonstrated production of anti-nuclear antibodies (ANA) in scurfy mice. However, specific autoantibody targets remained to be defined. ANA are immunological markers for several connective tissue diseases (CTD) and target a large number of intracellular molecules. Therefore, we examined scurfy sera for the presence of different ANA specificities and further assessed the organ involvement in these animals. Indirect immunofluorescence was used as a screen for ANA in the sera of scurfy mice and dilutions of 1/100 were considered positive. Addressable laser bead immunoassays (ALBIA) were used to detect specific autoantibody targets. Subsequent histological tissue evaluation was verified by hematoxylin and eosin (H&E) staining. In our study, we observed that nearly all scurfy mice produced ANA. The most prevalent pattern in scurfy sera was nuclear coarse speckled, also known as the AC-5 pattern according to the International Consensus on ANA Patterns. U1-ribonucleoprotein (U1RNP) was found to be the most common target antigen recognized by autoantibodies in scurfy mice. Additionally, scurfy mice exhibited a mild myositis with histological characteristics similar to polymyositis/dermatomyositis. Myopathy-specific autoantibody profile revealed significantly increased levels of anti-SMN (survival of motor neuron) as well as anti-Gemin3 antibodies in scurfy sera. Overall, we demonstrate that the impaired peripheral tolerance in the absence of regulatory T cells in scurfy mice is associated with features of mixed connective tissue disease (MCTD). This includes, along with our previous findings, very high titers of anti-U1RNP antibodies and an inflammatory myopathy.

Keywords: mixed connective tissue disease, overlap syndrome, regulatory T cells, scurfy mouse, anti-nuclear antibodies, skin autoimmunity


INTRODUCTION

Scurfy mice are characterized by a complete functional deficiency of regulatory T cells (Treg) due to an X-linked frameshift mutation in the Foxp3 gene, resulting in an impairment of peripheral tolerance in hemizygous males. The consequent lymphoproliferative disorder is associated with lethal inflammatory multi-organ failure affecting markedly the skin, lungs, kidneys, and liver (1–4). The lack of CD4+ FoxP3+ Treg leads to an abolished suppression of autoreactive CD4+ T cells, which infiltrate numerous organs and cause, along with other inflammatory cells, tissue destruction. B cells also significantly contribute to the autoimmune pathology in scurfy mice via T cell-dependent production of autoantibodies, such as antinuclear antibodies (ANA) (5–7). However, neither the broad spectrum of ANA nor the clinical associations of certain ANA with distinct clinical phenotypes in scurfy mice have been precisely characterized yet.

Connective tissue diseases include a heterogenous group of systemic autoimmune rheumatic disorders including, inter alia, systemic lupus erythematosus (SLE), systemic sclerosis (SSc) and polymyositis/dermatomyositis (PM/DM). Additionally, mixed connective tissue disease (MCTD) as a distinct clinical entity includes some of the clinical features of these three disorders along with high levels of anti-U1RNP (U1-ribonucleoprotein) antibodies (8). The exact pathomechanism underlying these connective tissue disorders (CTD) are still enigmatic. We have previously shown that Treg-deficient scurfy mice exhibit SLE-like autoimmune features such as arthritis, pneumonitis, and nephritis as well as anemia and lymphopenia (7). In line with this observation, we have recently focused on the development of sclerodermatous skin manifestations in scurfy mice by demonstrating that lack of functional Treg in scurfy mice leads also to elevated levels of cutaneous collagen and an inflammatory response as it is partly found in SSc (9). As a crucial step for differential diagnosis of these autoimmune disorders, we determined specific subtypes of ANA in scurfy sera against the following targets: U1RNP, dsDNA (double stranded DNA), histone, Jo-1 (histidyl tRNA synthetase), ribosomal P protein, Sm (U2-U6 RNP), Scl-70 (topoisomerase I), PM-Scl (exosome complex), CENP-B (centromere protein B), PCNA (proliferating cell nuclear antigen), SSA/Ro60, Ro52/TRIM21 (tripartite motif proteins), SSB/La, centromere, RNA polymerase III, Rpp25, and Rpp38 (Th/To complex). We further examined for additional organ involvement which occurs in the absence of regulatory T cells. We identified major features of mixed CTD in scurfy mice including very high titers of anti-U1RNP antibodies and myositis with associated autoantibodies.



MATERIALS AND METHODS


Mice

Female heterozygous B6.Cg-Foxp3sf/J (Scurfy) mice were acquired from Jackson Laboratories (Bar Harbor, ME, USA) and bred to male C57BL/6 wild-type (WT) mice to generate hemizygous male B6.Cg-Foxp3sf/Y (Scurfy) offspring. All mice were held under specific pathogen-free conditions in the animal facilities of the Interfaculty Biomedical Facility (IBF), University of Heidelberg, Germany. Tissues and samples taken from animals were in accordance with the animal protocol (T13/16 and T58/16), approved by the Interfaculty Biomedical Facility of Heidelberg University, Germany.



Detection of Anti-nuclear Antibodies (ANA)

Serum samples taken from scurfy and WT mice were screened for the presence of anti-nuclear antibodies by indirect immunofluorescence (IIF) assay at dilutions ranging from 1:10 to 1:3200 in PBS with 0.2% Tween 20 (Roth, Karlsruhe, Germany) on human epithelial cells (HEp-20-10) together with primate liver tissue (Euroimmun GmbH, Lübeck, Germany). The slides were incubated for 30 min at room temperature (RT) and washed with PBS-Tween for 5 min. Goat anti-mouse IgG Alexa Fluor 488 (4 μg/ml, Invitrogen, Carlsbad, CA, USA) was added to the slides as secondary antibody. Following an additional incubation phase and subsequent washing, the slides were fitted with cover slips by using Dako Fluorescent Mounting Medium (Dako, Carpinteria, CA, USA). IIF images were obtained with a fluorescence microscope (Zeiss Axioscop 40, Carl Zeiss, Göttingen, Germany) and analyzed as follows: Samples with present fluorescence at a dilution of 1:100 were considered ANA positive. Specific ANA patterns were identified and classified according to the International Consensus on ANA Patterns (ICAP) (10) (https://anapatterns.org/). For semiquantitative analysis, the fluorescence intensity at different dilutions was scored and the results were assigned to a respective antibody titer, as recommended by the manufacturer.



Screening for ANA Specificities

Multiplexed addressable laser bead immunoassays (ALBIA) provided by TheraDiag (CTD-13 profile, Paris, France) and Inova Diagnostics Inc. (San Diego, CA, USA) were used to identify the specific ANA targets which included: U1RNP, dsDNA, histone, Jo-1, ribosomal P protein, Sm, Scl-70, PM-Scl, CENP-B, PCNA, SSA/Ro60, Ro52/TRIM21, SSB/La, centromere, RNA polymerase III, Th/To-Rpp25, and Th/To-Rpp38. Twenty microliter of suspended beads, 25 μl of sample diluent (Inova Diagnostics Inc.) and 5 μl of diluted mouse serum were added into the wells of 96-well plate. The plate was incubated with agitation at 600 rpm for 30 min at RT, followed by incubation in goat anti-mouse IgG phycoerythrin conjugated secondary antibody (0.5 μg/ml, Jackson ImmunoResearch Lab. Inc.) for 30 min and 600 rpm in the dark. The antibodies to survival of motor neuron (SMN), Gemin3 (DEAD box RNA helicase), Mup44/NT5c1A (cytosolic 5-nucleotidase 1A), and RUVB1/2 (AAA+ ATPases) were detected using a laboratory developed test as previously described (11). Plates were analyzed by using a Luminex-100 plate reader (Luminex Corp., Austin, TX, USA). Cutoff values were established on negative and positive controls in each run and was set at three standard deviations (SD) above the mean for WT mice.



Histological Analysis of Muscle Tissue

In a routine necropsy, quadriceps muscles were taken from scurfy and WT littermates on day 21 of life for histological evaluation. Muscle tissue was fixed in 4% neural buffered formalin at 4°C overnight and then embedded in paraffin. Five micrometer thick sections were cut and stained with hematoxylin and eosin (H&E). The slides were put in random order and assessed by two independent researchers. Inflammation was scored on the following grading scale: Grade 0: within normal limits, no evidence of inflammation; Grade 1: mild inflammation with few perivascularly scattered lymphocytes in a single focus, Grade 2: moderate inflammation indicating increased numbers of lymphocytes with multifocal distribution; Grade 3: marked inflammation characterized by significantly increased numbers of lymphocytes and several degenerative areas of more striking inflammation or necrotic muscle fibers; Grade 4: severe lymphocytic inflammation indicating diffuse infiltrates with higher extent of necrotizing changes.



Histological Analysis of Skin Inflammation

For a general assessment of the skin pathology, ears and tails were obtained from Scurfy und WT mice, processed and stained with H&E as described in 1.4. Skin inflammation was evaluated according to a grading system previously described (12).



Statistical Analysis

Results are expressed as mean ± SD if not indicated otherwise. Differences were analyzed by two-tailed unpaired t-test with Welch's correction. Significance was determined using Prism (GraphPad Software, La Jolla, USA) and p < 0.05 were considered significant. (*) represents p < 0.05, (**) represents p < 0.01, (***) represents p < 0.001 and (****) represents p < 0.0001.




RESULTS


IIF Analysis Revealed Predominantly the Nuclear Coarse Speckled Pattern in Scurfy Sera

ANA comprise antibodies directed against intracellular molecules and that are historically linked to several autoimmune disorders including SLE, SSc, PM/DM, and MCTD. As a general diagnostic approach, we initially conducted an ANA screen of scurfy and WT control sera using IIF microscopy on HEp-20-10 cells and primate liver tissue (Figure 1A). Nearly all scurfy sera (98.53%) showed ANA positivity, whereas WT sera were more commonly negative (76.67%) (Figures 1A,D). Further analysis with different dilutions revealed significantly higher ANA titers in scurfy sera compared to WT controls (Figures 1B,C).
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FIGURE 1. IIF analysis reveals high titers of anti-nuclear antibodies (ANA) in scurfy sera. (A) Representative pictures of IIF on HEp-20-10 cells and primate liver tissue with a nuclear coarse speckled pattern in scurfy (left panel) and a negative result in WT (right panel) serum, original magnification 200X, Scale bars represent 50 μm. (B) Overview of semiquantitative IIF analysis with ANA titers in scurfy and WT sera. (C) IIF images of a scurfy serum in different dilutions for semiquantitative analysis, original magnification 200X, Scale bars represent 50 μm. (D) Summary of ANA patterns observed in scurfy and WT sera. Consecutive numbering from anti-cell (AC)-1 to AC-28 is based on the ICAP nomenclature (10) (scurfy n = 68, WT n = 60).



Specific targets of ANA are key biomarkers that assist clinicians to distinguish between different autoimmune disease entities, many of which have overlapping clinical presentations. To this end, we identified the IIF patterns in ANA positive sera according to the nomenclature recently established by ICAP (10). Interestingly, the majority of scurfy sera [n = 45 out of 68 (66.18%)] showed mainly a nuclear coarse speckled IIF pattern, also referred to as the ICAP AC-5 pattern. Within the small minority of ANA positive WT mice, the nuclear dense fine speckled pattern (AC-2) was the staining pattern predominantly observed (Figure 1D).



Further Investigations Identified U1RNP as the Most Common Target Antigen by ANA in Scurfy Mice

The pattern code AC-5 is associated with various well-known autoantibodies such as U1RNP and Sm (U2-U6 RNP). In order to elucidate which ANA were specifically associated with this particular pattern in these mice, ALBIA was used as a follow-up assay. In this context, we performed a detailed analysis of a large number of ANA targets, including extractable nuclear antigens (ENA) and other SARD (systemic autoimmune rheumatic disease)-related antigens (Table 1, Supplementary Material). The most striking result to emerge from this analysis was the very high frequency and expression of anti-U1RNP antibodies in scurfy sera. 69.5% (n = 16 out of 23) of scurfy mice exhibited positive anti-U1RNP antibodies. A similar, but less marked trend was noted for anti-RNA polymerase III antibodies with positive levels in almost half of the scurfy sera. By comparison, all but one of the analyzed scurfy sera had normal ranges of anti-Sm antibodies (Figure 2A). Surprisingly, no significant difference between scurfy and WT sera was observed in terms of other autoantibodies such as anti-dsDNA and SSA/Ro60 antibodies. Only anti-histone antibodies were found to be produced in higher frequency in scurfy mice, however at a comparatively low significance level (Figure 2B).



Table 1. Serological profile of ENA and scleroderma-related autoantibodies in scurfy and WT mice.
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FIGURE 2. Analysis of specific autoantibodies against CTD associated autoantigens in scurfy and WT sera. (A) Detailed examination of AC-5 associated autoantibodies in scurfy and WT sera using ALBIA. (B) Summary of lupus-related autoantibodies detected with the same technique. Values are expressed in median fluorescent units (MFU). Dashed lines represent cutoff values established at three SD over the mean of WT controls. (scurfy n = 23, WT n = 16) (mean ± SD, two-tailed unpaired t-test with Welch's correction, *p < 0.05, **p < 0.01, ****p < 0.0001).





Scurfy Mice Showed an Inflammatory Myopathy With Associated Autoantibodies

Since anti-U1RNP antibody is a required serological marker for the classification of MCTD (8, 13), we next aimed to verify the clinical resemblance of the scurfy phenotype to MCTD by further detailed analysis of organ involvement in the scurfy mice. The MCTD classification criteria proposed by Sharp et al. is composed of certain clinical features of SLE, SSc, and PM/DM (8). We have previously shown that scurfy mice have SLE and SSc associated features (7, 9) and we next focused on signs of muscle pathology in scurfy mice. Muscle tissue of scurfy mice revealed mild to moderate inflammatory infiltrates characterized by endomysial mononuclear cell infiltrates with invasion of non-necrotic muscle fibers. The inflammatory cells were most prominently distributed in the perivascular area. No signs of perifascicular atrophy or fiber necrosis were detected. Briefly, the overall histological pattern in scurfy muscle showed the main characteristics of limited PM/DM (Figures 3A,B). Furthermore, the myopathy-specific autoantibody profile highlighted elevated levels of anti-SMN as well as anti-Gemin3 antibodies in scurfy sera (Figure 3C), whereas antibodies against Jo-1, PM/Scl, Mup44/NT5c1A (14), RUVBL1/2 (15) as detected by ALBIA were not significantly increased (Table 2).
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FIGURE 3. H&E staining exhibits mild myositis in scurfy muscle. (A) H&E staining of thigh muscle of scurfy and WT mice, original magnification of 100X (left panels) and 200X (right panels). Scale bars represent 50 and 100 μm, respectively. (B) Grading of muscle inflammation in scurfy and WT mice (scurfy n = 13, WT n = 19). (C) Analysis of anti-SMN as well as anti-Gemin3 autoantibodies in scurfy and WT sera using ALBIA. Values are expressed in MFU. Dashed line indicates the cutoff value established at three SD over the mean of WT sera (scurfy n = 23, WT n = 16) (mean ± SD, two-tailed unpaired t-test with Welch's correction, **p < 0.01, ****p < 0.0001).





Table 2. Serological profile of myopathy-related autoantibodies in scurfy and WT mice.
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Dermatopathological Analysis of Scurfy Ear and Tail Showed a Severe Lymphohistiocytic Inflammation

In order to determine if scurfy mice develop a MCTD-like cutaneous phenotype, we closely monitored the inflammation pattern in the ear and tail of scurfy mice. Macroscopic examination on day 21 demonstrated severe changes in both organs. Compared to T mice, ear skin of scurfy mice appeared substantially smaller and thicker with significant scaliness (Figure 4A). Scurfy tail showed a patchy inflammation on the skin, comprising encrusted areas and erythematous erosions in succession. Advanced stages of inflammation indicated also gangrenous changes (Figure 4B). Histological analysis of H&E-stained ear and tail sections confirmed the marked thickness and showed massive infiltration of pleomorphic mononuclear cells, especially in the dermoepidermal junction (interface dermatitis) and dermis. Perivascular or subcutaneous extension of the inflammation as well as vascular ectasia were occasionally observed. The infiltrates were mainly of lymphohistiocytic character. In both ear and tail of scurfy mice, a remarkable hyperkeratosis was detected (Figures 4A–C).
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FIGURE 4. Histological analysis of scurfy skin shows strong resemblance to typical findings in MCTD. (A) Macroscopic (left panel) and histological (right panels) evaluation of ears obtained from scurfy and WT mice. (B) Macroscopic (left panel) and microscopic (right panels) analysis of tails of scurfy and WT mice. (C) Grading of the inflammation status in ears and tails of scurfy mice in comparison to WT controls. (scurfy n = 9, WT n = 8 for the ear and scurfy n = 8, WT n = 5 for the tail) (mean ± SD, two-tailed unpaired t-test with Welch's correction, ***p < 0.001, ****p < 0.0001).






DISCUSSION

Treg represent a lineage of T cells which play a fundamental role in maintaining humoral tolerance in the periphery. This subset of “suppressor T cells” is identified as FoxP3-expressing CD4+ T cells (16, 17). The unrestrained expression of FoxP3 is essential for the development and function of Treg (4). Accordingly, a disruption of the Foxp3 gene in scurfy mice results in an autoimmune lymphoproliferative disorder with fatal multi-organ inflammation (18). Since the causative mutation occurs in orthologous genes, the scurfy phenotype is indicated as the murine equivalent of the human IPEX syndrome (immune dysregulation, polyendocrinopathy, enteropathy, X-linked) (3, 19). The consequent autoimmune pathology is not only coordinated by T cells, but also B cells provide contribution through antibody production, such as ANA (6, 20).

ANA are diagnostic hallmarks of SARD and directed against several intracellular components which tend to be ubiquitously expressed in many cells and tissues (21). To detect autoantibodies against SARD-associated antigens, we performed an IIF analysis. In agreement with previous results, we found significant ANA positivity and elevated ANA titers in scurfy sera compared to WT controls. We subsequently highlighted that scurfy sera predominantly revealed the AC-5 pattern in the IIF analysis, whereas the most frequent pattern of WT sera was the AC-2 pattern. It is interesting to note that the AC-2 pattern is associated with anti-DFS70/LEDGF (dense fine speckled/lens epithelium-derived growth factor) antibodies which have been described as exclusion markers for SARD (22, 23). Additional tests showed that the most striking target antigen in scurfy sera was U1RNP, the major serological marker for MCTD. But there is also evidence that some scleroderma-associated autoantibodies such as anti-RNA polymerase III and anti-Scl-70 antibodies are expressed at higher levels in scurfy sera. Only a minority of the tested scurfy sera showed lupus-related autoantibodies, including anti-dsDNA and anti-SSA/Ro60. Taken together, the serological profile of scurfy mice indicates striking correspondence to a CTD overlap syndrome, including the serological hallmark of MCTD.

The concept of MCTD as a distinct clinical entity has existed for more than 40 years. However, there is still some controversy surrounding classification criteria or relationship to other CTD (24, 25). One of the proposed criteria sets was delineated by Sharp with high titers of anti-U1RNP antibodies, Raynaud's phenomenon, swollen hands and elements of SLE, scleroderma and PM/DM (8). It is worth noting that the whole CTD spectrum is subject to fluctuations and clinical changes. In this regard, there are reports addressing that, in many cases, MCTD evolves into other diseases from this spectrum (26, 27). This “phenotypic shift” can for instance lead to development of glomerulonephritis and production of anti-dsDNA antibodies [reviewed in (28)]. This is in accord with our observation that only a few scurfy mice produced anti-dsDNA antibodies. Further research should be undertaken to analyze longitudinal clinical and serological changes that occur during the course of disease in scurfy mice.

The exact role of anti-U1RNP in the pathogenesis of MCTD is still poorly understood. Recent evidence indicates a strong and distinct HLA (human leukocyte antigen)-association with MCTD which seems to suggest that HLA-restricted T cell subsets might be responsible for induction of antibody production by B cells [(29–32); reviewed in (28, 33)]. Accordingly, an HLA-DR4 transgenic mouse model developed MCTD-like lung disease upon immunization with U1RNP and Freund's complete adjuvant (34). Another study reported further insight into the immunology of MCTD by noting decreased levels of naturally occurring Treg in MCTD patients (35).

We have previously demonstrated that scurfy mice develop lupus-like clinical features such as pneumonitis, synovitis and mesangioproliferative glomerulonephritis. Moreover, hematological abnormalities included anemia and lymphopenia, although thrombocytopenia was not observed (7). In a recent publication we reported that the scurfy phenotype closely resembles scleroderma as scurfy skin has a higher collagen content and the inflammatory response is driven by CD4+ T cells with Th2 differentiation and alternatively-activated (M2) macrophages (9). Consistent with these findings, in the present study we show that scurfy mice also spontaneously develop a limited myositis with a histological pattern similar to PM/DM [reviewed in (36)]. This concurs fairly well with previous observations of mild inflammatory myopathy in MCTD (8, 37). As reported by Young et al. CD4+ T cells from scurfy lymph nodes are also able to induce myositis after transfer into RAG-1-null recipients (38). The same report pointed out the crucial role of Treg in myositis by showing that cotransfer of Treg leads to complete suppression of myositis.

As an additional finding, we identified a significant expression of anti-SMN and anti-Gemin3 antibodies in scurfy sera. Mutation of SMN is well-known to cause a genetic neuromuscular disorder called spinal muscular atrophy (SMA) (39, 40). Gemin3 encodes a DEAD box RNA helicase and is an essential component of the SMN complex (41). Interestingly, Satoh et al reported that antibodies to the SMN complex are an antigenic target recognized by antibodies in patients with PM/SLE overlap and suggested that the SMN complex is fundamental for the assembly of snRNPs (small nuclear ribonucleoproteins) (42). The conceptual linkage of anti-SMN/Gemin autoantibodies with anti-U1RNP was supported in a recent case report of a patient with myositis who developed antibodies to both targets (11). These findings support the hypothesis that autoimmune-mediated inflammatory myopathies and genetic neuromuscular disorders could have common pathways (43). Importantly, MCTD is also associated with neuropsychiatric manifestations which have been found to correlate with intrathecal production of anti-U1RNP antibodies (44). Therefore, further experimental studies are needed to estimate the scurfy phenotype from a neuropathological perspective.

Additional histological experiments demonstrated severe inflammatory cutaneous alterations of scurfy ear and tail. Our findings are in line with previous studies by Hadaschik et al. which focused on the dermatopathology of the scurfy back skin and identified interface dermatitis and significant lymphohistiocytic infiltrates, indicating lupus-like histological changes. Their results also revealed IgG deposits in the dermoepidermal junction of the scurfy back skin similar to lupus band in patients with SLE (7). Although there are already multiple criteria sets for the diagnosis of MCTD, only few researchers have addressed the question of dermatopathological changes in MCTD patients. A remarkable study demonstrated that the skin pathology in MCTD bore a strong resemblance to that of subacute cutaneous lupus erythematosus (SCLE), including interface dermatitis (75% of the patients) and positive lupus band test (37.5% of the patients). MCTD led also to a vasculopathy paralleling that observed in skin lesions of dermatomyositis (45).

Taken together, our findings suggest that the scurfy phenotype reveals clinical and serological features of a CTD overlap syndrome akin to MCTD, including high titers of anti-U1RNP antibodies and myositis. Nevertheless, we do not characterize the scurfy mouse as an MCTD model, since it develops many other autoimmune features like nephritis or hepatitis. Our results mainly strengthen the hypothesis that Treg deficiency and the subsequent loss of immune homeostasis lead to development of serological and pathological features of overlap CTD, including MCTD.
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One of the most important functions of the skin besides regulating internal body temperature includes formation of the barrier between the organism and the external environment, hence protecting against pathogen invasion, chemical and physical assaults and unregulated loss of water and solutes. Disruption of the protective barrier is observed clinically in blisters and erosions of the skin that form in autoimmune blistering diseases where the body produces autoantibodies against structural proteins of the epidermis or the epidermal-dermal junction. Although there is no cure for autoimmune skin blistering diseases, immune suppressive therapies currently available offer opportunities for disease management. In cases where no treatment is sought, these disorders can lead to life threatening complications and current research efforts have focused on developing therapies that target autoantibodies which contribute to disease symptoms. This review will outline the involvement of the skin barrier in main skin-specific autoimmune blistering diseases by describing the mechanisms underpinning skin autoimmunity and review current progress in development of novel therapeutic approaches targeting the underlying causes of autoimmune skin blistering diseases.
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INTRODUCTION

The stratified squamous epithelium of the human epidermis forms a continuous barrier against the external environment and impairments in epithelial adhesions lead to disorders characterized by significant morbidity and/or mortality (1). The hallmark feature of autoimmune blistering diseases (AIBDs) is the disruption of the intact skin barrier as a consequence of blistering and erosions caused by production of autoantibodies against structural proteins in the epidermis or at the epidermal-dermal junction. AIBDs generally occur in the elderly, and often have substantial clinical and immunopathological overlap and polymorphic clinical presentation which can make diagnosis challenging (2). Immunologically, these conditions are driven by humoral and cellular autoimmune responses directed against distinct target antigens and can be classed in three main groups including pemphigoid and pemphigus diseases as well as dermatitis herpetiformis (DH) (3).

Over the past four decades, our knowledge of the pathophysiology of AIBDs has been greatly advanced by demonstrating that passive transfer of antibodies against skin antigens can disrupt the skin barrier and induce blisters in experimental animals models with clinical, histologic, and immunopathogenic responses similar to those observed in human disease (1). Each AIBD is characterized by the presence of specific autoantibodies targeting distinct antigens in the epidermis or at the dermal-epidermal junction. Intraepidermal blistering found in pemphigus disorders are caused by autoantibodies targeting cadherin proteins in desmosomes; subtypes pemphigus vulgaris and pemphigus foliaceus are associated with antibodies against desmoglein (dsg)-3 and−1, respectively. In bullous pemphigoid (BP), autoantibodies target two hemidesmosome components BP180 and BP230; and in epidermolysis bullosa acquisita (EBA) patients have autoantibodies target type VII collagen anchoring fibrils. In DH patients, autoantibodies target tissue and epidermal transglutaminase (eTG) proteins (3) however recently a case was reported where autoimmune intraepidermal and subepidermal blistering disease coexisted with a patient who was reported to have autoantibodies to both desmoglein (Dsg) 1 and BP230 (4).

AIBDs typically present with generalized blister eruption associated with itch however atypical presentations are often encountered. For example, 20% of BP patients present with “non-bullous” presentations, while anti-p200 pemphigoid patients that normally present with tense blisters with erythematosus often show normal skin resembling BP. Additionally, epidermolysis bullosa acquisita, an autoimmune disease associated with autoantibodies against type VII collagen, has several phenotypes including a classical form that mimics dystrophic epidermolysis bullosa, an inflammatory form that mimics BP, or a form more similar to mucous membrane pemphigoid-like lesions (2).

Diagnosis of AIBDs relies on direct immunofluorescence microscopy studies and immunoserological assays (5, 6). Multiple mechanisms of skin barrier disruption and blister formation in AIBDs have been described: in pemphigus disorders steric hindrance (the direct inhibition of protein-protein binding by autoantibodies) and cell signaling events cause desmosomal instability, while complement and inflammatory cell activation mediated through Fc-signaling cause keratinocyte death and blister formation in pemphigoid and epidermolysis bullosa acquisita (7–9). Development of targeted therapies and management of affected patients is often challenging due to frequent relapses, lack of efficacy and number of adverse events (10, 11). Current standard treatment options rely on non-specific immunosuppression, highlighting the need for development of targeted therapeutic approaches (12, 13). In this review we will focus on skin barrier involvement in mechanisms underpinning autoimmunity and describe the latest approaches for development of targeted therapeutics for the treatment of AIBDs.



SKIN BARRIER AND MECHANISMS UNDERPINNING AUTOIMMUNE SKIN BLISTERING

More than 2.5% of the world's population is affected by autoantibody driven autoimmune disease, including AIBDs (7). The principles of autoantibody generation and detection in AIBDs have been reviewed extensively (7). Technological advancement in the last two decades have allowed us to identify the sequence of specific nanostructural and functional changes in the skin barrier following the binding of autoantibodies and define critical pathways and processes responsible for autoimmune pathology (14). The pathogenesis of AIBDs can be divided into three phases: (i) the induction phase (loss of self-tolerance or the initiation of autoimmunity to the target antigen), (ii) the maintenance phase (maintained production of autoantibodies) and (iii) the effector phase (autoantibody-mediated tissue damage). Specific mechanisms relating to these phases have been described for AIBDs, including pemphigus disorders, BP, EBA, and DH.



INDUCTION OF AUTOIMMUNITY AGAINST SKIN ANTIGENS

There are multiple theories that explain how the loss of tolerance to self-antigens initially occurs and it is understood that the majority of AIBDs are a product of several aberrant processes which disrupt skin barrier homeostasis. Genetic factors play an important role, as specific skin blistering diseases have varying prevalence in different populations and inherited human leukocyte antigen (HLA) types are associated with autoreactivity to specific autoantigens (15). Multiple HLA alleles have been identified which are associated with pemphigus vulgaris (15, 16), BP (17, 18), and EBA (19, 20). Genetic susceptibility is not limited to HLA types, as pemphigus vulgaris has been associated with mutations in ST18 (a gene encoding a pro-apoptotic transcription factor) in certain populations (21) and experimental models of EBA have identified non-HLA murine gene loci that confer susceptibility to disease development (22), however further studies are required to extrapolate these findings to clinical populations.

Cell damage has been proposed as a common “triggering factor” which causes development of pathogenic adaptive autoimmune reactions—cell damage due to surgical trauma (23), UV radiation (24), neurological disorders and other pre-existing conditions (25–29), viral infection (30–33), and radiotherapy (34–36) have all been associated with disrupted skin barrier function and development of AIBDs (37). Cell damage via necrosis or necroptosis releases a complex intracellular milieu into the extracellular space which serves as a source of sensitizing autoantigens (38); additionally cell death results in the release of damage associated molecular patterns which stimulate localized inflammation and wound healing processes (39, 40). Normal healing responses following trauma aiming to re-establish the skin barrier cause infiltration of dendritic cells and other antigen presenting cells which may also participate in autoimmune sensitization (41, 42) of AIBDs.

Epitope spreading is an inbuilt mechanism of the adaptive immune system that aids in protecting against changing pathogens (43), however spreading from pathogenic to autologous epitopes and molecular mimicry of similar epitopes may also contribute to the formation of AIBDs (44). Fogo selvage, an endemic form of pemphigus foliaceus found in Brazilian populations, is associated with a history of sand fly bites and characterized by autoantibodies against Dsg1. These autoantibodies have shown cross reactivity to proteins present in sand fly saliva (45), which may represent epitope spreading from foreign proteins to similar autoantigens. Epitope spreading is also thought to be involved in paraneoplastic (PNP) pemphigus (46) where tumor-associated antigens may become targeted in an effort to destroy the tumor, however similar antigens may also be shared by keratinocytes (47). PNP pemphigus is most commonly associated with lymphatic malignancies, including non-Hodgkin's lymphoma and chronic lymphocytic leukemia. These malignancies are associated with the production and release of cytokines which can lead to over-stimulation of humoral immunity and autoimmune reactions, including disruption of skin barrier and development of AIBDs. Findings of autoimmune skin blistering in carcinoma patients has fuelled speculation that these diseases may be triggered by an anti-tumor immune response (48–50), however further studies are required to determine the relationship between these findings (51, 52). Coeliac-disease associated skin blistering, known as DH, is caused by antibodies against gluten-induced digestive enzyme tissue transglutaminase which undergo epitope spreading to cross-react with epidermal transglutaminase (eTG) leading to the disruption of the skin barrier and subsequent skin blistering (53, 54). Epitope spreading may also contribute to the diversity of and disease progression of AIBDs, as epitope spreading to related autoantigens has been associated with atypical or altered disease presentations (53, 55, 56).

AIBDs have been associated with the use of certain drugs which trigger pathogenesis through a variety of mechanisms. One of the most well-described etiologies is BP in diabetic patients taking dipeptidyl-peptidase 4 (DPP-4) inhibitors (57–59) which present with antibodies against the mid-portion of BP180. It has been suggested that DPP-4 inhibition reduces plasmin production and alters BP180 cleavage, resulting in altered antigenicity of BP180 (60) which is supported by the finding that symptoms generally subside after drug discontinuation. The use of immune checkpoint inhibitors for cancer therapy has been linked to secondary development of AIBD including mucous membrane pemphigoid and BP (61, 62), likely a consequence of nonspecific immune activation.



MAINTAINED AUTOANTIBODY PRODUCTION

Autoantibodies are often present in healthy individuals but are generally non-pathogenic IgM antibodies with low affinity present in low levels and do not alter skin barrier homeostasis. For autoantibodies to gain pathogenicity, class-switching to IgG or IgA subtypes, somatic mutation and increased production occur after exposure to self-antigen. Glycosylation and sialylation patterns on autoantibodies also contribute to pathogenicity and antibodies stimulated via T-cell interaction within germinal centers exhibit reduced sialyation patterns and are pro-inflammatory (63). In the context of AIBDs, the presence of self-antigen released by damaged keratinocytes may stimulate production of autoantibodies, which in turn bind to healthy tissue to stimulate skin barrier disruption and further tissue damage and promote more autoantibody generation in a self-perpetuating cycle. Continued production of pathogenic autoantibodies may be achieved by ongoing B cell activation and production of short-lived plasma cells (64, 65) or the production of long-lived plasma cells which are challenging to target (66–68). T-cell driven education within the germinal center appears to be a requirement for the development of long-lived plasma cells, which gives rise to both lasting immunity against pathogens and chronic autoimmunity. Murine models of EBA have also demonstrated the presence of plasma cells with “intermediate” lifespans which contribute to autoantibody persistence (69). Alterations in cellular immune networks also contribute to maintained autoantibody production and disease chronicity: Increased Th1 and Th17 cytokines and chemokines have been reported in patients with pemphigus disorders (70, 71), BP (72, 73), and DH (74) and changes in Treg populations are also associated with AIBDs (75, 76), with Tregs thought to be protective against pathogenic autoantibody production (77, 78). Higher frequencies of Th17 cells secreting IL-21 have been reported in pemphigus lesions which form a tertiary lymph node like structure within the skin and promote autoantibody production (79). Further investigation into cellular contributions to autoantibody production may reveal additional therapeutic targets which can be used to control AIBDs.



AUTOANTIBODY-INDUCED TISSUE DAMAGE

Autoimmune diseases of the skin are the result of pathological processes caused by autoantibodies against skin antigens. A number of common antigens targeted by disease-associated autoantibodies have been discovered, including antigens present on desmosomes, hemidesmosomes and proteins expressed by keratinocytes. Transfer of patient autoantibodies against Dsg 1 (80, 81) and Dsg 3 (82) and type VII collagen (83) is sufficient to cause skin barrier disruption and epidermal blistering in mice consistent with the associated clinical disease, thus autoantibodies are considered instrumental to pathogenesis in many AIBDs. Figure 1 provides a diagram summary of blistering mechanisms and skin barrier disruption in prototypic AIBDs pemphigus disorders, BP, EBA, and DH. Inflammation triggered by autoantibody binding recruits and activates a number of myeloid and lymphoid cell subsets that participate in blister development and damage to the skin barrier, however these vary with specific disease and clinical context. Previous reviews have in details described the preclinical animal studies and some clinical evidence elucidating the contributions of eosinophils (84, 85), mast cells (86, 87), Th17 (70, 88), and Treg (89–91) cells to AIBD's, and these may represent novel therapeutic targets. Here we focus on contributions of autoantibodies to skin barrier disruption in different disease settings.
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FIGURE 1. Blistering mechanisms of prototypic autoimmune skin blistering disorders result in skin barrier disruption. (A) Pemphigus disorders are caused by autoantibodies against desmoglein (Dsg) proteins Dsg1 and Dsg3. Binding of anti-Dsg destabilizes desmosomes to cause acantholysis of keratinocytes within the epidermis and triggers keratinocyte signal transduction events which promote inflammation, skin barrier disruption and further skin blistering. (B) Blisters in bullous pemphigoid are caused by anti-BP180 antibodies which bind hemidesmosomes on basal keratinocytes and trigger complement activation and inflammatory responses including ROS and protease release by neutrophils which directly kill keratinocytes. Skin barrier disruption and skin blistering is caused by keratinocyte death and sustained localized inflammation. (C) Epidermolysis bullosa acquisita is caused by anti-Collagen VII antibodies which bind fibrils that anchor hemidesmosomes to the basement membrane. Deposition of IgG induces complement activation via the classical pathway and activation of neutrophils. Basal keratinocytes sustain damage via action of neutrophil-derived ROS and proteases resulting in splitting at the dermal-epidermal junction and skin barrier disruption. (D) Dermatitis hepetiformis (DH) is caused by cross-reactive antibodies that bind epidermal transglutaminase (eTG). eTG is produced by keratinocytes and accumulates in the papillary dermis where it forms immunogenic immune complexes with anti-eTG IgA that trigger complement activation. Fibrin deposition and influx of leukocytes (which damage keratinocytes via release of ROS and proteases) cause the formation of neutrophilic abscesses which develop into fluid-filled subepidermal blisters that disrupt the intact skin barrier.



Unraveling the precise mechanisms of autoantibody-induced pathology has been the focus of much research in recent years. Autoantibodies against Dsg proteins, as found in pemphigus diseases, were initially thought to interfere with Dsg-Dsg interactions in desmosomes by steric hindrance (92) however evidence for direct effects of Dsg-anti-Dsg binding on intracellular signaling events was later discovered, including the p38 mitogen-activated protein kinase pathway leading to acantholysis (93, 94). Anti-Dsg may also reduce the number of desmosomes by clustering Dsg on the cell surface and interfering with normal turnover of desmosomal proteins, thereby depleting desmosomes of Dsg (95) and promoting acantholysis. In more recent years, other autoantibody species (96–98) and non-Dsg interactions (99) have been identified as contributing to pemphigus pathology and have prompted the hypothesis that multiple pathways may act synergistically (100) to cause classical pemphigus disease pathology (101).

In BP, autoantibodies against BP180 and BP230 components of hemidesmosomes produce blistering at the dermal-epidermal junction. Activation of the complement cascade via classical and alternative pathways has been demonstrated to contribute to skin barrier disruption and BP pathology (102) and C3 deposition at the epidermal basement membrane is a common clinical finding (103). Complement activation induces inflammation and damages keratinocytes via cytotoxic action of neutrophils leading to skin blistering and barrier disruption (104). Though complement-independent mechanisms of BP pathology have been since described (105, 106) including direct activation of neutrophils via immune complex-FcγR binding, complement activation is still a prevalent target for novel BP therapeutics (103, 107). Autoreactive IgE and eosinophilia are common findings in BP patients and IgE immune complexes binding and activating eosinophils thereby contributing to blister formation has been shown in in vitro and in vivo studies (108), implicating eosinophils as potential therapeutic targets in BP.

Disease pathology in EBA is caused by predominantly IgG1 and IgG3 autoantibodies that bind Collagen VII within anchoring fibrils at the dermal-epidermal junction. As a rare disease, much of what is known about EBA pathogenesis has been elucidated with experimental models. Like BP, complement activation is considered key to EBA pathogenesis (109), however the alternative pathway appears to be the dominant pathway behind experimental EBA pathology (110). Activation of complement induces inflammation, leukocyte extraversion, complement activation and subsequent tissue damage and disruption of skin barrier via release of ROS and proteases from neutrophils and other myeloid cells. Ex-vivo studies of patient serum incubated with healthy skin and donor neutrophils exhibit loss of epidermal adherence, hence clearly indicating that antibodies mediate clinical EBA blistering via neutrophil activation (111). The role of T cells in EBA pathology is yet to be fully elucidated, however murine studies show that NKT and γδT cells likely amplify tissue damage in EBA via interaction with immune complexes and neutrophils (112).

DH is characterized by accumulation of ant-eTG IgA antibodies within the papillary dermis, however eTG is primarily expressed within superficial epidermal layers (113). It is hypothesized that eTG may be released into the blood, where interaction with IgA occurs in nearby dermal vessels; alternatively eTG may be deposited along the basement membrane as a result of trauma (54, 114), however further research is required to confirm these hypotheses. Following IgA deposition, papillary abscesses characterized by a neutrophilic infiltrate and fibrin accumulation form which develop into a split at the basement membrane and subepidermal blistering. Patients with DH show reduced levels of anti-inflammatory IL-10 and reduced Treg cell numbers in lesional skin compared to healthy skin (115) which indicates the role of Tregs in modulating local inflammatory responses in DH and represents an attractive therapeutic target.



TARGETED APPROACHES FOR TREATMENT OF AIBDS

The use of different in-vitro systems and experimental animal models in recent years has significantly improved our understanding of AIBDs ultimately leading to novel diagnostic tools and differentiated therapeutic approaches for these disorders (6, 7, 75, 89, 109, 116–123). These approaches can be broadly grouped into: traditional and topical therapies; rituximab and intravenous immunoglobulins and other treatments in pre-clinical and clinical trials. In this review, we will provide a broad summary of traditional treatments and novel emerging therapies which are also summarized in Table 1.



Table 1. Current and emerging therapeutic approaches in autoimmune skin blistering diseases.
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First line therapies for AIBDs generally include systemic oral or intravenous corticosteroids (0.5–2.0 mg/kg/day) such as prednisolone (12, 29). Topical high potency corticosteroids such as clobetasol propionate have also been demonstrated to be efficient alternatives to oral prednisolone therapy in BP by reducing autoantibodies against BP180 and BP230 (2). For more severe patients unresponsive to topical therapy, oral prednisolone is combined with adjuvant immunosuppressant (azathioprine, mycophenolate, or rituximab). Unlike other AIBDs, oral corticosteroids do not normally have a dramatic effect in EBA and to date there are no randomized controlled trials providing level 1 evidence for EBA treatment (4). Milder forms of EBA and DH may respond well to topical steroids including dapsone or sulfapyridine, while rituximab has been reported to be effective for severe patients (12, 61, 124, 140, 141). Combining conventional systemic corticosteroids with rituximab treatment has also showed beneficial clinical outcomes in mucous membrane pemphigoid diseases (142).

Second line therapies include corticosteroid-sparing agents azathioprine, mycophenolate mofetil, or rituximab, which may be combined with intravenous immunoglobulin (IVIG) therapy. Clinically, IVIG administration has been shown to significantly improve BP disease symptoms for several weeks after infusion (129). Third line therapies are dependent on individual patient needs and include therapies in clinical trials: cyclophosphamide, IgE-targeted therapies, immunoadsorption to remove pathogenic autoantibodies, IVIG, methotrexate, and plasma exchange.

Preclinical studies have identified potential emerging therapies which target immunological mechanisms in AIBDs, which aim to reduce damaging inflammatory processes. Direct targeting of antibody-producing B cells is efficacious, as anti-CD20 antibody (Rituximab) has been successfully used in the clinic for multiple AIBDs, however not all patients respond equally. Targeting other B cell markers including anti-CD19 and anti-CD22, or antigen-specific B cell receptors may improve targeting of long-lived plasma cells which produce pathogenic autoantibody in patients that are refractory to rituximab. Therapies targeting components of the complement cascade have exhibited success in preclinical and clinical trials, however concerns with side effects associated with existing complement targeting therapies may limit the clinical utility of these approaches (143, 144). Previous studies have highlighted the roles of cytokines in mediating AIBD tissue damage and have identified multiple therapeutic targets including TNFα (130, 145), IL-5 (84), IL-17A(117), and IL-1 blockade (146) and administration of anti-inflammatory IL-10 (147). Immunomodulatory anti-cytokine therapies are in various stages of development, with existing TNF-α inhibitors showing efficacy in treating AIBDs and antibodies against IL-5 and eotaxin-1 having entered clinical trials for BP treatment (148–150). Like immunomodulatory therapies for other autoimmune diseases, these approaches are likely to be associated with known side effects of immunosuppression (151) thus further trials are needed to identify the safest and most efficacious dose regimens for specific diseases. Preclinical studies have identified cellular populations which may be exploited as therapeutic targets, such as Langerhans cells (152), dendritic cells (153), granulocytes (104, 111, 133, 154), and multiple T cell subsets including Th17 (117, 155), Treg (75), NKT (112), γδT (112), and CD8+ (156). Approaches to target specific immune cell functions are currently in preclinical development, including small molecule inhibition of spleen tyrosine kinase (137), an enzyme involves in proinflammatory Fc-receptor signal transduction in myeloid cells, and metabolites of Vitamin D which reduce myeloid cell activation and ROS production (122).

Understanding the mechanisms of autoantibody mediated tissue damage is critical in development of novel targeted therapies, however understanding the mechanisms behind resolution of blistering and inflammation in AIBDs can also offer insights into potential novel treatment modalities. Unresolved blistering can impact patient quality of life and increase risk of bleeding, infection and tumor development (157). Optimal healing is especially important for patients with extensive cutaneous blistering, or mucosal blistering which affects feeding, digestion and function of other organs (158, 159). Studies surrounding the role of Flightless protein (Flii) in skin blistering have revealed the first mechanism leading to the resolution of blistering and inflammation in antibody transfer induced EBA (8), and further research into similar pathways may reveal more potential therapeutic strategies where wound healing therapies may offer opportunities for decreasing the clinical symptoms associated with AIBDs.

In summary, there is a high unmet need for new targeted therapeutic approaches focussed on restoring the integrity of the skins' barrier 22and address both blistering mechanisms and clinical symptoms in systemic AIBDs. Innovative designs of randomized controlled trials using validated scales of assessment are needed to drive the development of novel therapeutic strategies for patients with AIBDs. Additionally, research efforts should focus on adapting immunomodulatory approaches that have been shown to be effective in other autoimmune diseases in order to target common pathogenic mechanisms and developing a better understanding of blister resolution and healing to improve patient symptoms.



CONCLUSION

As highlighted in this review, the contribution of the skin barrier to the mechanisms underpinning autoimmunity has greatly improve our understanding of AIBDs. Development of novel targeted therapeutics restoring skin barrier function and homeostasis will lead to improved treatment of patients with AIBDs.



CONTRIBUTION TO THE FIELD STATEMENT

Autoimmune skin blistering diseases are caused by pathogenic autoantibodies which trigger cellular, biochemical and immunological processes that disrupt the skin barrier and cause chronic blistering in patients. Understanding the mechanisms behind these processes has lead to the development of new targeted therapeutics which are in various stages of preclinical and clinical development. Current therapeutic approaches rely heavily on immunosuppressants and corticosteroids which are associated with adverse effects including risk of infection. Thus, new therapeutics are necessary to effectively control skin blistering and restore the skin barrier with fewer side effects. In this review, we highlight the different mechanisms behind autoimmune skin blistering disease development including initiation, maintenance and tissue damage. Additionally, we summarize current treatment and emerging therapeutics for autoimmune skin blistering diseases and highlight blistering mechanisms which may be exploited for development of novel targeted therapeutics.
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Pemphigus is an autoimmune dermatosis in which mucocutaneous blisters are induced primarily by autoantibodies against Desmoglein (Dsg) 1 and 3. Pemphigus vulgaris (PV) usually is associated with autoantibodies against Dsg3 whereas pemphigus foliaceus (PF) patients present autoantibodies against Dsg1. Several signaling pathways were proposed to cause loss of keratinocyte adhesion. However, relevance of different signaling pathways and role of Dsg1 and 3 to trigger signaling are not fully understood. Here, we show that Ca2+ chelation reduced PV-IgG- and PF-IgG-mediated loss of HaCaT keratinocyte cohesion whereas EGFR inhibition did not inhibit effects of PF-IgG. PV-IgG activated EGFR in a Src-dependent manner whereas both PV-IgG and PF-IgG caused Ca2+ influx independent of EGFR. ERK activation was Src-dependent in response to PV-IgG but not PF-IgG. To delineate the roles of Dsg isoforms to trigger signaling pathways, Dsg3- and Dsg2-deficient HaCaT keratinocyte cell lines were generated using CRISPR/Cas9. Dsg3- but not Dsg2-deficient cells were protected against PV-IgG-induced loss of cell adhesion. Ca2+ influx and ERK activation in response to PF-IgG were preserved in both cell lines.

Keywords: autoimmunity, pemphigus, keratinocytes, desmoglein, signaling, CRISPR/Cas9


1. INTRODUCTION

Pemphigus is an autoimmune blistering disease affecting mucous membranes and the epidermis (1). The pathogenesis of pemphigus is complex and includes genetic factors facilitating production of autoantibodies and enhancing susceptibility of keratinocytes for loss of cell adhesion (2, 3). Factors contributing to blister formation include antibodies against the desmosomal cadherins desmoglein (Dsg) 1 and 3 (1) as well as non-antibody factors such as soluble Fas ligand (4). Autoantibodies against other keratinocyte antigens are also found in patients' sera and blister fluid and may augment pathogenic effects, however, their role for blister formation is undefined at present (5, 6). Thus, it is generally accepted that antibodies against desmosomal cadherins are sufficient to cause acantholysis in pemphigus (7). Desmosomes are highly specialized adhesive contacts most abundant in tissues subjected to high mechanical stress such as the epidermis and heart muscle (8). Indeed, it was demonstrated recently that desmosomes bear mechanical load primarily when cells are exposed to external mechanical stress (9). Usually, in pemphigus vulgaris a mucosal-dominant phenotype (m-PV) is paralleled by autoantibodies against Dsg3 whereas epidermal involvement in PV (mc-PV) is in addition associated with formation of autoantibodies against Dsg1 which can also be found in pemphigus foliaceus (PF) (10). The mechanisms by which antibodies against desmosomal cadherins induce loss of cell adhesion are multiple and comprise direct inhibition of Dsg3 binding as well as a large number of signaling pathways which finally interfere with desmosome turn-over (7, 11, 12). In this context, desmosomal cadherins have been proposed to serve as signaling hubs to coordinate cell adhesion with cell-specific functions such as wound-healing in keratinocytes (13, 14). However, despite the intriguing correlation between clinical phenotype and autoantibody profiles, the factors defining the different clinical phenotypes in pemphigus are poorly understood. Previously, it was reported that autoantibody profiles also correlate with different subsets of signaling pathways engaged suggesting that signaling pattern define the clinical course of the disease (15). Antibodies specific for Dsg3 such as the mouse pemphigus antibody AK23 (16) similar to m-PV-IgG was sufficient to activate p38MAPK and Src whereas Ca2+ influx and ERK activation were detectable only when antibodies against Dsg1 were present in patients IgG fractions such as mc-PV-IgG and PF-IgG (15). Here, we further characterized the role of the different signaling mechanisms and of antibodies against Dsg1 and Dsg3. We observed that signaling mechanisms such as EGFR and ERK activation or influx of Ca2+ not only correlated with autoantibody profiles but also were at least in part dependent on other signaling molecules such as Src. We established human keratinocyte cell lines deficient for Dsg3 and observed that in the absence of Dsg3 PV-IgG-induced loss of cell adhesion was abolished indicating that autoantibodies against Dsg3 are required for this process.



2. MATERIALS AND METHODS


2.1. Cell Culture

HaCaT (Human adult high Calcium low Temperature) keratinocytes (17) were cultured in Dulbecco's Modified Eagle Medium (DMEM) containing 10% FCS (Biochrom, Berlin, Germany), 50 U/ml penicillin and 50 mg/ml streptomycin (AppliChem, Darmstadt, Germany) in a humidified atmosphere of 5% CO2 and 37°C. On the day cells reached confluency medium was changed and experiments were performed 24 h later.



2.2. Pemphigus Sera and IgG Purification

Patient sera were acquired from the Dermatology department of the Philipps Universität Marburg. Patients and donors gave written consent for research use. A positive vote of the Ethics Committee from the Medical Faculty of the University of Marburg was given. During disease diagnosis the phenotype was histologically and immunologically confirmed (Table 1). All patients presented phenotype as well as antibody profile typical clinical features. Sera of patients and healthy volunteers were purified to IgG-fractions for experimental use by protein A affinity chromatography as described previously (18). All IgG fractions including c-IgG were subjected to ELISA assays (Euroimmun, Lübeck, Germany) to determine Dsg3 and Dsg1 antibody profiles. All scores below a 20 U/ml cut-off were considered as negative.



Table 1. Antibody profiles of IgG-fractions determined by Dsg1 and Dsg3 ELISA and their clinical phenotypes.

[image: image]






2.3. Pharmacological Mediators

Signaling pathway inhibition was accomplished using pharmacological mediators which were used at the indicated concentrations and time periods prior to treatment to assure sufficient effects (Table 2). Vehicle control conditions were treated with the respective DMSO concentration.



Table 2. Pharmacological mediators with their target molecule, concentration, pretreatment as well as commercial origin.
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2.4. Immunostaining

Cell monolayers were grown on glass coverslips until confluency and fixed with 2% formaldehyde from paraformaldehyde for 10 min. After permeabilization of cells with 0.1% Triton X-100 in PBS for 5 min, blocking was achieved by incubation of 3% bovine serum albumin (BSA) and 1% normal goat serum (NGS) in PBS for 60 min. The following primary antibodies were incubated overnight at 4°C: anti-Dsg3 mAb (clone 5G11, Invitrogen, Carlsbad, CA, USA), anti-Dsg2 mAb (OriGene, Herford, Germany), anti-E-Cadherin mAb (BD Transduction Laboratories, Heidelberg, Germany), anti-PG mAb (Progen, Heidelberg, Germany), anti-DP mAb (NW6, kind gift from Kathleen J. Green, Northwestern University, Chicago, USA). Cy3 coupled goat anti-rabbit or goat anti-mouse secondary antibodies (Dianova, Hamburg, Germany) were used to visualize the respective protein by incubation for 1 h at room temperature. Finally, cover slips were mounted with 2% n-propyl-gallate (NPG) on glass coverslides and evaluated on a SP5.II confocal microscope equipped with a 63x NA 1.4 PL APO objective (Leica, Mannheim, Germany).



2.5. Dispase-Based Dissociation Assay

Confluent monolayers were subjected to treatment as indicated in the respective experiment. Afterwards, cells were detached from the well bottom by application of 200 μl Dispase-II solution (Sigma-Aldrich) for 20 min. Following successful detachment, 350 μl Hank's Balanced Salt Solution (HBSS) was used to substitute the enzyme. Defined mechanical shear stress was applied with an electrical pipette (Finnpipette Novus, ThermoFisher, Waltham, USA). Cell-sheet fragments correlate with loss of adhesion (19) and were counted under a binocular microscope (Stemi 508, Zeiss, Jena, Germany). Pictures were taken with a Canon EOS 600D camera (Krefeld, Germany).



2.6. Cell Lysis, Gel Electrophoresis, and Western Blotting

After reaching confluency, cell monolayers were switched to 300 μl fresh medium for 24 h. IgG fractions and mediators were incubated as indicated. The following protocol was performed as described previously (15). In short, cell lysates were separated into a soluble cytosolic and insoluble cytoskeletal bound fraction by incubation of triton extraction buffer (0.5% Triton X-100, 50 mmol/l MES, 25 mmol/l EGTA, 5 mmol/l MgCl2, pH 6.8, 0.1% of each Pepstatin, Aprotinin and Leupeptin, 1% PMSF) for 15 min on ice under gentle shaking. Cells were harvested with a cell scraper and the insoluble pellet was sedimented by centrifugation for 10 min at 4°C as well as 14,000 rcf. Supernatants were collected and the pellet was resuspended in SDS lysis buffer (25 mM Hepes, 2 mM EDTA, 25 mM NaF, 1% SDS, pH 7.6, complete Protease Inhibitors). Protein amount was determined with a commercial Pierce BCA Protein Assay Kit and lysates were subjected to Western blot analysis with a standard wet blotting protocol on nitrocellulose membranes (Life Technologies, Carlsbad, USA). Membranes were blocked by 5% bovine serum albumin (BSA) in Tris-buffered saline with 0.05% Tween (TBS-T) for 1 h at room temperature and following primary antibodies were used overnight at 4°C in blocking solution: phospho-EGF Receptor mAb (Tyr845) (Cell Signaling Technologies, Danvers, USA), EGF Receptor mAb (CST), phospho-p44/42 MAPK mAb (CST), p44/42 MAPK mAb (CST), GAPDH (Santa Cruz, Heidelberg, Germany), Desmoplakin I/II (H-300) (Santa Cruz), α-Tubulin (Abcam, Cambridge, UK), Dsg3 pAb (Biozol, Eching, Germany), PG (Progen, Heidelberg, Germany), E-Cad (BD Transduction), Dsg2 (OriGene, Herford, Germany), Desmocollin (Dsc) 3 (Progen). Horseradish-peroxidase coupled secondary antibodies (Dianova, Hamburg, Germany) from the respective species were used in TBS-T for 1 h at room temperature and visualized by a self-made ECL solution on a FluorchemE (Protein Simple, San Jose, USA) developer. Every analyzed signaling protein was exclusively localized in the soluble fraction. Therefore, only this fraction is shown in most figures.



2.7. Ratiometric Intracellular Ca2+ Measurements

Fura-2AM (ThermoFisher) was used to determine the intracellular Ca2+ concentration in real time. Cells were therefore grown in an 8-Well μ-slide (Ibidi, Martinsried, Germany) until confluency. Mediators were used before the Fura-2AM dye was applied and were also present during dye loading. A mix of 1 μM Fura-2AM and 0.02% Pluronic (ThermoFisher) was applied for 20 min in measurement buffer (140 mM NaCl, 3.6 mM KCl, 2.6 mM CaCl2(H2O)2, 0.5 mM NaH2PO4(H2O)2, 2 mM NaHCO3, HEPES and 5 mM D+ Glucose) at 37°C to facilitate transfer of the dye into cells. After replacing the solution with fresh measurement buffer cells were measured with MetaFluor (Moleculardevices, San Jóse, USA) on an Axio Observer A1 (Zeiss, Jena, Germany) with a Polychrome V (Till Photonics, Planegg, Germany), a CoolSNAP-Hq2 digital camera (Photometrics, Tucson, USA) and a Fura-2 filter set.



2.8. Atomic Force Microscopy

AFM data were acquired using a NanoWizardⓇ 3 AFM (JPK-Instruments, Berlin, Germany) mounted on an inverted optical microscope (Carl Zeiss, Jena, Germany), which allowed the selection of the scanning area by visualizing the cells with a 63x objective. The pyramidal-shaped D-Tip of Si3N4 MLCT cantilevers (Bruker, Mannheim, Germany) with a nominal spring constant of 0.03 N/m and tip radius of 20 nm were used for all experiments. Cantilevers were functionalized with recombinant Dsg3-Fc (at a concentration of 0.15mg/ml) using a flexible heterobifunctional acetal-polyethylenglycol (PEG) linker (Gruber Lab, Institute of Biophysics, Linz, Austria) following a well-established protocol (20). Force-distance curves were sampled in force-mapping mode in which a picture is composed of single pixels, each containing the information of one force-distance curve. To measure Dsg3 single molecule interactions HaCaT cells were measured in DMEM containing 1.8 mM Ca2+ at 37°C after incubation with the respective conditions. As pathogenic aDsg3 Abs directly interfere with Dsg3 interactions (21, 22) AFM cantilevers were removed during Ab incubation and residual antibodies in the medium were vigorously cleared before reintroducing the AFM tip to avoid antibody binding to the scanning tip. Force maps were acquired at small areas along cell borders (5 × 2.5 μm) at a resolution of 50 × 25 pixels each. The setpoint was set to 0.2 nN to avoid damage of the cells during measurements. Further, a Z-length of 1.5 μm, a pulling speed of 10 μm/s and a resting contact time of 0.1 s were applied throughout all measurements.



2.9. CRISPR/Cas9 Mediated Gene Editing

Dsg3 and Dsg2 HaCaT knock out cell lines were generated utilizing the CRISPR/Cas9 mediated gene editing system. HaCaT keratinocytes were therefore purchased freshly and used at passage 32. Two expression vectors encoding Streptococcus pyogenes Cas9 coupled to green fluorescent protein (GFP) (pCMV-Cas9-GFP) with different target sites for each protein of interest were purchased (Sigma-Aldrich, St. Louis, USA) and chosen to specifically induce a double strand break at the beginning of the protein resulting in non-homologous end joining (NHEJ) repairs as indicated in Figure 4 (Target ID: Dsg2: HS0000249131, HS0000249134; Dsg3: HS0000249170, HS0000249174). The plasmid was transiently introduced into cells using Lipofectamin-2000 in Opti-MEM as instructed by the manual (ThermoFisher). Sub cloning was initiated after an expression period of 24 h by sorting single GFP-positive cells into five 96-well plates by a FACSAria III (BD Transduction) cell sorting unit for each transfection. The medium was renewed every third day for a time span of 4 weeks and wells were inspected for monoclonal cultures every week followed by individual expansion to a bigger culture dish on demand. Eventually, around 40 different monoclonal clones for each target site could be evaluated for the absence of either Dsg3 or Dsg2 by immunoblot as well as immunostaining. Afterwards, genomic DNA was extracted using a standard Phenol-Chloroform DNA extraction protocol and send for Sanger sequencing with an area of 500 base pairs flanking both ends of the target site (Eurofins, Ebersberg, Germany). Results were aligned to the known DNA sequence and alleles separated by hand in case of heterozygous mutations.



2.10. Analysis and Statistics

Images and figures were processed using Photoshop CC (Adobe Creative Cloud, Adobe, San Jóse, USA). The blot analysis function in ImageJ (Wayne Rasband, https://imagej.nih.gov/ij) was used to quantify protein density in immunoblots and graphs were generated in Graphpad Prism (GraphPad Software, San Diego, USA). Each n represents an independent experiment. Statistical Analysis was performed in Prism using either paired one-way ANOVA corrected by Dunett's test for multiple comparisons or paired two-way ANOVA corrected by Fisher's LSD test for experiments with separate factors as indicated in the figure legends. Statistical significance was assumed at p ≤ 0.05. Bar diagrams are presented as mean ± standard error.




3. RESULTS


3.1. Relevance of Ca2+ and EGFR Signaling for Pemphigus Autoantibody-Induced Loss of Cell Adhesion

The relevance of signaling pathways during the pathogenesis of pemphigus is widely accepted (7). Recently, we reported pemphigus phenotype-specific differences in the roles of signaling pathways for loss of adhesion in HaCaT as well as primary normal human epidermal keratinocytes (NHEK) (15). In this study, we observed that Ca2+ influx was associated with autoantibodies against Dsg1 in patients' IgG. Others have reported that epidermal growth factor receptor (EGFR) is activated by AK23, a murine pathogenic Dsg3-specific antibody (16, 23). Therefore, we investigated the relevance of Ca2+ influx and EGFR signaling for loss of keratinocyte adhesion in response to IgG fractions containing different profiles of aDsg1 and aDsg3 antibodies from patients suffering from m-PV, mc-PV and PF in dispase-based dissociation assays. First, Fura measurements were performed to evaluate the efficiency of BAPTA-AM. Therefore, HaCaT keratinocytes were treated for 4 h with BAPTA-AM at different concentrations. A concentration of 200 μM BAPTA-AM was suited best to block PF-IgG induced Ca2+-influx (Figure 1A). In Dispase assays this concentration was effective to reduce loss of cell cohesion by approximately 40% in all conditions compared to conditions incubated with autoantibodies alone (Figure 1B). Inhibition of EGFR using Erlotinib, a specific EGFR tyrosine kinase inhibitor, reduced loss of adhesion only in response to IgG fractions containing autoantibodies targeting Dsg3, specifically in response to m-PV-IgG and mc-PV-IgG but not to PF-IgG (Figure 1C).


[image: image]

FIGURE 1. Relevance of EGFR and Ca2+ signaling for pemphigus autoantibody-induced loss of cell adhesion. (A) Fura measurements of HaCaT cells pretreated with 80 μM as well as 200 μM BAPTA-AM for 4 h to determine Ca2+ chelation efficiency after PF-IgG treatment (n = 4, representative graph). HaCaT keratinocytes were subjected to dispase assays following incubation with different IgG fractions in presence or absence of pharmacological inhibitors to evaluate the relevance of Ca2+ influx as well as the EGFR signaling pathway for loss of keratinocyte adhesion. (B) Fragment numbers revealed reduced loss of adhesion under all conditions after chelation of intracellular Ca2+ by BAPTA (n = 8, two-way ANOVA, #p ≤ 0.05 vs. vehicle c-IgG, *p ≤ 0.05) (C) Inhibition of EGFR by Erlotinib for 1 h followed by addition of IgG fractions for 2 h revealed a decrease of fragments in monolayers treated with m-PV-IgG as well as mc-PV-IgG but not PF-IgG (n = 6, two-way ANOVA, #p ≤ 0.05 vs. vehicle c-IgG, *p ≤ 0.05).





3.2. Time Dependency of Pemphigus-IgG Mediated EGFR and ERK Activation

Ca2+ influx is known to occur within 60 s after application of antibodies (24, 25), which is also supported by data from this study (Figure 3C). Next, we determined the kinetics of autoantibody-induced activation of EGFR in comparison to ERK, which we previously observed to correlate with autoantibodies against Dsg1 (15). HaCaT cells were incubated with the different IgG fractions for 5 min, 30 min as well as for 60 min. Afterwards, cell lysates were subjected to Triton fractionation and Western blotting to determine the phosphorylation of EGFR at the Src-dependent site Y845 as well as of ERK. Of note, a marked EGFR activation was detectable after 30 and 60 min but only showed a significant increase when cells were incubated with m-PV-IgG for 30 min in the soluble pool (Figure 2A). In contrast, ERK activation in response to PF-IgG was observed at all time-points but significant only after 30 and 60 min also in the soluble fraction (Figure 2B). Mc-PV-IgG-induced activation of ERK was significant after 30 min. From these experiments we concluded that for the following experiments studying the interdependence of signaling pathways, 30 min would be most suitable.
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FIGURE 2. Time course of pemphigus IgG-mediated EGFR and ERK activation. Confluent HaCaT cell monolayers were incubated with different IgG fractions for 5 min, 30 min as well as 60 min to evaluate activation due to phosphorylation of (A) EGFR and (B) ERK in immunoblots. EGFR was activated after 30 min by IgG fractions containing antibodies against Dsg3 (n ≥ 7, *p ≤ 0.05, one-way ANOVA, normalized to respective c-IgG). ERK was activated only when antibodies targeting Dsg1 were present (n ≥ 7, *p ≤ 0.05, one-way ANOVA, normalized to respective c-IgG).
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FIGURE 3. Interdependency of signaling pathways activated by pemphigus autoantibodies. Immunoblots of cell monolayers pretreated with either pharmacological inhibitors for 1 h or BAPTA-AM for 4 h followed by IgG fractions for 30 min. (A) EGFR activity was reduced after Src inhibition by PP2 (n ≥ 6, *p ≤ 0.05, two-way ANOVA) (B) After inhibition of EGFR by Erlotinib, ERK phosphorylation was significantly reduced in cells treated with PF-IgG. (n ≥ 6, p ≤ 0.05, two-way ANOVA) (C) Ca2+ influx was measured by Fura-2 ratiometric fluorescence imaging and found to be independent of EGFR (n = 3, *p ≤ 0.05, two-way ANOVA) Representative graph with experimental setup on the left and analysis at t = 120 s on the right. Dotted line indicates application of the respective IgG fraction.





3.3. Interdependency of Signaling Pathways Involved in Pemphigus Autoantibody-Induced Loss of Cell Adhesion

We tested the dependency of EGFR and ERK activation on each other as well as on Src and Ca2+ influx after 30 min of autoantibody incubation (Figures 3A,B). In addition to Erlotinib and BAPTA-AM, PP2, a Src family kinase inhibitor, and U0126, an inhibitor of MEK upstream of ERK, were applied in parallel to the different IgG fractions. In absence of inhibitors and BAPTA-AM, m-PV-IgG and mc-PV significantly enhanced EGFR phosphorylation (Figure 3A). Activation was abolished when PP2 or Erlotinib were added. Chelation of Ca2+ enhanced the variability of EGFR phosphorylation, which was not significantly different to experiments using control IgG. Interestingly, after inhibition of MEK using U0126, PF-IgG-induced EGFR phosphorylation was increased whereas PV-IgG-induced activation was not. ERK activation was significant following incubation with mc-PV-IgG or PF-IgG but not m-PV-IgG (Figure 3B). Moreover, Erlotinib, PP2 and U0126 prevented mc-PV-IgG-induced ERK activation whereas ERK phosphorylation in response to PF-IgG was blunted by Erlotinib only. After chelation of Ca2+, PV-IgG-induced ERK activation was variable but not significant, whereas PF-IgG-induced ERK activation was significant. Ca2+ influx has been recognized down-stream of EGFR activation (26). Therefore, we employed Fura-2 ratiometric measurements after application of autoantibodies in presence or absence of Erlotinib. A baseline was established for 60 s in HaCaT keratinocytes, followed by application of either c-IgG, m-PV, mc-PV or PF for another 120 s. Intracellular Ca2+ concentrations were evaluated 60 s after addition of IgG fractions. Both, mc-PV-IgG and PF-IgG but not m-PV-IgG were effective to induce a transient Ca2+ influx which was not affected by inhibition of EGFR by Erlotinib (Figure 3C). Taken together, these results indicate that PV-IgG-induced activation of both EGFR and ERK are Src- and EGFR kinase-dependent whereas PF-IgG-induced ERK activation is completely independent of Src, MEK and Ca2+. Moreover, mc-PV-IgG- and PF-IgG-induced Ca2+ influx appears not to be related to EGFR signaling.



3.4. EGFR Activation Reduces Binding Frequency but Not Binding Strength of Dsg3 Interactions on Living HaCaT Keratinocytes

The mechanism by which EGFR activation reduces desmosome adhesion in pemphigus is not fully understood. It was shown previously that stimulation of EGFR by EGF reduced Dsg2 binding frequency on DLD1 enterocytes (27). Thus, we hypothesized that Dsg3 in keratinocytes may also be regulated by EGFR and evaluated Dsg3 single molecule binding properties at cell borders of living HaCaT cells before and after stimulation with EGF by atomic force microscopy (AFM). EGFR activation reduced Dsg3 binding frequency on keratinocytes significantly from 7.67 to 3.20% in a Src-dependent manner because inhibition by PP2 restored Dsg3 binding frequency to 8.48% (Figure 4A). The unbinding force remained unchanged at a median of around 40 pN (Figure 4B). To prove that the reduction in binding frequency is mediated by cellular processes and direct inhibition of Dsg3 by EGF, cell-free measurements using mica sheets functionalized with Dsg3-Fc were performed. Homophilic Dsg3 interactions were determined before as well as after EGF incubation for 1 h yielding similar results indicating that cellular mechanisms are required for reduction of Dsg3 binding (Figure 4C). Lastly, PP2 was used together with mc-PV2-IgG to evaluate if Src inhibition modulates PV-IgG-mediated direct inhibition of Dsg3 interactions. Indeed, mc-PV2-IgG reduced Dsg3 binding from 8.89 to 4.53% which in line with previous studies and most likely caused by antibody-induced steric hindrance (28, 29). However, loss of Dsg3 binding was not affected by PP2 (Figure 4D). Taken together, these results demonstrate that, on the molecular level, EGFR via Src regulates Dsg3 adhesion but inhibition of this mechanism does not interfere with autoantibody-induced direct inhibition.


[image: image]

FIGURE 4. EGFR activation reduces binding frequency of Dsg3 interactions on living HaCaT keratinocytes. (A) Atomic force microscopy (AFM) adhesion measurements on cell borders of living HaCaT keratinocytes using a Dsg3 Fc-functionalized tip and 1 h incubation of EGF with representative force maps. A reduction in binding frequency is observable in a Src-dependent manner, (n = 3 with two separate cell borders per experiment, one-way ANOVA, *p ≤ 0.05) whereas (B) binding forces remained unaffected. (C) Cell-free AFM measurements on Dsg3 Fc-functionalized mica sheets prove that reduction in binding frequency is not induced by direct inhibition (n = 3, t-test, *p ≤ 0.05) (D) Binding frequency was reduced in HaCaT cells treated for 1 h with mc-PV2-IgG independently of Src (n ≥ 3, with two separate cell borders per experiment, one-way ANOVA, *p ≤ 0.05).





3.5. Role of Dsg3 for Pemphigus Autoantibody-Induced Loss of Keratinocyte Adhesion

To delineate the role of Dsg3 for pemphigus autoantibody-induced signaling and loss of keratinocyte adhesion, HaCaT cell lines lacking either Dsg3 (ΔDsg3) or Dsg2 (ΔDsg2) were generated using the CRISPR/Cas9 gene editing technology. Generating Dsg1-deficient cells was not successful (unpublished observation). After expansion of monoclonal cultures, Sanger sequencing revealed one clone deficient for either Dsg2 or Dsg3. The Dsg3-deficient cell line presented a heterozygous deletion of 34 base pairs (bp) in one and 2 bp in a second allele in Exon 5. The cell line lacking Dsg2 presented a homozygous deletion of 4 bp in Exon 5. All genetic alterations resulted in a frameshift (Figure 5A). Deficiencies of Dsg2 or Dsg3 were validated by immunostaining and Western blot analyses (Figures 5B,C). Thereby, significant increase of Dsg2 was detectable in cells missing Dsg3 and Dsg3 was up-regulated in Dsg2-deficient keratinocytes. In contrast, protein levels and localization of plakoglobin (PG), desmoplakin (DP) or E-cadherin (E-Cad) remained unaltered in both lines. Interestingly, Dsg1 levels also remained unchanged in both cell lines. Next, Dsg-deficient cell lines were subjected to dispase-based dissociation assays. Baseline adhesion of keratinocytes lacking Dsg3 but not of cells missing Dsg2 was slightly reduced when compared to wild-type cells, which is in line with previous studies were both proteins were depleted by siRNA (30) (Figure 5D). Adhesion was still reduced after incubation of both PV-IgG fractions for 24 h in cells lacking Dsg2 but not in keratinocytes deficient for Dsg3, highlighting the importance of autoantibodies targeting Dsg3 for loss of cell adhesion in PV. PF-IgG on the other hand was still able to reduce adhesion significantly in Dsg3 deficient HaCaT cells (Figure 5E).
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FIGURE 5. Genetic deletion of Dsg3 and Dsg2 using CRISPR/Cas9 in HaCaT keratinocytes. (A) Schematic of sequencing results after inducing a DSB with NHEJ repair in Exon 5 of either Dsg3 or Dsg2 using CRISPR/Cas9. (B) Cell line characterization by immunostaining of desmosomal proteins (n = 3). (C) Cell line characterization by immunoblot with representative images on the left and densitometric quantification on the right (n = 3, one-way ANOVA, *p ≤ 0.05 vs. WT). (D) Dispase assay of WT and Dsg-deficient cell lines under baseline treatment. (n = 7, one-way ANOVA, *p ≤ 0.05 vs. WT) (E) Cell lines incubated with IgG fractions for 24 h and subjected to Dispase assays (n = 5, two-way ANOVA, #p ≤ 0.05 vs. respective c-IgG, *p ≤ 0.05 vs. WT).





3.6. Dsg3-Dependence of Autoantibody-Induced Signaling

Lastly, ERK activity and Ca2+ influx were studied in keratinocytes deficient for either Dsg3 or Dsg2. Cell monolayers were incubated for 30 min with the respective IgG fractions and ERK phosphorylation was evaluated in immunoblots. Comparable to WT keratinocytes, PF-IgG significantly activated ERK in Dsg3- and Dsg2-deficient cells whereas PV-IgG-induced ERK phosphorylation was not consistent (Figures 6A,B). Additionally, PF-IgG mediated Ca2+ influx was evaluated by ratiometric Fura-2 imaging. A transient increase of intracellular Ca2+ was observed in all cell lines without major differences (Figure 6C). These results indicate that Dsg3 and Dsg2 are not required for activation of ERK and influx of Ca2+, at least in response to PF-IgG.
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FIGURE 6. Signaling pathway modulation by pemphigus IgG fractions in Dsg-deficient cell lines. Analysis of ERK activation after 30 min application of IgG fractions by immunoblot in Dsg3- and Dsg2-deficient cell lines. (A) Representative immunoblot and (B) densitometric analysis (n = 9, two-way ANOVA, *p ≤ 0.05). (C) Representativ graph of Fura-2 ratiometric Ca2+ imaging reveals a PF-IgG mediated Ca2+ influx in all cell lines used (n = 3).






4. DISCUSSION

This study demonstrates that IgG-induced signaling mechanisms in keratinocytes correlate with different autoantibody profiles in PV and PF. PV-IgG but not PF-IgG activated EGFR in a Src-dependent manner suggesting that Dsg1 is not required for EGFR activation. On the other hand, both PV-IgG and PF-IgG activated ERK and induced Ca2+ influx when antibodies targeting Dsg1 were present. In Dsg3-deficient keratinocytes, in which PV-IgG-induced loss of cell adhesion was abolished, ERK activation and Ca2+ influx were preserved in response to PF-IgG. These results indicate that these signaling pathways were indeed independent from Dsg3, but were in the absence of Dsg3, at least when induced by mc-PV, not able to reduce adhesion (Figure 7). Nevertheless, because inhibition of EGFR strongly reduced loss of cell adhesion in response to PV-IgG but not PF-IgG and Ca2+ chelation significantly reduced effects of both PV-IgG and PF-IgG, we conclude that both Dsg3- and Dsg1-dependent signaling mechanisms contribute to loss of keratinocyte adhesion in pemphigus.
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FIGURE 7. Schematic of signaling pathways activated by pemphigus autoantibodies directed against Dsg1 and Dsg3. Src and EGFR activation is associated with antibodies targeting Dsg3 whereas autoantibody fractions against Dsg1 induce ERK activation and Ca2+ influx.




4.1. Role of Signaling Pathways for Loss of Cell Adhesion in Pemphigus

It is generally accepted that loss of keratinocyte adhesion in pemphigus is mediated via both direct inhibition of Dsg3 binding and several signaling mechanisms (7). Amongst the plethora of signaling events implicated in pemphigus pathogenesis, p38MAPK, EGFR, Src and PKC have been suggested to be central for regulation of desmosome turn-over (5, 31). Indeed, inhibition of these pathways was protective in PV mouse models in vivo and human epidermis ex vivo (32–37). Activation of EGFR in response to PV-IgG was shown after 30-60 min in vitro (38, 39) and by AK23 after 120 min in vivo (23). This is in line with results shown here in which EGFR was significantly activated after 30 min. We found that EGFR activation in response to PV-IgG was blocked by Ca2+ chelation when compared to c-IgG, indicating that EGFR activation is dependent on Ca2+. Moreover, we demonstrated that PV-IgG-induced EGFR activation is Src-dependent, which is in line with a previous report (39). Similarly, EGFR activation in response to PV-IgG has been reported downstream of p38MAPK (40). Other studies showed that Src is downstream of EGFR signaling (41). This discrepancy may be explained by different mechanisms to activate EGFR. Similar to our study using PV-IgG, it was shown for AK23 in mice that EGFR was phosphorylated at Y845 after 2 h, which is typically a site for Src-mediated trans-activation (23). However, phosphorylation at the ligand-mediated activation site Y1173 was observed after 24 h as well. Since EGFR family ligands such as EGF and betacellulin are upregulated upon PV-IgG incubation (41), it is possible that both canonical ligand-mediated and more rapid Src-induced transactivation of EGFR occur. In a previous study, in contrast to EGF, loss of cell adhesion and Dsg3- and Dsg1-mediated binding in response to PV-IgG were not blocked by inhibitors of EGFR or Src (28). Moreover, EGFR phosphorylation at Y1173 and Y845 was induced by EGF but not by four different PV-IgG fractions. However, EGFR activation was tested after 60 min only and meanwhile efficacy of EGFR inhibitors to block autoantibody-induced skin blistering was reported to be strictly dose-dependent (34). Therefore, based on the latter study, a role of EGFR for PV-IgG-induced loss of keratinocyte adhesion cannot be ruled out. Nevertheless, these data suggest that not in all PV patients EGFR and Src contribute to skin blistering.

It is not entirely clear how EGFR regulates desmosomal adhesion. EGFR may reduce cell adhesion together with ADAMs via shedding of Dsg isoforms and inhibition of desmosome assembly as has been shown for Dsg2 (42, 43). In line with this, AFM revealed that EGF similar to PV-IgG reduced Dsg3 binding frequency. However, EGF- but not PV-IgG-induced loss of Dsg3 binding was Src-dependent. Since PV-IgG cause direct inhibition of Dsg3 binding on the molecular level, it is plausible that Src inhibition cannot override this effect as shown previously for p38MAPK (28, 29). Nevertheless, these data indicate that EGFR via Src can contribute to loss of Dsg3 adhesion similar as shown before for Dsg2 in enterocytes (27). Alternatively, EGFR may activate ERK, which is activated in response to PV-IgG and PF-IgG (15, 38), Here, we showed that ERK activation by mc-PV-IgG was significant after 30 min and was dependent on EGFR and Src. In contrast, PF-IgG-induced ERK activation was detected after 30 min and after 60 min but was independent of Src and MEK and not paralleled by EGFR activation. Nevertheless, EGFR inhibition blunted PF-IgG-induced ERK activation indicating that baseline EGF activity was required. Taken together, these data suggest that PF-IgG and mc-PV-IgG activated ERK by different mechanisms.

Besides the functional interplay of EGFR, Src and ERK, we further characterized the role of Ca2+ for autoantibody-induced loss of keratinocyte adhesion. As the first signaling mechanism demonstrated to be activated by pemphigus autoantibodies (24), Ca2+ influx was shown to be induced within 10-80 sec and shown to trigger PKC activation (25, 44). However, so far it remained unclear whether Ca2+ contributes to loss of adhesion. The data presented here, which show that Ca2+ chelation reduces loss of cell cohesion in response to all pemphigus autoantibodies, would be in line with this hypothesis. Moreover, mc-PV-IgG- but not PF-IgG-induced ERK activation was blocked by Ca2+ chelation, suggesting that for ERK activation Ca2+ influx is not absolutely required, at least when induced by PF-IgG.



4.2. Function of Dsg1 and Dsg3 to Trigger Signaling and Loss of Cell Cohesion in Pemphigus

In contrast to Dsg1, pemphigus autoantibodies against Dsg3 directly interfere with Dsg interaction (15, 18, 28), which alone is not sufficient to cause loss of keratinocyte adhesion (29). This suggests that signaling is important for loss of keratinocyte adhesion in pemphigus and regulation of signaling pathways downstream of autoantibodies may differ and might be responsible to induce different clinical phenotypes in pemphigus. Some signaling pathways such as p38MAPK, which has been shown to inhibit the small GTPase RhoA in keratinocytes, were found to be activated by both PV-IgG and PF-IgG and contribute to blistering and desmosome alterations in mouse and human epidermis (15, 32, 37, 45–47). In contrast, other signaling pathways correlate with autoantibody profiles against Dsg1 and Dsg3. We demonstrate that both Ca2+ influx and ERK activation were observed in the presence of autoantibodies targeting Dsg1 only (mc-PV-IgG and PF-IgG), which is in line with previous observations (15). In contrast, Src-dependent EGFR activation was found in response to PV-IgG containing antibodies against Dsg3. To clarify the role of Dsg3 in this context, we established Dsg3-deficient HaCaT cells by CRISPR/Cas9 mediated gene editing. We found that ERK activation and Ca2+ influx in response to PF-IgG were preserved in both cells lines whereas ERK activation induced by mc-PV-IgG was blunted. These data suggest that Ca2+ influx and ERK activation are mediated by antibodies not targeting Dsg3, which may include antibodies against Dsg1, whereas EGFR via Src is activated by antibodies not targeting Dsg1 which may comprise antibodies against Dsg3 (Figure 7). In line with this, in a previous study we found that AK23, which is specific for Dsg3, did not induce Ca2+ influx in human keratinocytes (15). Nevertheless, since siRNA-mediated depletion of Dsg1 and Dsg3 was not sufficient to significantly reduce PV-IgG-mediated EGFR and Src activation, it is possible that autoantibodies against other targets are involved in this process as well (39). These may include antibodies against Dsc3, M3 muscarinic acetylcholine receptor, Secretory Pathway Ca2+ ATPase (SPCA)1, Human Thyroid Peroxidase (TPO), Thyroglobulin (Tg) or others (11, 48). In this scenario, it is not entirely clear how PF-IgG induces ERK activation. ERK was activated independent of Src and MEK indicating that PF-IgG regulates ERK signaling by other mechanisms (Figure 7). It was shown that Dsg1 binds to Erbin to suppress EGFR-induced ERK activation via Erbin-mediated sequestration of SHOC2 to allow epidermal differentiation (49, 50). Therefore, it is possible that antibodies against Dsg1 may be required to disinhibit ERK activation which is in line with our observation that baseline EGFR activity is required for PF-IgG-induced ERK activation.



4.3. Antibodies Targeting Dsg3 Contribute to Loss of Cell Cohesion in Pemphigus

Dsg1 appears to be more critical for epidermal integrity compared to Dsg3 because Dsg3-deficient mice develop mild skin lesions, which spontaneously heal, whereas Dsg1-deficient mice completely lose superficial epidermal layers during birth and die within 24 h (51, 52). However, Dsg3-specific antibodies were effective to cause skin blistering in mice (53) whereas in patients as well as in human epidermis ex vivo antibodies against Dsg3 alone usually are not sufficient to cause skin blisters (1, 37). Nevertheless, in non-lesional skin of m-PV patients Dsg3 distribution was altered but on the ultrastructural level size and number of desmosomes remained normal, whereas in skin lesions and experiments using autoantibodies from mc-PV and PF patients desmosome size and keratin insertion were reduced as well (37, 54–56). These observations indicate that autoantibodies against Dsg3 may contribute to loss of keratinocyte adhesion. In line with this, it was demonstrated recently that immune-adsorption of autoantibodies targeting Dsg3 and Dsg1 abolished PV-IgG-induced blistering whereas Dsg3-specific antibodies alone were sufficient to induce blisters in mice (57). Therefore, it is important to characterize the role and mechanisms of autoantibodies targeting Dsg3 in pemphigus. We observed that Ca2+ influx and ERK activation were preserved in Dsg3-deficient cells but not sufficient to cause md-PV-IgG mediated loss of keratinocyte cohesion. Since Dsg2 was up-regulated in Dsg3-deficient cells we cannot rule out completely that enhanced expression contributed to out-balance pathogenic effects of autoantibodies. Nevertheless, we conclude that autoantibodies in m-PV, which include antibodies targeting Dsg3, may interfere with desmosome turn-over via direct inhibition of Dsg3 binding and several signaling pathways such as Src, EGFR and p38MAPK and thereby sensitize desmosomes for autoantibodies against Dsg1 and other antigens which together induce an mc-PV phenotype. This would also provide further explanation to why epidermal blistering in PV occurs in supra-basal rather than in the superficial epidermis as in patients suffering from PF.




DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher.



ETHICS STATEMENT

Patients gave written informed consent for research use of their blood sera. It was additionally approved by the Ethics Committee of the University of Marburg Medical Faculty.



AUTHOR CONTRIBUTIONS

EW, M-TW, and MS performed and analyzed experiments. FV performed and analyzed AFM data. RP and RE provided patient sera. EW and JW analyzed and interpretated the data, designed the study and wrote the manuscript.



FUNDING

This work was supported by the DFG FOR2497 (TP5, PEGASUS) grant to JW.



ACKNOWLEDGMENTS

We thank Martina Hitzenbichler, Thomas Korbica and Silke Gotschy for their excellent technical assistance.



REFERENCES

 1. Kasperkiewicz M, Ellebrecht CT, Takahashi H, Yamagami J, Zillikens D, Payne AS, et al. Pemphigus. Nat Rev Dis Primers. (2017) 3:17026. doi: 10.1038/nrdp.2017.26

 2. Vodo D, Sarig O, Sprecher E. The genetics of pemphigus vulgaris. Front Med (Lausanne). (2018) 5:226. doi: 10.3389/fmed.2018.00226

 3. Sajda T, Hazelton J, Patel M, Seiffert-Sinha K, Steinman L, Robinson W, et al. Multiplexed autoantigen microarrays identify HLA as a key driver of anti-desmoglein and -non-desmoglein reactivities in pemphigus. Proc Natl Acad Sci USA. (2016) 113:1859–64. doi: 10.1073/pnas.1525448113

 4. Lotti R, Shu E, Petrachi T, Marconi A, Palazzo E, Quadri M, et al. Soluble fas ligand is essential for blister formation in pemphigus. Front Immunol. (2018) 9:370. doi: 10.3389/fimmu.2018.00370

 5. Sinha AA, Sajda T. The evolving story of autoantibodies in pemphigus vulgaris: development of the “super compensation hypothesis”. Front Med (Lausanne). (2018) 5:218. doi: 10.3389/fmed.2018.00218

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

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

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

 9. Price AJ, Cost AL, Ungewiss H, Waschke J, Dunn AR, Grashoff C. Mechanical loading of desmosomes depends on the magnitude and orientation of external stress. Nat Commun. (2018) 9:5284. doi: 10.1038/s41467-018-07523-0

 10. Pollmann R, Schmidt T, Eming R, Hertl M. Pemphigus: a comprehensive review on pathogenesis, clinical presentation and novel therapeutic approaches. Clin Rev Allergy Immunol. (2018) 54:1–25. doi: 10.1007/s12016-017-8662-z

 11. Sajda T, Sinha AA. Autoantibody signaling in pemphigus vulgaris: development of an integrated model. Front Immunol. (2018) 9:692. doi: 10.3389/fimmu.2018.00692

 12. Stahley SN, Kowalczyk AP. Desmosomes in acquired disease. Cell Tissue Res. (2015) 360:439–56. doi: 10.1007/s00441-015-2155-2

 13. Waschke J, Spindler V. Desmosomes and extradesmosomal adhesive signaling contacts in pemphigus. Med Res Rev. (2014) 34:1127–45. doi: 10.1002/med.21310

 14. Waschke J. Desmogleins as signaling hubs regulating cell cohesion and tissue/organ function in skin and heart-EFEM lecture 2018. Ann Anat. (2018). doi: 10.1016/j.aanat.2018.11.006. [Epub ahead of print].

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

 16. Tsunoda K, Ota T, Aoki M, Yamada T, Nagai T, Nakagawa T, et al. Induction of pemphigus phenotype by a mouse monoclonal antibody against the amino-terminal adhesive interface of desmoglein 3. J Immunol. (2003) 170:2170. doi: 10.4049/jimmunol.170.4.2170

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

 18. Waschke J, Bruggeman P, Baumgartner W, Zillikens D, Drenckhahn D. Pemphigus foliaceus IgG causes dissociation of desmoglein 1-containing junctions without blocking desmoglein 1 transinteraction. J Clin invest. (2005) 115:3157–65. doi: 10.1172/JCI23475

 19. Ishii K, Harada R, Matsuo I, Shirakata Y, Hashimoto K, Amagai M. In vitro keratinocyte dissociation assay for evaluation of the pathogenicity of anti-desmoglein 3 IgG autoantibodies in pemphigus vulgaris. J Invest Dermatol. (2005) 124:939–46. doi: 10.1111/j.0022-202X.2005.23714.x

 20. Ebner A, Wildling L, Kamruzzahan ASM, Rankl C, Wruss J, Hahn CD, et al. A new, simple method for linking of antibodies to atomic force microscopy tips. Bioconjug Chem. (2007) 18:1176–84. doi: 10.1021/bc070030s

 21. Vielmuth F, Walter E, Fuchs M, Radeva MY, Buechau F, Magin TM, et al. Keratins regulate p38MAPK-dependent desmoglein binding properties in pemphigus. Front Immunol. (2018) 9:528. doi: 10.3389/fimmu.2018.00528

 22. Vielmuth F, Waschke J, Spindler V. Loss of desmoglein binding Is not sufficient for keratinocyte dissociation in pemphigus. J Invest Dermatol. (2015) 135:3068–77. doi: 10.1038/jid.2015.324

 23. Schulze K, Galichet A, Sayar BS, Scothern A, Howald D, Zymann H, et al. An adult passive transfer mouse model to study desmoglein 3 signaling in pemphigus vulgaris. J Invest Dermatol. (2012) 132:346–55. doi: 10.1038/jid.2011.299

 24. Seishima M, Esaki C, Osada K, Mori S, Hashimoto T, Kitajima Y. Pemphigus IgG, but not bullous pemphigoid IgG, causes a transient increase in intracellular calcium and inositol 1,4,5-triphosphate in DJM-1 cells, a squamous cell carcinoma line. J Invest Dermatol. (1995) 104:33–7. doi: 10.1111/1523-1747.ep12613469

 25. Memar O, Christensen B, Rajaraman S, Goldblum R, Tyring SK, Brysk MM, et al. Induction of blister-causing antibodies by a recombinant full-length, but not the extracellular, domain of the pemphigus vulgaris antigen (desmoglein 3). J Immunol. (1996) 157:3171–7.

 26. Tinhofer I, Maly K, Dietl P, Hochholdinger F, Mayr S, Obermeier A, et al. Differential Ca2+ signaling induced by activation of the epidermal growth factor and nerve growth factor receptors. J Biol Chem. (1996) 271:30505–9. doi: 10.1074/jbc.271.48.30505

 27. Ungewiss H, Rotzer V, Meir M, Fey C, Diefenbacher M, Schlegel N, et al. Dsg2 via Src-mediated transactivation shapes EGFR signaling towards cell adhesion. Cell Mol Life Sci. (2018) 75:4251–68. doi: 10.1007/s00018-018-2869-x

 28. Heupel WM, Zillikens D, Drenckhahn D, Waschke J. Pemphigus vulgaris IgG directly inhibit desmoglein 3-mediated transinteraction. J Immunol. (2008) 181:1825–34. doi: 10.4049/jimmunol.181.3.1825

 29. Vielmuth F, Hartlieb E, Kugelmann D, Waschke J, Spindler V. Atomic force microscopy identifies regions of distinct desmoglein 3 adhesive properties on living keratinocytes. Nanomedicine (2015) 11:511–20. doi: 10.1016/j.nano.2014.10.006

 30. Hartlieb E, Rötzer V, Radeva M, Spindler V, Waschke J. Desmoglein 2 compensates for desmoglein 3 but does not control cell adhesion via regulation of p38 mitogen-activated protein kinase in keratinocytes. J Biol Chem. (2014) 289:17043–53. doi: 10.1074/jbc.M113.489336

 31. Spindler V, Waschke J. Pemphigus-A disease of desmosome dysfunction caused by multiple mechanism. Front Immunol. (2018) 9:136. doi: 10.3389/fimmu.2018.00136

 32. Berkowitz P, Hu P, Warren S, Liu Z, Diaz LA, Rubenstein DS. p38MAPK inhibition prevents disease in pemphigus vulgaris mice. Proc Natl Acad Sci USA. (2006) 103:12855–60. doi: 10.1073/pnas.0602973103

 33. Espana A, Modol T, Gil MP, Lopez-Zabalza MJ. Neural nitric oxide synthase participates in pemphigus vulgaris acantholysis through upregulation of Rous sarcoma, mammalian target of rapamycin and focal adhesion kinase. Exp Dermatol. (2013) 22:125–30. doi: 10.1111/exd.12088

 34. Sayar BS, Ruegg S, Schmidt E, Sibilia M, Siffert M, Suter MM, et al. EGFR inhibitors erlotinib and lapatinib ameliorate epidermal blistering in pemphigus vulgaris in a non-linear, V-shaped relationship. Exp Dermatol. (2014) 23:33–8. doi: 10.1111/exd.12290

 35. Sanchez-Carpintero I, Espana A, Pelacho B, Lopez Moratalla N, Rubenstein DS, Diaz LA, et al. In vivo blockade of pemphigus vulgaris acantholysis by inhibition of intracellular signal transduction cascades. Br J Dermatol. (2004) 151:565–70. doi: 10.1111/j.1365-2133.2004.06147.x

 36. Spindler V, Endlich A, Hartlieb E, Vielmuth F, Schmidt E, Waschke J. The extent of desmoglein 3 depletion in pemphigus vulgaris is dependent on Ca2+-induced differentiation: a role in suprabasal epidermal skin splitting? Am J Pathol. (2011) 179:1905–16. doi: 10.1016/j.ajpath.2011.06.043

 37. Egu DT, Walter E, Spindler V, Waschke J. Inhibition of p38MAPK signalling prevents epidermal blistering and alterations of desmosome structure induced by pemphigus autoantibodies in human epidermis. Br J Dermatol. (2017) 177:1612–8. doi: 10.1111/bjd.15721

 38. Frusic-Zlotkin M, Raichenberg D, Wang X, David M, Michel B, Milner Y. Apoptotic mechanism in pemphigus autoimmunoglobulins-induced acantholysis–possible involvement of the EGF receptor. Autoimmunity. (2006) 39:563–75. doi: 10.1080/08916930600971836

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

 40. Bektas M, Jolly PS, Berkowitz P, Amagai M, Rubenstein DS. A pathophysiologic role for epidermal growth factor receptor in pemphigus acantholysis. J Biol Chem. (2013) 288:9447–56. doi: 10.1074/jbc.M112.438010

 41. Pretel M, Espana A, Marquina M, Pelacho B, Lopez-Picazo JM, Lopez-Zabalza MJ. An imbalance in Akt/mTOR is involved in the apoptotic and acantholytic processes in a mouse model of pemphigus vulgaris. Exp Dermatol. (2009) 18:771–80. doi: 10.1111/j.1600-0625.2009.00893.x

 42. Lorch JH, Klessner J, Park JK, Getsios S, Wu YL, Stack MS, et al. Epidermal growth factor receptor inhibition promotes desmosome assembly and strengthens intercellular adhesion in squamous cell carcinoma cells. J Biol Chem. (2004) 279:37191–200. doi: 10.1074/jbc.M405123200

 43. Klessner JL, Desai BV, Amargo EV, Getsios S, Green KJ. EGFR and ADAMs cooperate to regulate shedding and endocytic trafficking of the desmosomal cadherin desmoglein 2. Mol Biol Cell. (2009) 20:328–37. doi: 10.1091/mbc.e08-04-0356

 44. Osada K, Seishima M, Kitajima Y. Pemphigus IgG activates and translocates protein kinase C from the cytosol to the particulate/cytoskeleton fractions in human keratinocytes. J Invest Dermatol. (1997) 108:482–7. doi: 10.1111/1523-1747.ep12289726

 45. Berkowitz P, Chua M, Liu Z, Diaz La, Rubenstein DS. Autoantibodies in the autoimmune disease pemphigus foliaceus induce blistering via p38 mitogen-activated protein kinase-dependent signaling in the skin. Am J Pathol. (2008) 173:1628–36. doi: 10.2353/ajpath.2008.080391

 46. Waschke J, Spindler V, Bruggeman P, Zillikens D, Schmidt G, Drenckhahn D. Inhibition of Rho A activity causes pemphigus skin blistering. J Cell Biol. (2006) 175:721–7. doi: 10.1083/jcb.200605125

 47. Yoshidaa K, Ishiia K, Shimizu A, Yokouchi M, Amagai M, Shiraishi K, et al. Non-pathogenic pemphigus foliaceus (PF) IgG acts synergistically with a directly pathogenic PF IgG to increase blistering by p38MAPK-dependent desmoglein 1 clustering. J Dermatol Sci. 2016 85:197–207. doi: 10.1016/j.jdermsci.2016.12.010

 48. Chernyavsky A, Amber KT, Agnoletti AF, Wang C, Grando SA. Synergy among non-desmoglein antibodies contributes to the immunopathology of desmoglein antibody–negative pemphigus vulgaris. J Biol Chem. (2019) 1:jbc.RA118.006743. doi: 10.1074/jbc.RA118.006743

 49. Getsios S, Simpson CL, Kojima SI, Harmon R, Sheu LJ, Dusek RL, et al. Desmoglein 1-dependent suppression of EGFR signaling promotes epidermal differentiation and morphogenesis. J Cell Biol. 185:1243–58. doi: 10.1083/jcb.200809044

 50. Harmon RM, Simpson CL, Johnson JL, Koetsier JL, Dubash AD, Najor NA, et al. Desmoglein-1/erbin interaction suppresses erk activation to support epidermal differentiation. J Clin Invest. (2013) 123:1556–70. doi: 10.1172/JCI65220

 51. Rötzer V, Hartlieb E, Winkler J, Walter E, Schlipp A, Sardy M, et al. Desmoglein 3-dependent signaling regulates keratinocyte migration and wound healing. J Invest Dermatol. (2015) 136:301–10. doi: 10.1038/jid.2015.380

 52. Kugelmann D, Radeva MY, Spindler V, Waschke J. Dsg1 deficiency causes lethal skin blistering. J Invest Dermatol. (2019). doi: 10.1016/j.jid.2019.01.002. [Epub ahead of print].

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

 54. Oktarina DAM, Van Der Wier G, Diercks GFH, Jonkman MF, Pas HH. IgG-induced clustering of desmogleins 1 and 3 in skin of patients with pemphigus fits with the desmoglein nonassembly depletion hypothesis. Br J Dermatol. (2011) 165:552–62. doi: 10.1111/j.1365-2133.2011.10463.x

 55. Van Der Wier G, Pas HH, Kramer D, Diercks GFH, Jonkman MF. Smaller desmosomes are seen in the skin of pemphigus patients with anti-desmoglein 1 antibodies but not in patients with anti-desmoglein 3 antibodies. J Invest Dermatol. (2014) 134:2287–90. doi: 10.1038/jid.2014.140

 56. Van Der Wier G, Jonkman MF, Pas HH, Diercks GFH. Ultrastructure of acantholysis in pemphigus foliaceus re-examined from the current perspective. Br J Dermatol. (2012) 167:1265–71. doi: 10.1111/j.1365-2133.2012.11173.x

 57. Hofrichter M, Dworschak J, Emtenani S, Langenhan J, Weiß F, Komorowski L, et al. Immunoadsorption of desmoglein-3-specific IgG abolishes the blister-inducing capacity of pemphigus vulgaris IgG in neonatal mice. Front Immunol. (2018) 9:1935. doi: 10.3389/fimmu.2018.01935

Conflict of Interest Statement: 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.

Copyright © 2019 Walter, Vielmuth, Wanuske, Seifert, Pollmann, Eming and Waschke. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	REVIEW
published: 24 May 2019
doi: 10.3389/fimmu.2019.01162






[image: image2]

Interleukin-36 in Infectious and Inflammatory Skin Diseases


Anna-Lena Buhl and Joerg Wenzel*


Department of Dermatology and Allergy, University Hospital of Bonn, Bonn, Germany

Edited by:
Ralf J. Ludwig, Universität zu Lübeck, Germany

Reviewed by:
Heiko Mühl, Goethe-Universität Frankfurt am Main, Germany
 Unni Samavedam, University of Cincinnati, United States

*Correspondence: Joerg Wenzel, joerg.wenzel@ukbonn.de

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

Received: 03 April 2019
 Accepted: 08 May 2019
 Published: 24 May 2019

Citation: Buhl A-L and Wenzel J (2019) Interleukin-36 in Infectious and Inflammatory Skin Diseases. Front. Immunol. 10:1162. doi: 10.3389/fimmu.2019.01162



Interleukin-36 (IL-36) comprises to a cytokine family consisting of four isoforms IL-36α, IL-36β, IL-36γ, and IL-36 receptor antagonist (IL-36 Ra). These IL-36 cytokines, in turn, belong to the IL-1 superfamily. The IL-36 receptor (IL-1R6) is functional as a heterodimer formed of IL-1R6 and IL-1 receptor accessory protein (IL-1RAcP). IL-36α, IL-36β, and IL-36γ are regarded as pro-inflammatory ligands and IL-36 Ra as well as IL-38 as anti-inflammatory ligands of IL-1R6. IL-36 cytokines are mainly expressed on the barrier sites of the body e.g., bronchial, intestinal, and dermal epithelium. One of their most important biological functions is the bridging of innate and adaptive immune responses. A disturbed balance between pro-inflammatory and anti-inflammatory branches easily leads to inflammation of the corresponding tissue. The most prominent example for an altered IL-36 expression is the spectrum of psoriasis. In addition to inflammatory dermatoses, IL-36 also seems to play a role in infectious dermatoses. Microbial triggers, especially Staphylococcus aureus infection, increase the production of pro-inflammatory IL-36 cytokines and initiate/promote the inflammation of skin lesions. Due to the discovery of IL-36 as an important immune mediator, it has already been possible to develop important diagnostic tools for dermatitis. Not only in the field of inflammatory skin diseases, but also in pulmonary and intestinal inflammation, there is evidence that IL-36 cytokines might have diagnostic and/or therapeutic relevance.
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INTRODUCTION

Interleukin-36 (IL-36) is a member of the IL-1 superfamily discovered about 20 years ago (1–3). The four existing isoforms have been renamed several times (4). They were formerly known as IL-1F6, IL-1F8, IL-1F9, and IL-1F5. Since their functions were revealed about one decade ago, they were finally assigned as IL-36α, IL-36β, IL-36γ, and IL-36 receptor antagonist (Ra) (4, 5). While the isoforms IL-36α, IL-36β, and IL-36γ act as receptor agonists for pro-inflammatory functions (6), IL-36 Ra acts as an anti-inflammatory mediator (7). All IL-36 cytokines are encoded closely to each other on the human chromosome 2 within a cluster containing most of the remaining IL-1 cytokines (8–10). IL-36 cytokines are increasingly associated with inflammatory diseases. Among the associated diseases are Inflammatory Bowel Disease (IBD) (11, 12), rheumatoid and psoriatic arthritis (13), and various inflammatory and infectious skin disorders (14). Among the IL-36 associated skin diseases, psoriasis is the most prominent one (15–17), in which IL-36γ was identified as a specific biomarker (18). This review summarizes the current state of knowledge about IL-36, focusing on the special role of IL-36 in the dermatopathological context, and provides insights into the possibilities of using IL-36 as a potent pharmaceutical target in dermatology.



EXPRESSION, INDUCTION, AND REGULATION OF IL-36

The expression of IL-36 cytokines and IL-36 receptor (IL-1R6) has been described in many different tissues (Table 1). The underlying expression profile is more limited compared to that of the “traditional” IL-1 cytokines (19). IL-1R6 is mainly found on epithelial cells at the barrier sites of an organism (6, 15). The IL-36 isoforms IL-36α, IL-36β, IL-36γ, and IL-36 receptor antagonist (IL-36 Ra) are predominantly produced in the skin by keratinocytes (20). Furthermore, the isoforms IL-36α and IL-36γ are expressed in the respiratory tract (21) and IL-36β as well as IL-36γ are expressed in the intestines (22). The presence of IL-1R6 and the activity of the isoforms IL-36γ (23) and IL-36 Ra (24) was shown in murine glial cells, suggesting a role of IL-36 axis in brain physiology. It is also known that immune cells such as plasma cells, T-cells, macrophages and dendritic cells (DC) produce IL-36 under certain conditions (2, 20, 25), such as inflammation due to pathological changes. The expression of IL-36 cytokines and their regulation in the skin is well-studied. Some reports suggest a role of epidermal growth factor (EGF) in the regulation of IL-36α and IL-36β in the skin (26, 27). Furthermore, the transcription factor T-bet was found to regulate IL-36γ in myeloid cells (28). Takaishi et al. treated the skin of mice with imiquimod. Compared to wild type mice, there was a stronger, no self-limiting skin inflammation in immunoregulator Regnase 1 (Reg-1) knockout mice with higher IL-36α levels (29). This uncontrolled inflammation was attenuated in mice carrying a double knockout of Reg-1 and IL-1R6, suggesting a “brake”-like, regulatory function of Reg-1 in the IL-36/-IL1R6 signaling (29). Additionally, IL-36 Ra regulates IL-36 cytokine expression (Figure 1). It inhibits the pro-inflammatory cascade in an antagonistic pattern at the IL-1R6. The inhibitory IL-36 Ra was found to be upregulated in keratinocytes after stimulation with exogenous recombinant IL-36α, IL-36β, and IL-36γ (30). It is known that all IL-36 cytokines are produced and secreted in an inactive form without a caspase cleavage site. In contrast to the “traditional” IL-1 cytokines, IL-36 cytokines are regulated independently of the inflammasome (31). The production of IL-36 is induced by many triggers. Carrier et al. demonstrated the induction of IL-36 in keratinocytes by TNF, IL-17, IL-22, and IL-36 itself (16). This, in addition to the findings of Swindell et al. allows the assumption that IL-36 appears to be regulated by an autocrine feedback loop (Figure 1). In a monocytic cell line (THP-1) it was shown that the TLR2 and TLR4 ligands Porphyromonas gingivalis lipopolysaccharide (LPS) and Escherichia coli LPS led to an increased IL-36γ induction, but IL-36α and IL-36β were not altered (32). Furthermore, IL-36γ expression in normal human bronchial epithelial cells is increased after stimulation with the TLR3 ligand IL-17A (33). The induction of IL-36 expression by microbial stimuli together with the fact of predominant expression at barrier-sites (predominantly the skin), the IL-36 cytokine family is supposed to play an important role in terms of maintaining homeostasis and first-line defense mechanisms.



Table 1. Overview about IL-36 isoforms.
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FIGURE 1. Receptor signaling pathway and recruitment of IL-1RAcP. Pathways that are activated by IL-36 cytokines via IL-36 receptor (IL 1Rrp2 /IL results in the γ, and IL 36β, IL 36α1R6). TThe binding of IL-36 activation of pro-inflammatory mediators. The binding of the anti-inflammatory ligand IL 36 Ra prevents the recruitment of IL 1 receptor accessory protein (IL-1RAcP) and the pro-inflammatory cascade is absent. TIR, Toll/Interleukin 1 receptor; MyD88, myeloid differentiation primary response 88; IRAKs, interleukin-1 receptor-associated kinases; NFB, nuclear factor “kappa-light-chain-enhancer” of activated B-cells; AP 1, activator protein 1.





RECEPTOR AND SIGNALING PATHWAY OF IL-36

The IL-36 receptor, also known as Interleukin-1 Receptor-Related Protein 2 (IL-1Rrp2) or Interleukin 1 Receptor Like 2 (IL1RL2) was finally assigned as IL-1R6 (34). Its ligands include all members of the IL-36 family: IL-36α, IL-36β, IL-36γ, and IL-36 Ra. Additionally, IL-38 is known to bind this receptor (35). The highest expression levels of IL-1 R6 can be found in skin and in mammary and mucosal epithelial cell lines (6, 7). The signaling pathway of IL-36 receptor agonists IL-36α, IL-36β, and IL-36γ is similar to that activated by IL-1α and IL-1β at the IL-1 receptor (7). The recruitment of IL-1 receptor accessory protein (IL-1RAcP) as a co-receptor induces the activation of nuclear factor-κB (NFκB) and activation of mitogen-activated protein kinases (MAPK) leading to the induction of pro-inflammatory cytokines, including (IL-12, IL-6, TNFα, and IL-23) (7, 31). Swindell et al. identified in IL-36γ-treated keratinocytes a large number of differentially regulated genes, including IL-1β, IL-36γ, and the NFκB-target genes TNFAIP3, NFKBIA, NFKB2, CXCL8, and BIRC3 (30). Interestingly, after silencing myeloid differentiation primary response gene 88 (MyD88) via CRISPS/Cas9, the IL-36γ induced alteration of gene expression was missing. This indicates that IL-36γ signaling is MyD88-dependent (30). In contrast to the pro-inflammatory receptor ligands IL-36α, IL-36β, and IL-36γ, binding of IL-36 Ra to IL-1R6 does not lead to the recruitment of IL-1RAcP (7, 31). Thus, the pro-inflammatory cascade is not switched on and the anti-inflammatory character of IL-36 Ra is achieved (Figure 1). IL-38 also binds to IL-1R6, and has similar anti-inflammatory effects to IL-36 Ra (35). However, it is not an IL-36 family member, but it also belongs to the IL-1 super family. van de Veerdonk et al. found that IL-36 Ra and IL-38 have nearly the same effects on immune cells. Both cytokines IL-36 Ra and IL-38 reduce the Candida-induced production of IL-17 and IL-2 (35). These findings indicate that not only IL-36 Ra but also IL-38 is a potent natural inhibitor of pro-inflammatory IL-36 cytokines.



PROCESSING AND SECRETION OF IL-36

Comparable to IL-1α, IL-1β, and IL-18, all IL-36 cytokines, including IL-36 Ra are secreted in an inactive form. They are activated by different proteases upon N-terminal cleavage (31). Due to this cleavage there is an 500-fold increase in activity (36). The responsible proteases have been discovered already. The neutrophil-derived proteases cathepsin G and elastase activate IL-36α, cathepsin G activates IL-36β, whereas IL-36γ is activated by the proteases elastase and proteinase-3 (36). The proteases are able to process IL-36 either as free proteases, or as NET-bound proteases (37). In contrast to the IL-1 receptor antagonist, the antagonistic isoform of IL-36 also requires cleavage at the N-terminus for activation, which is performed by neutrophil elastase (38). It is known that IL-36α, IL-36β, and IL-36γ do not have a signal sequence or a caspase cleavage site, so they are assumed to be secreted by an alternative mechanism (2, 3, 31). However, regarding the secretion mechanism of IL-36, little is known so far. First studies in IL-36α overexpressing bone marrow-derived macrophages showed that IL-36α accumulates intracellularly and its secretion depends on LPS/ATP stimulus (39). Similarly, Lian et al. showed that stimulation of human keratinocytes with flagellin alone led to intracellular accumulation of IL-36γ and a release of IL-36γ was only detectable after stimulation with the RNA-analog polyinosinic-polycytidylic acid poly(I:C) (40). Based on these findings, Kovach et al. showed that IL-36γ is secreted by lung macrophages in an golgi-independent manner within vesicles and exosomes (41).



FUNCTION OF IL-36

The highest IL-36 activities probably are found at barrier sites of an organism (skin, lungs, and intestines). This indicates the importance of IL-36 cytokines in terms of protecting the body from the environment at its interfaces. The recognition of IL-36α, IL-36β, and IL-36γ by IL-1R6 leads to the activation of pro-inflammatory pathways resulting in a higher anti-microbial activity of corresponding cells. This includes an increased maturation/differentiation of murine and human myeloid cells (14, 25, 42–44), an increased bacterial clearance by murine macrophages in a sepsis-model (45), and an increased production of anti-microbial peptides by human keratinocytes (46). Furthermore, the production of pro-inflammatory mediators, such as cytokines and chemokines is induced by IL-36 receptor agonists in keratinocytes, Langerhans cells and macrophages. Among these mediators you can find cytokines, such as TNF, IL-6, and IL-8 (16, 47, 48), and chemokines, such as CXCL1, CXCL2, CXCL8, CCL3, CCL5, and CCL20. IL-36 signaling leads to the recruitment of leukocytes in human skin and lungs of mice (14, 49). Members of the IL-36 family are thought to have an important role in bridging the innate and adaptive immune systems. They do not only recruit and activate cells of the innate immune system, but they also have indirect and direct effects on the proliferation and plasticity of adaptive immune cells. It was shown, that IL-36 signaling appears to have a beneficial effect on T-cell proliferation (14). Furthermore, it helps polarizing naïve T-helper cells toward T-helper 1 cells in an IL-2 mediated fashion (50). Harusato et al. demonstrated that IL-36γ inhibits the differentiation of regulatory T-cells. IL-36γ promotes the T-cell polarization toward T-helper 9 cells leading to a strong T-cell driven inflammation of the intestine due to loss of self-tolerance (51). In contrast, other studies showed before a potential protective role of IL-36γ in acute intestinal inflammation. Mice lacking IL-1R6 showed a decreased resolution of intestinal damage after treatment with dextran sodium sulfate (22). The pro-inflammatory function of three agonistic IL-36 isoforms is opposed by IL-36 Ra, which has anti-inflammatory properties as a “natural inhibitor.” IL-36 Ra has several anti-inflammatory effects including the reduction of IL-17 and IL-22 production in peripheral blood mononuclear cells after in vitro Stimulation with Candida (35). Furthermore, the treatment of murine liver cells with recombinant IL-36 Ra reduces the production of chemokines, such as CCL20 and therefore prevents from proper tissue regeneration in acetaminophen-induced liver damage (52). Taken together, these findings indicate that homeostasis of many tissues is based on the intact balance between IL-36 receptor agonists and antagonists is essential for tissue homeostasis (53).



IL-36 IN SKIN DISEASES

As mentioned, an imbalance between the agonists and antagonists can lead to pathological changes. A dysregulation of both the pro-inflammatory IL-36 response and the anti-inflammatory IL-36 response can lead to damage of the corresponding tissue due to unnaturally strong inflammation or due to a lack of self-limiting features. An increasing number of infectious triggers of IL-36 production has been identified. Different in vivo and in vitro experiments showed that the bacterium Pseudomonas aeruginosa (54), and the fungus Aspergillus fumigatus (55) are able to induce IL-36 cytokines in lung tissue. Interestingly, viral infections such as chronic hepatitis B can lead to elevated IL-36 levels in blood serum (56). There is far more data available on many different pathogens and tissues (especially in the lungs) than shown here. However, in this review we focus on the role of IL-36α, IL-36β, IL-36γ, and IL-36 Ra in various infectious and inflammatory skin diseases.


IL-36 in Infectious Skin Diseases

The family of IL-36 cytokines emerged from a common ancestor of IL-1 to escape resistance strategies of microorganisms against IL-1α, IL-1β and IL-18 (57). Thus, it is a valuable evolutionary advantage to have this cytokine family. This hypothesis is supported by the fact that IL-36 cytokines are highly preserved within many species. The skin has a special significance within the host defense against microorganisms. It is colonized by many microbes and skin cells as well as immune cells have to distinguish between commensals and potentially pathogenic microorganisms (58).

Bacterial Infections

One of the most prominent skin germ that regularly leads to infections is Staphylococcus (S.) aureus. These gram-positive cocci colonize the skin of about 10–20% of the healthy population as part of the normal flora (59). A significant proportion of all skin and soft tissue infections in hospital patients are caused by S. aureus infection (60). So far, research has mainly focused on subepidermal S. aureus models. The skin defense against S. aureus depends on the IL-1 receptor and MyD88 (61). Subsequently, two groups published their work on epidermal colonization by S. aureus, considering the interplay between S. aureus and keratinocytes (62, 63). According to Liu et al. IL-36α is predominantly produced upon superficial bacterial exposure, whereas IL-1β is produced after bacterial stimuli in deeper layers (63). Both groups describe phenol-soluble modulin α (PSMα) as the major virulence factor of S. aureus leading to the induction of IL-36α in keratinocytes. In addition, IL-36α induces an IL-17 mediated T-cell response promoting the inflammation of the skin. Colonization with S. aureus is particularly common in patients with atopic dermatitis (AD) (64). In most cases of a superinfected dermatitis there is a barrier defect in the skin, which enables the bacteria to invade. The order of events, whether the barrier defect of the skin is previously present or whether it is caused by bacteria, is still controversial. However, both events seem to favor each other and promote the inflammatory process. Antimicrobial therapies help to improve AD (65), which highlights the importance to consider superinfections of bacterial origins in dermatoses.

Fungal Infections

Similar to bacteria, there are also some fungal species that colonize humans as part of the skin flora and can lead to severe inflammations and diseases due to invasion (66). Also a fungal infection often occurs as a superinfection. For example, a large proportion of psoriasis patients additionally suffer from an infection with Candida species (67, 68). There is not much data concerning IL-36 expression in or by fungal infection of the skin, whereas psoriasis is a well-studied field of IL-36 research and is known for a high IL-36γ activity (18). Braegelmann et al. investigated for the first time the IL-36γ expression in the context of psoriasis and fungal infections. In addition to the histomorphological similarity between psoriasis and certain fungal infections, it was shown that the fungus species Candida albicans and Trichophyton mentagrophytes are able to induce IL-36γ (69). They concluded on the one hand that the inflammation of psoriatic skin might be driven by fungi and, on the other hand that the clinical picture of psoriasis might be caused by a misdirected IL-36γ reaction, which was originally directed against fungal infections. Furthermore, it was shown that oral epithelial cells of mice react with increased IL-36γ expression after in vivo stimulation with candidalysin (70). IL-36γ has a leading role in the defense against and clearance of fungal skin infections (69, 70).

Viral Infections

Many viruses, such as poxvirus, measles virus, and several viruses from herpes virus family are affecting the skin. First evidence for a role of IL-36 signaling in viral infections emerged when Kumar et al. demonstrated the induction of IL-36γ in keratinocytes by an in vitro herpes simplex virus (HSV) infection (3). Some years later it was shown that IL-36γ is induced in keratinocytes (40) and in vaginal/cervical epithelial cells (71) by the RNA-analog poly(I:C), simulating a viral infection, which supported the assumption of antiviral functions of IL-36 cytokines. Recent studies have further investigated the protective role of pro-inflammatory IL-36 cytokines in herpes infections. Herpes infections are very common in the population. About 90% of the population carries HSV-1 and about 20-25% HSV-2 (72). These viruses lead to an infection that persists for life and may have a very severe course under certain conditions. To date, there is no vaccination and no effective treatment available. Therefore, it is very important to understand the immunological processes of a herpes infection exactly. Milora et al. found increased levels of IL-36α mRNA and IL-36β mRNA in HSV-1 infected mouse skin (73). In human keratinocytes, in vitro stimulation with HSV-1 led to the induction of IL-36α, but not to the induction of IL-36β, and IL-36γ (73). In contrast, increased levels of IL-36γ were detected in vaginal epithelial cells upon HSV-2 infection (74). Subsequently, the application of exogenous IL-36γ in a three-dimensional human vaginal epithelial cell model was tested for its antiviral functions. It was found that exogenous IL-36γ is able to inhibit viral replication and induce a stable antiviral environment (74). Treatment with IL-36γ led to the production of pro-inflammatory cytokines, antimicrobial peptides and chemokines (e.g., CCL20) and was thus identified as a protective shield against HSV-2 (74).



IL-36 in Inflammatory Skin Diseases
 
Psoriasis

Psoriasis is a chronic, relapsing, inflammatory disease of the skin. Even if the symptoms mainly affect the skin, they often also manifest in other parts of the body. Nail psoriasis causes nails changes and is thought to be a precursor of psoriatic arthritis which itself is manifested in the joints (75). Among psoriasis patients there is an increased risk of developing systemic comorbidities, such as cardiovascular disease (76) or metabolic syndrome (77). Although it is difficult to give correct information on epidemiology, it is often reported as 2% of the world's population (78). This difficulty could be explained by the fact that there is no clear clinical picture of psoriasis, but rather a spectrum of disease. Psoriasis palmoplantaris affects the palms of the hands and feet, psoriasis inversa the skin folds on the armpits and buttocks, and psoriasis capitis the scalp. The morphology of the skin alterations ranges from comparatively mild plaques, as they are found in the psoriasis vulgaris, over single, sterile, purulent blisters in pustular psoriasis, up to generalized pustular psoriasis (GPP), in which pus blisters occur extensively. GPP is known as the maximum and most severe variant of psoriasis and sometimes life-threatening. The disease of GPP is based on a missense mutation in the gene encoding for IL-36 Ra. Deficiency of IL-36 Ra (DITRA) results in a biochemically instable protein as well as disturbed receptor activity (Figure 2) (79–81). The pustular forms of psoriasis are characterized by a high genetic eruption pressure, which is why often small triggers (smoking, infections) are sufficient to elicit the disease. Since IL-38 was identified as another potent IL-1R6 antagonist, its role in psoriasis was currently investigated. IL-38 is downregulated in psoriasis patients and this correlates with disease severity (82). This study showed that both IL-38 and IL-36 Ra are able to reduce most of IL-36γ induced inflammatory processes in vitro in keratinocytes (82). Furthermore, pre-treatment with these antagonists a protective effect in imiquimod-induced psoriasis and saves mice from severe disease phenotype (82). Not only the loss of antagonistic activity, but also an increased agonistic activity at IL-1R6 is strongly associated with psoriasis. Gene expression analyses revealed an upregulation of all IL-36 family members (47, 83) but especially of the agonists IL-36α an IL-36γ (20). Interestingly, the isoform IL-36γ appears to play a specific role in psoriasis (18). The protein expression level of IL-36γ was up to three times higher in psoriatic lesions compared to other (inflammatory) skin disorders, such as atopic dermatitis (AD), lichen planus, contact eczema, pityriasis lichenoides, subacute cutaneous lupus erythematosus, and mycosis fungoides. The IL-36γ expression correlates with disease activity and decreases during TNFα treatment, which improves the disease (18). These findings indicate that IL-36γ is a potential biomarker for identification of psoriasis and monitoring of the disease course. It has been assumed for a long time that keratinocytes are the main modulators of psoriasis. However, it was found that a T-cell mediated immune reaction via the IL-17/IL-23/IL-22 axis including a significant importance of γδ T-cells contributes to the inflammation of the skin (84, 85). IL-36 cytokines are thought to be regulated by the IL-17/IL-23 axis during the course of psoriasis (16). Characteristics of psoriatic skin are an increased proliferation and impaired differentiation of keratinocytes. Pfaff et al. demonstrated within a three-dimensional skin equivalent that IL-36 cytokines are induced by IL-17 which results in the inhibition of keratinocyte differentiation. These findings indicate that an autocrine feedback loop between IL-36 cytokines and IL-17 contribute to the histological findings of epidermal thickening (Figure 3) (86). Furthermore, treatment with exogenous IL-36γ leads to a decreased expression of differentiation markers on keratinocytes (86, 87). In this context, Wang et al. identified the Wnt-signaling pathway as the responsible cascade for the altered differentiation and increased inflammation of keratinocytes in psoriasis (87). By the example of psoriasis, the importance of an intact balance between pro-inflammatory and anti-inflammatory processes becomes clear once more. Not only the deficiency of the receptor antagonist, as it is the case in GPP, leads to a disturbed balance. Also the hyper activation of IL-36 receptor agonists, such as an overexpression of IL-36α, which in transgenic mice led to psoriasis phenotype (15), interrupts the necessary homeostasis. There is an urgent need of understanding the underlying pathways. All these findings indicate that both IL-36 receptor agonists and antagonists represent potent therapeutic targets in the treatment of psoriasis patients.
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FIGURE 2. Deficiency of IL-36 Ra (DITRA). Pro-inflammatory IL-36α, IL-36β, and IL-36γ bind constitutively to the receptor inducing the signaling cascade without being regulated by anti-inflammatory IL-36 Receptor antagonist. Deficiency of IL-36 Ra (DITRA); generalized pustular psoriasis (GPP).
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FIGURE 3. IL-36 driven inflammation of the skin in dermatoses. Cycle of inflammation is triggered by IL-36 driven skin inflammation leading to epidermal thickening.



IL-36 in Other Inflammatory Diseases

The prominent role of IL-36 in psoriasis raises the question whether IL-36 cytokines are of comparable importance in other inflammatory skin diseases. However, there are only few and partly contradictory data. A study whose cohort suffered from psoriasis and atopic dermatitis (AD) at the same time examined the intraindividual expression differences of psoriasis and AD lesions. Biopsies were taken from AD/psoriatic skin lesions and from non-lesional skin. As their RNA profiles were compared the IL-36 cytokine family was identified as “psoriasis-specific” (83). In contrast, another study reports an increased expression of IL-36α, IL-36γ, and IL-36 Ra in lesional skin of AD patients compared to non-lesional skin (88). Furthermore, an increased expression of all pro-inflammatory and anti-inflammatory IL-36 isoforms was demonstrated in the lesions of patients with allergic dermatitis by qPCR (89). Zebrowska et al. investigated on the involvement of IL-36 cytokines in the pathogenesis of some blistering diseases. They found significantly increased levels of IL-36α in correlation with a higher production of IL-17 in patients with bullous pemphigoid, pemphigus vulgaris, and dermatitis herpetiformis (90). Additionally, they describe a positive correlation between IL-36α and antibodies directed against transglutaminase which is the major autoantigen in dermatitis herpetiformis (90). With regard to inflammatory skin disorders the data is mostly limited to psoriasis. However, currently the discovery of new relationships is contributing to a better understanding of IL-36 itself and the associated diseases in order to treat or even prevent them.




IL-36 AS A THERAPEUTIC TARGET

Inflammatory, non-infectious dermatoses are often treated non-specifically with anti-inflammatory agents such as corticosteroids. In the case of psoriasis, glucocorticosteroids and vitamin D3 derivatives are considered to be most effective. They are given either alone or in combination and either topically or systemically depending on the severity of the disease (91). These therapies were already used before molecular players of the disease were known. Recent studies show that these agents have an influence on the feedback loop between IL-36α or IL-36γ and the IL-23/IL-17 axis (92). It was shown in a murine psoriasis model that the vitamin D3 derivative calcipotriol inhibits the expression of IL-36α and IL-36γ in keratinocytes via their vitamin D receptor, which in turn prevents the infiltration of neutrophils (92) and saves skin from inflammation. Therapies used for more severe variants of dermatoses target the major pro-inflammatory cytokines, like IL-1 or TNFα and include immunomodulatory features (93, 94). The IL-36 cytokine family is part of the IL-1 superfamily. There are case reports in which patients suffering from GPP through DITRA have been successfully treated with Anakinra, a recombinant IL-1 receptor antagonist as a immunosuppressive agent (95–98). However, these cases were discussed as individual cases and the development of IL-36 specific therapies is requested (99). Systemic administration of any therapeutics can have severe side effects, which is why the research on even more specific, preferably non-systemic therapies is intensifying. It was shown that both specific (humanized) antibodies against the murine and human IL-1R6, as well as antagonistic substances of recombinant origin, lead to a reduced inflammatory response (100, 101). These results were proofed in vitro by determination of reduced production of IL-17 by keratinocytes and in vivo by determination of reduced skin thickening of mouse ears. Another therapeutic strategy aims to reduce the activity of the pro-inflammatory IL-36 receptor agonists by therapeutically inhibit the activating proteases cathepsin G and elastase. In contrast to former existing small-molecule inhibitors, which inactivate protease activities individually, Sullivan et al. identified bispecific peptide-based molecules, so-called “pseudosubstrates” that are able to antagonize the protease activity of both cathepsin G (usually would activate IL-36α and IL-36β) and elastase (usually would activate IL-36α and IL-36γ) simultaneously (102). A third strategy is the treatment with IL-36γ itself in terms of using its protective potential. It was shown in a mouse model that this treatment led to an antiviral environment. After infection HSV-2, the disease occurred significantly delayed with comparatively milder symptoms in mice which received IL-36γ (74). In this context, an increased and transient production of important immune mediators was observed, such as IL-36γ itself, IL-1β, IL-6, CCL20, CXCL1, and the antimicrobial peptide secretory leukocyte peptidase inhibitor (Slpi). The approaches aim to interrupt the IL-36 cascade in order to attenuate the inflammatory process. It is obvious that there is still a great potential to develop effective IL-36 related therapies and to conduct clinical studies on tolerability and efficiency. Life quality of dermatitis patients is diminished on one hand by the symptoms of the disease, but also frequently by social stigmatization. Therefore, there is a great need for therapy in the area of inflammatory dermatoses, whereby the cytokine family IL-36 seems to be an attractive target.



CONCLUSION AND FUTURE ISSUES

IL-36 signaling is similarly to other members of IL-1 cytokine superfamily an effective first line defense mechanism. In contrast to the more general occurrence of IL-1 activity, the IL-36 associated immune response mainly takes place at the interfaces of an organism (intestines, lungs and skin). IL-36 emerges as the “optimized” version of a common ancestor and protects the organism at the corresponding sites against invasion of undesirable or even dangerous microorganisms. IL-36 cytokines regulate themselves by its natural antagonists, IL-36 Ra and IL-38, which prevents from hyper inflammation of the corresponding tissue in a healthy state. Signaling through IL-1R6 activates cascades including prominent pro-inflammatory transcription factors resulting in the production of pro-inflammatory cytokines, chemokines, and antimicrobial peptides. Finally, an inflammation is induced aiming the clearance of infections. As in any system with many players, a lot can go wrong. This potentially results in a disease. The responsible triggers and the molecular basis of existing forms of infectious and/or inflammatory dermatitis are highly variable and are not fully understood yet. It is striking that the different isoforms IL-36α, IL-36β, and IL-36γ are expressed differently under physiological as well as pathological conditions, although they basically have the same function. IL-36, with all its isoforms, is of great importance for the therapy of various dermatoses and also serves as a diagnostic tool in dermatology. It is very important to understand that IL-36 is bridging the innate and adaptive immune systems. Antagonizing the pro-inflammatory IL-36 cytokines was experimentally shown to be an effective treatment of dermatitis, like psoriasis. However, it is advisable to not only consider antagonizing the pro-inflammatory isoforms in order to reduce hyper inflammations but also use their protective potential. Recombinant IL-36α, IL-36β, and IL-36γ are potentially able to make barrier sites more resistant to the invasion of unwanted microorganisms. However, possible side effects of both approaches must be tested. We are at an early stage of research on treatment strategies involving IL-36 cytokines. There is still much to learn about this exciting cytokine family. There is a lot of diagnostic and therapeutic potential to be exploited, which could bring relief to many patients affected by dermatoses.
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The presence of one or several autoantigen(s) and a response by the adaptive immune system are the key criteria to classify a pathology as an autoimmune disease. The list of entities fulfilling this criterion is currently growing in the light of recent advancements in the pathogenetic understanding of a number of important dermatoses. The role of autoreactive T-lymphocytes differs amongst these pathologies. While they are directly involved as effector cells attacking and sometimes killing their respective target in some diseases (e.g., vitiligo), they provide help to B-lymphocytes, which in turn produce the pathogenic autoreactive antibodies in others (pemphigus and pemphigoid). Atopic dermatits is a chimera in this regard, as there is evidence for both functions. Psoriasis is an example for an entity where autoantigens were finally identified, suggesting that at least a subgroup of patients should be classified as suffering from a true autoimmune rather than autoinflammatory condition. Identification of resident memory T-lymphocytes (TRM) helped to understand why certain diseases relapse at the same site after seemingly effective therapy. Therefore, the in-depth characterization of autoreactive T-lyphocytes goes way beyond an academic exercise and opens the door toward improved therapies yielding durable responses. TRM are particularly suitable targets in this regard, and the clinical efficacy of some established and emerging therapeutic strategies such as the inhibition of Janus Kinase 3 or interleukin 15 may rely on their capacity to prevent TRM differentiation and maintenance. Research in this field brings us closer to the ultimate goal in the management of autoimmunity at large, namely resetting the immune system in order to restore the state of tolerance.
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INTRODUCTION

During T-cell development, T-cell receptors (TCR) are generated randomly and subsequently undergo a selection process in the thymus (Figure 1). This includes a positive round of selection to guarantee selfMHC-restriction and a negative round to eliminate T-cells that recognize self-antigens too strongly. The fate of a developing T-cell depends on the strength and duration of the interaction between its TCR on the one hand and the self-peptide-MHC complexes presented by thymic cells on the other hand. While TCRs with theoretically infinitive affinity may be generated, developing T-cells have to match a binary destiny: life or death. The intrinsic mechanism of selection is thus prone to the development of auto-reactive cells, especially those harboring TCRs with affinity close to the threshold for negative selection (1). Another issue comprises the presence of tissue-specific genes that are not expressed in the thymus and poorly regulated by the autoimmune regulator [AIRE, (2)], toward which T-cells are not depleted during thymic selection. As a result of these mechanisms, autoreactive T-cells are released into the circulation and inevitably exist in all individuals (3). Autoreactive T-lymphocytes behave just like “normal” ones, namely, they recognize antigenic peptides presented to them in the context of a host's antigen presenting HLA molecule and become activated if the appropriate signals are provided. The difference lies in the antigenic peptide, which for “normal” T-lymphocytes is a foreign structure, e.g., part of a pathogen, while autoreactive T-lymphocytes are specific for peptides representing “self,” e.g., part of an anchoring protein of keratinocytes.
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FIGURE 1. Shaping the T-cell repertoire. T-lymphocytes undergo positive selection to ensure restriction to the host's antigen presenting molecules as well as negative selection to eliminate strongly autoreactive cells in the thymus prior to populating the periphery. T-cells whose TCR affinity is close to the threshold for negative selection have a high potential for autoreactivity and escape thymic negative selection. A subset of these cells is programmed to become Treg cells, others (the potentially pathogeneic autoreactive cells) are kept under the control of the peripheral tolerance.



The autoreactive compartment comprises at least two types of cells: self-reactive cells programmed during development to control the immune response as a part of a peripheral tolerance mechanism (this is the case for regulatory T-cells, Tregs), and autoreactive cells that may turn to be harmful and cause autoimmunity. The latter are, however, found at low frequencies in the peripheral T-cell pool, and their functions are hidden by peripheral tolerance mechanisms. Harmful autoreactive T-cells that escape central tolerance are indeed rendered inoffensive via anergy, ignorance, and active suppression by Tregs [reviewed in (4)].

Tregs can be classified into thymic Tregs, peripheral Tregs, and in vitro induced Tregs (5). These subsets show functional and phenotypic similarities, but differ epigenetically. Tregs interact directly with different cell types of the innate and adaptive immune systems, but also exhibit their anti-inflamamtory effects via cytokines such as IL-10, IL-35, TGF-β, and galectin-1.

The frequency of autoreactive T-cells specific for a given self-antigen has been evaluated by peptide-MHC tetramer technology to be similar to those specific for foreign antigens, in the order of 1 to 10 per million T-cells (6). The study of the total autoreactive T-cell repertoire in healthy individuals is, however, hampered by the fact that peripheral tolerance mechanisms make autoreactive T-cells functionally indistinguishable. Richards and colleagues addressed this issue by analyzing the “exposed” self-reactive T-cells upon removal of Treg cells in Foxp3DTR mice. Self-reactivity was observed in about 4% of peripheral CD4+ and CD8+ T-cells, a frequency similar to the responses to allo-MHC complexes or superantigens (7).

Thus, autoreactive T-cells are readily detectable in healthy individuals, but they are efficiently controlled by peripheral tolerance. When the tolerance is broken, autoreactive T-cells may become activated and generate overt autoimmunity. In that regard, interesting insights are being generated by the therapeutical use of checkpoint inhibitors, e.g., CTLA-4 and programmed cell death protein 1 (PD-1) blocking antibodies. These compounds represent a promising approach to treat various cancers since they boost specific anti-tumor T-cell immunity by restraining tolerogenic mechanisms exploited by the tumor. The drawback is that peripheral tolerance is weakened and patients may develop so called immune-related adverse events (irAEs). These irAEs differ from “classic” organ-specific autoimmune disease in as much as they affect a broader range of organs and cells (8). These data clearly show how autoreactive T-cells may be reactivated in particular situations.

How tolerance is broken or evaded during “classical” autoimmunity is a complex and incompletely understood matter. Autoimmune responses are currently thought to arise from a combination of genetic and environmental factors. For example, HLA polymorphisms could result in altered regulation or reduced threshold for autoreactive T-cells, with environmental factors constituting the initial triggering for inappropriate activation (9). Regarding peripheral tolerance, Tregs may become dysfunctional through at least 4 distinct mechanisms, namely plasticity (capacity to produce IL-17 after loss of the transcription factor FOXP3), reduced CD18 expression, epigenetic changes, and inhibitory mRNA targeting FOXP3. This allows proinflammatory cells such as Th1 and TH17 lymphocytes to escape regulation and to perform their effector functions in an uncontrolled manner (10).

Activation of autoreactive T-lymphocytes is a key event in almost any kind of autoimmune response: while T-cells are important effectors in some entities (e.g., psoriasis), their principal mode of action in other diseases is to provide help for B-lymphocytes produce the disease-mediating auto-antibodies (e.g., bullous pemphigoid). A clinical consequence is that drugs targeting T-cell function are highly effective to treat the former, while B-cell directed drugs currently represent the gold standard for the latter.

We will now discuss the current pathophysiological concepts of the clinically most relevant inflammatory skin diseases for which a role of autoreactive T-lymphocytes is either well-established or suggested based on the evidence.



VITILIGO

Vitiligo (11) (Table 1) occurs in about 1% of the population worldwide and is thus the most common cause of acquired skin, hair, and oral depigmentation. It is characterized by the occurence of well-demarked whitish macules. The histology of lesional skin is characterized by a dermal inflammatory infiltrate along with hypopigmentation in the basal layer of the epidermis, the latter being caused by destruction of melanocytes. The hypothesis of it representing a T-cell mediated autoimmune disease is backed up by its HLA association, the identification of melanocyte-derived potential autoantigens (12, 13), and demonstration of CD8+ T-lymphocytes targeting and destroying melanocytes (14). Consequently, most of the strategies used to treat vitiligo have an impact on T-cell function. This holds true for topical glucocorticosteroids and calcineurin inhibitors as well as phototherapies, while the use of other systemic immunosuppressants is not recommended based on current guidelines (15).



Table 1. The role of autoreactive T-lymphocytes in inflammatory skin diseases.
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Frequently, rapid recurrences at identical locations are observed after stopping therapy (16), arguing in favor of a persisting cutaneous autoimmune memory, which reactivates the disease once the treatment has been stopped. Resident memory T-lymphocytes (TRM) are candidates representing this memory (17), and several groups have described their presence in vitiligo (18–20). Efforts to provide evidence in favor of their direct pathogenetic involvement are hampered, as there are currently no tools at disposition that allow for their specific removal or blockade without affecting other T-cell populations. Recently, Richmond et al. confirmed the TRM phenotype of autoreactive T-lymphocytes within lesions of vitiligo patients (21). Using a mouse model, they went on to demonstrate that blocking the receptor for interleukin-15 (IL-15)—a crucial cytokine for TRM generation and function—with a specific antibody reverses the disease and depletes TRM after long-term therapy. Interestingly, even short-term local intradermal treatment provided durable repigmentation without depletion of autoreactive T-lymphocytes. Taken together, the authors suggest that autoreactive T-lymphcytes are recruited to the skin, encounter IL-15 presented to them by keratinocytes, up-regulate interferon gamma (IFN-γ), and depend on IL-15 for survival once they become resident in the epidermis.



ALOPECIA AREATA

Alopecia areata (AA) (22) (Table 1) has a cumulative lifetime incidence of about 2%. It manifests in the form of non-scarring, patchy hair loss, with a narrowing of the hair shaft near the scalp as a hallmark. Histology reveals a peribulbar lymphocytic infiltrate, comprising CD8+ T-lymphocytes within the follicular epithelium, and CD4+ T-lymphocytes around the hair follicules. Evidence in favor of an autoimmune pathogenesis comes from its HLA association (23), association with other autoimmune diseases such as vitiligo (24), and response to immunosupressive therapies (25).

Similar to the central nervous system or the placenta, the hair follicule is considered an immune privileged site. Evidence in favor of this hypothesis comes from experiments showing survival of melanocytes in hair follicules grafted from black guinea pig skin onto albino guinea pigs, and viability of human dermal sheath tissues within sex-mismatched transplants (26, 27). It is the loss of this immune privilege that is considered a cornerstone in the pathogenesis of AA. The mechanisms of immune privilege preservation in hair follicles as well as potential causes of its collapse have recently been reviewed elsewhere (28).

Several lines of evidence, including elegant experiments using human scalp explants grafted onto severely immunocompromised mice, point toward CD8+ T-lymphocytes as important effector cells. However, maximal induction of the AA phenotype requires the help of CD4+ T-lymphocytes (29, 30) Using a well-established C3H/HeJ mouse model (31), characterized by spontaneous development of alopecia and recapitulating many pathologic features of human AA, Xing et al. identified a subset of cytotoxic memory T-lymphocytes (CD8+NKG2D+) as the relevant effector cells for the autoimmune response toward the hair follicle, and postulated that IFN-γ secreted from CD8+ T-lymphocytes erases the immune priviledge in the hair follicle, inducing the production of IL-15 and promoting further cellular autoimmunity (32). This hypothesis is strikingly similar to the current pathogenic concept in vitiligo (see above).

Progress toward identifying putative autoantigens in AA was made using a two-step screening approach: first, candidate peptides derived from proteins expressed by keratinocytes or melanocytes (as the suspected targets of autoreactive T-lymphjocytes) were designed in silico based on their affinity to the AA-associated allele HLA-A*0201. These were then screened for their capacity to activate CD8+ T-lymphocytes from AA patients. Using this approach, the hair follicle antigens trichohyalin and tyrosinase-related protein-2 were identified as putative autoantigens, with trichohyalin being capable of inducing mononuclear cells to secrete proapoptotic factors harmful to hair follicle keratinocytes (33).



PSORIASIS

Psoriasis (34) (Table 1) affects around 2% of the population. The characteristic red scaly plaques, which often occur on elbows, knees, and scalp, but can affect any site of the body, already highlight the two major pathogenetic processes active in parallel in psoriasis, namely inflammation (explaining the redness) and epidermal hyperproliferation (hence the scaly plaque). This is histologically reflected by epidermal acanthosis (thickening of viable layers), hyperkeratosis (thickened cornified layer), and parakeratosis (cell nuclei present in the cornified layer). Rete ridges reach deep into the papillary dermis, resulting in profound indentation of both layers. Within the dermis, blood vessels are dilated, contorted, and reach into the tips of the dermal papillae. Finally, there is a mixed epidermo-dermal mononuclear inflammatory infiltrate rich in T-lymphocytes, along with increased numbers of macrophages, mast cells and neutrophils. The epidermal accumulation of the latter results in the so-called pustules of Kogoj and subcorneal microabscesses (Munro's microabscesses).

Ever since the introduction of ciclosporine A into the therapeutic armentarium, psoriasis has been regarded as a T-cell driven disease, and the important role of T-lymphocytes triggering psoriasis has been shown using T-cell transfer experiments in a xenogeneic transplantation model (35). The observation by Boyman et al. that skin grafts from non-lesional skin of psoriasis patients transferred onto immunodeficient mice spontaneously developed the phenotype of lesional skin was taken as evidence for the presence of TRM (36). A clinical study evaluating E-selectin blockade as a means to prevent the extravazation of T-lymphocytes into the skin showed little therapeutic efficacy in treating psoriasis (37). This was taken as evidence that psoriasis depends primarily on skin resident T-lymphocytes rather than recirculating T-lymphocytes. On the other hand, inhibiting CD8+ T-cell migration into the epidermis blocked the psoriatic transformation of the grafts in the model used by Boyman et al. (38), and the blockade of LFA-1, another adhesion molecule involved in T-cell trafficking into the skin, does show clinical efficacy (39). The discrepancy between the two clinical studies cited here may be explained by the complexity of the interplay of adhesion molecules as well as mediators in the recruitment of lymphocytes into the skin (40). Whether or not interference with lymphocyte recruitment to the skin has a therapeutic efficacy, it may thus depend on the exact molecular target(s) as well as the degree to which functional inhibition of a given adhesion molecule is achieved in vivo. The above-mentioned observations support the idea of ongoing psoriasis exhausting the pool of skin-resident pathogenic T-lymphocytes and requiring substitution from lymphoid organs, where these clones might reside as central memory T-lymphocytes (41).

HLA association, namely with HLA class I (42, 43), and the oligoclonality of the T-cell infiltrate (44) have been interpreted as evidence for an antigen-driven, possibly autoimmune pathogenesis. To date, HLA-C*06:02 is considered the most important psoriasis risk allele (45). In a series of elegant experiments, Arakawa et al. set out to identify potential autoantigens (46). First, they identified HLA-C*06:02 expressing melanocytes as targets for T-cell hybridomas expressing a receptor, which was previously identified as being functionally relevant in patients. They went on to identify the melanocyte ADAMTS-like protein 5 as putative autoantigen and observed T-lymphocytes attacking melanocytes in psoriasis lesions of patients.

Another potential autoantigen LL-37 is generated by extracellular cleavage of a 170 amino acid cathelicidin antimicrobial peptide (47). However, to the knowledge of the authors, it has yet to be shown that the antigen processing and presentation machinery of the target cell is capable of generating an HLA class-I restriced peptide from the original protein. Without such confirmation, a role as autoantigen for CD8+ T-lymphocytes needs to be interpreted with care (48).

Finally, neolipid antigens generated by mast cell phospholipase have been described as targets for psoriatic CD1a restricted T-cells (49).

Besides autoreactive T-lymphocytes, Tregs are also thought to contribute to psoriasis through ineffective control of proinflammatory cells: while CD4+CD25+FOXP3+ cells are readily detectable in the blood of psoriasis patients, they are unable to suppress Th1 effects. In contrast, Tregs isolated from healthy individuals and co-cultured with Th1 cells from psoriasis patients were able to suppress biological effects of the latter (50). In line with this finding, a positive correlation between Tregs and Th17 cells (key effector cells in the context of the psoriatic inflammation) in psoriasis has been shown (51, 52) suggesting that the immune system attempts to downregulate the ongoing inflammation through increased presence of Tregs, but these are unable to effectively inhibit the disease. As outlined in the introduction, there are at least four mechanisms of rendering Tregs dysfunctional.



SCLERODERMA

Scleroderma (Systemic Sclerosis, SSc) (53) (Table 1) occurs in around one in 10,000 people worldwide and has a remarkable female predominance. Although rare, scleroderma is associated with high mortality, greater than any other rheumatic disease. Clinical manifestations are heterogeneous, and progression may vary from somewhat stable situations to sometimes rapidly progressive disease. Cases of scleroderma are generally classified into one of two major subsets according to the extent of skin fibrosis: the limited form is defined by skin involvement distal from elbows and knees, whereas patients affected by the diffuse form present extensive cutaneous and internal organ involvement.

The pathophysiology of scleroderma includes three main peculiarities: progressive fibrosis, diffuse fibroproliferative microangiopathy, and inflammation. While the exact etiology remains unknown as of now, environmental as well as genetic factors are considered to be important in the initial phase of the disease. Several lines of evidence suggest that autoreactive T-cells and chronic inflammatory events participate in the initiation or maintenance of the fibrotic process (54).

The first hint comes from genetic and epigenetic studies. Loci in the HLA class II region show the strongest genetic association with the disease, followed by genes involved in B- and T-cell activation and innate immunity. Similarly, epigenetic alterations generally include genes with a role in autoimmunity and T-cell function or regulation (55).

Next, assessment of scleroderma skin revealed that a mononuclear cell infiltrate precedes the fibrotic change and that synthesis of collagen is maximal above it (56, 57). Interestingly, T-cells infiltrating the affected skin show a limited TCR usage, suggesting that they have undergone clonal expansion in response to a specific autoantigen (58).

Another aspect underlying the autoimmune nature of scleroderma is the characteristic presence of anti-nuclear antibodies, including anti-centromere, anti-topoisomerase 1 (anti-topo1) and anti-RNA polymerase III (RNApolIII) antibodies. Anti-topo1 antibodies have high specificity for scleroderma (20–40% of patients) and predict more severe disease and mortality (59). Confirming the involvement of autoreactive T cell-dependent B-cell help, anti-topo1 antibodies are known to exhibit class switching and show strong associations with specific HLA alleles (60). Seminal works from Boin and Wright's groups proved that tolerance to topo1 antigens is effectively broken and topo1-autoreactive T-cells are found in patients presenting these antibodies (61, 62). The possible pathogenic role of nucelar antibodies remains, however, debated, while the frequency of circulating autoreactive CD4+ T-cells was shown to predict interstitial-lung disease development (62).

Regarding the presence of autoantibodies, a striking feature is that patients having anti-RNApolIII antibodies but not the other types show a temporal clustering between the onset of cancer and scleroderma. Rosen et al. provided some evidence in favor of a causative link and proposed that somatic mutation of the RNApolIII in the tumor may actually trigger the activation of autoreactive T-cells that cross-react with the tumor mutated antigen, leading to the initiation of the autoimmune scleroderma response (63).

Finally, three randomized controlled trials tested the efficacy of autologous stem cell transplantation for treating scleroderma. A durable improvement in skin fibrosis, pulmonary functions and quality-of-life measures were achieved, suggesting that immune “replacement” and thus deletion of possible autoreactive lymphocytes might be beneficial (64).

While autoreactive T-cells likely represent an integral or causative part of the pathogenesis of scleroderma, the autoantigens and the mechanisms involved remain largely unknown.

Besides autoreactive T-cells, the quantification of Tregs in patient tissues generated contradictory results: most studies reported a reduced frequency while some found an increase in Treg numbers, particularly in early and active disease. Nonetheless, Tregs appear to consistenly harbor a defective suppressing capacity in scleroderma, leading to a weaker peripheral tolerance (65, 66).



BULLOUS PEMPHIGOID

Bullous pemphigoid (BP) (67) (Table 1) develops in 12 to 66 individuals per million people per year. It is characterized by tense blisters and erosions, often preceded by urticarial lesions. Blisters often arise on the flexor sites of the extremities as well as the trunk; they may persist for several days before transforming into secondary lesions, namely erosions and crusts. Histopathology of lesional skin specimen shows subepidermal splitting, leaving the dermo-epidermal junction intact, and a dense infiltrate rich in granulocytes, primarily eosinophils and neutrophils.

Contrary to the entities discussed so far, BP is considered an antibody-mediated autoimmune disease. It is characterized by immunoglobulin (Ig) G and E autoantibodies recognizing BP230 and BP180, both antigens localizing to the hemidesmosomes. While BP230 represents an intracellular component, BP180 is a transmembrane glycoprotein of keratinocytes constituting the basal layer. The collagen type XVII extracellular NC16A domain of BP180 comprises immunodominant B-cell epitopes. Numerous in-vitro experiments as well as animal models have established a pivotal role for Fc receptor-mediated effects in the process of blister formation (68).

Repetitively, reports on a possible involvement of CD4+ helper T-lymphocytes were published (69, 70). However, while the key role of autoantibody responses to BP180 is well-established in BP, the evidence and clinical relevance of disease-specific T-lymphocyte responses remained unclear. More recent work by Pickford et al. shed more light on the T-lymphocyte participation in BP autoreactivity (71). They tested proliferative and cytokine responses of peripheral blood mononuclear cells from patients and controls to recombinant NC16A and a panel of overlapping peptides spanning this region of BP180. They identified numerous disease-associated factors which influence the composition of the cytokine responses. The strongest association with BP was observed for specific IL-4 and IgE responses, suggesting a potential role for autoreactive Th2 lymphocytes. These results align well with older observations using a humanized mouse model, where the importance of NC16A specific Th-lymphocytes was demonstrated (72, 73). Interestingly, this NC16A response by T-lymphocytes was restricted to HLA-DQB1*0301, a known BP susceptibility allele (74).

A role of Tregs in BP was recently documented by Haeberle et al. in a mouse model for BP: they showed that autoantibodies against different known autoantigens, including BP230, develop spontaneously in Treg deficient scurfy mice, leading to blister formation. This study suggests that autoreactive T-lymphocytes initiate the disease in the absence of proper immune control (75).



PEMPHIGUS VULGARIS

Pemphigus vulgaris (PV) (76) is another blistering autoimmune disease with an immunopathogenesis comparable to pemphigoid. Its incidence is in the order of 1–5 new cases per million people per year. Clinically, PV often starts progressively with mucosal lesions and subsequently extensive flacid skin blisters. Blister formation occurs intraepidermally. Autoreactive IgG antibodies recognize desmoglein (Dsg) 3 and 1 within desmosomes, adhesion complexes between keratinocytes. HLA-DRB1*04:02 and HLA-DQB1*05:03 have been identified as disease-associated HLA class II alleles.

Similar to BP, a role for autoreactive helper T-lymphocytes has long been postulated in PV, but was difficult to demonstrate. Several years ago, Emig et al. showed in a humanized HLA-DRB1*04:02 transgenic mouse model that T-lymphocytes recognize human desmoglein 3 epitopes in the context of HLA-DRB1*04:02 leading to the induction of pathogenic IgG autoantibodies, which in turn trigger intra-epidermal blister formation (77). Activation of Dsg3-reactive CD4+ T-lymphocytes is restricted to the HLA-DRB1*04:02 allele. IgG autoantibodies are produced following CD40-CD40L-dependent T-cell—B-cell interactions and exhibit specificities to both N- and C-terminal epitopes of the human Dsg3 ectodomain. Since then, additional evidence has been generated for an active role of CD4+ helper T-lymphocytes (78), but functional studies in patients are still lacking, and most groups working in the field do not assign a high priority to this aspect of translational research in PV (79).



ATOPIC DERMATITIS

Atopic dermatitis (AD) (80) (Table 1) has a lifetime prevalence in the order of 10–20% in developed countries with pruritus being the leading symptom. Eczematous lesions can be acute, subacute or chronic, and predilection sites change with age. Co-occurrence of altered epidermal structure and function on the one hand and cutaneous inflammation triggered by pathologic immune responses to antigens encountered in the skin on the other hand are characteristic for AD.

Numerous cell types contribute to antigen presentation in AD, including dermal dendritic cells, epidermal Langerhans cells, and inflamamtory dendritic epidermal cells expressing a high-affinity receptor for IgE (81). The latter explains how these cells can present allergens typically triggering type-I (immediate-type) allergic reactions, subsequently inducing T-lymphocyte mediated type-IV (delayed-type) reactions.

Autoreactivity is a known phenomenon in atopic dermatitis. A systematic review provided evidence that up to a third of patients exhibit autoreactive IgE antibodies (82). This may be based on molecular mimicry, as several IgE-binding keratinocyte-derived antigens show homology with environmental allergens (83). Besides, reports on autoreactive T-lymphocytes date back to the beginning of this decade (84, 85). Based on these observations, which suggested a role for the autoallergen Hom s 2, the α-chain of the nascent polypeptide-associated complex (α-NAC), Roesner et al. performed an in-depth analysis of α-NAC specific CD8+ T-cell responses (86). They found higher numbers of α-NAC specific, terminally differentiated peripheral T-lymphocytes in sensitized atopic patients compared with non-atopic controls. These cells secrete IL-4 and IFN-γ, suggesting a pathogenic role in AD.

As in psoriasis, there is also evidence for substantial dysregulation of Tregs in atopic dermatitis. The positive correlation of these cells with disease severity both in mouse models as well as in patients (87, 88) documents the immune system's attempt to downregulate the ongoing inflammation through increased presence of Tregs, which, however, are unable to inhibit the disease.



THERAPEUTIC PERSPECTIVES

So far, we have reviewed the established or potential role of autoreactive T-lymphocytes in a number of different inflammatory skin diseases. These T-lymphocytes fall principally into two major categories: (1) they function either as effector cells or represent the immunological memory in the skin that may be responsible for relapsing disease or (2) they provide help to B-lymphocytes to produce the pathogenic autoantibodies, as is the case of BP and PV. In atopic dermatitis, there is evidence for both roles.

To date, targeted therapies such as biologics or small molecules allow to directly and specifically interfere with the central pathomechanisms. These therapies are often more effective when compared with conventional anti-inflammatory therapies, making these agents the key compounds of current treatment algorithms (89, 90). However, despite therapeutic effects, which sometimes go way beyond the respective molecules' half-lifes (91), all of these currently available therapies cannot prevent relapse, once they are stopped. Discussions to which extent such currently available therapies are disease-modifying, as we increasingly witness in the context of company-sponsored projects, e.g., in the field of psoriasis (92), seem therefore premature. Instead, remission might be a more appropriate term in this context.

As pointed out in the different chapters above, TRM are a particularly important subpopulation in the pathophysiology of several autoimmune skin diseases. Their presence elegantly explains recurrance of such diseases after seemingly successful therapy. This makes TRM attractive targets to achieve durable responses. Boniface and Senechal recently pointed out potential strategies in this regard, looking at vitiligo as a model for a skin memory disease (93) (Table 2):

• Strategies to prevent TRM differentiation and maintenance in the skin could target relevant mediators of this process, including IL-15, as discussed above. While effective depletion of skin-resident TRM through direct blockade of the IL-15 receptor has been shown in a mouse model (21), data from patients are not yet available. Another way to inhibit the IL-15 signaling pathway is through inhibition of Janus Kinase 3 (JAK3). Noteworthy, a clinical trial demonstrated the efficacy of the non-specific JAK inhibitor tofacitinib in combination with phototherapy to treat vitiligo (95).

• Next, strategies to prevent accumulation of TRM in the skin might be warranted. As TRM are likely to accumulate after repetitive flares of the disease, maintenance therapies after successful initial disease control could be an adequate approach. In line with this hypothesis, maintenance therapy using a topical calcineurin inhibitor twice weekly in patients with repigmented lesions reduces the recurrance of old vitiligo lesions (16).

• Finally, while TRM depletion remains to be demonstrated in patients, it seems feasible to aim at dampening TRM activation through the long-term use of immunomodulating agents. In fact, both clinical studies cited above provide evidence for the efficacy of such an approach (16, 95). The study by Liu et al. assessed the effects of JAK inhibition and phototherapy separately, allowing for the conclusion that phototherapy seems necessary for melanocyte regeneration, while JAK inhibition suppresses T-cell mediators of vitiligo (95).



Table 2. Innovative therapeutic strategies exploring the role of T-lymphocytes.
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Noteworthy, the current pathogenetic concept of AA also suggests a role for memory T-lymphocytes, IFN-γ, and IL-15 (32). In that very publication, the authors went on to demonstrate therapeutic efficacy of the non-specific JAK inhibitor tofacitinib as well as the JAK1/2 inhibitor ruxolitinib not only in their mouse model, but also in all three AA patients treated with ruxolitinib (32). As in vitiligo, therapeutic application of JAK inhibitors is currently being explored further in AA (94).

Turning to bullous autoimmune diseases, engineering chimeric antigen receptor (CAR) T-lymphocytes may bear a potential (Table 2). This approach proved effective in leukemia, where a CD19-specific CAR, composed of an extracellular single-chain variable fragment antibody fused to cytoplasmic signaling domains, triggers cytotoxic T-cell reactions upon contact with CD19+ B-lymphocytes, which results in specific and permanent elimination of the respective B-lymphocytes, yielding durable remission (102). Ellebrecht et al. applied this concept to PV, suggesting that expression of Dsg3 as the extracellular domain of a CAR should specifically target cytotoxic responses to those B-lymphocytes bearing anti-Dsg3 B-cell receptors; this should result in a targeted therapy avoiding general immunosuppression (96). Using a mouse model, they succeeded to show that such cells expand, persist, and specifically eliminate Dsg3 autoreactive B-lymphocytes.

While the strategies discussed so far document the substantial efforts to attack pro-inflammatory elements, much less studies assess the potential to strengthen regulatory elements. In this regard, recent observations in the field of psoriasis are of interest. A much cited hypothesis regards the IL-23/IL-17 axis as central in its pathogenesis, with IL-23 triggering the production of IL-17A in numerous cell types, mainly T-lymphocytes; IL-17A is itself a valid target for highly effective therapies (34, 103). As IL-23 inhibition exhibits long-lasting therapeutic efficacy way beyond the half-life of the biologics used (91), one might speculate that additional effects beyond the postulated “upstream” inhibition of IL-17A production might be clinically relevant. Tregs are potential targets in this regard. These lymphocytes exhibit substantial plasticity. They can lose their immunosuppressive function under the influence of pro-inflammatory cytokines such as IL-23, IL-1β, and IL-2 through the loss of FOXP3, ultimately switching toward a pro-inflammatory function (104). IL-23 blockade may hamper this transformation. In line with this concept is the observation by Maxwell et al. who used a mouse model of colitis to show that a regulatory, anti-inflammatory environment in the gut can be promoted through blockade of IL-23 (105). Investigating the role of regulatory elements as potential therapeutic targets may deserve more attention in the future (10).

The “holy grail” of treating autoimmune diseases is the re-establishment of peripheral tolerance, may be best reflected by the concept of immune reconstitution therapy (Table 2). Multiple sclerosis has become a model disease in this regard. Numerous approaches have been explored in this disease to “reset” the immune system, including pulsed lympho- or myeloablative treatments through chemotherapies, monoclonal antibodies such as alemtuzumab, and autologous hematopoietic stem cell transplantation (AHSCT). The pivotal trial documenting feasibility of AHSCT in multiple sclerosis was published in 1997 (97). The current status of this field of research has recently been reviewed in this journal (98), supporting the concept of re-establishing a state of peripheral tolerance through deletion of pathogenic clones, achievable via direct ablation in combination with inducing lymphopenia, the latter favoring replicative senescence and clonal attrition. Normalization of genetic signatures along with altered regulatory T-cell populations provide evidence that a restoration of the regulatory network of the immune system really takes place. Moreover, AHSCT is likely to initiate a “rebooting” of the intrathymic selection program that potentially results in the regeneration of a diversified repertoire of naïve T-cells that will again be capable of appropriately modulating immune responses to future antigenic encounters. Similar observations have been made in the field of sceroderma (64).

An alternative approach is emerging in rheumatology, but could also be explored in the inflammatory skin diseases discussed above. This strategy is based on the role of the mechanistic target of rapamycin (mTOR) as a central regulator of T-cell lineage specification (106). Both mTOR complexes 1 (mTORC1) and 2 (mTORC2) need to be blocked simultaneously to allow Treg differentiation. Studying systemic lupus erythematosus (SLE), Kato and Perl showed that IL-21, identified as a key proinflamamtory cytokine in this disease, stimulated both TORC-1 and−2, and abrogated differentiation as well as function of Tregs along with autophagy, a phenomenon underlying Treg dysfunction in SLE (99). In turn, dual blockade of TORC-1 and -2 by 4 weeks of rapamycin treatment induced autophagy and corrected Treg function. Progressive improvement in disease activity, associated with a correction of pro-inflamamtory T-cell lineage specification was also observed in in patients with active SLE during 12 months of sirolimus treatment (100). This approach might have the potential to restore tolerance in other autoimmune diseases as well, including psoriasis (101).

In summary, it is evident that there are multiple pathways through which autoreactive T-lymphocytes contribute to the pathogenesis of inflammatory skin diseases, some of which have only recently been identified as classical autoimmune disorders. In all of these diseases, targeting the autoreactive T-cell subpopualtion is a promising and in some cases already well-estabilshed therapeutic strategy. TRM are particularly suitable targets to ensure long-lasting therapeutic effects; the same holds true for the strategies that strengthen the immunosuppressive functions of Tregs. Observations in multiple sclerosis and scleroderma suggest that resetting the immune system in order to restore the state of tolerance as the ultimate goal in the management of autoimmunity at large may be feasible.
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Paraneoplastic pemphigus (PNP) is a rare but life-threatening mucocutaneous disease mediated by paraneoplastic autoimmunity. Various neoplasms are associated with PNP. Intractable stomatitis and polymorphous cutaneous eruptions, including blisters and lichenoid dermatitis, are characteristic clinical features caused by humoral and cell-mediated autoimmune reactions. Autoreactive T cells and IgG autoantibodies against heterogeneous antigens, including plakin family proteins and desmosomal cadherins, contribute to the pathogenesis of PNP. Several mechanisms of autoimmunity may be at play in this disease on the type of neoplasm present. Diagnosis can be made based on clinical and histopathological features, the presence of anti-plakin autoantibodies, and underlying neoplasms. Immunosuppressive agents and biologics including rituximab have been used for the treatment of PNP; however, the prognosis is poor due to underlying malignancies, severe infections during immunosuppressive treatment, and bronchiolitis obliterans mediated by autoimmunity. In this review, we overview the characteristics of PNP and focus on the immunopathology and the potential pathomechanisms of this disease.
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INTRODUCTION

Paraneoplastic pemphigus (PNP) is a rare mucocutaneous autoimmune disease associated with neoplasm (1). Since Anhalt et al. (1) first proposed diagnostic criteria for PNP in 1990, revised criteria have been proposed by several research groups (2–5). Although consensus guidelines have not been reached, four features are consistently found in the majority of PNP patients and are generally accepted with a high degree of confidence as the minimal criteria for diagnosis. These features include (1) clinical features of severe and persistent stomatitis with or without polymorphic cutaneous eruptions, (2) histologic features of acantholysis and/or interface dermatitis, (3) demonstration of anti-plakin autoantibodies, and (4) presence of an underlying neoplasm. PNP manifests as polymorphic mucocutaneous eruptions mediated by humoral and cellular immunity. Moreover, the autoimmune reaction can appear in internal organs, such as the lung. Considering this potential lung involvement, the more inclusive term, “paraneoplastic autoimmune multi-organ syndrome,” has been proposed for this disease (6). Less than 500 cases of PNP have been reported worldwide in patients with various clinical features and autoantibody profiles (7). PNP is genetically associated with the human leukocyte antigen (HLA)-Cw*14 and HLA-DRB1*03 (8, 9). Tumors associated with PNP are mostly hematologic malignancies, including lymphoma, leukemia, and Castleman disease (10, 11). The mortality rate is high because of severe infections (e.g., sepsis and pneumonia), underlying malignancy, or bronchiolitis obliterans which is related to the autoimmune response.



DISEASE MANIFESTATIONS


Clinical Features

The most characteristic feature of PNP is stomatitis, which usually is the first presenting sign and persists over the course of the disease (2, 12). Stomatitis presents as erosions and ulcerations affecting the oropharynx and extending to the vermilion border of the lips (Figure 1A). In addition to stomatitis, mucositis involving the pharynx, larynx, and esophagus can occur (2). Moreover, conjunctivitis is also common in these patients, sometimes causing visual impairment (13), and anogenital involvement is also observed in PNP (14). In several cases, mucosal involvement is the only sign of PNP (15–17).
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FIGURE 1. Clinical manifestations of paraneoplastic pemphigus (PNP). (A) Extensive erosions with ulcers and crusts are shown on the vermilion borders of the lips. (B) Blisters and erythematous patches with crusts are observed. (C) Erythematous to violaceous papules and plaques with silvery scales are present on the dorsum of hands.



Skin lesions of PNP are polymorphic and may appear with different features in the same patient. Blisters and erosions are commonly observed and mimic those of pemphigus vulgaris, pemphigus foliaceus, or bullous pemphigoid, affecting any area of the body (Figure 1B). The blisters may be confluent, similar to that in toxic epidermal necrolysis, or may be erythema multiforme-like targetoid lesions. Another type of characteristic cutaneous lesions are lichenoid eruptions, which manifest as erythematous papules and plaques, similar to that in lichen planus and graft-vs.-host disease (Figure 1C). In some cases of PNP, cutaneous lesions may present as onychodystrophy and alopecia (14). As for extracutaneous lesions, bronchiolitis obliterans, one of the major causes of death in PNP, is found in ~30% of PNP patients and frequently develops in patients with Castleman disease (18, 19). The initial symptom of bronchiolitis obliterans is dyspnea, and pulmonary function tests show obstructive lung disease (2).



Associated Neoplasms

PNP is associated with underlying neoplasms, the most frequent of which are hematologic malignancies. Previous studies revealed that non-Hodgkin lymphoma (about 40%) is the most frequent neoplasm, followed by Castleman disease (15~37%) and chronic lymphocytic leukemia (CLL) (7~18%) (10, 11, 20). Castleman disease has been reported as the most frequent neoplasm in Korea and China (21, 22), suggesting that the incidence of associated neoplasms vary by ethnicity. Castleman disease is the most commonly associated neoplasm in children with PNP (23). Given the fact that Castleman disease has an extremely low incidence in the general population, cases of PNP with Castleman disease are highly frequent. A minor fraction of neoplasms associated with PNP represents non-hematologic neoplasms, including neoplasms originating from the thymus (e.g., thymoma), sarcoma, malignant melanoma, and various epithelial-origin carcinomas (e.g., adenocarcinoma and squamous cell carcinoma) (10, 14, 20, 24, 25). Some cases of PNP were diagnosed before an underlying malignancy was detected (26–28). Accordingly, PNP might be a marker for occult malignancy.



Autoantibodies

PNP is characterized by the production of autoantibodies against various target antigens, mainly plakin family proteins (Figure 2). The plakin family is defined by the presence of a plakin and/or plakin repeat domain and function as linker proteins that link cytoskeletal networks to each other and to membrane-associated adhesive junctions, such as desmosomes and hemidesmosomes. The seven plakin family members include desmoplakins (Dpks: Dpk1 and Dpk2), plectin, BP230, microtubule-actin cross-linking factor 1, envoplakin, periplakin, and epiplakin (29). The most characteristic and consistently recognized plakin antigens in PNP are envoplakin (30) and periplakin (31). BP230, Dpks, epiplakin, and plectin are also frequently recognized as target antigens in PNP (31, 32). In addition, BP180 (33), p200 protein (34), desmosomal cadherins such as desmogleins (Dsgs: Dsg1 and Dsg3) (35) and desmocollins (Dscs: Dsc1, Dsc2, and Dsc3) (11), as well as the protease inhibitor alpha-2-macroglobulin-like antigen-1 (A2ML1) (36) are targeted in PNP (Figure 2).
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FIGURE 2. Schematic representation of a membrane-associated adhesive junction in the epidermis and autoantigens in PNP. Keratinocytes in the epidermis are connected via desmosomes. Desmosomal cadherins, desmoglein (Dsg) and desmocollin (Dsc), are transmembrane proteins that form hetero- or homodimers in the intercellular area. At the cytoplasmic side of the desmosome, plakophilin (Pkp) and plakoglobin (Pg) bind to intracellular domains of desmosomal cadherins. Desmoplakin (Dpk) interacts with Pkp, Pg, and keratin filaments. Envoplakin, periplakin, and epiplakin serve to link keratin filaments and the plasma membrane. Desmosomal components known to act as autoantigens in PNP are envoplakin, periplakin, epiplakin, Dpk, Dsg, and Dsc. Hemidesmosomes anchor the epidermis to the dermis. Plectin and BP230, which connect keratin filaments, bind to α6β4 integrin and BP180, which are transmembrane proteins in hemidesmosomes. α6β4 integrin binds to laminin 332, which interacts with type VII collagen in the dermis. Autoantibodies against BP230, BP180, and plectin can be observed in PNP.






DIAGNOSIS


Histology

As PNP has two major clinical phenotypes, i.e., blisters and lichenoid eruptions, pathologic findings are present as acantholytic blisters and interface dermatitis, depending on the clinical features (21). In blisters, suprabasal acantholytic separations with sparse inflammatory infiltrate are observed (Figure 3A), whereas lichenoid interface changes with a dense mononuclear immune cell infiltration in dermo–epidermal junction are observed in erythematous maculopapular lesions (Figure 3B). In addition, blisters and interface dermatitis sometimes coappear in the same lesion.
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FIGURE 3. Histopathological and immunofluorescent findings of PNP. (A,B) Suprabasal acantholysis (A) and interface dermatitis with scattered dyskeratotic cells (B) are observed in PNP skin lesions (scale bar, 100 μm). (C,D) Using indirect immunofluorescence studies, IgG deposition on the intercellular spaces of keratinocytes and the dermo–epidermal junction (C) and on the surface of rat bladder epithelial cells (D) is found (scale bar, 100 μm).





Immunofluorescence

Immunofluorescence is a useful technique in the diagnosis of PNP. In direct immunofluorescence of the mucocutaneous lesions, IgG autoantibodies and/or complement deposition is observed in the epidermal intercellular spaces and/or along the basement membrane zone (4). Circulating autoantibodies can be found by indirect immunofluorescence (IIF) assays using human skin (Figure 3C), monkey or guinea pig esophagus, or other substrates, including rat bladder, myocardium, and lung. In particular, the bladder is rich in plakins such as envoplakin, periplakin, and Dpk but lacks Dsgs. Therefore, despite its relatively low sensitivity (86%), IIF using rat bladder is a highly specific (98%) method to differentiate PNP from other pemphigus that does not harbor anti-plakin autoantibodies (Figure 3D) (4, 37).



Use of Antigen to Detect Autoantibodies

Immunoblotting is considered the gold standard for diagnosis of PNP (4), and immunoprecipitation and IIF using rat bladder are useful for diagnostic accuracy of PNP (4, 38). Immunoblot analysis using epidermal extracts has been used to detect 210 kDa envoplakin and 190 kDa periplakin, which are highly sensitive and specific for PNP (4). Immunoprecipitation can detect antibodies against multiple epidermal antigens, including plakin family proteins and the 170 kDa A2ML1 protein (36, 39).

Enzyme-linked immunosorbent assays (ELISAs) for envoplakin and periplakin have been developed for PNP diagnosis (38, 40–42). A series of studies using epitope mapping showed that ELISAs using the recombinant N-terminal domain and the linker subdomain of envoplakin and the linker subdomain of periplakin exhibit 75% sensitivity and 92–99% specificity (38, 40–42). ELISA is a useful technique for detecting circulating autoantibodies in PNP, especially those against Dsgs and Dscs. Approximately 80% of patients with PNP have circulating anti-Dsg3 IgG, and other autoantibodies against desmosomal cadherins (e.g., Dsg1, Dsc1, Dsc2, and Dsc3) have been detected in some patients with PNP (19–42%) (11). Moreover, autoantibodies against BP180 are detected in ~40% of PNP sera (33).




MANAGEMENT AND PROGNOSIS

The treatment of PNP is challenging; however, PNP cases associated with benign tumors, such as localized Castleman disease and benign thymoma, generally improve or achieve complete remission within 1–2 years after complete tumor resection (43). However, in PNP with malignant neoplasms, reducing the tumor burden does not lead to control of the disease, and a consensus regarding the best therapeutic regimen for treatment has yet to be established. The most widely used treatment for PNP is systemic corticosteroids, but many patients with PNP do not show a good response with corticosteroids alone (44). Systemic corticosteroids are also used with other immunosuppressive agents, including cyclosporine, cyclophosphamide, azathioprine, and mycophenolate mofetil (45). However, the clinical efficacy of combination therapy varies depending on the underlying neoplasm. Cutaneous lesions usually improve after treatment with these immunosuppressive drugs, whereas mucositis is often refractory to these treatments (45).

Intravenous immunoglobulin and plasmapheresis are commonly used for the treatment of autoimmune bullous diseases. Both treatments have shown promising effects in the treatment of PNP (46, 47). B cell-targeting agents have also been used in PNP. Rituximab, a monoclonal anti-CD20 antibody, depletes mature CD20+ B cells, and ibrutinib, a Bruton's tyrosine kinase inhibitor, inhibits B cell signaling. Rituximab and ibrutinib produce different outcomes among PNP patients, but generally, the responses are good (48–50). In contrast to humoral immunity, cellular immunity cannot be controlled by these treatment options, which may explain why complete remission is not achieved in all PNP patients with these treatments. Therefore, therapeutic strategies for controlling both humoral and cellular autoimmunity should be considered in order to achieve complete remission in PNP. Alemtuzumab is a monoclonal antibody against CD52, which is expressed on most T and B lymphocytes. Alemtuzumab was shown to be effective in PNP patients refractory to various treatments, including corticosteroids, but it has only been administrated in a few cases of PNP with hematologic malignancies (51, 52). Tocilizumab, a monoclonal antibody against IL-6R, was found to rapidly improved mucositis, but not bronchiolitis obliterans, in two cases of PNP (53).

Prognosis of PNP is poor, and mortality is high, with a 5-year overall survival rate of only 38%, although prognosis largely depends on the nature of the underlying malignancy (2, 44). The course of PNP is not correlated with that of the associated malignancy (2). Mortality usually results from severe infection due to the immunosuppressive therapy, associated malignancy, and bronchiolitis obliterans (2, 11, 21, 44). Bronchiolitis obliterans may cause respiratory failure, leading to a fatal outcome. Indeed, one study showed that bronchiolitis obliterans and toxic epidermal necrolysis-like clinical feature are independent risk factors for death in PNP (54). Similar to mucositis, bronchiolitis obliterans is resistant to therapy, and lung transplantation is the last therapeutic option for respiratory failure (55).



IMMUNOPATHOLOGY OF PNP


Humoral Immunity

As desmosomal cadherins are the only desmosomal components exposed on the cell surface, it was first suspected that autoantibodies against desmosomal cadherins cause the suprabasal acantholytic blisters in PNP (Figure 4). This was clearly supported by a study using neonatal mice injected with IgGs from PNP sera (35). In this study, mice given IgGs depleted with anti-Dsg IgGs were protected from blisters, whereas anti-Dsg3 IgGs caused acantholytic blisters (35, 56). However, some patients with PNP having suprabasal acantholytic mucosal and skin blisters do not have circulating anti-Dsg autoantibodies (21, 57). This phenomenon is also observed in pemphigus, one of the autoimmune bullous mucocutaneous diseases characterized by anti-Dsg autoantibodies. In some cases showing the pemphigus phenotype, blisters can develop because of autoantibodies against Dsc3 but not against Dsgs (58). These findings confirm that the mechanism of acantholysis in PNP varies among patients. A recent study showed that antibodies to A2ML1, which act as a protease inhibitor, decrease the adhesion of cultured normal human keratinocytes by activating plasmin. This suggests that anti-A2ML1 autoantibodies from PNP sera may contribute to the induction of acantholysis (36). Furthermore, it remains to be determined whether anti-plakin family antibodies play a role in the induction of acantholytic blisters in PNP (59). Thus, further studies are needed to clarify the exact role of autoantibodies in the development of acantholytic blisters in PNP.


[image: image]

FIGURE 4. Pathophysiology of PNP. Possible models of autoreactive T cell generation caused by neoplasms are shown. (1) Neoplasms originating from the thymus may interfere with the negative selection process during central tolerance, resulting in survival of autoreactive T cells. (2) Tumor cells originating from B cells can act as antigen-presenting cells. Tumor cells may present self-antigens and provide co-activating signals to autoreactive naïve T cells. Thus, autoreactive T cells can escape anergy. (3) Tumor cells secrete cytokines, such as IL-6, which can drive the conversion of regulatory T cells (Tregs) into effector T cells. A lack of Tregs may promote the activation of autoreactive T cells. (4) Neoantigens derived from neoplasms may act as antigens to autoreactive T cells. Activated autoreactive T cells induce both humoral and cell-mediated immunity. In humoral immunity, autoreactive B cells interact with autoreactive T cells through cognate antigens and differentiate into plasma cells, which produce IgG1 autoantibodies. Humoral autoimmunity contributes to bronchiolitis obliterans and acantholysis presenting as blisters. In cell-mediated immunity, autoreactive CD4+ and CD8+ T cells produce interferon-γ (IFN-γ) and autoreactive CD8+ T cells secrete cytotoxic molecules, such as granzyme and perforin. These immune reactions induce bronchiolitis obliterans and lichenoid dermatitis. (A histologic image of bronchiolitis obliterans were adopted from Nousari et al. (18). The permission was obtained from the authors for reproduction).



Bronchiolitis obliterans was first examined in studies using bronchus biopsy specimens from PNP patients (18, 60). In the bronchial epithelium, ciliated basal cells adhered to the lamina propria, whereas ciliated columnar cells are separated (18, 60). In line with the histological findings, linear deposition of IgG was observed in the intercellular spaces of respiratory epithelial cells as well as the basement membrane zone (18). These findings provided evidence that humoral immunity can contribute to the development of bronchiolitis obliterans in PNP (Figure 4). However, it is still uncertain which types of autoantibodies are pathogenic in bronchiolitis obliterans. Importantly, desmosomal cadherins are differentially expressed between the skin and bronchus. In particular, Dsg1 and Dsg3, expressed in the skin and mucosal epidermis, are not expressed in normal respiratory epithelium (18). However, Dsg3 can be ectopically expressed in the lung in the case of squamous metaplasia in response to inflammation (61). Thus, anti-Dsg3 antibody might contribute to the pathogenesis of bronchiolitis obliterans. In a recent study, mice treated with anti-epiplakin antibodies showed loss of cell–cell adhesion in the respiratory epithelium (32), suggesting that anti-epiplakin antibody may play a pathogenic role in bronchiolitis obliterans, although epiplakin is located within the subcellular area of epithelial cells (62).

Human IgG is divided into four subclasses: IgG1, IgG2, IgG3, and IgG4. Among the IgG subclasses, anti-Dsg IgG1 is dominant in the sera of patients with PNP (63, 64), whereas anti-Dsg IgG4 is pathogenic in patients with pemphigus vulgaris and pemphigus foliaceus (65) (Figure 5). In human immunity, IgG1 is the main isotype in Th1 immunity, whereas IgG4 is mainly secreted during Th2 response. Therefore, the above results suggest that the Th1 response might be dominant in PNP. In addition, anti-Dsg3 antibody from PNP sera reacts with all five extracellular (EC) subdomains of human Dsg3, whereas anti-Dsg3 antibody from pemphigus vulgaris sera mainly binds to EC1 and EC2 domains (63). Pathogenic epitopes of Dsg3 are also different between PNP and pemphigus vulgaris. Pathogenic monoclonal antibodies from PNP bind to EC2 and EC3 domains (56), in contrast to those of pemphigus vulgaris binding to EC1 domain (66). The differences in Dsg epitopes and subclass distribution reflect the difference in the mechanisms mediating autoimmunity between PNP and pemphigus.


[image: image]

FIGURE 5. IgG isotypes of autoantibodies in PNP. Indirect immunofluorescence of serum from a patient with PNP was performed using fluorescence-labeled anti-IgG1, IgG2, IgG3, and IgG4 antibodies. The IgG1 isotype autoantibodies were predominantly detected (scale bar, 100 μm).





Cellular Immunity

The presence of lichenoid dermatitis in PNP indicates that cell-mediated immune mechanisms play a critical role in its development (67, 68) (Figure 4). CD8+ T cell infiltration and apoptotic keratinocytes are frequently observed in the epidermis of PNP (6, 69), suggesting that autoreactive CD8+ T cells targeting epidermal components contribute to the formation of lichenoid dermatitis. CD56+ cells are also detected in lichenoid dermatitis (6), but further studies are needed to characterize these cells since CD56 is expressed on CD8+ T cells as well as natural killer cells. With regard to CD4+ T cell-mediated immunity, adoptive transfer of Dsg3-specific CD4+ T cells into RAG2−/− mice was found to cause interface dermatitis as a result of cell-mediated immunity, and interferon-γ from CD4+ T cells was shown as a crucial inducer of this interface dermatitis (70). Lichenoid dermatitis may be the only sign of PNP or may develop before blisters appear (68, 71, 72). Thus, this suggests that lichenoid inflammation induced by cell-mediated immunity might lead to exposure of self-antigens, such as plakins, to the immune system, thereby inducing autoantibody production.

In addition to mucocutaneous lesions, marked infiltration of CD8+ T cells is observed in PNP-associated bronchiolitis obliterans and in the lungs of DSG3−/− mice injected with IgGs from PNP sera (6, 73). These findings implicate CD8+ T cell-mediated immunity in the pathogenesis of bronchiolitis obliterans (Figure 4). Moreover, adoptive transfer of Dsg3-specific CD4+ T cells in RAG2−/− mice induced pulmonary inflammation and ectopic Dsg3 expression (61) (Figure 4). Therefore, both humoral and cell-mediated immunity may be involved in the development of bronchiolitis obliterans in PNP, although further studies will be required to understand the exact pathophysiological mechanisms underlying bronchiolitis obliterans.




POTENTIAL PATHOMECHANISMS OF PARANEOPLASTIC AUTOIMMUNITY


Breakdown of Central Tolerance

T cells develop in the thymus and undergo positive and negative selection during development before entering the periphery. During positive selection in the thymic cortex, T cells that cannot interact with self-peptide-bound major histocompatibility complex (MHC) molecules are removed. Autoreactive T cells bearing TCR with high affinity to self-peptide-bound MHC molecules are removed during negative selection in the thymic medulla. In this process, tissue-specific antigens are expressed in the medullary thymic epithelial cells through the action of factors such as autoimmune regulator (Aire) (74). If the negative selection process cannot be precisely controlled owing to the presence of a tumor in the thymus, autoreactive T cells may escape central tolerance and promote autoimmunity in the peripheral area.

Thymoma is a neoplasm commonly associated with PNP. PNP patients with benign thymoma are usually cured after complete tumor resection (21, 75). Thymoma is well-known to induce an autoimmune response (76). Indeed, other autoimmune diseases, including myasthenia gravis, can occur in patients with thymoma (76), and PNP associated with thymoma is often accompanied by myasthenia gravis (21, 77). Thymoma has no or reduced medullary portions and is defective in the expression of Aire (78, 79). T cells from AIRE−/− mice induced the production of anti-Dsg3 IgG antibodies when interacting with DSG3−/− B cells (80), and Aire-dependent medullary thymic epithelial cells expressed Dsgs (81). However, autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy, a human hereditary disease with Aire deficiency, neither presents anti-Dsg and anti-BPAG1 antibodies nor the clinical features of PNP (82–84). Recently, in a patient with thymoma expressing Aire, the condition manifested as pemphigus foliaceus with anti-Dsg1 autoantibody (85). These results suggest that Aire may not be the only factor regulating central tolerance in PNP (Figure 4). Given that thymic factors other than Aire (e.g., Fezf2) also contribute to the negative selection (86), the mechanism of breakdown of central tolerance in PNP must be further clarified.



Breakdown of Peripheral Tolerance

Even if thymic selection yields high-purity T cells recognizing foreign antigens, some self-reactive T cells escape to the periphery. However, peripheral tolerance prevents the activation of self-reactive T cells in peripheral tissues via several mechanisms, including T cell anergy and deletion and suppression by regulatory T cells (Tregs). T cell anergy, a long-lived hyporesponsive state of T cells, occurs when T cells engage MHC molecules on antigen presenting cells (APCs) in the absence of costimulatory signals (87). T cell deletion entails T cell apoptosis due to repeated stimulation of T cells without costimulation (88).

CD28, one of the classic costimulatory molecules in T cells, interacts with its ligands (CD80 [B7-1] and CD86 [B7-2]) expressed on professional APCs. In contrast to solid tumors, lymphomas derived from B cells express CD80 or/and CD86 (89–92), which induce T cell proliferation and prevent T cell anergy (90). CLL B cells lack CD80 and CD86 but upregulate CD80 and CD86 after stimulation, thereby presenting antigens and activating T cells (93, 94). Moreover, lymph node-derived CLL cells show higher CD80 and CD86 expression than circulating CLL cells (95). These results suggest that tumor cells derived from B cells have functional costimulatory molecules. Thus, self-reactive T cells might be activated after escape from peripheral tolerance by mechanisms such as anergy and deletion (Figure 4).

Tregs have a critical role in regulating T cell activation in peripheral tolerance. Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), a structural homolog of CD28, is expressed on Tregs and has a substantially higher affinity for CD80 and CD86 than does CD28. CTLA-4 competitively inhibits CD28-CD80/CD86 signaling and downregulates CD80 and CD86 expression, so that Tregs induce self-reactive T cell anergy and inactivation (96). Ipilimumab, a CTLA-4-blocking antibody, aggravates pre-existing autoimmune diseases (97). Tregs are heterogenous and can be unstable, depending on the environment (98). A thymically derived Treg cell population generally maintains its suppressive activity, whereas a peripherally derived Treg cell population can change its functional properties under inflammatory conditions (99). Although the role of Tregs in PNP has not been studied, recent studies in FOXP3−/− scurfy mice revealed that the absence of Tregs leads to autoimmune bullous skin diseases mediated by anti-BP230 antibodies (100, 101). Similar to the findings of the mouse study, bullous pemphigoid, characterized by anti-BP180 and anti-BP230 autoantibodies, reportedly developed in a pediatric patient with immune dysregulation, polyendocrinopathy, enteropathy, and X-linked (IPEX) syndrome caused by FOXP3 mutation (102). Thus, a Treg imbalance might lead to the induction of paraneoplastic autoimmunity.

The pro-inflammatory cytokine interleukin (IL)-6 is the major extrinsic factor inhibiting Treg differentiation (103, 104). IL6−/− mice or mice treated with IL-6R blocking antibody exhibit increased frequencies of Tregs and are resistant to various autoimmune diseases (105, 106). Besides Treg differentiation, IL-6 inhibits FoxP3 expression and the suppressive function of Tregs (107). Further, IL-6 promotes the differentiation and function of T follicular helper cells, which interact with B cells and help B cell proliferation, differentiation, and isotype switching (108). A majority of PNP cases showed markedly elevated serum IL-6 levels (109, 110), and recent studies showed that IL-6 is a major driver of disease progression in idiopathic multicentric Castleman disease, which has a substantially higher incidence in PNP than that in other neoplasms (111). Taken together, these results imply that IL-6 might be a crucial inducer of paraneoplastic autoimmunity, although additional studies are required to substantiate the relationship between IL-6 and autoimmunity in PNP (Figure 4).



Molecular Mimicry

PNP might also be caused by an antitumor immune response. Tumor-specific neoantigens result from the mutation of tumors. T cells in response to neoantigens can cross-react with self-antigens derived from normal epithelial proteins and thereby induce autoimmunity due to molecular mimicry. Neoantigens mimicking self-antigens derived from desmosomal and hemidesmosomal proteins have not been investigated in neoplasms to date, although studies have shown that several proteins including Dsg3, BP180, BP230, and α6β4 integrin are overexpressed in epithelial-origin carcinoma (112–115). Once an autoimmune response against a self-antigen starts, tissue damage may propagate the activation of adaptive immune cells specific for other self-antigens, which is called epitope spreading (116). The concept of epitope spreading may explain why autoantibodies targeting multiple self-antigens are detected in individuals with PNP.




FUTURE DIRECTIONS

Because it is such a rare disease, PNP has been poorly understood to date. Although our understanding of PNP is gradually increasing, the pathogenesis and etiology of this disease remain unknown. Moreover, there is a lack of effective treatment options for PNP. Additional human and animal studies will be necessary to investigate the role of anti-plakin autoantibodies in disease manifestation and the mechanism of bronchiolitis obliterans. The causes of PNP might be heterogeneous, depending on the associated malignancies; therefore, various basic approaches are needed to comprehend the breakdown of immune tolerance in PNP. Presently, there is no consensus of diagnostic criteria for this disease. Thus, large-scale clinical studies are needed to optimize the diagnostic algorithm and to develop additional effective treatment strategies to suppress the autoimmune response.
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Bullous pemphigoid (BP) is an organ-specific autoantibody-mediated blistering skin disease that mainly affects the elderly. Typical clinical features include the widespread blisters, often preceded by and/or associated with itchy urticarial or eczema-like lesions. BP patients have circulating autoantibodies against BP180 and/or the plakin family protein BP230 both of which are components of hemidesmosomes in basal keratinocytes. Most BP autoantibodies particularly target the epitopes within the non-collagenous NC16A domain of BP180. Clinical findings and murine models of BP have provided evidence of a pathogenic role of anti-NC16A autoantibodies. However, it is largely unknown what triggers the breakage of immunotolerance against BP180 in elderly individuals. The incidence of BP has been increased over the past two decades in several countries. Aside from aging populations, the factors behind this phenomenon are still not fully understood. Neurodegenerative diseases such as multiple sclerosis, Parkinson's disease, and certain dementias are independent risk factors for BP. Recently several case reports have described BP in patients with diabetes mellitus (DM) patients who have been treated with dipeptidyl peptidase-4 inhibitors (DPP-4i or gliptins), which are a widely used class of anti-DM drugs. The association between the use of DPP-4is, particularly vildagliptin, and BP risk has been confirmed by several epidemiological studies. Evidence suggests that cases of gliptin-associated BP in Japan display certain features that set them apart from cases of “regular” BP. These include a “non-inflammatory” phenotype, targeting by antibodies of different immunodominant BP180 epitopes, and a specific association with the human leukocyte antigen (HLA) types. However, recent studies in European populations have found no major differences between the clinical and immunological characteristics of gliptin-associated BP and “regular” BP. The DPP-4 protein (also known as CD26) is ubiquitously expressed and has multiple functions in various cell types. The different effects of the inhibition of DPP-4/CD26 activity include, for example, tissue modeling and regulation of inflammatory cells such as T lymphocytes. Although the pathomechanism of gliptin-associated BP is currently largely unknown, investigation of the unique effect of gliptins in the induction of BP may provide a novel route to better understanding of how immunotolerance against BP180 breaks down in BP.
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CLINICAL, HISTOLOGICAL, AND IMMUNOLOGICAL FEATURES OF BP

Typically, elderly BP patients have tense blisters, erosions, crusts and erythema over their entire body (Figure 1A). Before the development of blisters, BP is often preceded by a prodromal phase, characterized by severe pruritus and/or non-specific skin symptoms, which may include eczematous, urticarial, papular or excoriated lesions. As many as 20–30% of BP patients have no blistering, and this can delay or hamper correct diagnosis (2, 3).
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FIGURE 1. (A) Typical BP patient who had widespread itchy urticarial and erythematous lesions and tense blisters. (B) The histopathological analysis of lesional skin samples shows subepidermal blisters with numerous eosinophilic infiltrates. (C) Direct IF of a peri-blistering lesion reveals the linear deposition of IgG at the dermo-epidermal junction (arrows). (D) Indirect IF detects circulating IgG autoantibodies directing the dermo-epidermal junction of normal salt-split human skin. The IgG reacts with the roof epidermis of an artificial blister (star). This figure has been previously published in the following paper: Nishie (1). New diagnostic tool for bullous pemphigoid: full-length BP180 ELISA.



Histopathologically, BP blisters form in the subepidermis and contain numerous eosinophilic infiltrates (Figure 1B). A diagnosis of BP is based on clinical manifestations, direct biopsy (Figure 1C) and indirect (Figure 1D) immunofluorescence (IF) microscopy on salt split human skin and serological assays [BP180-NC16A enzyme-linked immunosorbent assay (ELISA)]. The direct IF study, which is the gold standard of BP diagnostics, reveals the linear deposition of IgG and/or complement C3 at the dermal-epidermal junction of perilesional skin (Figure 1C).



PATHOGENESIS OF BP

BP autoantibodies target BP180 and BP230, both of which are hemidesmosomal proteins that play essential roles in maintaining stable adhesion between the epidermis and the dermis (Figure 2) (4, 5). Also known as collagen XVII, BP180 is a 180 kD type II-orientated transmembrane collagen with its amino terminus located in the cytoplasm and its carboxyl terminus in the extracellular matrix (Figure 2). BP230 is a 230 kD protein of the plakin family that is found in the cytoplasm. Around 85% of BP immunoglobulin (Ig)G autoantibodies target the juxtamembranous extracellular non-collagenous (NC16A) domain of BP180 and levels of anti-NC16A correlate well with the severity of BP (4, 5). Passive transfer of anti-BP180 NC16A domain IgG autoantibodies from BP patients induces skin fragility in transgenic mice that express human BP180 (6, 7), suggesting that the anti-NC16A autoantibodies play a central role in blister formation. In contrast, the significance of anti-BP230 autoantibodies is unclear. In addition to IgG autoantibodies, BP patients also have IgE-class autoantibodies, which are thought to be associated with the inflammatory characteristics of BP (8). The binding of BP autoantibodies to their epitopes activates complement, which leads to the degranulation of mast cells and the release of leukotrienes, TNF-α and other cytokines (4, 5). These mediators activate neutrophils and eosinophils, which produce proteolytic enzymes that are able to degrade the dermo-epidermal junction, which has the end result of blister formation (4, 5).
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FIGURE 2. (A) Schematic presentation of molecules that make up the dermo-epidermal junction. (B) The structure of BP180. Note that the NC16A domain (arrow) is the juxtamembranous extracellular domain. This figure has been previously published in the following paper: Nishie (4). Update on the pathogenesis of bullous pemphigoid: an autoantibody-mediated blistering disease targeting collagen XVII.





EPIDEMIOLOGY OF BP


Incidence, Comorbidities, and Mortality

Estimates of the annual incidence of BP range between 2.5 and 21.7 cases per million persons (9–11). For example, the age-standardized incidence of BP has been reported as 14 per million person-years in both Finland and Scotland (12, 13). Several studies have reported a trend of increased incidence of BP over the last few decades, including some that controlled for the effects of an aging population (12, 14).

BP is an atypical autoimmune disease because it normally develops in the elderly; reports of the mean age at diagnosis vary between 69 and 83 years (10, 14–20). Since BP is a disease most commonly seen in elderly patients, BP is frequently accompanied by several comorbidities (21). A recent study found that 84% of subjects with BP also had at least two other chronic diseases (22). Hypertension, psoriasis and diabetes are among the most common comorbidities (22–25). Reports of associations between BP and malignancies are inconsistent. A recent meta-analysis found that BP was not associated with overall cancer morbidity, although there was an association between BP and hematological malignancies (26).

Patients with BP have a heightened risk of death. An overall 1-year mortality rate of 23.5% in patients with BP (range 6–41%) was reported in a recent systematic review and meta-analysis (27). Advanced age at BP onset, diagnostic delay and comorbid diabetes are each associated with increased 1-year mortality (19). Polypharmacy is common among BP patients and it has been associated with higher mortality: the more drugs a BP patients receives, the greater their mortality risk (17).



Neurological Diseases Increase the Risk of BP

Several epidemiological studies indicate that neurological and neurodegenerative diseases are common in BP patients (21, 28–30). More specifically, multiple sclerosis (MS), Parkinson's disease (PD) and certain dementias, including Alzheimer's disease (AD), significantly increase an individual's risk of developing BP (28, 29). BP180 and a neural isoform of BP230 are expressed in the brain as well as in the skin (31). The strong epidemiological association between neurological disorders and BP, alongside the neuronal expression of BP autoantigens has led to the assumption that neurodegeneration or neuroinflammation could lead to the failure of self-tolerance against BP180 and BP230 and thus the development of BP (32–34). Some patients with AD, MS or PD have circulating autoantibodies against BP180, but these non-pathogenic autoantibodies do not bind to the skin and therefore do not cause cutaneous symptoms (32–34). Currently it is not known whether epitope spreading or some other mechanism or factors lie behind the high risk of BP carried by neurological patients. A recent nationwide Finnish registry study suggested that the use of some drugs that affect the nervous system may contribute to the onset of BP, but additional studies are required to confirm this association (35).



Medication As a Risk Factor for BP

To date, more than 60 drugs have been reported to induce BP, including certain antibiotics, diuretics and other anti-hypertensive drugs, anti-TNF-α-drugs and vaccines (36). Of all drug classes, robust evidence suggests that prior use of dipeptidylpeptidase-4 inhibitors (DPP-4i or gliptins) carries the highest risk for BP. Currently there is a rapidly growing volume of publications regarding DPP-4i-associated BP (Tables 1, 2), meaning that it is now an important issue in the field.



Table 1. Selected case reports of gliptin-associated bullous pemphigoid.
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Table 2. Epidemiological studies of gliptin-associated bullous pemphigoid.
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In addition immune checkpoint inhibitors against programmed death-1 (anti-PD-1) and programmed death-ligand 1 (anti-PD-L1) have recently been added to the list of drugs associated with BP (59, 60). Anti-PD-1 and -PD-L1 medications are used to treat metastatic melanoma and other advanced malignancies. As many as 20% of treated patients develop dermatological adverse events, predominantly non-specific rashes and pruritus (60). Since 2015, there have been at least 29 case reports of an association between treatment with anti-PD-1/PD-L1 medication and BP (60). A recent retrospective study of 853 patients found BP in 0.8% of patients treated with PD-1 or PD-L1 inhibitors (59).




DPP-4I-ASSOCIATED BP


DPP-4

The DPP-4 protein is a member of the prolyl-oligopeptidase superfamily, which between them cleave a wide range of bioactive peptides (61). DPP-4 (also known as CD26) is ubiquitously expressed in various kinds of cells, including T-lymphocytes (62). The expression of the DPP-4/CD26 protein is increased in several skin diseases, including such as T-cell lymphomas, psoriasis, lichen planus and atopic dermatitis (63). The cutaneous expression of DPP-4/CD26 was recently shown to be upregulated in BP patients, but independently of prior gliptin treatment (52).



DPP-4 Inhibitors: A Widely Used Drug Class for the Treatment of Type II Diabetes Mellitus

Among other substrates DPP-4 degrades incretins, a group of metabolic hormones, two of which are glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) (64, 65). Inhibition of the enzymatic activity of DPP-4 prolongs the GLP-1/GIP-dependent secretion of insulin by pancreatic beta cells that is induced by increased serum glucose levels. Therefore, DPP-4is have beneficial effects on blood glucose levels, but their use does not carry a relevant risk of hypoglycemia. In addition to its effects on GLP-1 and GIP, DPP-4 is also involved in the N-terminal dipeptide cleavage of various molecules including eotaxin (CCL11), regulated on activation, normal T-cell expressed and secreted (RANTES), CCL5, CXCL9, CXCL10, and CXCL11 (64). Thus, DPP4-is may have functions other than their anti-hyperglycemic effects. It has also been reported that DPP-4is may promote regeneration following endothelial and myocardial injury, and may inhibit the development of atherosclerosis (66). Furthermore, DPP-4is may target other proteins in the DPP family, including DPP-8 and DPP-9, whose biological functions have not yet been fully elucidated (65). Since 2006, when sitagliptin became the first DPP-4i to be licensed, more than 10 other DPP-4is have been approved for clinical use.



Case Reports of DDP-4i-Associated BP

Skandalis et al. (38) were the first researchers to describe gliptin-associated BP. They reported five cases in which BP arose following use of DPP-4i and metformin for periods lasting between 2 and 13 months. Since then, numerous case reports of DPP-4i-associated BP have been published originating from different countries and concerning all the available DPP-4i drugs (Table 1).



Registry and Cohort Studies Showing the Association Between the Use of DPP-4i Medication and BP

There is an impressive body of epidemiological evidence showing the association between the use of DPP-4i medication and BP (Table 2). Reports from European and French pharmacovigilance databases were the first epidemiological studies to show a disproportionately high incidence of BP in patients treated with DPP-4is (43, 67). A study using reports filed in the EudraVigilance pharmacovigilance database found that BP was associated with treatment with vildagliptin, linagliptin, saxagliptin, and sitagliptin (43). Vildagliptin was the DPP-4i most commonly reported to induce BP. A similar disproportionality was also noted in a Japanese pharmacovigilance database study, particularly among patients treated with vildagliptin, linagliptin, and teneligliptin (68).

In a Swiss case-controlled study of 23 diabetic BP patients and 170 diabetic controls DPP-4i use was more frequent in the diabetic BP patients than the controls (39.1 and 33.5%, respectively) although the difference did not reach statistical significance (50). Another case-controlled study of 61 BP patients with diabetes and 122 diabetic controls found that DPP-4i use increased the risk of BP almost 3-fold, but the increase was driven by vildagliptin rather than the other DPP-4is (53). An Israeli case-controlled study of 82 BP patients also found that vildagliptin was the DPP-4i most strongly associated with BP risk, although it also found an increased risk for BP with linagliptin (56). The first nationwide registry study from Finland demonstrated a 10-fold-elevated risk of BP after the use of vildagliptin in a case-controlled setting (54). In that study combination therapy with metformin and vildagliptin or sitagliptin was associated with an increased risk of BP, but no such association was seen with metformin alone (54). Another nationwide study from Korea also found that the use of DPP-4is was associated with a significant increase in the risk of developing BP; with vildagliptin again presenting the highest risk (58). Accordingly, a recent French study found that the observed per-capita intake of DPP4is, particularly that of vildagliptin was higher in a cohort of 1,787 patients with BP than in the general population (57).



Clinical and Immunological Characteristics of DPP-4i-Associated BP

The reported latency between the initiation of DPP-4i medication and a diagnosis of BP is generally several months, but may be more than 1 year (Table 1) (43, 53, 54, 56, 57). The long latency between the initiation of a gliptin and the onset of BP suggests that, rather than being simply an adverse reaction to treatment, gliptin-associated BP should in fact be viewed as a drug-aggravated disease. Only a few studies have described the clinical course of DPP-4i-associated BP. In a study by Benzaquen et al. (53) with a follow-up period of 3–30 months, 95% of patients whose DPP-4i therapy was discontinued achieved partial or complete BP remission, while only seen in 55% of those who continued DPP-4i therapy. The population of a recent French study comprised 108 BP patients 45.3% of whose DPP4-i treatment was stopped, with treatment being continued in the remaining 54.7%. The study found no differences between the groups in the median time to achieve disease control, the time to first relapse, the relapse rate, or the mean initial dose of clobetasol propionate cream for the treatment of BP (57). Overall, contradictory findings remain regarding the effect of DPP-4i discontinuation on BP disease course, and further study is required.

Some studies have suggested that DPP-4i-BP occurs more commonly in men and in individuals over 80 years old (53, 56, 58, 67), but not all studies have found such gender or age differences (54, 57). A cohort study from Israel reported that mucous membrane involvement is more likely in DPP-4i-associated BP than in patients without prior DPP-4i exposure (56). Although some distinct clinical features have been reported in cases of gliptin-associated BP, most European studies have concluded that there are no major clinical and immunological differences between DPP-4i-BP and non-DPP-4i-DP (57, 69).

Interestingly, certain Japanese DPP4i-associated BP patients do have distinct clinical and immunological features (70). Firstly, DPP-4i-associated BP in Japanese patients tends to show a non-inflammatory phenotype with less erythema than that seen in typical BP (71) (Figure 3). The low level of inflammation is associated with low numbers of lesional infiltrated eosinophils (70). Secondly, around 40–70% of Japanese patients with DPP-4i-associated BP have a negative or low titer for anti-BP180 NC16A autoantibodies (70–72). This is a sharp contrast to the 80 to 90% of non-DPP-4i-associated BP cases, who are positive for anti-BP180 NC16A autoantibodies (73). In Japanese DPP-4i-associated BP cases, autoantibodies mainly target the mid-portion of the non-NC16A extracellular domain of BP180. It is therefore impossible to detect such autoantibodies using a commercially available kit (70). Similarly to some European cohorts, aged males feature prominently among the Japanese DPP-4i-associated BP population (68), but any elevated likelihood of mucous membrane involvement is still uncertain. However, it should be noted that not all Japanese DPP-4i-associated BP patients show such distinct features, and a cohort study from Kurume University reported that an investigation of BP patients who tested negative for anti-BP180 NC16A autoantibodies revealed no association with prior DPP-4i use (74). Future studies may reveal why distinct clinical and immunological features are observed in some Japanese cases of DPP-4i-associated BP.
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FIGURE 3. (A) A case of DPP4i-BP in a 70-year-old man without autoantibodies directed against the NC16A domain of BP180. The patient had IgG autoantibodies against the non-NC16A domains of BP180. Note that there is no erythema around the blisters. (B) The histopathological analysis of lesional skin shows subepidermal blisters with low number of infiltrating eosinophils.





Genetic Characteristics of DPP-4i-Associated BP

The unique clinical and immunological characteristics seen in some Japanese patients with DPP4i-associated BP poses the question as to whether these patients have distinct genetic characteristics, such as particular human leukocyte antigen (HLA) haplotypes. This question was recently addressed by Ujiie et al. (72), in a study on 30 Japanese patients with DPP4i-associated BP. Based on their BP Disease Area Index (BPDAI) scores (75), the patients were divided into two groups: inflammatory, and non-inflammatory. Most patients (21/30) showed the non-inflammatory phenotype and low levels of anti-NC16A BP180 autoantibodies. Interestingly, 86% (18/21) of the non-inflammatory patients had the HLA-DQB1*03:01 haplotype, whereas that allele was present in only 31% (19/61) of the diabetes patients receiving DPP-4i without any blister formations. The results clearly suggest that HLA-DQB1*03:01 in non-inflammatory DPP-4i-BP is strongly associated with drug-related autoimmune disease (72). Although this study was performed on Japanese BP patients, HLA-DQB1*03:01 is also known to be associated with mucous membrane pemphigoid in Caucasian patients (76). Mucous membrane pemphigoid target non-NC16A extracellular domains of BP180 (77), as do DPP4i-associated BP autoantibodies. Therefore, it would be particularly interesting to determine whether HLA-DQB1*03:01 is also linked to non-inflammatory DPP4i-associated BP in Caucasian patients. However, a very recent study from Finland failed to detect such an association (52).



Epitope-Spreading Phenomena in DPP-4i-Associated BP

Models of BP have demonstrated important roles of anti-BP180 NC16A autoantibodies in blister formation (6, 7), while possible pathogenic roles of other autoantibodies targeting the non-NC16A regions of BP180 and BP230 have yet to be identified. However, the presence in DPP-4-associated BP of autoantibodies that target the non-NC16A regions of BP180 suggests that such antibodies may indeed also be pathogenic. Furthermore, anti-BP180 NC16A autoantibodies may not play a primary role in the pathogenesis of DPP-4i-associated BP. A study of four DPP-4i-associated BP patients whose clinical manifestations showed them to have the inflammatory phenotype found that these patients already had polyclonal IgG and IgE autoantibodies targeting various regions of BP180 including the NC16A and intracellular domains, as well as non-NC16A extracellular regions (51). These observations led the notion that the activity of anti-BP180 NC16A autoantibodies may be a secondary rather than a primary phenomenon, arising from epitope-spreading. Recently, several cases of DPP-4i-associated BP have been reported, in which anti-BP180 NC16A autoantibodies developed during the course of the disease (78–80). Interestingly, these case may initially have shown the non-inflammatory phenotype typically associated with autoantibodies directed against the non-NC16A domain of BP180, but their clinical characteristics later changed to a profile consistent with that of the inflammatory phenotype. Furthermore, cessation of DPP-4i treatment did not arrest disease progression, suggesting that the treatment may have triggered the disease, which was then set on a drug-independent course (79).



Pathogenesis of DPP-4i-Associated BP

Currently the pathogenesis of DPP-4i-associated BP remains largely unclear, but it may be reasonable to expect that the inhibition of CD26 expression on T-cells may have certain effects on the immune system. A murine model showed that inhibition of DPP-4 induces the infiltration of eosinophils into the skin (81). This is notable because the cutaneous infiltration of eosinophils is a typical histopathologic feature of BP. However, the numbers of infiltrating eosinophils in perilesional skin are somewhat lower in non-inflammatory Japanese DPP-4i-associated BP than in cases with the inflammatory phenotype (70, 72).

The major BP autoantigen BP180 is a transmembrane collagen; therefore, certain effects of DPP-4i on the biological activity or metabolism of BP180 may be involved in breaking immunotolerance of BP180. However, a very recent study found no significant effects of DPP4i on the expression or shedding of BP180 in keratinocytes in vitro (52). It should also be noted that DPP-4 is a cell-surface plasminogen receptor that converts plasminogen to plasmin, a major serine protease (82). Plasmin is known to cleave BP180 into its 120 and 97 kD ectodomains (83, 84). Therefore, the suppression of DPP-4 may be associated with the development of epitopes for DPP-4i-BP autoantibodies, a possibility that needs to be elucidated by future studies.

It is mysterious that immunotolerance to BP180 is selectively broken in certain individuals by DPP-4i exposure, especially in HLA-DQB1*03:01 Japanese carriers (72). It is also curious why BP180 is the only autoantigen for any autoimmune blistering diseases that is targeted by autoimmunity. Although a case of pemphigus vulgaris developing 6 months after the treatment with sitagliptin has been reported (85), BP accounts for the majority of cases of autoimmune blistering diseases likely associated with DPP-4i treatments. Autoimmune blistering diseases, particularly BP, are disproportionately common in DM patients treated with a DPP-4i.

There are several hypothetical mechanisms that may be involved in the breakdown of immunotolerance to BP180, including aberrant expression of BP180 associated with abnormal post-translational modifications or homeostasis. Regarding with this notion, a recent study reported that saxagliptin and sitagliptin both induced epithelial-mesenchymal transition (EMT) in immortalized human keratinocytes (HaCaT), which is associated with increased migration and accelerated wound closure (86). BP180 is known to be involved in keratinocyte migration (87, 88), and EMT may exert an effect on various basement membrane proteins including BP180 (89). Thus, it is possible that DPP-4 inhibition influences keratinocytes in an EMT-dependent manner. It has also been reported that in vitro suppression of DPP-4-like activity in fibroblasts inhibits the TGF-β-dependent proliferation of fibroblasts and the secretion of type I procollagen (90).

The final question is whether DPP-4i medication alone is sufficient to induce BP or if other factors are also required. It is currently unknown whether concomitant autoimmune diseases increase the BP risk of BP in gliptin-treated diabetics, since published studies have not yet compared the comorbidities of DPP4i-associated BP patients with those of non-DPP-4i-BP patients. In BP, various triggering factors other than drugs have been reported; including infections, ultraviolet exposure and physical factors such as burns (91). Interestingly, there exists a report of BP having been induced by a thermal burn in a patient who was receiving DPP-4i treatment. In this case, cessation of the DPP-4i led to remission without the use of a systemic corticosteroid (92). The report suggests that DPP-4i treatment may increase the risk of BP but in this case did not independently induce the disease. The results of a French cohort study also suggested that DPP-4i treatment may trigger, but not induce BP (57).




FUTURE PROSPECTS

Despite the rapidly growing volume of papers regarding the association between the use of gliptins and BP, experimental and clinical data remain scarce. It remains to be seen whether the use of gliptins has any influence on the development of blistering or its severity in BP mouse models. Existing BP models are probably not suitable for this purpose because of the duration of gliptin use required to promote the breakage of immunological tolerance to BP180. On the other hand, we predict that the careful clinical, immunological and genetic characterization of patients with DPP-4i-associated BP will offer valuable information concerning autoimmunity against BP180 and may lead to the development of better treatments for all patients with BP (93).



CONCLUSIONS

Recently published epidemiological data have confirmed firmly that gliptin treatment is a major factor in BP pathogenesis in patients from different ethnic backgrounds. The long latency period between the initiation of gliptin treatment and the beginning or diagnosis of BP suggests that DPP-4i-associated BP is a drug-aggravated, rather than a drug-induced, skin disorder. However, the pathomechanism behind this interesting phenomenon is currently unknown and it remains to be investigated whether gliptins predispose elderly individuals to BP by, for example, disturbing the balance of the immune system and/or altering the structures of the cutaneous basement membrane zone. We need more information concerning the phenotype and prognosis of gliptin-associated BP, and especially concerning the necessity of replacing gliptins with other DM medications in patients with BP. Finally, we sincerely believe that further characterization of gliptin-associated BP will improve our understanding of autoimmunity in general.
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The immunomodulatory potential and low incidence of severe side effects of high-dose intravenous immunoglobulin (IVIg) treatment led to its successful application in a variety of dermatological autoimmune diseases over the last two decades. IVIg is usually administered at a dose of 2 g per kg body weight distributed over 2–5 days every 4 weeks. They are most commonly used as a second- or third-line treatment in dermatological autoimmune disease (pemphigus vulgaris, pemphigus foliaceus, bullous pemphigoid, mucous membrane pemphigoid, epidermolysis bullosa acquisita, dermatomyositis, systemic vasculitis, and systemic lupus erythematosus). However, first-line treatment may be warranted in special circumstances like concomitant malignancy, a foudroyant clinical course, and contraindications against alternative treatments. Furthermore, IVIg can be considered first line in scleromyxedema. Production of IVIg for medical use is strictly regulated to ensure a low risk of pathogen transmission and comparable quality of individual batches. More common side effects include nausea, headache, fatigue, and febrile infusion reactions. Serious side effects are rare and include thrombosis and embolism, pulmonary edema, renal failure, aseptic meningitis, and severe anaphylactic reactions. Regarding the mechanism of action, one can discriminate between functions of the Fcγ region and the F(ab)2 region and their effects on a cellular level. These functions are not mutually exclusive, and more than one pathway may contribute to the beneficial effects. Here, we present a historical background, details on manufacturing, hypotheses on the mechanisms of action, information on the clinical application in the abovementioned conditions, and a brief outlook on future directions of IVIg treatment in dermatology.

Keywords: scleromyxedema, vasculitis, IVIg, bullous pemhigoid, pemphigus vulgaris, epidermolysis bullosa acquisita, systemic lupus erythematosus, dermatomyositis


INTRODUCTION

The immunomodulatory potential and low incidence of severe side effects of high-dose intravenous immunoglobulin (IVIg) treatment led to its successful application in a variety of dermatological autoimmune diseases over the last two decades. From a historical perspective, the first well-documented proof-of-concept medical application of IVIg in an autoimmune disease dates back to 1981, when Imbach et al. (1) successfully treated a child with immune thrombocytopenia (ITP, formerly idiopathic thrombocytopenic purpura), a humoral and cellular autoimmune reaction against thrombocytes and megakaryocytes that results in skin purpura and organ hemorrhage. Only a few years later, Furusho et al. (2) and Newburger et al. (3) reported the successful application of IVIg in Kawasaki disease, an acute, highly febrile necrotizing systemic vasculitis that mainly affects young children, often manifests with a mucocutaneous rash and unilateral cervical lymphadenopathy, and can be complicated by potentially fatal cardiovascular involvement. Even though, to date, no randomized clinical trial exists, IVIg has since become a mainstay in the treatment of Kawasaki disease. As early as 1993, Dalakas et al. (4) reported the first randomized controlled clinical trial of IVIg in a dermatological condition demonstrating its successful application in dermatomyositis. Subsequently, IVIg has evolved as a treatment for several other dermatological autoimmune conditions, which are listed in Table 1. The clinical application of IVIg is, however, limited by its high cost. Therefore, to warrant a rational use of IVIg, a comprehensive clinical guideline for the use of IVIg in dermatology was first published by the European Dermatology Forum in 2009 and was recently updated in its third edition (5).



Table 1. Selection of autoimmune diseases with prominent cutaneous involvement successfully treated with IVIg and common treatment regimes.
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MANUFACTURING

Production of IVIg for medical use is strictly regulated to ensure a low risk of pathogen transmission and comparable quality of individual batches. Immunoglobulin concentrations in healthy human sera range from 7 to 12 g/l. Seventy-five percent of these immunoglobulins are class IgG. Modern multistep procedures allow for the purification of up to 4.5 g IgG with more than 95% purity from 1 L of plasma. Special care is taken to reduce the amount of IgA in the preparation, which can trigger severe anaphylactic reactions in patients with selective IgA deficiency. Usually, plasma from whole-blood donations or plasmapheresis of more than 10,000 donors is pooled into a single batch of IVIg. Potential pathogens are mostly inactivated during the purification process. Further steps to ensure a low risk of pathogen transmission include the epidemiological screening of donors and virological testing of donor blood and pooled plasma. Commercial IVIg preparations are usually distributed with a concentration of 50–100 g/l. Aside from IgG, the preparations usually contain sugars (sucrose, maltose, glucose), glycine, sodium chloride, and albumin. While it remains elusive whether commercial preparations differ regarding their immunomodulatory properties, the sugars contained may warrant a different approach depending on comorbidities (e.g., low glucose for diabetic patients, low sucrose for patients with renal failure, low sodium for patients with cardiovascular disease).



PRACTICAL CONSIDERATIONS AND SIDE EFFECTS

IVIg in the treatment of dermatological conditions is usually administered at a dose of 2 g per kg body weight distributed over 2–5 days every 4 weeks. For comparison, this dose is roughly four times higher than the 0.2–0.8 g per kg body weight used in the setting of substitution therapy. Given the half-life of IgG of approximately 3–4 weeks, application of 2 g/kg body weight IVIg over 2–5 days results in high peak serum concentrations. These peaks are considered by some to contribute to the beneficial treatment effects, even though no confirming data exist. At least in the treatment of immune neuropathies, an increasing body of evidence suggests that subcutaneous application of IgG with lower peak concentrations has a similar treatment effect as IVIg (6). The maximum speed of the infusion depends on the individual patient and IVIg preparation. If tolerated, it may reach 0.01 g per kg body weight per minute. Patients should drink sufficient amounts of water before and during the infusion to optimize tolerance. Adequate urine production and blood pressure should be monitored during the infusion.

More common side effects, experienced by up to 10% of patients, include nausea, headache, fatigue, and febrile infusion reactions. Oftentimes, these mild side effects can be controlled by improved hydration; modification of the infusion speed; or anti-allergic, analgesic, and antipyretic co-medication. Hemolysis and neutropenia, which are mostly mild, are thought to occur due to transferred blood-group antibodies and anti-neutrophil antibodies, respectively. Serious side effects are rare and include thrombosis and embolism, pulmonary edema, renal failure, aseptic meningitis, and severe anaphylactic reactions. These latter side effects are, in part, thought to result from impaired rheology, hypervolemia, and allergic reactions to residual IgA in the preparation. The latter reaction is mainly observed in patients with selective IgA deficiency, a rather common [prevalence of ~1:640 in industrialized western countries (7)], and except for an often mild propensity for airway infections, mostly asymptomatic defect of humoral immunity. Surprisingly, IVIg is sometimes tolerated even in this population, rendering the precise role of anti-IgA antibodies and cofactors like the route of administration in causing allergic reactions subject to further investigation (8).



MECHANISM OF ACTION AND CLINICAL USE

The mechanism of action of IVIg in the treatment of autoimmune diseases is still a matter of debate. Generally speaking, one can discriminate between functions of the Fcγ region and the F(ab)2 region and their effects on a cellular level (Figure 1). These functions are not mutually exclusive, and given the heterogeneity of diseases IVIgs are used to treat, it is not unlikely that more than one pathway contributes to the beneficial effects. Indeed, there may be some truth to the statement that, after corticosteroids, IVIgs are the broadest immunomodulatory agent available (9).
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FIGURE 1. Summary of IVIg mechanisms of action. Graphical summary of reported mechanisms of action of IVIg. IVIg effects can be mediated through the F(ab)2 and Fc fragments. APC, antigen-presenting cell; DC, dendritic cell; FCγRIIB, Fcγ receptor IIB; FcRn, neonatal Fc receptor; IVIg, intravenous immunoglobulin.



Strong evidence for a prominent immunomodulatory function of the Fcγ fragment was reported as early as 1993, when Debre et al. (10) were able to show that transfusion of the purified Fcγ fragment is sufficient to successfully treat children with ITP. Indeed, IgG-binding Fcγ receptors were described on a variety of human cells including, among others, leucocytes and platelets. They are most effectively activated by cross-linking through binding of immune complexes. A leading hypothesis states that upregulation of the inhibitory Fcγ receptor IIB (FcγRIIB) is essential for the anti-inflammatory, immunomodulatory activity of IVIg. Supporting evidence for this hypothesis came from studies conducted by Samuelsson et al. (11), Siragam et al. (12), and Kaneko et al. (13), who could show that FcγRIIB expression is required for a response to IVIg infusion in murine models of ITP, arthritis, and nephritis, respectively. Through a series of high-impact publications, the group of Jeffrey Ravetch could subsequently demonstrate that the effects of IVIg on the Fcγ receptor repertoire were mediated not by binding of IVIg to a canonical Fcγ receptor but by a specific receptor for sialylated Fcγ fragments. Indeed, anti-inflammatory activity of IgG depends on specific sialylation of an N-linked glycan on the Fcγ region in mouse arthritis and nephritis models (14). Subsequent research demonstrated that a fully recombinant, appropriately sialylated Fcγ fragment is, in fact, sufficient to confer anti-inflammatory activity in a mouse arthritis model (15). Again using a mouse arthritis model, a specific C-type lectin, SIGN-R1, was later identified to be essential for the anti-inflammatory potential of appropriately sialylated IgG (16). Subsequently, the same group could demonstrate that humanized mice with macrophages and dendritic cells bearing the human orthologue of SIGN-R1, DC-SIGN, responded to IVIg treatment depending on DC-SIGN (17).

Another hypothesis, addressing mainly the context of ITP, states that large immune complexes are formed between IgG in IVIg and anti-D preparations and erythrocytes that inhibit macrophages competitively and via cytokine induction in the reticuloendothelial system, thereby preventing phagocytosis of platelets (18). While this hypothesis explains why anti-D IgG, sometimes given as an alternative to IVIg in ITP patients, is only effective in rhesus D–positive individuals (19), it is not easily compatible with reports that IVIg benefits in ITP were independent of the F(ab)2 fragment (see previous paragraph).

On a cellular and cytokine level, IVIg was reported to induce a Th2-type immune response with production of interleukin 33 (IL33) and IL4, leading to an increased expression of FcγRIIB on splenic macrophages in a murine arthritis model (17). It should be noted, however, that previous research has suggested that IL33 and IL4 are not crucial for the beneficial effects of IVIg in murine ITP models, and patients with ITP still respond to IVIg after splenectomy (20, 21). IVIg was furthermore reported to expand regulatory T-cells in a murine experimental autoimmune encephalitis model via interaction of IVIg with DC-SIGN on dendritic cells (22); to reduce expression of stimulatory cofactors, toll-like receptors, and additional activating pathways in B-cells ex vivo (23, 24); and to inhibit Th17 differentiation, amplification, and function ex vivo (25, 26).

Very recently, two recombinant IgG1 multimers were reported that confer either several (27) or only a subset (28) of IVIg effector functions and may offer new insights into the therapeutic role of IgG subunits in IVIg formulations.

Additional hypotheses on IVIg's mechanism of action will be discussed in the following paragraphs alongside the relevant dermatological conditions.

Table 1 summarizes indications for IVIg treatment in dermatology. Due to the rarity of some of these conditions, randomized clinical trials to support the use of IVIg are not generally available.


Autoimmune Bullous Dermatoses

Autoimmune bullous dermatoses are a heterogeneous group of antibody-mediated autoimmune diseases, which manifest with bullae and erosions on the skin and mucous membranes. Prominent examples are pemphigus vulgaris and bullous pemphigoid. In pemphigus vulgaris, pathological antibodies against keratinocyte desmosomal proteins (desmoglein 3, desmoglein 1) cause intra-epidermal separation with the formation of blisters and erosions in the mouth, pharynx, and skin. Until the advent of steroid treatment, pemphigus vulgaris caused significant mortality due to malnutrition and superinfection. Even today, a subset of patients do not sufficiently respond to immunosuppressive and immunomodulatory treatment or succumb to fatal adverse effects. Bullous pemphigoid results from autoantibodies against hemidesmosomal proteins, in particular, the NC16A region of BP180. Therefore, and in contrast to pemphigus vulgaris, blister formation is sub-epidermal. The clinical course tends to be mild, and topical treatment may be sufficient. Other sub-epidermal autoimmune bullous dermatoses include epidermolysis bullosa acquisita, with anti-collagen VII autoantibodies and, consequently, the formation of deep blisters between the basal membrane and papillary dermis, and mucous membrane pemphigoid, which may result in scarring and, if affecting the eyes, loss of vision.

Treatment of recalcitrant pemphigus vulgaris and foliaceus and bullous pemphigoid with IVIg is supported by two randomized clinical trials (29, 30). Figure 1 documents the response of a patient to IVIg treatment. Usually, IVIg is used as a third-line adjunct treatment initially flanked by high-dose systemic corticosteroids and steroid-sparing immunosuppressants (5, 31). In analogy, IVIg is successfully used to treat other autoimmune bullous dermatoses including epidermolysis bullosa acquisita and mucous membrane pemphigoid (5). Once disease control is achieved, indicated by the healing of old erosions and no formation of new blisters, immunosuppressive treatment is slowly reduced and, finally, IVIg intervals may be extended to 6 weeks followed by cessation of IVIg treatment.

Regarding the mechanism of action, Li et al. (32) could demonstrate that response to IVIg treatment in murine bullous pemphigoid, pemphigus vulgaris, and pemphigus foliaceus models depended on the expression of the neonatal Fc receptor (FcRn), which regulates the half-life of serum IgG via pinocytosis and protection against lysosomal degradation. The authors put forward the hypothesis that IVIgs saturate FcRn receptors, resulting in accelerated degradation of pathogenic autoantibodies. Of note, FcRn-deficient mice developed only very mild symptoms of autoimmune bullous dermatoses, rendering the comparison with wild-type mice complex. The pathogenic relevance of FcRn in autoimmune bullous dermatoses was also demonstrated in murine experimental epidermolysis bullosa acquisita models, where FcRn deficiency protected from tissue injury [(33); for a review, see (34)]. Arguing against a prominent global role of FcRn saturation is the observation that FcRn deficiency does not preclude IVIg effects in mice with ITP (35). However, animal models of ITP usually focus on the initial phases of disease and treatment. Therefore, FcRn saturation may still contribute to the prolonged effects of IVIg treatment in autoimmune diseases. Other potential mechanisms that may contribute to IVIg's beneficial effects in autoimmune bullous dermatoses include anti-idiotypic antibodies against anti-BP180 IgG, which were demonstrated in IVIg and prevented BP180 degradation ex vivo (36), and a reduction of pro-inflammatory interleukin 6, which was recently demonstrated in IVIg-treated murine experimental bullous pemphigoid models (37).



Dermatomyositis

Dermatomyositis is an antibody and complement-mediated microangiopathy characteristically affecting the proximal musculature of the extremities and sun-exposed areas of the skin (38). Apart from the musculature, systemic involvement mainly affects the heart and lungs. One-third of cases are paraneoplastic. Therefore, dermatomyositis is associated with considerable mortality. In contrast to adult dermatomyositis, pediatric dermatomyositis is usually not associated with malignancy.

The treatment of dermatomyositis with IVIg is supported by a randomized clinical trial (4). A recent guideline promotes the use of IVIg as a second-line therapy after failure of systemic high-dose corticosteroids, the mainstay of dermatomyositis treatment (5). This approach is of particular use when an associated malignancy is present to reduce the need for immunosuppressive medication. Alternative second-line treatments include steroid-sparing immunosuppressants like mycophenolate mofetil, azathioprine, and methotrexate (39). The immunosuppressive medications, starting with systemic corticosteroids, are slowly reduced once disease control is achieved. Finally, IVIg intervals may be extended to 6 weeks followed by cessation of IVIg treatment.

Basta and Dalakas (40) reported that IVIg treatment prevented the formation of the complement membrane attack complex in patients with dermatomyositis. Indeed, the Fcγ fraction of IgG was shown to bind C3b, thus opsonizing it for clearance by the reticuloendothelial system (41). Additionally, Basta et al. (42) could demonstrate that the F(ab)2 fraction of IgG binds and neutralizes the anaphylatoxins C3a and C5a using animal models of murine asthma and porcine C5a-induced cardiopulmonary distress. However, given the reported treatment effects of isolated Fcγ fractions, the F(ab)2 fraction may not contribute equally to effects of IVIg in other diseases including ITP [see above, e.g., (10)].



Scleromyxedema

Scleromyxedema is histologically characterized by fibroblast activation, mucin deposition, and fibrosis and usually associated with paraproteinemia. The precise pathogenesis is, as of yet, unknown. Clinically, the depositions mainly affect the skin, where patients develop waxy papules and indurations that may lead to dermatogenic contractures. Systemic involvement of the peripheral and central nervous system, cardiopulmonary system, kidneys, joints, and/or muscles is observed in up to 30% of patients.

Given the unsatisfactory response and relevant associated morbidity of alternative treatments like systemic steroids, thalidomide, or melphalan, IVIg is recommended as a first-line treatment in severe scleromyxedema based on several case reports and series (5). Due to frequent relapses after cessation, long-term IVIg treatment is oftentimes necessary.

The pathogenic role of monoclonal IgG in scleromyxedema is unknown: while patient serum induced fibrosis in normal human fibroblasts, purified monoclonal patient IgG was ineffective (43). Hypotheses therefore include the blocking of an as of yet unknown circulating factor by IVIg (44). However, the mechanism of action is largely elusive and may involve various IVIg effects documented in other disease entities.



Systemic Vasculitis

Vasculitides are a heterogeneous group of diseases that result from an inflammation of the arterial blood vessels and/or post-capillary venules. They are categorized, among other criteria, by the size of the affected blood vessels and single- or multi-organ involvement according to the Chapel Hill Consensus Conference criteria (45). The symptoms largely depend on the involved organ systems. In the skin, symptoms range from papules with hemorrhage (palpable purpura) to subcutaneous nodules and necrosis depending on the size and depth of the involved blood vessels. Regarding the pathogenesis, it is possible to discriminate those types of vasculitis that involve anti-neutrophilic cytoplasmic antibodies (ANCAs), leading to neutrophil activation and degranulation, from those that result from immune complex deposition.

A randomized controlled trial indicating beneficial effects of IVIg was conducted by Jayne et al. (46) in patients with granulomatosis with polyangiitis (GPA, formerly Wegener's granulomatosis), a potentially lethal form of ANCA-associated multi-organ vasculitis. Of note, some critics of the study have later objected to the short observation period of 3 months, and a recent Cochrane review found insufficient evidence to support the use of IVIg in GPA (47). Still, the EULAR advises using IVIg as an adjuvant treatment in GPA with moderate residual disease unresponsive to high-dose systemic corticosteroids, cyclophosphamide, and rituximab (48). Based on data on IVIg in ANCA-associated vasculitis and several case reports and series documenting beneficial effects of IVIg in a variety of vasculitides, the current European guideline promotes the use of IVIg in all severe systemic vasculitides in recalcitrant cases, if other therapeutic options are contraindicated, or if the disease takes a foudroyant course (5). Alongside acetylsalicylic acid, IVIg is considered a mainstay in the treatment of Kawasaki disease, as elaborated in the introductory part of this manuscript.

In vitro data indicate that anti-idiotypic antibodies contained in IVIg can bind and neutralize ANCA (49). Whether anti-idiotypic antibodies contribute to IVIg effects in the treatment of vasculitis in vivo is, however, uncertain. Of note, as previously detailed in this manuscript, the F(ab)2 fragment was not necessary to convey IVIg's beneficial effects in several other autoimmune diseases.



Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a multi-organ collagen vascular disease, which involves characteristic anti–double-stranded DNA (anti-dsDNA) autoantibodies in the serum. Extra-cutaneous symptoms include arthritis, lupus nephritis, esophagitis, enteropathy, hepatitis, pneumonitis, interstitial lung disease, pulmonary hypertension, pericarditis, endocarditis, encephalitis, peripheral neuropathies, hematologic abnormalities, and thromboembolic disease. The skin is usually affected in a UV-dependent fashion. Individual lesions can range from erythematous macules on both cheeks (butterfly rash) to scarring erythematous, scaly plaques, and panniculitis.

The treatment of SLE depends on the involved organ systems and includes a variety of immunosuppressive agents [for a detailed review, cf. (50)]. Two randomized controlled trials reported beneficial effects of IVIg in SLE in the context of pregnancy in patients with recurrent abortions and in the treatment of lupus nephritis (51, 52). According to the European guideline, IVIg should be considered as a treatment option in all cases of severe lupus erythematosus (5). In particular, IVIg may be beneficial in the treatment of pregnant women, SLE-associated ITP, stable lupus nephritis, and neuropsychiatric disease (53).

Interestingly, affinity-purified anti-idiotypic antibodies against anti-dsDNA were effective in the treatment of an experimental murine SLE model (54). However, several of the previously detailed mechanisms can be hypothesized to contribute to the beneficial effects of IVIg in SLE [for a review, see (55)].




OUTLOOK

IVIg is successfully used to treat an expanding range of autoimmune diseases. While strong evidence points toward a prominent role of the Fcγ fragment to convey the beneficial effects of IVIg treatment, there may be more than one mechanism of action, and their precise role may vary depending on the disease in focus. It is, however, tempting to speculate that only a fraction of the components contained in IVIg formulations, e.g., specifically sialylated Fcγ fragments, are responsible for their clinical effects and that more refined preparations may make the infusions more accessible and even safer in the future.
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Pemphigus vulgaris (PV) is a rare blistering disease caused by IgG autoantibodies against the epidermal adhesion molecules desmoglein (Dsg)3 and Dsg1 providing a well-characterized paradigm of an antibody-mediated organ-specific autoimmune disease. In PV patients who have achieved clinical remission after B cell-depleting therapy, relapses often coincide with a reoccurrence of B cells and Dsg-specific autoantibodies. Here, we analyzed Dsg3-specific B cell subpopulations (i.e., total CD19+ B cells, CD19+CD27−B cells, CD19+CD27+ memory B cells, and CD19+CD27hiCD38hi plasmablasts) in peripheral blood of both PV patients (n = 14) at different stages of disease and healthy individuals (n = 14) by flow cytometry using fluorescently labeled recombinant human Dsg3 protein. Applying this approach, Dsg3-specific B cells could be detected at low frequencies (0.11–0.53% of CD19+ B cells) and numbers of Dsg3-specific memory B cells were significantly increased in PV patients in clinical remission receiving minimal immunosuppressive therapy. Finally, we confirmed in vitro that Dsg3-reactive memory B cells were able to produce anti-Dsg3 IgG autoantibodies upon ex vivo activation. Thus, monitoring of Dsg3-specific B cells in PV is of particular interest to further characterize the immunopathogenesis of PV.

Keywords: autoimmunity, pemphigus vulgaris, desmoglein 3, B cells, flow cytometry


INTRODUCTION

Pemphigus vulgaris (PV) is an autoimmune disease characterized by chronic and progressive erosive lesions of the mucosa, and blister formation at the suprabasilar layer of the skin caused by IgG autoantibodies (auto-ab) against adhesion molecules of the epidermis (1–3). The desmosomal cadherin desmoglein (Dsg)3 is the major autoantigen of PV with mucosal-dominant type while in patients with mucocutaneous PV, i.e., affecting mucosa and skin, auto-ab against Dsg1 are additionally found (4, 5). In the majority of PV patients, anti-Dsg IgG auto-ab correlate with disease activity (6, 7) and are therefore regularly used in routine diagnostics (8). The pathogenic relevance of auto-ab against Dsg3 has been shown in several in vitro and in vivo models by causing loss of keratinocyte cohesion (9–12), whereas a synergistic effect with other non-desmoglein autoantibodies is currently discussed (13, 14). Based on the well-described pathogenesis, the characterized autoantigens and the fact that Dsg-reactive IgG auto-ab are sufficient to cause blisters, PV is considered as a paradigm of an antibody-mediated organ-specific autoimmune disease. Moreover, PV serves as a model disease for the characterization of autoimmune mechanisms that finally lead to the generation of autoantigen-specific antibodies (15).

The B cell-depleting monoclonal anti-CD20 antibody rituximab leads to a marked decrease of Dsg3 auto-ab-titers paralleled by a fast clinical remission in the majority of PV patients (16–18), underlining the crucial role of continuous auto-ab production in PV by Dsg3-specific B cells, plasmablasts, and plasma cells.

Although the majority of patients achieve clinical remission after rituximab treatment, clinical relapses occur frequently in PV patients on long-term follow-up with reoccurrence of B cells and Dsg3 auto-ab in peripheral blood (19). This data suggests that Dsg3-specific B cells reappear at a certain time point during remission providing the base for a potential disease relapse. However, whether clinical relapses result from either Dsg3-specific B cells that have not been completely depleted by therapy or by de novo generated autoreactive B cells has not yet been fully elucidated. Genetic characterization of anti-Dsg3-IgG produced by B cells from PV patients indicates that patients with recurrent disease maintain a limited set of autoreactive Dsg3-specific B cell clones that persist over time (20). In contrast, using proteomic analysis of serum auto-ab, a recent study revealed a much more polyclonal and diverse pool of IgG auto-ab in PV (21).

To further examine the persistence of autoreactive peripheral blood B cells in pemphigus, we sought to characterize Dsg3-specific B cell subpopulations (i.e., mature naïve, memory, and plasmablasts) in PV patients at different stages of disease utilizing fluorescently labeled recombinant human Dsg3 (Dsg3-AF647) like it has been previously demonstrated for other antigens like tetanus toxin (22, 23). Our results show that (1) Dsg3-specific B cells can be detected at low frequencies in peripheral blood of pemphigus patients, (2) Dsg3-specific memory B cells were significantly increased especially in remitting patients receiving minimal therapy, and (3) isolated Dsg3-specific memory B cells from a PV patient secreted anti-Dsg3 IgG after in vitro stimulation. Thus, B cell monitoring with Dsg3-AF647 provides a novel and highly specific tool to investigate the persistence and distribution of autoreactive B cells in PV during the disease course.



RESULTS


AF647-Labeled Dsg3 Detects Dsg3-Specific B Cell Clones

In this study we aimed at detecting Dsg3-specific B cells by flow cytometry using fluorescently labeled recombinant Dsg3-AF647 for staining of Dsg3-specific B cell receptors (BCR) as schematically shown in Figure 1A. The fluorescence labeling of recombinant Dsg3 did not functionally impair the interactions between Dsg3-AF647 and Dsg3 compared to homophilic binding of recombinant unlabeled human Dsg3 protein as determined by atomic force microscopy (AFM; Figure 1B). Furthermore, binding of Dsg3-AF647 to Dsg3 was reduced to the same extent compared to unlabeled Dsg3 after adding the monoclonal Dsg3-specific antibody AK23 (24) demonstrating the specificity of this interaction (Figure 1B). To test whether Dsg3-AF647 is capable of binding to Dsg3-specific B cells, the specificity of Dsg3-AF647 staining was evaluated by means of the monoclonal mouse B cell hybridoma (BCH) clone 2C10 producing anti-Dsg3 IgG together with the non-Dsg3-specific BCH clone 1F12 (Figure 1C). Production of anti-Dsg3 IgG by 2C10 was confirmed by ELISA with human Dsg3 protein (Figure 1D). Both BCH clones expressed surface IgG indicating the presence of a functional BCR (Figure 1C). However, only IgG+ cells from clone 2C10 showed a strong positive signal upon incubation with Dsg3-AF647 while no specific staining was observed with the control clone 1F12. Binding of Dsg3-AF647 to clone 2C10 was almost completely blocked by preincubation with unlabeled Dsg3 protein (Figure 1C). Of note, the mean fluorescence intensity of Dsg3-AF647 strongly correlated with surface IgG in clone 2C10 (Figure 1E) suggesting a BCR-dependent binding of Dsg3-AF647 to 2C10. In addition, fluorescently labeled human collagen VII (ColVII; noncollagenous domain 1, NC1 (1)) protein which is structurally not related to Dsg3 served as negative control and showed no specific staining in neither of the two BCH cell clones (Supplementary Figure 1B). Finally, we analyzed the sensitivity of Dsg3-AF647 staining by titrating the Dsg3-reactive clone 2C10 with bulk 1F12 cells followed by incubation with Dsg3-AF647 since in peripheral blood of PV patients Dsg3-specific B cells are expected at a low frequency. Our results revealed that Dsg3-specific B cells could be detected within a pool of non-Dsg3-reactive BCH at frequencies of even <1% (Figure 1F).
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FIGURE 1. Detection of Dsg3-specific B cell hybridoma (BCH) using fluorescently labeled Dsg3. (A) Schematic drawing: the recombinant human extracellular domain (EC1-EC5) of Dsg3 was labeled with the fluorescent dye Alexa Fluor 647 (Dsg3-AF647) and was used for staining of Dsg3-specifc B cell receptors (BCR). (B) Binding of Dsg3-AF647 to Dsg3 ± addition of the monoclonal Dsg3-specific antibody AK23 was evaluated with atomic force microscopy. Cumulative data from 3 individual measurements with five replicates for each condition are presented as mean + SD. Statistical analysis was performed by multiple t-tests followed by Šidák correction. Differences between groups were considered statistically significant at p-values of <0.05 indicated as *. (C) Binding efficacy of Dsg3-AF647 to Dsg3-specific BCR was determined by staining of a Dsg3-specific BCH (2C10) and an unrelated BCH (1F12) together with anti-IgG antibody. Binding of Dsg3-AF647 was blocked by preincubation with unlabeled Dsg3. FACS plots shown are representative of three individual experiments. (D) Specificity of monoclonal BCH cells for Dsg3 was tested by ELISA. Anti-E-Tag served as positive and culture medium as negative control. (E) Correlation of mean fluorescence intensity (MFI) of Dsg3-AF647 with surface IgG. (F) Titration of Dsg3-specific BCH (2C10) cells in unrelated 1F12 cells in a calculated ratio of 1:16 (6.25%), 1:32 (3.13%), 1:64 (1.56%), and 1:128 (0.78%) representative of three individual experiments.





Dsg3-Specific B Cells Mainly Appear in the Memory B Cell Pool in PV Patients

Analysis of human Dsg3-specific B cell subpopulations (total CD19+ B cells, CD19+CD27− B cells, CD19+CD27+ memory B cells, and CD19+CD27hiCD38hi plasmablasts) was performed in peripheral blood of 14 clinically well-defined PV patients in either complete or partial clinical remission, or with relapsing disease (Supplementary Tables 1, 2). Individuals with no detectable anti-Dsg3 IgG auto-ab (Supplementary Figure 2) served as healthy control (HC) to determine any potential non-specific staining of Dsg3-AF647 in peripheral blood cells. Since a minor background staining with both Dsg3-AF647 and fluorescently labeled ColVII could also be observed in peripheral blood mononuclear cells of HC, only B cells with a high Dsg3-AF647 signal were considered to be Dsg3-specific (Supplementary Figure 3 for gating scheme). Specificity of Dsg3-AF647 staining in human peripheral blood was also indicated by a high Dsg3-AF647 signal that was only observed in CD19+ B cells but not in the CD19− population (Figure 2A).
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FIGURE 2. Dsg3-specific memory B cells are increased in remitting PV patients on minimal therapy. (A) Representative FACS plot showing staining for CD19+Dsg3-AF647+ B cells in one PV patient. (B) On the upper row: Dsg3-specific B cell populations (total CD19+, CD19+CD27− mature naïve, CD19+CD27+ memory, and CD19+CD27hiCD38hi plasmablasts) were analyzed in PV patients (n = 14) and healthy controls (HC; n = 14). On the lower row: PV patients were further subdivided based on their systemic treatment into minimal to no (n = 6) and moderate therapy (n = 8) showing highest numbers of Dsg3-specific CD19+CD27+ memory B cells on minimal therapy. ■: after Rituximab treatment; □: no Rituximab treatment. (C) CD19+CD27+Dsg3-AF647+ cells were isolated from peripheral blood of a PV patient and a healthy control by FACS sorting and stimulated with R848 and IL-2 to induce plasma cell differentiation. Dsg3-IgG-secreting and total IgG-secreting B cells were subsequently detected using ELISpot by seeding 250 cells per well on ELISpot plates coated either with recombinant human Dsg3 or human collagen VII as control protein. Statistical analysis was performed with two-tailed nonparametric Mann-Whitney-U-Test. Differences between groups were considered statistically significant at p-values of <0.05 indicated as *.



Dsg3-specific B cells were present in PV patients (0.11–0.53% of CD19+ B cells) at higher frequencies compared to HC (0.09–0.22% of CD19+ B cells; Figure 2B). The increase in Dsg3+ total CD19+ B cells was presumably due to the significantly higher number of Dsg3-specific CD19+CD27+ memory B cells in PV patients. On the other hand, the frequency of Dsg3-specific CD19+CD27− B cells (including mature naïve and CD27− memory B cells) did not differ between PV patients and HC (p = 0.3; see Supplementary Figure 3) for representative FACS plots). Dsg3-specific CD19+CD27hiCD38hi plasmablasts were only scarcely detected in peripheral blood of PV patients and HC, respectively. To determine whether Dsg3-specific memory B cells in patients with PV are capable of producing anti-Dsg3 IgG, we sorted CD19+CD27+Dsg3-AF647+ cells from a PV patient in clinical remission with persistent anti-Dsg3 IgG titers. We could demonstrate that in vitro stimulation of sorted CD19+CD27+Dsg3-AF647+ cells with toll-like receptor agonist R848 and interleukin-2 (IL-2) leads to plasma cell differentiation (according to Pinna et al. (25)) and that Dsg3-specific IgG-producing B cells were detected to a similar extent as IgG secreting cells in PV by ELISpot assay (Figure 2C). In contrast, although sorted Dsg3-AF647+ memory B cells from HC showed a marked IgG production, the majority of these cells did not possess the capacity to produce anti-Dsg3 IgG (Figure 2C).



Remitting PV Patients Show the Highest Number of Dsg3-Specific Memory B Cells

As some of the PV patients received systemic treatment (systemic corticosteroids, other adjuvant immunosuppressives, B cell depletion) they were subdivided into two groups with minimal to no therapy (including 6 remitting patients) or moderate therapy (including 8 patients with relapsing disease or partial remission; Supplementary Table 1). Interestingly, Dsg3-specific memory B cells were only increased in remitting PV patients receiving minimal therapy. On moderate treatment Dsg3-specific B cells were hardly detected similar to HC (Figure 2B). Here we could show that systemic immunosuppressive treatment seems to have an impact on the frequency of circulating autoreactive B cells in PV. Of note, in the group of remitting PV patients the highest numbers of Dsg3-specific memory B cells exceeding the levels observed in HC were particularly detected in patients who underwent previous B cell depletion (Patient 4, 8, 13 in Supplementary Table 1) suggesting a reconstitution of autoreactive memory B cells upon anti-CD20 antibody treatment (Supplementary Figure 4).




DISCUSSION

In this study, we demonstrate by use of fluorescently labeled Dsg3 protein the detection of low-frequent Dsg3-specific autoreactive B cells in peripheral blood of PV patients. Flow cytometric analysis of B cell subpopulations with Dsg3-AF647 revealed significantly higher numbers of Dsg3-specific B cells in PV patients compared to HC, particularly within the memory B cell compartment.

Our present findings are in line with Nishifuji et al. (26) who detected circulating Dsg3-specific memory B cells in PV patients but not in HC using ELISpot analysis with a general low frequency (6.3–84.0 cells per 105 PBMC). This is similar to our study where we found low-frequent Dsg3-specific B cells in PV patients (0.11–0.53% of CD19+ B cells) even though the acquired percentages can only be compared to a limited extent due to the different assays used. In the work by Nishifuji et al., Dsg3-specific B cells spontaneously producing anti-Dsg3 IgG were exclusively observed in patients with the highest disease activity while Dsg3-specific memory B cells could only be detected after in vitro stimulation in a group of nine out of 14 patients (26). Of note, this group included patients with low or no disease activity pointing toward a persistence of Dsg3-specific memory B cells in patients in complete or partial remission which we could also observe in our study as Dsg3-specific CD19+CD27+ memory B cells were significantly increased in PV patients compared to HC. Since the generation of CD27+ memory B cells is thought to be induced in germinal centers and requires collaboration with T follicular helper (Tfh) cells (27), the presence of autoreactive memory B cells in PV patients points toward a defective Tfh cell tolerance checkpoint within the germinal center response in pemphigus as recently suggested by our group (28).

Most interestingly, the highest numbers of Dsg3-specific memory B cells were observed in 3 PV patients ~2 years after treatment with Rituximab (22–27 months; patient 4, 8, and 13; Supplementary Table 1), while increasing Dsg3-specific memory B cells could not be observed in a PV patient (patient 6) who experienced a relapse 35 months after rituximab (Supplementary Figure 4). Since disease relapses after rituximab treatment do often occur at a time point starting from 1 year after treatment (18, 19) this observation may point toward an ongoing reconstitution of autoreactive memory B cells. Those memory B cells would initially not produce autoantibodies however, upon immune activation with Dsg3 and other trigger factors, they possess the capability to rapidly differentiate into autoantibody-secreting plasma cells, hence providing the base for a potential disease relapse.

However, Dsg3-specific plasmablasts, representing antibody-secreting cells, were only scarcely detected in our study despite high anti-Dsg3 IgG titers in individual patients. This might be explained by their reduced expression of surface immunoglobulin which limits the capability for detecting these cells using fluorescently labeled Dsg3 (29). Furthermore, due to the restriction to peripheral blood for analysis of Dsg3-specific B cells we were not able to identify autoreactive plasma cells residing within the niches of lymphoid tissues or bone marrow that might account for the continuous secretion of autoreactive autoantibodies in PV. Nonetheless, clonal analysis of autoreactive B cells in PV showed that Dsg3-specific B cells in peripheral blood can persist in PV patients for many years during active disease, clinical remission or even after B cell-depleting therapy indicating the suitability of peripheral blood for monitoring autoreactive B cell responses (20). Whether these B cells are newly generated or persistent cells that were not completely removed by immunosuppressive therapy is still under investigation. Recent results showed that autoreactive B cells could persist in patients with PV but also in patients with lupus erythematosus (SLE) and to a much lower frequency in healthy individuals (30, 31).

In general, anti-Dsg3 IgG is found at a very low prevalence in healthy individuals (32), thus the low frequency of Dsg3-specific B cells in HC is suggestive of IgM+ B cells producing non-pathogenic, potentially cross-reactive natural IgM antibodies (33, 34). However, the observed signal for Dsg3-AF647 in HC may also be in part due to unspecific binding of the fluorescently labeled protein to B cells. Hence, inclusion of unspecific staining in samples from patients and controls was minimized to the best possible extent as only B cells with a very high Dsg3-AF647 signal were considered to be Dsg3-specific (Figure 2A).

To summarize, the present identification of peripheral blood Dsg3-reactive B cells in peripheral blood of PV patients provides further insights into the autoimmune B cell repertoire in PV. Monitoring of Dsg3-specific peripheral B cells with a special focus on Dsg3-specific CD19+CD27+ memory B cells might be a predictive tool to determine the effectiveness of therapeutic interventions in patients with PV. Particularly as recent studies suggest that clinical remission in PV upon therapy is associated with an increase of IL-10-secreting B cells downregulating B cell activation (18, 35), the extended flow cytometric analysis of Dsg3-specific IL-10-producing B cells in PV patients at different disease stages can provide further insights into the individual progression of disease.



MATERIALS AND METHODS


Human Subjects

Peripheral blood from 14 PV patients (Supplementary Table 1) as well as 14 HC with no signs of autoimmune skin inflammation and no serum anti-Dsg3 IgG (Supplementary Figure 2) was drawn into citrate-phospate-dextrose-adenine (CPDA) anticoagulant. Each study participant gave written informed consent before inclusion in the study, which was approved by the Ethics Committee of the Medical Faculty of the Philipps-Universität, Marburg (Az. 20/14). The study was conducted in accordance with the Declaration of Helsinski.



Fluorescent Labeling of Recombinant Human Dsg3

Recombinant human Dsg3 (extracellular domain, aa 1-566), produced in the baculovirus expression system (36, 37), was fluorescently labeled using the AlexaFluor647 Labeling kit (Thermo Fisher Scientific, Schwerte, Germany) according to the manufacturers' protocol.



Detection of Dsg3-Specific B Cells

Peripheral blood mononuclear cells (PBMC) were isolated from peripheral blood using Lymphocyte Separation Medium (Capricorn, Ebsdorfergrund, Germany). Mouse BCH clones were cultured in RPMI-1640 supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine (all Capricorn) and 10% FCS (Merck Millipore, Berlin, Germany). PBMC were washed twice with PBS + 1% FCS and 1 ×106 cells per sample were subsequently stained with Dsg3-AF647 together with mouse anti-human CD19-PerCP-Cy5.5 (HIB19), mouse anti-human CD27-PE (M-T271), mouse anti-human CD38-FITC (HIT2) and the respective isotype controls (all BD Biosciences, Heidelberg, Germany) or with goat anti-mouse IgG-AF488 (A-11029; Thermo Fisher Scientific, Waltham, MA, USA) for mouse BCH clones. After incubation for 20 min at 4°C cells were washed twice with PBS + 1% FCS and a minimum of 2.5 ×105 PBMC or 0.5 ×105 BCH per sample were acquired on a FACS Calibur (BD Biosciences). In a subset of experiments, sorting of cells was performed using FACS Aria III (BD Biosciences). Data analysis was performed using FlowJo 7.6 (TreeStar Inc., Ashland, USA).



ELISpot Assay

Dsg3-specific B cells (CD19+CD27+Dsg3-AF647+) were isolated from PBMC by FACS sorting. 2 ×103 cells were seeded in 96-well U-bottom microplates and cultured in RPMI-1640 +100 U/ml penicillin, +100 μg/ml streptomycin, +2 mM L-glutamine +10% FCS together with 2.5 μg/ml R848 (Mabtech AB, Nacka Strand, Sweden), and 1,000 U/ml human recombinant IL-2 (Roche, Mannheim, Germany) as previously described (25). After 5 days, cells were seeded at 250 cells/well in duplicates on an ELISpot plate coated with recombinant human Dsg3 or collagen VII and incubated for 20 h at 37°C in a humidified atmosphere containing 5% CO2. Detection of Dsg3-specific IgG+ spots was performed according to the manufacturer's protocol (Mabtech AB) and spots were counted automatically with an ELISpot plate reader (A.EL.VIS, Hanover, Germany).



Atomic Force Microscopy

Cell-free AFM measurements were performed on a NanoWizard 3 AFM (JPK-Instruments, Berlin, Germany) as previously described (38) (see Supplementary Material for detailed description).



Detection of Anti-Dsg IgG

The presence of IgG auto-ab against Dsg1 or Dsg3 in blood of PV patients and HC was evaluated by anti-Dsg1- and anti-Dsg3-ELISA (Euroimmun, Lübeck, Germany) according to the manufacturer's protocol.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6.02 (GraphPad Software Inc., La Jolla, USA). Cumulative data are displayed as box plots with median. For group comparisons two-tailed nonparametric Mann-Whitney-U-Test was applied. Data from AFM experiments were statistically evaluated by multiple t-tests followed by Šidák correction. Differences between the groups were considered as statistically significant at p values <0.05.
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Pemphigus vulgaris (PV) is a life-threatening mucocutaneous autoimmune blistering disease. It is often associated with autoantibodies to the desmosomal adhesion proteins Desmoglein 3 (DSG3) and Desmoglein 1 (DSG1). Recently, auto-antigens, such as desmocollins and others have been described in PV and in atypical pemphigus forms such as Pemphigus Herpetiformis (PH), Pemphigus Vegetans (PVeg), and Paraneoplastic Pemphigus (PP). Desmocollins belong to a cadherin subfamily that provides structure to the desmosomes and play an important role in cell-to-cell adhesion. In order to verify the pathogenic activity of anti-Desmocollin 3 (DSC3) antibodies, we developed an active disease model of pemphigus expressing anti-DSC3 autoantibodies or anti-DSC3 and anti-DSG3 antibodies. This approach included the adoptive transfer of DSC3 and/or DSG3 lymphocytes to Rag2−/− immunodeficient mice that express DSC3 and DSG3. Our results show that the presence of anti-DSC3 auto-antibodies is sufficient to determine the appearance of a pathological phenotype relatable to pemphigus, but with features not completely super-imposable to those observed in the DSG3 active model, suggesting that the DSC3 active model might mimic the atypical pemphigus. Moreover, the presence of both anti-DSC3 and anti-DSG3 antibodies determines a more severe phenotype and a slower response to prednisolone. In conclusion, we have developed an adult DSC3 pemphigus mouse model that differs from the DSG3 model and supports the concept that antigens other than desmogleins may be responsible for different phenotypes in human pemphigus.

Keywords: pemphigus, mouse model, desmocollin-3, desmoglein-3, autoimmunity


INTRODUCTION

The term pemphigus gathers together a group of chronic life-threatening autoimmune disorders characterized by blistering of the skin and of mucous membranes. Blistering is caused by loss of cell-to-cell adhesion (acantholysis) determined by the presence of autoantibodies targeting the surface of keratinocytes. Traditionally, pemphigus is classified in two main forms: pemphigus vulgaris (PV) and pemphigus foliaceus (PF), depending on the epidermal layer where blistering occurs. Seminal studies identified desmosomal proteins Desmoglein3 (DSG3) and Desmoglein1 (DSG1) as the primary targets of autoantibodies in PV (1–3). However, recent studies suggest that the presence of autoantibodies against DSG1 and DSG3 alone is not sufficient to fully explain the loss of cell-to-cell adhesion observed in pemphigus (4). Moreover, non-Desmoglein antigens and autoantibodies have been detected in PV and other forms of pemphigus, such as atypical pemphigus (4, 5). These forms of pemphigus are characterized by the absence of Desmoglein autoantibodies and by the presence of different non-DSG autoantibodies that might act in synergy to develop the pathological phenotype of atypical pemphigus (6). Non-Desmoglein antigens observed in PV and in atypical pemphigus (5), include cadherins, cholinergic receptors, mitochondrial proteins, and members of the armadillo family of proteins. In particular, Desmocollins that are responsible for the structure of the desmosome (7) and play a fundamental role in cell-to cell adhesion (8, 9) seem to be particularly relevant. Indeed, DSC1 and DSC3 auto-antibodies have been found in several forms of atypical pemphigus, in the absence or- less frequently- in the presence of anti-DSG autoantibodies (10, 11).

Several animal models have been made available for PV. The first passive animal model (12) was obtained by inoculating neonatal mice with IgG fractions obtained by patients' sera. A modified version of this passive transfer model was obtained by inoculating adult mice with hybridoma cells producing monoclonal anti-DSG3 antibodies (13). Active disease models have been developed for PV and have shown to be useful tools to evaluate therapeutic strategies that target Desmoglein 3-reactive T cells and B cells (13, 14). By this approach, DSG3 knockout mice were used to generate an immune response against DSG3 and produce anti-DSG3 IgG antibodies. Adoptive transfer of peripheral lymphocytes from Dsg3−/− mice to immune-deficient but Desmoglein 3-expressing recipient mice generated an artificial autoimmune state in the recipient mice (14). This active disease model of pemphigus vulgaris has proved to be useful to evaluate the efficacy of pharmacological reagents as well as cell therapies to block antibody production (15). In general, active models seem to be more representative of pemphigus than passive models, since they allow to observe the pathological phenotype through the entire lifespan of the animal.

To better understand the pathogenic role of non-DSG autoantibodies, here we report the first DSC3 active pemphigus mouse model. In addition, we present a new active model expressing both anti-DSC3 and anti-DSG3 antibodies. We show that DSC3 mouse recapitulates aspects of the human atypical pemphigus, and that DSC3/DSG3 mice express a more severe phenotype that fail to respond to systemic steroids.



METHODS


Cell Cultures

Sf9 insect cells (Gibco, Rockville, MD, USA) were cultured in Insect-XPRESS Protein-free Insect Cell Medium with L-Glu (Lonza, Walkersville, MD), containing streptomycin (100 μg/mL) and penicillin (100 U/mL) (Gibco, Rockville, MD, USA), in serum free conditions (FBS, Lonza, Walkersville, MD). Adherent cultures were maintained at 27°C without the need of CO2-humidified atmosphere. Sf9 cells adapted to suspension culture were maintained on a shaker apparatus between 125 and 150 rpm in a non-humidified incubator at 27°C.



Recombinant Protein Expression

Mouse Desmocollin 3 was expressed as 6xHis-tag fusion protein in Sf9 insect cells as follows. Total cDNA was generated by RT-PCR performed on total RNA extracted from mouse skin biopsy. The extracellular portion of mDSC3 was generated by PCR using the following primers: FW 5′-ATGGAGCACAAGAAGAAGGTACTGA-3′ and RV 5′-AAGGATGGCCCACTTCCCAG-3′ (Figure 1A). The PCR product was subcloned in the pFastBac/C-His TOPO vector (Bac-to-Bac C-His TOPO® cloning and expression Kit, Invitrogen, Carlsbad, CA) with a C-terminal His-tag. The recombinant clones were analyzed by restriction enzyme digestion and sequencing of the DSC3 insertion. DSC3 clones were then transformed into a competent DH10Bac E. coli strain. Colonies that contain recombinant bacmid were verified by PCR analysis with the pUC/M13 forward and reverse primers. The recombinant bacmid DNA was transfected in Sf9 cells using Cellfectine II reagent (Invitrogen, Carlsbad, CA) following manufacturer's instructions. Cells were incubated at 27°C from 4 to 6 days. When cells showed signs of viral infection the medium was collected and centrifuged, and the supernatant was stored at 4°C as the P0 stock. After several round of infections, we collected the P3 stock.
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FIGURE 1. Production of mouse recombinant DSG3 and DSC3 and immunization scheme of mice. (A) Scheme of the recombinant proteins used in this study, i.e., the entire extracellular domains of murine DSG3 (mDSG3, 12) and murine DSC3 (mDSC3) were cloned and linked to 6xHis-Tag. (B) Detection of the recombinant proteins in Sf9 cell lysates by immunoblot analysis using an anti-His-tag monoclonal antibody. Actin was used as loading control. (C) Immunization schemes used for DSC3 breaking tolerance protocol in WT mice and for DSG3 in Dsg3−/− mice. CFA, Complete Freund's Adjuvant; IFA, Incomplete Freund's Adjuvant. (D) Indirect Immunofluorescence of immunized animal sera on WT neonatal mouse skin sections. CNTRL: Serum from animals immunized with non-infected Sf9 cells proteins emulsified in FCA. Scale bar: 50 μm. (E) Schematic representation of the adoptive transfer protocol in mice.



On the other hand, the P3 baculoviral stock for rDSG3 production was a kind gift of Dr. Amagai. This vector allows active secretion of recombinant 6xHis-tagged protein in culture medium and was constructed as described in Amagai et al. (14).

Protein expression was carried on in suspension condition, in shaking flask incubated at 27°C with shaking at 135 rpm. 2–4*106/mL Sf9 cells were infected with concentrated P3 recombinant baculoviral stock at MOI 5.



Recombinant Protein Purification

For the rDSC3 production, the insect cells were collected by centrifugation 120 h post-infection and resuspended in ice-cold lysis buffer (50 mM NaH2PO4, 250 mM NaCl, 1 mM CaCl2 with 0,1 mM PMSF, 0.1% Triton-X100, 5 U/mL Benzonase, pH 7.8). The sample was centrifuged at 40,000x g for 30' and the supernatant was loaded on the 5 mL HisTrap FF crude column (GE Healthcare, Little Chalfont, UK) after addition of 20 mM of imidazole. By Akta Prime chromatographic system (GE Healthcare, Little Chalfont, UK), rDSC3 was purified using 10 column volume of wash buffer (containing 10 mM of additional imidazole) and a linear gradient of 16 column volume of elution buffer (containing a total concentration of 300 mM of imidazole). In each step, 8 mL fractions were collected for SDS-PAGE and western blot analysis (Supplementary Figure 1A). The purified protein was dialyzed with cellulose membranes (cut-off 10 kDa) (Sigma Aldrich, Saint Louis, MO) in 50 mM NaH2PO4, 250 mM NaCl, 1 mM CaCl2, pH 7.8 to eliminate imidazole. Fractions with rDSC3 were pooled, quantified and lyophilized.

The rDSG3 was purified from cell culture medium. 1 L of medium was concentrated with ultra-filtration discs (cut-off 10 kDa) on amicon stirred cell (Millipore, Burlington, MA). The concentrate medium was dialyzed as described before. After two runs of dialysis, 10 mM of imidazole was added to the sample that was subsequently loaded in 5 mL HisTrap FF crude column. Purification and collection step were the same performed for rDSC3.



SDS-Page and Western Blot

To verify the protein production in test expression experiment, infected cells were harvested, washed with PBS and lysed on ice in RIPA buffer containing protease inhibitors. 30 μg of total protein were analyzed on polyacrylamide gels and blotted onto nitrocellulose membranes. Blots were blocked for 1 h in blocking buffer (5% non-fat milk in PBS/0.05% Tween20) and incubated minimum 4 h or overnight at 4°C with the mouse anti-6x-HisTag monoclonal antibody (3D5; Invitrogen, Carlsbad, CA) and anti-actin monoclonal antibody (C2; Santa Cruz Biotechnology, Dallas, TX). Then membranes were washed in PBS/0.05% Tween20, incubated with HRP-conjugated goat anti-mouse antibody (B2213; Santa Cruz Biotechnology, Dallas, TX) for 1 h at room temperature. After washing steps, membranes were developed using the ECL chemiluminescent detection system (Amersham Biosciences, Little Chalfont, UK).

Western blot analysis of fractions collected during rDSC3 and rDSG3 purification was performed by loading 40 μl of samples per each fraction (Supplementary Figures 1A,B).



Mice Immunization

B6;129X1-Dsg3tm1Stan/J and B6(Cg)-Rag2tm1.1Cgn/J adult mice were obtained from Charles River Italia (Calco, Italy) and maintained at the Laboratory of Animal Facility, University of Modena and Reggio Emilia. Dsg3−/− offspring were obtained by mating male and female Dsg3+/– mice. For induction of an autoimmune response to murine rDSG3, mice were immunized as illustrated in Figure 1C. 10 weeks-old Dsg3−/− mice were primed with subcutaneous injection of 10 μg rDSG3 emulsified in Imject Complete Freund's Adjuvant (CFA) (Thermo Scientific, Waltham, MA). After 1 and 2 weeks, mice were boosted with subcutaneous injection of 10 μg rDSG3 emulsified with Imject Incomplete Freund's Adjuvant (FIA) (Thermo Scientific, Waltham, MA). Then, other two injections of 10–20 μg rDSG3 were performed weekly intraperitoneally without adjuvant. During last immunization, a blood sample was collected to verify the presence of circulating anti-DSG3 IgG. To obtain the reactive splenocytes, mice were sacrificed 30 days after first immunization.

Immunization protocol leading to the loss of tolerance to DSC3 was performed in WT mice (Figure 1C) slightly modifying the protocol described by Hirose et al. (16). 7-weeks-old WT mice were immunized at the hind footpad with 60 μg rDSC3 emulsified in Imject Complete Freund's Adjuvant (CFA). Mice were further immunized 3 and 6 weeks after initial immunization in the same manner. During last immunization, a blood sample was collected to verify the presence of circulating anti-DSC3 IgG. To obtain the reactive splenocytes, mice were sacrificed 51 days after first immunization.

Negative controls (CNTRL animals) were generated by immunization with the sample resulting from non-infected Sf9 cells proteins emulsified in complete Freund's adjuvant, following the breaking tolerance protocol.



Adoptive Transfer of Splenocytes

Splenocytes were isolated from immunized Dsg3−/− or WT mice by disrupting their spleen and lysing the erythrocytes. Usually, the splenocytes were pooled from two or more immunized Dsg3−/− or WT mice. 20*106 DSC3 or DSG3-reactive splenocytes were transferred via tail vein injection in 10–11-weeks-old Rag2−/− mice. To develop the DSC3/DSG3 mouse model, 10*106 DSC3-reactive splenocytes and 10*106 DSG3-reactive splenocytes were injected per mouse (Figure 1E).



Administration of Methyl-Prednisolone to Pemphigus Model Mice

Methyl-prednisolone (m-PSL) (Solu-Medrol® Pfizer, Tokyo, Japan) was given intraperitoneally at a dose of 100 mg/kg daily (15), starting from day 7 after adoptive transfer and continued for 4 weeks, till day 35. The mice were evaluated for 9 weeks.



Indirect Immunofluorescence

Sera of immunized mice were analyzed by indirect immunofluorescence microscopy on cryosections of WT murine skin. Sections were blocked with 1% bovine serum albumin and 1% goat normal serum for 20', and then incubated with sera (1:50) for 1 h, and finally for 45' with Alexa Fluor 488 anti-mouse antibody (Invitrogen Corporation, Carlsbad, CA, USA). Fluorescent specimens were analyzed by a Confocal Scanning Laser Microscopy (Leica TCS SP2).



Pemphigus Phenotype Scoring

To evaluate the level of disease in the pemphigus mouse models, PV score was estimated weekly by counting the number of affected sites (Table 1). Briefly, we slightly modified the Aoki Ota evaluation table (17), counting a score of 1 for erosion, 0.5–1 for hair loss, and 0.5–1 for erythema. The maximum total scores for erosive lesions, hair loss, and erythema was 16. When mice died, the PV scores at the time of death were used as virtual scores thereafter. In addition to the PV score, each week the weight of the animals was recorded in order to report the weight loss from baseline (t = 0, corresponding to the moment of splenocytes transfer).



Table 1. Summary of the frequency of the phenotypic aspects presented by the three pemphigus mouse models.
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Histology Analysis

For each sample a representative portion containing both normal and lesional skin was fixed in 4% neutral buffered formalin and paraffin embedded. Skin sections were analyzed by hematoxylin and eosin (H&E) staining. For evaluation of eosinophils, we performed Pagoda Red (Dylon International LTD, England) staining (18). Samples were analyzed using a conventional optical microscope (Zeiss Axioskope 40). Five random microscopic fields per sample were captured at 200X magnification. AxioVision AC imaging software was used to acquire sample images.



Mouse DSC3 and DSG3 ELISA Assay

Not coated microtiter 96-well plates were coated with 50 μL of 4 μg/mL purified murine rDSC3 or rDSG3 at 4°C overnight. The plates were washed with washing buffer (PBS with 0.1% Tween20, pH 7.3) and then incubated in blocking buffer (PBS with 0.1% Tween20 and 5% BSA) at 4°C overnight. Sample sera were diluted 200-fold and incubated for 1 h at room temperature on coated plates. After washing three times with washing buffer, plates were then incubated with HRP-conjugated goat polyclonal secondary anti-mouse IgG antibody (1:3,000; AbCam, Cambridge, UK) for 1 h at room temperature. Three additional wash were performed. Then the TMB substrate solution was added and incubated for 30' at room temperature. The reaction was stopped by adding stop solution, containing1 mol/l H2SO4. The absorbance was measured at 450 nm, with reference at 620 nm, by iMark™ Microplate Absorbance Reader (BioRad, Hercules, CA, USA). DSC3- or DSG3-immunized mouse sera were used as positive controls, while serum from WT (not immunized) mice was used as negative control. The index value was defined by the following formula: index = (optical density [OD] of tested serum – OD of negative control)/(OD of positive control – OD of negative control) × 100. When the ELISA index values were >200, the sera were further diluted, and the final index values were obtained by multiplying the index values by the dilution factor.



Ethics Statement

Animal studies and animal procedures were approved by the Animal Welfare Committee of the University of Modena and Reggio Emilia and carried out in accordance with the Italian Institute of Health guidelines. The protocol was approved by the Italian Ministry of Health.



Statistical Analysis

Data are presented as mean ± SEM, obtained from three to five different experiments. Prism Software (Graph Pad Software V8.0) was used to perform statistical analysis. A two-tailed unpaired Student's t-test was used for statistical comparisons between two groups, while one-way or two-way ANOVA was used for multiple comparisons. Usually ANOVA was associated to Multiple t-test analysis (as indicated in figure legends). A value of P < 0.05 or less was assumed to indicate a statistically significant difference in the compared parameters.




RESULTS


Development of Active DSC3 and DSG3/DSC3 Pemphigus Mouse Models

Extracellular domains of the murine DSG3 and DSC3 were cloned (Figure 1A) and both recombinant DSG3 (rDSG3) and DSC3 (rDSC3) were produced by insect cells infected by baculovirus as described in the methods section. In particular, both rDSG3 and rDSC3 correspond to the entire NH2-terminal portion of the murine protein, encompassing all Cadherin Domains (CD1-CD2-CD3-CD4-CD5) and the Extracellular Anchor domain, against which auto-Abs are generated. Proteins were purified by HisTrap FF column with a gradient from 20 to 3,000 mM imidazole. For both rDSG3 and rDSC3 no contaminating proteins were found (Supplementary Figures 1A,B). The presence of rDSG3 and rDSC3 in the eluate was confirmed by western blot (Figure 1B).

The protocols for immunizing Dsg3−/− mice with rDSG3 (12) and to break immunological tolerance to DSC3 in wild type (WT) mice (modified from 16) are schematically presented (Figure 1C). In particular, WT mice were immunized with 60 μg rDSC3 emulsified in complete Freund's adjuvant 7 weeks following birth. They were then boosted at weeks 10 and 13. At week 14 mice were sacrificed, their spleen was explanted and the presence of antibodies in their serum was evaluated by indirect immunofluorescence using mouse WT skin as a substrate (Figure 1D). Anti-DSG3 is present mainly in the basal and immediately suprabasal layers of the epidermis. Anti-DSC3 display the same kind of expression, as described in literature (19), and consistent with the pattern observed in human skin (20). After confirming the presence of antibodies, splenocytes were isolated from rDSG3 immunized DSG3−/− mice and from rDSC3 immunized WT mice. To develop the DSG3 and the DSC3 single antigen models, 20 × 106 splenocytes were injected in Rag2−/− mice, while, to develop the mixed antigen model (DSC3/DSG3), 10 × 106 for each type of reactive splenocytes were injected in Rag2−/− mice (Figure 1E).



Phenotypic, Histopathological, and Immunological Evaluation of Pemphigus Models

Rag2−/− mice that received DSG3−/− splenocytes spontaneously developed a pemphigus vulgaris phenotype, with erosions and alopecia, as previously described (14). Rag2−/− mice that received splenocytes deriving from WT mice immunized with rDSC3 in association with splenocytes from DSG3−/− mice developed a more severe phenotype, while Rag2−/− mice receiving only splenocytes obtained from WT animals immunized with rDSC3 spontaneously developed features suggestive of the human form of “atypical pemphigus.” The phenotypic aspects expressed by the three different mouse models are summarized in Table 1. As expected, DSG3 animals are more prone to develop erosions and blisters in different body areas. Interestingly all DSC3 transfused Rag2−/− mice develop pemphigus mouse features, with erythema and alopecia. DSC3/DSG3 model presents characteristics of both DSG3 and DSC3 driven phenotypes. In particular, DSG3 animals exhibit erosions, blisters and patchy hair loss on the snout, face, chest, legs and tail. DSC3/DSG3 mice show more lesions and alopecia on the face and in the periocular area, erosions on the forelegs, with exacerbated erythema, while in DSC3 mice intense erythema and patchy hair loss are the main phenotypic aspects. These mice also display crusted erosions mainly localized around the snout and cheeks, where they normally scratch (Figure 2A). Altogether, the two pemphigus models reacting against DSG3 have a higher PV score, as compared to the DSC3 mice (Figure 2B). By the analysis of the Area Under the Curve (AUC), all treated animals have a significantly higher PV score than animals receiving CNTRL splenocytes. Moreover, score in DSC3 mice is statistically lower than in DSC3/DSG3 mice, P = 0.0107 (Figure 2C). To further characterize pemphigus mice, we evaluated the body weight over time. DSC3/DSG3 and DSG3 mice undergo a more pronounced weight loss, as compared to the DSC3 animals, confirming a more severe phenotype. In particular, DSG3/DSC3 mice experience the most relevant weight loss, reaching a plateau at 49 days after splenocyte transfer (Figure 2D). The histologic examination revealed an extensive intraepithelial loss of cell-cell adhesion just above the basal layers (suprabasal acantholysis) in the epidermis and hair follicles of the two mouse models reacting against DSG3. On the other hand, in DSC3 models, acantholysis is visible at a lower extent (see arrows, Figure 2E). Cleft formation between the cells surrounding the telogen club and the basal layer of the outer root sheath epithelium (arrows) and empty, dilated telogen hair follicles (arrows) account for the massive alopecia observed in the three models (Figure 2E). Only in the DSC3/DSG3 mouse model, high magnification histological analysis revealed epidermal focal spongiosis and some inflammatory cells infiltrating the dermis, in presence or absence of crusted lesions (Figure 2F). Scattered neutrophils were found in crusted lesions, but it is to be determined if they are secondary to scratching. Finally, some occasional eosinophils were detected by Pagoda Red staining (see arrows, Figure 2F). The production of autoreactive IgG was analyzed 14, 28, and 63 days after splenocyte transfer (Figures 2G,H). Using DSC3 ELISA assay, titers of DSC3 and DSC3/DSG3 antibodies are significantly increased against CNTRL at each timepoint. Moreover, antibody titers in DSC3 model is statistically higher than in DSG3 mice, at each timepoint (P = 0.02) (Figure 2G). On the other hand, by DSG3 ELISA, titers in DSC3/DSG3 and DSG3 mice are statistically increased against CNTRL at each timepoint. Moreover, DSC3/DSG3 and DSG3 titers are statistically different also from DSC3 at each timepoint (i.e., P = 0.0004, day 63) (Figure 2H).
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FIGURE 2. Phenotypic, histopathological, and immunological evaluation of the three pemphigus mouse models. (A) Phenotype of active pemphigus mouse models. Mice injected with DSC3 autoreactive splenocytes developed crusted erosions around the snout and cheeks. Intense erythema and patchy hair loss are the main phenotypic aspects. Animals receiving DSC3/DSG3 autoreactive splenocytes exhibit a more severe phenotype, with crusted erosions also on paws, large areas of alopecia and exacerbated erythema. DSG3 animals perfectly reproduce the phenotype formerly published (12). (B) Phenotypic aspects were translated into PV score, weekly evaluation, with an observational period of 63 days after splenocytes transfer into Rag2−/− mice. (n = 7–9 animals). Two-way ANOVA test between treatments is highly significant, P < 0.0001. DSG3/DSG3 vs. CNTRL P = 0.0137, DSG3 vs. CNTRL P = 0.0293, from day 21. DSC3 vs. CNTRL P = 0.0104, from day 35. (C) PV score overtime translated in Area Under the Curve (AUC). One-way ANOVA between treatments, P < 0.0001. All treated animals are significantly different from CNTRL, as shown. Moreover, Unpaired t-test between DSC3 vs. DSC3/DSG3, P = 0.0107. (D) Body weight loss from the baseline (t = 0, splenocytes infusion time) overtime (weekly evaluation, 63 days after splenocytes transfer). DSC3/DSG3 vs. CNTRL P = 0.0479, from day 49. (E) Histologic examination of active mouse models by H&E. Scale bar: 50 μm. (F) Higher histologic magnification of DSC3/DSG3 mouse skin with spongiosis (upper panel), dermal infiltrate (middle panel) and eosinophils (Pagoda Red, lower panel). Scale bar: 50 μm. (G) DSC3 ELISA. Two-way ANOVA between treatments. Only DSC3 and DSC3/DSG3 titers are significantly modulated against CNTRL at each time-point. Moreover, DSC3 is statistically different also vs. DSG3 at each timepoint (P = 0.02). (H) DSG3 ELISA. Two-way ANOVA between treatments. DSC3/DSG3 and DSG3 titers significantly modulated against CNTRL at each timepoint. Moreover, DSC3/DSG3 and DSG3 are significantly different also vs. DSC3 at each timepoint (i.e., P = 0.0004, day 63). *0.05 < p < 0.01; **p < 0.01; ***p < 0.0001.





Effect of Methyl-Prednisolone (m-PSL) in the Three Pemphigus Mouse Models

In order to further characterize and compare the three pemphigus mouse models, all animals underwent treatment with m-PSL, a well-known glucocorticoid used in the therapy of pemphigus. 100 mg/Kg m-PSL or PBS (Dil), as a control, were injected intraperitoneally into Rag2−/− mice. Animals receiving CNTRL splenocytes were used as internal control (Supplementary Figure 2). Mice were treated daily, beginning at day 7 after intravenous adoptive transfer of splenocytes. Administration was continued for 4 weeks and discontinued during the remaining 28 days follow up. To evaluate the efficacy of the drug we measured the PV score during time (Figures 3A,C, Supplementary Figure 2A). The DSC3 model responds very rapidly (day 14, P = 0.048) and seems to show a better recovery following m-PSL withdrawal (Figure 3A). On the contrary, the other pemphigus models (DSC3/DSG3 and DSG3) appear to be only partially responsive to m-PSL (Figures 3B,C). Indeed, in DSC3/DSG3 model m-PSL is statistically different from Dil only at day 14 (P = 0.025) (Figure 3B), while m-PSL treatment is not effective in DSG3 model (Figure 3C). PV score overtime was translated in AUC analysis. m-PSL treatment is statistically effective in reducing AUC compared to Dil only in DSC3 model (P = 0.01) (Figure 3G). PV score is partially supported by the evolution of mice weight during treatment (Figures 3D–F). In fact, this set of data shows that only the DSC3 model is capable of recovering weight following m-PSL administration, although no statistically significant differences between m-PSL and Dil group were observed. To evaluate the effect of m-PSL treatment on anti-DSC3 and anti-DSG3 antibody production, we performed ELISA assays during the administration and the follow-up period (Figure 3H, Supplementary Figure 3). This analysis shows that in DSC3 ELISA, m-PSL significantly suppresses the production of anti-DSC3 IgG starting at day 28 in DSC3 model (detailed in Supplementary Figure 3A), and at day 63 in DSC3/DSG3 mouse model (Supplementary Figure 3B), while no significant modulations were detected in DSG3 (Supplementary Figure 3C) and CNTRL (Supplementary Figure 2C) treated animals, as expected. In DSG3 ELISA, m-PSL significantly suppresses the production of anti-DSG3 IgG at day 63 in DSC3/DSG3 and DSG3 mouse models (detailed in Supplementary Figures 3E,F). No significant modulations were detected in DSC3 (Supplementary Figure 3D) and CNTRL (Supplementary Figure 2D) treated animals, as expected.
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FIGURE 3. Effect of methyl-prednisolone (m-PSL) treatment in the three pemphigus mouse models. m-PSL was administered i.p. daily from day 7 after the adoptive transfer to day 35. Animals were randomly assigned to the m-PSL or PBS (Dil) treatment group (n = 5–7 animals per group). PV score (A–C) and body weight variations (D–F) were reported weekly, till day 63. For DSC3 mouse model: (A) PV score: by multiple t-test at each timepoint, m-PSL is statistically different from Dil at day 14 (P = 0.048), day 35 (P = 0.028), day 42 (P = 0.024) and day 49 (P = 0.021); (D) Body weight loss: no statistically significant differences among m-PSL and Dil group. For DSC3/DSG3 mouse model: (B) PV score: by multiple t-test at each timepoint, m-PSL is statistically different from Dil only at day 14 (P = 0.025); (E) Body weight loss: no statistically significant differences among m-PSL and Dil group. For DSG3 mouse model: (C) PV score and (F) Body weight loss no statistically significant differences among m-PSL and Dil group. (G) PV score overtime translated in Area Under the Curve (AUC). Two-way ANOVA between conditions, P < 0.0001. By Multiple t-test analysis, m-PSL group is statistically different from Dil group only in DSC3 model (P = 0.01). (H) DSC3 and DSG3 ELISA assay. Two-way ANOVA between conditions, P < 0.0001 for DSC3 analysis and P = 0.0076 for DSG3 analysis. In DSC3 ELISA, m-PSL significantly suppressed the production of anti-DSC3 IgG starting from day 28 in DSC3 model, and at day 63 in DSC3/DSG3 mouse model (detailed in Supplementary Figure 3). In DSG3 ELISA, m-PSL significantly suppressed the production of anti-DSG3 IgG at day 63 in DSC3/DSG3 and DSG3 mouse models (detailed in Supplementary Figure 3). *0.05 < p < 0.01; **p < 0.01.






DISCUSSION

Pemphigus is a bullous disease classically associated with autoantibodies against DSG3 and DSG1 (21). Yet, in recent years, a number of non-desmoglein antibodies have been identified in serum from PV patients. These autoantibodies have been shown to play a role in keratinocyte adhesion (5, 6). At the same time, active mouse models able to mirror the different forms of pemphigus and in particular the variants involving the non-desmoglein antigens are still lacking. In the present study, we present two novel animal models of pemphigus developed by a protocol originally established for DSG3 PV (14). In particular, we have shown the contribution of DSC3 in the genesis of pemphigus. To our knowledge, this is the first pemphigus model generated by DSC3 antibodies.

In order to develop the DSC3 and the mixed DSC3/DSG3 models, Rag2−/− mice were infused with splenocytes deriving from Dsg3−/− mice immunized against recombinant DSG3 as described in literature (14) and/or with splenocytes deriving from WT mice that underwent breaking of immunological tolerance against DSC3. This approach was chosen since the DSC3-null mutation results in embryonic lethality, with most mutant embryos dying before they can implant into the uterus (22). Moreover, DSC3fl/fl/K14-Cre conditional null mice display very severe acantholytic phenotype (animals were not usually maintained more than 3 months of age), and approximately 10% of the newborn mutant mice, that developed severe epidermal blisters, die few hours after birth (19). Thus, immunological tolerance was broken by injecting WT mice with a recombinant protein obtained by baculovirus corresponding to the extracellular domain of DSC3 (Figure 1A), by modification of the protocol set-up by Hirose et al. (16). It should be taken into account that this kind of immunization strategy may only lead to a partial loss of tolerance, as compared to introducing a neo-antigen as in Dsg3−/− mice immunized against rDSG3.

Desmocollins encode N-glycosylated transmembrane proteins that belong to the cadherin family of calcium-dependent cell-adhesion molecules. DSC3, in particular, is expressed mainly in the basal and first suprabasal cell layers of the skin and the presence of anti-DSC3 antibodies has already proved to be pathogenic (5, 6, 9, 20, 23).

Mice expressing antibodies against DSC3 started to develop disease signs a few days following splenocytes transfer. Unlike the DSG3 and DSC3/DSG3 models, the main features of DSC3 mice consisted of an intense erythema. Patchy hair loss and crusted lesions appeared to be milder than those observed in DSG3 and DSC3/DSG3 mice. The involvement of hair follicle is due to the specific expression of DSC3 and DSG3 molecules also in the bulge. In particular, DSC3 is the main DSC isoform synthesized in the basal and first suprabasal cell layers of the interfollicular epidermis and the outer root sheath of the hair follicle (19, 24). Moreover, DSC3 is required to maintain cell adhesion and hair follicle anchorage to the epidermis (19). DSG3 displays an expression pattern totally similar to DSC3. Indeed, DSG3 is not only critical for cell adhesion in the deep stratified squamous epithelium, but also for anchoring the telogen hair to the outer root sheath of the follicle, underscoring the importance of desmosomes in maintaining the normal structure and function of hair (25). Moreover, Kock and co-workers demonstrated that DSG3−/− animals show defective cell-cell adhesion and hair loss (26). Lastly, Rag2−/− mice actively producing anti-DSG3 antibodies displayed alopecia (14). All in all, the DSC3 phenotype may resemble that observed in so-called atypical pemphigus in humans where clinical presentation is always milder than in PV or PF (23, 27). Histologic analysis confirms the presence of acantholysis in DSC3 mice, though to a lower extent, as compared to the other models. The lower intensity of the symptoms developed by DSC3 mice might depend on the fact that DSC3 plays a major role in the desmosomes during embryo development (22), while in the adult its role is widely replaced by desmogleins. Moreover, it is likely that Ab titer could be important in determining the development of the skin manifestations. Indeed, Amagai and co-workers demonstrated that animals with low Ab production did not develop any pemphigus signs unless they were boosted with recombinant DSG3 (14). Here DSC3 animal model was not boosted with rDSC3, and, although the DSC3 Ab titer is lower than that of anti-DSG3 Ab, it is statistically modulated overtime and in the different models, indicating that phenotypic effects could be ascribed to this modulation. In addition, given that cadherins are adhesion molecules serving also as signaling mediators (28), the main difference between our active DSC3 mouse model and the DSC3fl/fl/K14-Cre conditional null mouse reported by Chen and co-workers could be explained by the different signaling activated by the presence of auto-Ab against DSC3, that is distinctive from the complete structural lacking of DSC3 expression (19). Future studies will evaluate the signaling activated by anti-DSC3 Auto-Abs. Lastly, DSC3 could be compensated by DSC2, which partially overlaps with DSC3 expression (19). In any event, the mild phenotype observed in our DSC3 mouse model is suggestive of the human clinical findings associated with atypical pemphigus (9). The mixed DSC3/DSG3 and DSG3 mice are clinically similar, consistent with the model described by Amagai and co-workers (14). However, we identified distinctive histological signs in the DSC3/DSG3 mouse model. In particular, we found occasional dermal eosinophils and epidermal focal spongiosis. Moreover, a mild inflammatory infiltrate was detected in the dermis, in the presence or absence of crusted lesions. These aspects are peculiar of the DSC3/DSG3 model, given that no significant infiltration of inflammatory cells was observed in the early stages of developing blisters in the DSG3 active pemphigus mouse model (14), indicating the uniqueness of our model and a cooperation of the different auto-Abs in the induction of the pemphigus phenotype (5, 6). On the other hand, this might also suggest that the role of DSC3 alone can only account for a milder form of pemphigus.

To further validate the DSC3 model, the three groups of animals underwent m-PSL treatment to verify and compare the responsiveness to this drug. DSG3 and DSC3/DSG3 pemphigus models only partially responded to therapy, while m-PSL was very efficacious in improving the DSC3 model, as shown by PV Score and DSC3 antibody titer. The differential response to m-PSL suggests that every model has its specificity and that the development of animals expressing auto-antibodies against different antigens might indeed be useful in order to preliminary verify which therapy might be more appropriate to target specific forms of pemphigus, characterized by specific subsets of autoantibodies.

The animal model presented here can open the way to the generation of active pemphigus models based on different antibodies.
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Several lines of evidence indicate that the immune system, inflammation, and coagulation are simultaneously activated in autoimmune and immune-mediated skin diseases. Pro-inflammatory cytokines such as interleukin-6 and tumor necrosis factor-alpha induce the expression of the main initiator of coagulation, i.e., tissue factor. The proteases of coagulation in turn act on protease-activated receptors inducing the expression of various pro-inflammatory cytokines triggering inflammation. The cross-talk among immune system, inflammation, and coagulation amplifies and maintains the activation of all three pathways. This review focuses on three skin disorders as chronic spontaneous urticaria (CSU), angioedema, and bullous pemphigoid (BP), in which the relationships among the three systems have been investigated or their clinical consequences are relevant. Markers of thrombin generation, fibrinolysis, and inflammation have been reported to be increased in the plasma during flares of CSU and angioedema, as well as in the active phase of BP, with the marker levels reverting to normal during remission. The coagulation activation seems to be important only at local level in CSU and angioedema while both at local and systemic levels in BP which is the only condition associated with an increased thrombotic risk. The prothrombotic state in autoimmune skin diseases raises the question of the indication of anticoagulant treatment, particularly in the presence of other cardiovascular risk factors.

Keywords: coagulation, autoimmunity, urticaria, angioedema, bullous pemphigoid, psoriasis, atopic dermatitis, dermatitis herpetiformis


INTRODUCTION

Immune system, blood coagulation and inflammation strictly interact in providing a defense against a variety of potentially injurious stimuli, such as infections and tissue damages (1). The molecular mechanisms of this interaction have been largely elucidated. Indeed, pro-inflammatory cytokines, like interleukin 1 (IL-1), IL-6, and tumor necrosis factor alpha (TNF-α), induce the expression of tissue factor (TF) the main initiator of blood coagulation whereas downregulate the natural anticoagulants such as antithrombin, protein C, and TF pathway inhibitor (2). On the other hand, the coagulant mediators (FVIIa, FXa, and FIIa) in turn act on protease-activated receptors (PAR) inducing the expression of pro-inflammatory cytokines (3, 4). The relationships between the activation or dysfunction of the immune system and the coagulation system are evident in systemic autoimmune or immune-mediated diseases including lupus erythematosus (5, 6), rheumatoid arthritis (7, 8), and inflammatory bowel diseases (9, 10) which show an increased risk of thrombosis. A few studies suggested the involvement of blood coagulation also in some immune-mediated skin disorders whose aspects will be analyzed in the present review.

Immune-mediated inflammatory skin diseases comprise a group of heterogeneous chronic disorders that share similar immune-mediated pathogenic mechanisms as well as genetic susceptibility. Although their specific etiologies remain often unknown, all are recognized to involve dysregulation of the immune system, including an over-expression of the pro-inflammatory cytokines. In autoimmune and immune-mediated skin disorders, the cross-talk between inflammation and coagulation creates a self-refueling loop which amplifies and sustains the activation of both systems (3). Growing evidence suggests that this has both local and systemic implications.

The aim of the present study is to focus on several skin disorders in which the relationships between immune response, inflammation and blood coagulation have been investigated and/or their clinical consequences are relevant such as chronic spontaneous urticaria, angioedema, and bullous pemphigoid.



CHRONIC SPONTANEOUS URTICARIA

Urticaria is a common skin disease characterized by short-lived swellings, called wheals, which resolve in <24 h. Urticaria can be classified according to duration and etiology as acute or chronic (11). Chronic urticaria is defined as urticaria with or without angioedema lasting more than 6 weeks and can be further classified according to whether it is inducible or not into chronic inducible urticaria or chronic spontaneous urticaria (CSU).

Despite the great research effort of the last 20 years, etiology and pathogenesis of CSU remain largely unclear. However, there is growing evidence that different biologic systems including autoimmunity (12–14), inflammation (15–18), coagulation (19), and auto-allergy (20–23) are involved in the mechanisms leading to mast cell and basophil degranulation and hence to wheal formation (Figure 1).


[image: image]

FIGURE 1. Mechanisms of eosinophil and mast cell activation in chronic spontaneous urticaria. Mast cells release histamine and other effector molecules after stimulation by autoantibodies directed against the high-affinity IgE receptor (FcεRI) and IgE, complement anaphylatoxin C5a, eosinophil-derived major basic protein (MBP), thrombin, and IgE-autoallergen complexes. The most important autoallergens are: interleukin-24 (IL-24), double stranded DNA (dsDNA), thyroperoxidase (TPO), tissue factor. Eosinophils are activated by autoantibodies directed against the low-affinity IgE receptor (FcεRII) and potentially by other factors. Upon their activation, eosinophils release MBP, and express tissue factor which in turn activates the coagulation cascade (factors VII, X, VIII, V, and prothrombin) leading to thrombin generation. Thrombin induces mast cell degranulation as well as increased vascular permeability. Thrombin generation is demonstrated by the presence of fragment F1+2 released from prothrombin after its activation. Finally, fibrin degradation is documented by elevated plasma levels of the fibrin fragment D-dimer during the active phase of the disease.



The autoimmune mechanism is based on the presence of circulating histamine-releasing IgG autoantibodies directed against either the high-affinity IgE receptor (FcεRI) on both mast cells and basophils (in most cases) or membrane-bound IgE (in a minority of patients) (12, 13, 24). In a variable proportion (30–60%) of patients with active disease, the intradermal injection of autologous serum (autologous serum skin test, ASST) causes a wheal-and-flare reaction (19). This phenomenon mirrors the activation of mast cells and basophils as well as of the complement cascade by these autoantibodies. Experimental and clinical findings have supported an autoimmune origin in about 30–50% of patients affected with CSU (12, 13). Also other autoantibodies are involved in CSU pathogenesis such as autoantibodies to CD23, the low-affinity IgE receptor (FcεRII), which contribute to eosinophil activation and mast cell degranulation (14, 25). The possible autoimmune nature of CSU is further supported by the association with other autoimmune diseases, notably thyroiditis, and the increased frequency of HLA DRB1*04 (DR4) (26).

Inflammation is involved in the pathophysiology CSU, as demonstrated by the increase in different markers of inflammation, such as matrix metalloproteinase, serum C-reactive protein, IL-6, IL-6 soluble receptor, eosinophil cationic protein (ECP), TNF-α, complement, and others, which are related to CU activity (15–17, 27). On the contrary, adipokines that affect immune responses and exert an anti-inflammatory effect, such as lipocalin 2, have a negative association with CU activity (18).

Coagulation involvement in the pathogenesis of CSU is supported by many lines of evidence (28–33). The original observation that the autologous plasma skin test (APST) may score positive in some ASST-negative patients (29) has given rise to investigation of the coagulation system in CSU patients. In a study that dates back over 10 years, some of us found that CSU patients have elevated plasma levels of prothrombin fragment F1+2, suggesting thrombin generation (29). In subsequent studies, we found that CSU patients show an activation of the tissue factor pathway of coagulation cascade by activated eosinophils (30). Immunohistochemical experiments showed tissue factor expression by eosinophils present in the inflammatory infiltrate of CSU skin lesions (31). These data highlight the relevance of eosinophils in CSU as a source of tissue factor, in accordance with studies showing that eosinophils store tissue factor and transfer it to their cell membrane during activation (34). Eosinophils may be activated directly by autoantibodies directed against the FcεRII CD23 antigen (14) or secondarily to the activation of mast cells by anti-FcεRI and anti-IgE autoantibodies (24). The activation of the tissue factor pathway of coagulation results, in turn, in the generation of thrombin which, in experimental models, has been shown to induce edema through an increase in vascular permeability directly by acting on endothelial cells (35) and indirectly by generating C5a (36, 37), by triggering mast cell degranulation (38–41) and by releasing inflammatory mediators (42, 43). Pro-inflammatory cytokines, such as IL-6 and TNF-α, induce the expression of tissue factor (3, 44), sealing the mutual activation of the two systems, i.e., coagulation and inflammation. The complexes between tissue factor, activated factor VII (FVIIa) and FVa+FXa also activate mast cells via PAR-2, thus amplifying the activation of these cells in CSU (40). On the other hand, mast cell-derived tryptase can induce thrombin generation through a direct activation of prothrombin (45), thus constituting an amplification loop. It must be taken into account also an opposite effect of mast cells on inflammatory response. In fact, recent studies showed that mast cells can also limit thrombin-induced immediate skin inflammatory responses by releasing substances able to reduce the activity of thrombin, for example proteases, like mast cell protease 4 (MCPT4) (46). During severe exacerbations of the disease, CSU patients show marked increase of plasmatic markers of thrombin generation, like prothrombin fragment F1 + 2, FVIIa and thrombin-antithrombin complex (47–49), as well as of fibrinolysis (24, 31, 50). The increase of D-dimer, marker of fibrinolysis, is associated with disease severity (24) and its level resulted higher when compared with that of patients affected with psoriasis (51). Interestingly, a study detected the increase of D-dimer and fibrinogen/fibrin degradation products (FDP), produced by fibrinolysis of either stabilized or non-stabilized fibrin, in patients with CSU, but not in healthy individuals or in patients with inducible type of urticaria (52). Finding that the increase in plasma markers of thrombin generation and fibrinolysis parallels plasma C-reactive protein (CRP) levels further remarks the close link between coagulation activation and inflammation in CSU pathogenesis (53). The interplay between inflammatory and coagulation/fibrinolysis factors in CSU may lead to maintenance and amplification of urticarial inflammation. Both the activation of coagulation and fibrinolysis decrease till complete normalization during remission and biomarker levels return to normal values (31, 49, 54, 55). A limited number of studies investigated the role of platelets in CSU, with no univocal data (56). Platelet activation was found to occur in some skin inflammatory disorders, such as atopic dermatitis and psoriasis (57, 58). Based on these findings, platelets are regarded as a possible link between chronic inflammatory and pro-coagulant states (59). It may be hypothesized that platelet activation may be one of the triggering factors of the coagulation cascade in CSU too, leading to the activation of histamine-releasing effector cells. However, current evidence indicates that the simple determination of platelet indices is not reliable and lacks useful implications in the clinical practice (56).

The activation of the coagulation cascade in CSU pathogenesis may have clinical effects not only in eliciting skin lesions, namely wheal eruption, but also at systemic level. The most important potential clinical consequence of the hypercoagulable state in CSU patients is an increased thrombotic risk (25). In spite of this, patients with CSU are not reported to have an increased risk for thrombotic events. A possible explanation is that the activation of coagulation occurs mostly extravascularly and can be efficiently counteracted by coagulation inhibitors and fibrinolysis. Other potential clinical implications of the recognized involvement of coagulation in the pathogenesis of CSU are the possible therapeutic efficacy of pharmacological agents that interfere with the coagulation pathway. A few reports indicate that heparin, an anticoagulant which potentiates the effect of antithrombin, may be effective in treating CSU (60, 61). An anticoagulant/anti-fibrinolytic therapy, namely nadroparin and tranexamic acid, has been found effective in some patients with refractory CSU and elevated D-dimer levels (62). Moreover, warfarin, an oral anti-vitamin K drug, induced a good response in patients with CU unresponsive to antihistamines in a double-blind, placebo controlled study (63). With reference to further clinical implications of the activation of coagulation and fibrinolysis, elevated D-dimer plasma level has been found to be associated both with a poor response to antihistamines (64) and with a limited response to cyclosporine treatment (65). It is worthy of note that D-dimer plasma levels were observed to parallel the clinical response to omalizumab treatment, dropping in responders and remaining unchanged in non-responders (20, 66). Furthermore, elevated D-dimer plasma levels seem to be a predictive marker of prompt and complete response to the anti-IgE monoclonal antibody (67). It may be assumed that in a subset of CSU patients, the activation of the coagulation cascade has a key role in the pathogenesis of this disorder. In a recent study, the treatment with omalizumab induced a significant decrease in WBC count, platelet count, neutrophil count, ratio of platelet to lymphocyte (PLR), ratio of neutrophil to lymphocyte (NLR) and CRP level and a significant increase in mean platelet volume (MPV) and eosinophil count (68). Taken together, these data suggest that in CSU patients omalizumab may be effective not only antagonizing IgE but also affecting a number of other pathways (69). In particular, it can exert inhibitory effects on inflammation and coagulation cascade, further confirming the strict interaction between immunity, inflammation, and coagulation.

The “autoallergic” mechanism, which has been recently identified, is mediated by specific IgE to different allergens, including double-strained DNA (21), thyroperoxidase (22), IL-24 (23), tissue factor, and thyroglobulin (20). IgE anti-autoallergens seem to cause “autoallergic” mast cell degranulation. In particular, the elevated specific IgE antibodies to tissue factor have been demonstrated to be functionally able to mediate the release of leukotriene C4 by tissue factor-stimulated peripheral basophils (20). Tissue factor, the main initiator of coagulation, is overexpressed in CSU lesional skin (32) where it can activate coagulation and is also accessible to mast cell-bound IgE. Thus, IgE anti-tissue factor could cause “autoallergic” mast cell degranulation, linking the autoallergic and coagulation activation pathways. The presence of autoreactive IgE against several targets in patients with CSU might explain, at least in part, the clinical success of the humanized monoclonal anti-IgE antibody omalizumab.



ANGIOEDEMA

Angioedema refers to a circumscribed, non-itchy edema of the subcutaneous tissues mostly involving lips, face, neck and extremities and/or submucosal tissues affecting oral cavity, larynx and gut (70). It typically lasts from many hours to 3 days before the tissue returns to normal. Angioedema is life-threatening if it occurs in the upper airways and can be very painful if it occurs in the gastrointestinal tract (70). Wheals and angioedema often coexist but may also present alone (71). Most of these conditions are mainly mediated by histamine and other pro-inflammatory mediators released by mast cells and basophils (72). Overall, angioedema can be caused by allergies, inherited or acquired deficiencies of C1-inhibitor protein, or drug reactions. In many cases its pathophysiology remains undetermined (54). Among the vasoactive agents involved in mediating swelling attacks in angioedema, histamine, released by mast cells or basophils, has a prominent role, especially in allergic reactions and in cases of associated urticaria (73). Anti-histamines are effective agents in these forms. However, there are some subtypes of angioedema that do not respond to anti-histamine, such as angioedema due to C1-inhibitor deficiency, angioedema due to ACE inhibitors and a rate of idiopathic angioedema (54). Bradykinin is a recognized mediator of the increased vascular permeability in angioedema. Bradykinin is a vasoactive peptide acting on specific receptors such as B2 receptors that are constitutively present on the endothelium and B1 receptors that are expressed during inflammatory reactions. Bradykinin receptor signaling induces peripheral vasodilatation, enhancement of vascular permeability and subsequent vascular leakage. Bradykinin is the end-product of the contact activation system. This enzymatic cascade circulates in the plasma and consists of factor XII (FXII), plasma prekallikrein (PPK), and high molecular weight kininogen (HK). This system is linked to the intrinsic coagulation system via factor XI (FXI). Animal models showed that production of bradykinin in plasma is ~50% dependent on FXII (74). This suggests the presence of alternative pathways generating bradykinin in vivo. The endothelial cell-derived factors heat shock protein 90 (HSP90) and prolylcarboxypeptidase may be involved in FXII-independent release of bradykinin (75).

Bradykinin was first identified as a mediator for hereditary angioedema (HAE) (76, 77). The genetic form of C1-inhibitor deficiency is due to mutations in one of the two alleles of the C1-inhibitor gene, which leads to either reduced plasma protein levels [hereditary angioedema [HAE] type I] or normal levels but reduced protein function (HAE type II) (78). HAE type III is a rare subtype of HAE that is not connected with C1-inhibitor deficiency but with a dysregulation of the contact (plasma kallikrein-bradykinin) system (79). In a subset of patients with HAE with normal C1-inhibitor, a gain-of-function mutation in FXII has been identified (80). The acquired form of C1-inhibitor deficiency is known as acquired angioedema and is due to C1-inhibitor consumption associated with the presence of anti-C1-inhibitor autoantibodies and/or lymphoproliferative disorders (81). Bradykinin involvement in angioedema pathogenesis is not limited to hereditary forms. Bradykinin is a key mediator in patients with acquired C1-inhibitor deficiency due to underlying auto-immune or lymphoproliferative diseases (82) as well as in those treated with anti-hypertensive drugs that inhibit bradykinin breakdown, such as angiotensin-converting enzyme inhibitors (83). It is also possible that bradykinin may play a supportive role in forms of angioedema that are currently classified as “histaminergic” (84, 85). C1-inhibitor deficiency involves different biological systems that interplay during angioedema attacks. In fact, C1 inhibitor is a serine protease inhibitor (serpin) that blocks the activity of (i) C1r and C1s in the complement system, (ii) factor XII and kallikrein in the contact system, (iii) factor XI and thrombin in the coagulation system, and (iv) tissue plasminogen activator and plasmin in the fibrinolytic system (86). A deficiency in C1 inhibitor results in the hyperactivation of the contact system (87, 88), which leads to the generation of bradykinin. Furthermore, C1-inhibitor deficiencies activate the complement (89) as well as coagulation (90, 91) and fibrinolysis systems (92, 93). Thus, the unregulated activation of coagulation leads to the generation of thrombin, which can potentiate the vasoactive effect of bradykinin both directly (35, 94) and by releasing fibrinopeptides, which enhance the effects of kinins (95). It may be argued that in angioedema due to C1-inhibitor deficiency, thrombin acts synergistically with other vasoactive substances released by the concomitant activation of contact system, complement, or mast cells leading in turn to increased vasopermeability. Plasmin has been assumed to act as a main trigger for contact system activation and bradykinin production in the pathogenesis of most forms of HAE and specific forms of non-hereditary angioedema (96, 97). Indeed, several clinical observations supported the relevance of plasmin as a natural FXII activator and evidence for plasmin-dependent bradykinin generation as a cause of angioedema during treatment with fibrinolytic agents is accumulating (73). Consistent with this hypothesis, complexes of plasmin with its inhibitor α2-antiplasmin are elevated during attacks of HAE due to C1-inhibitor deficiency, as are the levels of markers of ongoing fibrinolysis, like D-dimer (98). Similarly to CSU, in patients with angioedema there is lack of prothrombotic features (55, 99). Therefore, it may be assumed that in angioedema, factor XII–driven contact system starts inflammatory mechanisms via the bradykinin-producing kallikrein-kinin system, without procoagulant effects (35). Alternatively, it has been proposed that the extreme vascular leakage may move the plasma coagulation factors into the extravascular space, triggering coagulation in the absence of vascular injury or intravascular thrombi (73). Therapy targeting the contact system has been successful in HAE, strongly supporting that angioedema is mediated via bradykinin production (73). Anti-fibrinolytic therapy, mainly tranexamic acid, has been used as prophylactic therapy for HAE attacks for some decades (100).



BULLOUS PEMPHIGOID

Bullous pemphigoid (BP) is an autoimmune blistering disease that mainly affects the elderly and carries a high risk of death (101, 102), mostly due to sepsis and cardiovascular events (103). Either comorbidities or immunosuppressive treatments seem to concur on BP mortality (104). Albeit rare, it is the most common autoimmune blistering disease in Western countries (105). It involves the skin and rarely the mucous membranes and is characterized by the presence of tense blisters usually surrounded by erythematous-edematous, urticaria-like plaques (106, 107). BP has a chronic relapsing evolution, with spontaneous exacerbations and remissions (108). The pathophysiology of BP is linked to the presence of circulating IgG autoantibodies directed against two antigens, BP180 and BP230, which are components of junctional adhesion complexes called hemidesmosomes that promote dermoepidermal cohesion (109, 110) with the contributory role of other pathomechanisms (Figure 2). BP180 (type XVII collagen) autoantibodies have been demonstrated to be directly pathogenic by triggering an inflammatory cascade. Inflammatory cells, particularly autoreactive T cells and eosinophils, produce and release a number of cytokines and soluble factors that amplify and maintain tissue damage, which ultimately leads to subepidermal blister formation (111). During acute phase of BP, autoreactive T helper (Th) 1, Th2, and Th17 lymphocytes cooperatively play a role in the development of the disease process (112–114). Although the role of Th17 cells in human BP is not completely defined, recent experimental data showed that IL17A-deficient mice are protected against autoantibody-induced BP, and pharmacological inhibition of lL-17A reduces the induction of BP (115). Moreover, a dysfunction of both T and B regulatory cells, whose immunosurveillance action is critical in preventing autoimmunity, was observed in lesional skin of BP patients (116, 117). The involvement of many cellular players in the BP inflammatory process is supported by elevated serum levels of activation markers, including molecules released by T cells upon their stimulation, molecules involved in B-cell maturation, granule proteins liberated from activated mast cells, neutrophils and eosinophils and adhesion molecules indicative of neutrophil and platelet activation. Complement activation is considered to be critical for blister formation too. Indeed, complement activation by autoantibodies ex vivo as measured by the complement-fixation assay in serum was correlated with the clinical disease activity in patients with BP (118). Experimental data in murine models demonstrate that complement-dependent and -independent mechanisms coexist in blister formation. On the basis of knock out mice and pharmacological inhibition studies, the activated 5th component of complement (C5a) appears to be involved, and its receptor 1 (C5aR1) seems to be important during the early phase of the disease while its receptor 2 (C5aR2) seems to be protective. Once the skin inflammation has fully developed, release of reactive oxygen species and proteases from neutrophils and macrophages may become independent of complement (119). Several studies showed that the coagulation cascade is activated in BP and correlates with the severity of the disease (25, 120–123). In particular, coagulation activation markers have been found to be increased at both local level, i.e., in blister fluid, and systemically, i.e., in plasma (123). It has been hypothesized that the activation of blood coagulation is induced by the inflammatory response underlying BP pathogenesis. In this regard, eosinophils are highly represented in the inflammatory infiltrate of the lesional skin and their levels are often increased in peripheral blood (123–125). Elevated concentrations of secretory granules, such as eosinophil cationic protein (ECP) (126, 127) as well as increased levels of IL5, the main cytokine involved in eosinophil biology (128, 129), and IL16, a chemotactic factor for eosinophils (130), in blister fluid and sera of patients with BP confirm the involvement of eosinophils in the pathogenesis of this disease. Eosinophils are recognized to concur in BP elicitation by producing and releasing matrix metalloproteinase (MMP)-9, which plays a key role in degrading BP180 and cleaving the dermal-epidermal junction (131). Release of elastase and gelatinase, namely 92 kDa gelatinase, may further contribute to tissue damage and blister formation (132, 133). Eosinophil degranulation was demonstrated not only in fully developed blisters, but also at the earliest stages of blister development and urticarial lesions of BP (134, 135). Moreover, eosinophils have been postulated as potential intermediates between anti-BP180 IgE autoantibodies, whose pathogenic role in BP has increasingly recognized in recent years, and dermo-epidermal junction separation (136, 137). High-affinity IgE receptors (FcεRI) that are highly expressed on eosinophils in BP patients could enhance the capability of eosinophils to bind IgE and thus influence their subsequent degranulation (138). In recent reports, the monoclonal anti-IgE antibody omalizumab resulted effective in treating patients affected with BP, despite ongoing high levels of anti-skin IgG antibodies (139, 140). This provides further evidence of an independent role for autoreactive IgE-mediated inflammation in BP skin lesion development. Eosinophils are also involved in itch induction, mainly due to the release of IL-31 (141, 142). IL31 exerts a chief role in itch, by activating endothelin-1 responsive neurons and by increasing the release of brain natriuretic peptide (BNP), a central mediator of itch (143, 144). With specific reference to the activation of the coagulation cascade in BP, it correlates with eosinophilia other than severity of the disease, thus indicating that eosinophils play a pivotal role in this process (123). Immunohistochemistry showed that eosinophils strongly express TF in lesional skin, as confirmed also by co-localization studies (120, 123). Eosinophils are a major intravascular location for TF storage and exposure. On the other hand, TF facilitates the early transendothelial migration of eosinophils (34). Consistent with these findings, it may be supposed that extrinsic blood coagulation initiated via TF expressed by eosinophils contributes to local inflammation and blister formation (145). In fact, TF plays an important role in the inflammatory process, in addition to its well-documented prothrombotic properties (34). In BP patients, increased skin expression of adhesins and MMPs has been considered an effect of TF action (146). TF is a recognized factor connecting the immune system with coagulation system. Pro-inflammatory cytokines, such as TNF and IL-6, which are increased in BP, induce TF expression (25), as found also in other, very heterogeneous inflammatory conditions (147–149). Activation of the extrinsic coagulation pathway generates thrombin that increases the permeability of blood vessels (150, 151). The presence of thrombin may play a direct role in the pathogenesis of BP by increasing vascular permeability, thus favoring the transendothelial migration of inflammatory cells and their accumulation in the skin. Activated proteases, in turn, act on PARs and induce the expression of various pro-inflammatory cytokines, and this cross-talk between inflammation and coagulation amplifies and maintains the activation of both systems (123). It is noteworthy that BP patients have high levels of coagulation activation markers, such as prothrombin fragment F1+2 (indicating thrombin generation) and D-dimer (indicating fibrin degradation), in plasma samples other than in blister fluid (120, 121, 123). During the disease remission, blood concentration of coagulation activation markers returns to normal (49, 145). Moreover, the concentration of the prothrombin fragment F1+2 correlates with the concentration of immunoglobulins directed against the BP180 antigen (120). All together, these findings clearly indicate that in BP patients there may be an activation of coagulation also at systemic level. A recent study has shown that plasma levels of prothrombotic markers are higher in BP patients when compared with patients affected with CSU (49). In pathological states, especially in inflammatory disorders, the balance between the coagulation and fibrinolysis might be deteriorated (152, 153). It is well known that the inflammatory response inhibits fibrinolysis. The results of a previous study on a group of patients with active BP showed that fibrinolysis is inhibited, due mainly to an increase in the plasma levels of plasminogen activator inhibitor type 1 (PAI-1) activity and antigen (154). The most important clinical consequence of the hypercoagulable state related to both coagulation activation and fibrinolysis inhibition in BP patients is an increased thrombotic risk. It has been consistently reported that the risk of thrombosis is increased in patients with BP (155, 156) and we have found an annual incidence of venous thrombosis of 8% (120), undoubtedly higher than that observed in the general elderly population (157). Langan et al. investigated the main acute medical conditions associated with BP, finding an increased risk for pulmonary embolism (158). A recent multicenter cohort study has shown that the risk of developing venous thromboembolism (VTE) is increased 4-fold in patients with BP as compared with the general population of same age and sex (159). More specifically, the VTE risk increased up to 15 times during the acute phase of the disease, thus indicating a close link between the inflammatory state occurring in active BP and thrombosis. Interestingly, the VTE risk dropped to 1.5 times during clinical remission. This latter finding indicates that a good control of the disease also impacts the occurrence of thrombotic events. This study highlighted in a large cohort of BP patients the close connection between the inflammatory state and risk of VTE. This further emphasizes the tight interplay between inflammation and coagulation cascade. In general, the cardiovascular risk in BP patients may be influenced not only by the inflammatory state but also by the treatment with systemic corticosteroids and immunosuppressive agents (160).


[image: image]

FIGURE 2. Pathomechanisms of the blister formation in bullous pemphigoid including the involvement of coagulation activation. The dermo-epidermal detachment is due to the interaction of autoantibodies with two hemidesmosomal antigens (BP180 and BP230), followed by complement activation and leukocyte infiltration. Autoreactive T lymphocytes cooperate with B lymphocytes in the autoantibody production; in addition, they release cytokines, most notably IL-5 and IL-16, and other soluble factors responsible for the recruitment and activation of eosinophils. In lesional skin, eosinophils produce and release metalloproteinases, elastase, and gelatinase which contribute to tissue damage. Moreover, eosinophils strongly express tissue factor, which is the main initiator of the coagulation cascade (factors VII, X, VIII, V, and prothrombin) leading to generation of thrombin. This last increases the permeability of blood vessels, amplifying the inflammatory network. Neutrophils contribute in the pathogenesis of bullous pemphigoid by releasing reactive oxygen species (ROS) and proteases. Finally, complement is activated upon binding of the pathogenic autoantibodies to their autoantigens.



The high thrombotic tendency found in patients with BP, especially during the acute phase of the disease, implies some practical considerations. Firstly, one may wonder whether adding VTE prophylaxis to the immunosuppressive treatments could affect the thrombotic risk of BP patients. Clinical trials on efficacy and safety of antithrombotic drugs administered in the acute phase of the disease could provide some insight into their clinical relevance.



CONCLUSIONS

Coagulation and fibrinolysis activation markers are elevated in many inflammatory conditions, including not only a wide spectrum of systemic diseases of different pathogenesis such as rheumatoid arthritis, inflammatory bowel diseases, and sepsis but also autoimmune or immune-mediated cutaneous disorders. The activation of coagulation in autoimmune skin disorders may have two main consequences: on one hand, a local pathogenic role in inducing the skin lesions and on the other hand a systemic role in increasing the thrombotic risk. Concerning the pathophysiology of the skin lesions, thrombin contributes to increase endothelial vascular permeability, thus amplifying the inflammatory network in CU, angioedema and BP. In the skin microenvironment of CU and BP, eosinophils express tissue factor, which can activate coagulation right there, with the generation of vascular permeability mediators. Concerning the systemic implications of the coagulation involvement, several data indicate an increased thrombotic risk in BP. In contrast, no data are available concerning the incidence of thrombotic complications in patients with CU and angioedema. The retrospective evaluation of a large cohort of patients with BP has shown an increased incidence of venous thrombosis. Although most BP patients are elderly, the incidence of venous thrombosis in this kind of patients appears to be significantly increased as compared to the age-matched population of otherwise healthy subjects. BP is the prototype of autoimmune blistering disorder mediated by autoantibodies but in which an important physiopathological role is played by eosinophils. The intense skin inflammatory infiltrate is in fact characterized by the presence of eosinophils together with autoreactive CD4+ T lymphocytes and a few other inflammatory cells. The increased incidence of thrombosis in autoimmune skin diseases raises the question of the indication of anticoagulant treatment particularly in the presence of other cardiovascular risk factors.
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Many autoimmune skin diseases, such as bullous pemphigoid (BP), psoriasis and certain types of chronic urticaria, are associated with intensive pruritus. While histamine and neuropeptides have previously been ascribed to play a role in itch that accompanies these diseases, recent evidence suggests that the pruritogenic cytokine interleukin (IL)-31 is a major driver of pruritic responses. IL-31 was originally shown to be produced by activated helper T cells, particularly Th2 cells, mast cells, macrophages and dendritic cells. However, more recent evidence demonstrated that eosinophils are a major source of this cytokine too, particularly in bullous pemphigoid. Basophils have also been shown to express the cytokine which, through autocrine action, strongly supports the production of other Th2-type cytokines from these cells. These investigations suggest that the dynamic recruitment of eosinophils and basophils in some autoimmune skin diseases could play an important role in the severity of IL-31-mediated itch. Furthermore, these studies suggest that IL-31, in addition to its pruritic actions, also has potential immunomodulatory roles in terms of supporting Th2-type immunity, which often underpins IgE-associated autoimmune diseases (such as bullous pemphigoid and urticaria) as well as allergies. While the role of IL-31 in psoriasis remains to be clarified, current evidence shows that this cytokine plays a major role in BP, chronic spontaneous urticaria and dermatomyositis. This suggests potential use of IL-31 receptor-blocking therapeutic approaches (e.g., Nemolizumab) for the treatment of IL-31-associated disorders.
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INTRODUCTION

IL-31 was first described by Dillon et al as a T cell-derived cytokine that was predominantly produced by The cells (1). Interestingly, mice which overexpressed IL-31 were observed to develop severe pruritus, alopecia and skin lesions (1). Furthermore, animal models of airway hypersensitivity exhibited increased IL-31 receptor expressions and these expressions, as well as those of IL-31 receptors in the skin, were also verified in respective human tissues (1). Human and mouse IL-31 share 31% amino acid homology and the genes for this cytokine are, respectively, located on chromosome 12q24.31 and chromosome 5 (1).

IL-31 is a member of the gp130/IL-6 family of cytokines and is a four helix bundle cytokine that acts as a ligand for the heterodimeric IL-31 receptor A (IL-31RA), a novel type I cytokine receptor, and the oncostatin M receptor (OSMR), the latter of which increases IL-31 binding affinity to IL-31RA. Both of these IL-31 receptors are expressed on a variety of different cell types including T cells, dorsal root ganglia (DRG), keratinocytes, dendritic cells, eosinophils, basophils, and macrophages (2–7). The functional activity of IL-31 appears to depend on the expression of both the IL-31RA and OSMR since, in basophils, we recently demonstrated that blocking of either receptor type decreases IL-31-induced IL-4 and IL-13 release (7).

Subsequent signaling following receptor complex binding involves the Janus kinase–signal transducer and activator of transcription pathway, the phosphoinositide-3-kinase–Akt pathway as well as the mitogen-activated protein kinase pathway (4, 8–10). IL-31 signaling controls a wide range of biological functions and immunomodulatory effects, such as the release of chemokines, proinflammatory cytokines, regulation of cell proliferation and stimulation of DRG sensory neurons which are responsible for induction of itch [reviewed in (11, 12)].



GENERAL PROPERTIES OF IL-31 IN SKIN DISEASES

In dermatological diseases, IL-31 is of particular interest in terms of itch and inflammation as well as impaired skin-barrier function arising from IL-31-induced tissue remodeling (13, 14). The cytokine was not only found to induce severe pruritus in mice, where levels of IL-31 correlated with scratching behavior, but a NC/Nga mouse model of atopic dermatitis demonstrated the potential therapeutic benefit of blocking anti-IL-31 antibodies (1, 15, 16). Before the discovery of IL-31, histamine was widely considered to be the most important pruritic mediator and the relative lack of therapeutic control of itch by H1-antihistamines was ascribed following the discovery of additional H4-receptor input in pruritus [reviewed in (17)]. This is partly supported by a recent successful clinical trial using an H4-receptor antagonist in atopic dermatitis (18), indicating potential future combinational H1- and H4-receptor antagonist/inverse agonist approaches. However, recent data from human clinical trials using nemolizumab (CIM331), a humanized antibody against interleukin-31 receptor A, clearly indicates that IL-31 is an important mediator of itch in humans too (19, 20).

Alongside its pruritogenic actions, IL-31 has a proinflammatory role too due to the upregulation of proinflammatory gene expressions in T cells, including CCL2 and granulocyte colony-stimulating factor (21). Interestingly, CCL2 has recently been implicated in driving basophil trafficking in systemic lupus erythematosus (SLE) and in severe allergic reactions (22, 23). IL-31 release by CD4+ T cells is mostly restricted to Th2 cells, although Th1 cells can produce this cytokine in vitro following exposure to IL-4 (21). Epidermal keratinocytes are also a major target for IL-31, where it induces chemokine gene expressions for GRO1α (CXCL1), I-309 (CCL1), MIP-1β (CCL4), TARC (CCL17), MIP-3β (CCL19), MDC (CCL22), and MIP-3 (CCL23), [(1), reviewed in(11)]. Furthermore, Singh et al. showed that IL-31 increased epidermal basal-cell proliferation in mice resulting in thickening of the epidermal skin layer but increased transepidermal water loss (14). This impairment of skin barrier function occurs due to IL-31 decreasing filaggrin expression in human keratinocytes (24). Interestingly, reduced filaggrin expressions are strongly associated with atopic dermatitis and have been shown to enhance Staphylococcus aureus colonization (24, 25).

Increased levels of IL-31 have now been shown in various inflammatory skin diseases including prurigo nodularis (12), atopic dermatitis (26–28), contact eczema (29), chronic spontaneous urticaria (CsU) (30), as well as in a subset of patients with mastocytosis (31). In an animal model of atopic dermatitis anti-IL-31 treatment significantly reduced scratching in mice (16), underlining the important role of IL-31 in mediating pruritus. This seems to apply to humans too, where IL-31 levels were shown to correlate with disease severity in atopic dermatitis (27, 28). Interestingly, CsU patients respond to omalizumab therapy which was recently shown to be associated with reduced IL-31 serum levels (32). This suggests that this IL-31 may be modulated by IgE-dependent mechanisms and this further highlights the potential of anti-IL-31 as a therapeutic approaches as well as targeting IgE-positive effector cells.



IL-31 IN AUTOIMMUNE SKIN DISEASES

IL-31 has thus far been shown to play a prominent role in common inflammatory skin diseases, such as atopic dermatitis, particularly in relation to pruritus. However, since pruritus is also a major feature in bullous pemphigoid, chronic spontaneous urticaria (CsU) and other autoimmune diseases there is a potential role for IL-31 in some of these diseases too.


Chronic Spontaneous Urticaria

It has long been recognized that autoimmune mechanisms are an important component of CsU [reviewed in (33)]. CsU is defined by the rapid appearance of pruritic wheals lasting <24 h but which may occur repeatedly over a period of at least 6 weeks. The autoimmune association in CsU is either due to IgE mediated autoallergy against thyroid peroxidase or IgG auto-antibodies against the α-subunit of the high-affinity IgE receptor(FcεRI) and, more rarely, against IgE. All of these possible autoimmune mechanisms activate mast cells and basophils, cells which have been centrally implicated with CsU (34–36).

While mast cells and basophils are the main sources of histamine, antihistamine treatment in patients with CsU does not fully eliminate itch, suggesting that IL-31 may have some input in pruritic mechanisms associated with CsU. Indeed, we observed increased IL-31 serum levels in CsU patients, although these levels were generally lower than those seen in atopic dermatitis patients (30). These observations have recently been confirmed by Lin et al. who demonstrated significantly higher levels of IL-31 in CsU patients with most severe pruritus intensity compared to milder forms but not with urticarial activity per se (37). This supports the notion that IL-31 contributes to itch rather than other aspects of disease activity.

In our own investigations, we subsequently discovered that the main cellular sources of IL-31 in skin lesions of CsU patients are basophils (7). Basophils produced and released IL-31 in response to IgE-dependent stimulation and were even more responsive in terms of secreting the cytokine following incubation with the bacterial peptide N-Formylmethionyl-leucyl-phenylalanine (7). Basophils also expressed both IL-31 and OSMR receptors, and were responsive to IL-31 stimulation which gave rise to release of the archetypal Th2-type cytokines IL-4 and IL-13 from these cells. Surprisingly, however, IL-31 failed to cause degranulation of basophils, as determined by the expression of the degranulation markers CD63 and CD203c as well as histamine release (7).

Since basophils are predominant sources of both IL-31 and histamine, inhibition of basophil function is of therapeutic interest in controlling itch-related symptoms in CsU. Furthermore, basophils not only significantly infiltrate the skin in CsU (38) but are also crucial contributors of IL-4 and IL-13 which support IgE class-switching and, in the case of IL-4, also Th2 immunity [reviewed in (39)]. IgE-dependent basophil activation can be therapeutically targeted with the monoclonal antibody omalizumab, which prevents free-circulating IgE from binding to cells such as basophils and also mast cells, leading to the down-regulation of cell-surface FcεRI expressions as well as the degree of IgE sensitization. Since the autoimmune component of CsU is thought to involve autoantibodies against either FcεRI or IgE a reduction of cell-surface IgE and/or FcεRI due to omalizumab presents an important therapeutic strategy. Indeed, omalizumab has been used successfully to treat patients with CsU (40, 41). The fact that IL-31 levels are also reduced following omalizumab treatment further supports the role of basophils in CsU (32). This is underlined by reports of a rapid reduction in vivo of both FcεRI and IgE expressions on basophils due to omalizumab (42). While mast cells may also be targeted by omalizumab, the reductions in FcεRI receptor density resulting from omalizumab therapy are known to occur sooner in basophils than for skin mast cells, possibly due to a greater turnover of basophils compared to their skin tissue-fixed mast cell counterparts (43).

In addition to our observations regarding IL-31 inducing Th2-type cytokine release from basophils, we found that the cytokine also facilitates basophil chemotaxis (7). This indicates that IL-31 plays a role in the orchestration and accumulation of basophils in inflammatory skin diseases such as CsU. Since basophils are majorly involved in the pathogenesis of CsU, targeting IL-31 directly (e.g., by nemolizumab) may prevent both IL-31-mediated basophil recruitment as well as the autocrine effects of this cytokine in stimulating the release of IL-4 and IL-13 from basophils. Such approaches using nemolizumab (CIM331) have recently been tested successfully (also in terms of reducing itch) in atopic dermatitis in both humans and other primates (19, 20, 44–46). Similarly, the anti-canine-IL-31 monoclonal antibody, lokivetmab, has been used to treat atopic dermatitis in dogs (47–49). However, the potential clinical benefits of anti-IL-31 monoclonal antibodies have yet to be reported for CsU (and indeed other autoimmune skin diseases).



Bullous Pemphigoid

The autoimmune blistering skin disease, bullous pemphigoid (BP), is accompanied by severe pruritus, thus suggesting possible involvement of IL-31. Indeed, Salz et al reported high IL-31 levels in BP blister fluids as well as an association of this cytokine with granulocytes (50). More recently, we also showed that IL-31 is expressed in the lesional skin of BP patients, particularly in eosinophils from skin tissue and also within blister fluids (51). Moreover, eosinophils were demonstrated to be the major cellular source of IL-31 in BP and isolated peripheral blood eosinophils secreted substantial amounts of IL-31 (51). Similarly to basophils, IL-31 also has chemotactic effects on eosinophils and additionally stimulates these cells to release reactive oxygen species and the chemokine CCL26 (5).

It is, however, as yet unclear whether BP patients display elevated serum levels of IL-31, since the currently published literature has reported conflicting observations. Our own investigation showed only minor elevations in serum IL-31 levels vs. non-BP controls (51) compared to Salz et al (50), who observed significant increases, and Kulczycka-Siennicka et al. (52), who reported reduced levels of the cytokine. Despite these different observations regarding IL-31 serum levels, it is clear that eosinophils are one of the major sources for the increased IL-31 levels in BP blister fluids, which often contain a highly enriched accumulation of eosinophils. Because BP patients experience pruritus particularly in lesional skin the increases in IL-31 levels in blister fluids offer a plausible explanation for this localized itch.

Basophils have also been reported to be associated with BP (53) but their potential contribution to IL-31 in this disease is not yet known. Eosinophil-derived IL-31 may possibly participate in the trafficking of basophils to lesional tissues affected by BP and this may further be supported by IL-31-induced CCL26 release from eosinophils (5). Furthermore, there are several case reports of successful therapy of BP using omalizumab, suggesting potential basophil involvement (54–56). However, Freire et al recently showed that the mast cells and eosinophils make up most of the IgE-expressing cells in BP skin (57) and both cell types are widely reported to participate in various autoimmune skin diseases [reviewed in (58, 59)]. It is thus conceivable that the clinical benefit of omalizumab therapy may largely due to a reduction in eosinophil and mast cell function.



Psoriasis

It was originally thought that IL-31 does not play a role in psoriasis, based on comparisons of cellular expressions of the cytokine (both at mRNA level and immunoreactivity) together with controls (12, 29, 60). However, more recent investigations have reported that serum IL-31 levels are significantly elevated in psoriasis and that chronic itch associated with psoriatic skin is accompanied by increased transcription of IL-31 (61, 62). Narbutt et al further showed that IL-31 serum levels were significantly reduced after narrowband UVB phototherapy, coinciding with a substantial reduction in pruritus in these patients (61). This study indicates that itch accompanying psoriasis might be associated with IL-31. Interestingly, skin mast cells have been shown to express elevated IL-31 in psoriatic skin compared to healthy controls (63). In contrast, however, Czarnecka-Operacz et al. failed to observe any correlation between itch severity in psoriasis and IL-31 (64). On balance, and despite the possibility that it may contribute to pruritic forms of the disease, the currently published literature does not yet provide a clear consensus regarding the role of IL-31 in psoriasis per se.



Autoimmune Connective Tissue Diseases Affecting the Skin

Pruritus is a prominent symptom in several autoimmune connective tissue diseases such as lupus and dermatomyositis, although these diseases can affect multiple organ systems and are often supervised by dermatologists. In lupus erythematosus there is currently only sparse evidence to suggest a role of IL-31 and, as yet, no reports specifically dealing with cutaneous forms of this autoimmune disease. Although pruritus does often accompany cutaneous lupus erythematosus it is usually mild in severity and (65), possibly indicating that IL-31 is not a major player in this disease. In systemic lupus erythematosus (SLE) IL-31 serum levels were not shown to be significantly increased compared to healthy controls (66). However, in stark contrast, a more recent study reported significant increases in IL-31 serum levels in SLE as well as identification of IL-31 polymorphisms that were associated with SLE in the Chinese population (67). While the role of IL-31 in SLE is still unclear these IL-31 polymorphisms may nonetheless serve as novel genetic markers of susceptibility to SLE (67).

Dermatomyositis is another autoimmune disease that involves the skin and is sometimes involves considerable pruritus(68), although the muscles and sometimes the lungs can also be affected. In a recent article, Kim et al showed that itch correlated with increased cutaneous severity where IL-31 and IL-31RA gene expressions in lesional skin were upregulated compared with either non-lesional skin or that from healthy controls (69). IL-31 mRNA expression also positively correlated with itch score and immunoreactivity for IL-31 and IL-31RA was greater in lesional skin. Furthermore, lesional dermatomyositis skin contained significantly more IL-31-producing cells, of which CD4+ cells were the most abundant IL-31-expressing cell type (70).



Alopecia Areata

In addition to its role in pruritic skin diseases, IL-31 was originally also associated with alopecia areata, an autoimmune disease involving inflammation of the hair follicles and a loss of immune privilege [reviewed in (70)]. However, although IL-31 and hair loss was described in mice (1) it was not subsequently observed in patients with alopecia areata (60).




CONCLUDING REMARKS

The published literature to date shows that IL-31 is differentially associated with autoimmune skin diseases, especially those where pruritus is a major symptom, such as CsU and bullous pemphigoid. Here, recent evidence shows that basophils and eosinophils are major sources of this cytokine, respectively, especially within affected skin tissues. However, the input of other IL-31-producing cells, especially CD4+ T cells, in these autoimmune diseases still needs to be elucidated in terms of IL-31-mediated immunomodulatory roles. IL-31 possibly plays a role in the trafficking of basophils to affected tissue sites because of its known actions in supporting the release CCL2 and CCL26 chemokines. Basophil-derived IL-4, the release of which is also driven by IL-31, may support the development of Th2 cells and subsequent further IL-31 production. The interplay of IL-31 and various immune cells that are known to play a role in autoimmune skin diseases is summarized in Figure 1. Overall, IL-31 is a crucial driver for pruritus in certain autoimmune skin diseases and the recent development of blocking antibodies offers exciting new therapeutic opportunities to combat itch-related symptoms.


[image: image]

FIGURE 1. Overview of the main cellular sources and potential roles of IL-31 in autoimmune skin diseases. Red arrows denote direct effects, black indirect effects. Double arrows denote autocrine activation.
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Pruritus in autoimmune and inflammatory dermatoses is a common symptom that can be severe and affect the quality of life of patients. In some diseases, pruritus is related to disorders activity and severity or may occur independent of the disease. Despite the high prevalence, the symptom is still underrated and there are only a few trials investigating the efficacy of drugs for disease-specific pruritus. In this review, the characteristics and possible pathomechanisms of pruritus in various dermatoses like autoimmune bullous diseases, connective tissue diseases as well as autoimmune-associated dermatoses (atopic dermatitis, psoriasis vulgaris) is illustrated. Additionally, studies analyzing the antipruritic treatment are discussed. Summarizing, the prevalence of pruritus in these diseases demonstrates the importance for symptom recognition and the need for an efficient antipruritic therapy.
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INTRODUCTION

Autoimmune diseases occur due to a deregulated immune response directed to the body own tissues. Cutaneous manifestations may occur secondarily to systemic autoimmune conditions such as lupus erythematosus (LE) or systemic sclerosis (SSc) or result from primary dermatoses as e.g., in autoimmune bullous diseases (AIBD) or in vitiligo (1). A feature of autoimmune disorders is the occurrence of an exacerbated inflammation owing to an enhanced release of pro-inflammatory mediators. One common symptom is pruritus which is listed by the Global Burden of Disease project as one of the 50 most common interdisciplinary symptoms leading to high burden levels (2). Chronic pruritus (CP) is often accompanied by paresthetic sensations like warmth, burning and stinging (3). Physicians should be alert to this debilitating symptom and offer patients with adequate antipruritic care. In this review we provide an overview of the most relevant autoimmune dermatoses focusing on pruritus, including, pathophysiological mechanisms, clinical features and when available anti-pruritic treatment options (Table 1). Atopic dermatitis (AD) and psoriasis vulgaris are included since autoimmunity phenomena have been observed in these (4–7).



Table 1. Overview of diseases and pruritus-specific data.
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ATOPIC DERMATITIS

AD is a common disease which affects about 20% of children and 5% of adults (8). The pathophysiological mechanisms are an immune deviation toward T helper cells 2 cells secreting predominantly IL4, IL5, and IL13 in in the initiation phase with consequent increased IgE production, a deficient skin barrier function, an abnormal microbial colonization and a neurogenic inflammation (9). Severe pruritus appears in almost all patients (10), correlating with severity of AD (11). Ninety-three percent of patients reported to scratch often or very often, and perceive scratching as pleasurable which lead to itch-scratch cycle (12). Further, stinging and burning were described, suggesting a neuropathic component. Pruritus impacts strongly the sleep and the quality of live (QoL), which leads to a higher rate of anxiety, depression and suicidal ideation (13). Among pruritus mediators, the role of histamine is restrained, as indicated by the inefficacy of anti-histamine treatment (14). Proteinase activated receptor-2 expressed by keratinocytes and cutaneous free nerve endings is involved in the pruritus pathway of AD (15). Recently, ORAI1, a channel mediating store-operated Ca2+ influx which is required for NFAT-dependent cytokines expression, was shown to be an regulator of AD cytokine and itch-causing compound (16). Activated nerves fibers release neuropeptides like CGRP and substance P (SP). IL31 produced by Th2 cells is overexpressed in lesional skin and in serum (17) and correlates with the disease severity (18). Thus, IL31 induces directly itching via its receptor which is expressed on keratinocytes and nerve fibers (NF) (19). Also, environment plays a role. Various organic components of pollutant activate the aryl hydrocarbon receptor in keratinocytes and stimulate artemin, a neurotrophic factor which is responsible for epidermal hyperinnervation (20). This may be partly responsible for itch sensitization, although a new study questions this affirmation (21, 22).

A few studies have investigated the treatment of AD-associated pruritus. In addition to known therapies like narrow band UVB, which lead to a decreased pruritus intensity in 90% of patients with AD (23), or cyclosporine which has shown a significant reduction of pruritus intensity and decreased IL31 serum levels (24) also new treatment regimens have been investigated for their antipruritic effect in AD. Dupilumab, a monoclonal antibody (mAb) binds to the alpha subunit of the IL4 receptor, thereby inhibiting the binding of IL4 and IL13. In placebo controlled studies, dupilumab significantly reduced pruritus (44–51% reduction) (25). Tralokinumab and lebrikizumab target anti-IL13 leading to AD improvement and decrease of pruritus. Nemolizumab, a IL-31 receptor mAb, inhibits the IL31 signaling and reduced the intensity of pruritus in a phase II study [up to 90% in a 52 week (26)]. Tezepelumab is a mA targeting TSLP. In light of the role of TSLP in atopic pruritus, tezepelumab seems very interesting. Nevertheless, in a phase II study, tezepelumab showed limited efficacy on pruritus and inflammatory signs (27).

Phosphodiesterase 4 (PDE4) is an enzyme that regulates cAMP levels and thereby pro-inflammatory cytokines involved in AD. Crisaborole, a new topical PDE4 inhibitorapproved in AD, showed improvement in pruritus (28). In a phase II study, apremilast, an oral PDE4 inhibitor, showed modest efficacy in AD and a decrease in pruritus but no significant compared to placebo (25).

JAK/STAT pathways are activated by typical AD cytokines such as IL,4, IL13, or IL31. Inhibitors are being evaluated for oral treatment of AD. First results seem promising (29).

The level of SP is involved in neurogenic inflammation and increased pruritus. Though effective in prurigo nodularis, in phase II study with oral NK1-receptor antagonist, serlopitant did not show improvement in pruritus of patients with AD.



PSORIASIS VULGARIS

Psoriasis was considered as a non-pruritic dermatosis. Nowadays, numerous studies have clearly documented that pruritus is a very frequent symptom of psoriasis (30) with a prevalence of 60–90% in patients suffering from psoriasis and a mean severity around 6/10 points on visual analog scale (VAS) (30). Pruritus is higher in patients with dry skin, stress (31) or the presence of depression and anxiety disorders (32). CPcorrelates also with the use of antacids, angiotensin receptor blockers, angiotensin enzyme converting inhibitors and beta-blockers (33).

A large majority of patients with psoriasis consider pruritus as the most bothersome symptom of their disease (34). Patients with pruritus report a greater reduction in their health-related QoL, including the ability to sleep, compared to those without pruritus. The severity of pruritus correlates with the degree of QoL impairment. The pathogenesis of pruritus in psoriasis is poorly known since the main cytokines involved in psoriasis are not known to be pruritogenic. The major concept of pruritus origin is focused on neurogenic inflammation, through the release of neuropeptides from nerve endings, in association with a modified innervation density in psoriasis as well as an abnormal functioning of the peripheral opioid system (22). Overexpression of genes, such as phospholipase A2 IVD, SP, voltage-gated sodium channel 1.7, transient receptor potential (TRP) vanilloid 1, IL17A, IL23A, IL31, TRP melastatin 8, TRP vanilloid 3, phospholipase C, and IL36α/γ, has been shown in pruritic psoriatic skin (35). The efficacy of treatments of psoriasis is commonly judged on their effects on visible skin lesions but it might be more important to consider the resolution of pruritus, since it is the first preoccupation of the patients (34) and because there is no specific antipruritic therapy to treat pruritus in psoriasis. A systematic meta-analysis has evaluated the effect of systemic psoriasis treatments on psoriatic pruritus (36). Anti-IL17 showed the greatest antipruritic effect. JAK inhibitors were more effective than adalimumab, which was more effective than apremilast. Other studies could not be included in the meta-analysis for methodological reasons. Nevertheless, UVB phototherapy and cyclosporine were also noted to be effective. Some studies showed the favorable effects of ustekinumab (anti-IL12) (37) and anti-IL23 (38) on pruritus. A topical inhibitor of nerve growth factor (NGF) receptor has also been shown to be effective for the treatment of pruritus due to psoriasis (39).



AUTOIMMUNE BULLOUS DISEASES

AIBD are a heterogeneous group of severe dermatoses characterized by the presence of autoantibodies against cutaneous adhesion molecules (40).



BULLOUS PEMPHIGOID

Pruritus in the elderly patients is a frequent complaint and bullous pemphigoid (BP) is a rare but an important differential diagnosis. Recent data suggest that pruritus of BP might be linked to elevated levels of cutaneous IL31 (41). Histologically, BP is characterized by a dense infiltrate of eosinophils which produce and release IL31 (42). IL31 is well-known for the induction of pruritus via inflammatory and neuronal mechanisms (43). In addition, histamine released from basophils seems to play a role. Basophils might be present in BP lesions, too (44). Compared to healthy control basophils, circulating peripheral basophils from BP patients degranulate and release histamine when incubated with BP180 (45).

In BP, all clinical phenotypes are associated with severe pruritus (46). Pruritus can precede the development of the lesions (47). In a preclinical stage, pruritus without visible skin lesions can be the only manifestation of BP (48, 49). Interestingly, there are also many reports of atypical, mainly non-bullous, clinical variants of BP associated with IgG autoantibodies against BP180 and BP230 associated with pruritus as the common leading clinical symptom (50). These subtypes are heterogeneous and include eczematous, erythematous plaques, urticarial, papular and/or nodular skin lesions (50). However, a small study including patients with chronic pruritic skin disorders (n = 78) and patients with non-inflammatory skin disease (n = 93) failed to detect specific autoantibodies (40). Elderly patients with pruritus may present with a broad range of underlying diseases including metabolic diseases, drug intake and neuropathic conditions (51). To address the specific question on the prevalence of atypical BP as an origin of CP in the elderly, a large population of patients' needs to be investigated.

Scratching typically accompanies pruritus in BP. Subsequently, patients develop excoriations, bleeding and crusts (Figure 1). Some can even develop chronic prurigo lesions due to prolonged scratching behavior (52). Patients experience pruritus to all day and night times without a preference and aggravation after emotional stress (46).
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FIGURE 1. Seventy-eight-year old female patient with BP. Excoriations, bleeding and crusts caused by scratching can be observed.



The current therapy recommendations do not outline specific antipruritic therapies besides the immunosuppressive therapies (52). Pruritus parallels the disease course in BP. Accordingly, cessation of pruritus is one criterion of disease control in BP (49) and monitoring of pruritus is an important step which can be done using the Subjective Bullous Pemphigoid Disease Area Index pruritus score (49). For patients with impaired mental functioning, indirect assessment of pruritus via presence of signs of scratching and sleep disturbance is suggested (49).



PEMPHIGUS GROUP

Pemphigus is a potentially life-threatening AIBD and characterized by flaccid fragile blisters and erosions of the skin and/or mucous membranes. In contrast to BP, pruritus is less frequently present and with lower intensity in the pemphigus group (46). The most common subjective symptoms reported by patients with pemphigus vulgaris are burning (83.1%), pain (68.4%), and pruritus (47.5%) (53). Histopathologically, a suprabasal, akantholytic separation and blistering with a retention of basal keratinocytes along the basement membrane zone, and sparse inflammatory infiltrate in the dermis with eosinophils can be observed in pemphigus. The inflammation might be of great relevance for the induction of pruritus. Pemphigus foliaceus is another disease of this group. Here, pruritus occurs in more than half of the patients (61%) (54). The histopathological characteristic findings include intraepithelial cleavage with acantholysis beneath the stratum corneum and a dermal inflammation, predominantly with neutrophils, mast cells and plasma cells (54). Although there is little systematic data on pruritus in the pemphigus group, the parameter pruritus contributes to the assessment whether the disease is controlled or not (55).



DERMATITIS HERPETIFORMIS (DUHRING'S DISEASE)

Dermatitis herpetiformis (DH) is found more often in young adults and children and often associated with coeliac disease. It is characterized by granular deposits of IgA in dermal papillae, as well as deposits of other immunoglobulins and complement components (56). Pruritus is common and often the first symptom. The intensity of pruritus is high with a mean intensity of pruritus of 8/10 on a numerical rating scale. 2/3 of patients have sleep disorders related to pruritus (57). In the same study group the serum IL31 levels were reduced in DH compared to a healthy control group. This was surprising, because IL31 levels are increased in other pruritic dermatoses like AD (58) and psoriasis vulgaris (59). One explanation could be that mast cells are hyperactive which leading to a higher expression of IL31 receptors, which may be the reason for the low serum concentration of IL31 (57). Usually, pruritus reliefs during treatment but further studies on antipruritic effects are missing.



CONNECTIVE TISSUE DISEASES


Systemic Sclerosis

The manifestations of SSc are diverse. Abnormalities of the circulation (most notably Raynauds phenomenon) and involvement of multiple organ systems, including the renal, pulmonary, cardiac, and gastrointestinal systems due to fibrosis and vasculopathy development, are most prominent. Skin involvement is characterized by variable extent and severity of skin thickening and hardening with edematous swelling and erythema. With a prevalence of 40–65%, pruritus is a common symptom of SSc, which occurs not only in the affected areas but also often on the extremities or generalized (60). In addition to pruritus, patients experience stinging, burning and pain, which suggests that pruritus in SSc has a neuropathic component (61) caused by compression of small NF by thickened collagen. There are no data which investigate the antipruritic effect by an effective therapy of SSc. However, it might be assumed that modified NF necessitates a specific antipruritic therapy.



Morphea

Morphea is an idiopathic, inflammatory disorder. The initial sign is often an inflammatory, erythematous patch followed by sclerotic dermal changes and subsequent atrophy. There are a lot of variants describing the clinically based division into circumscribed (65%), generalized (8%), linear (6%), and mixed forms (62). Pruritus is a distressing symptom in morphea, which causes a reduction in QoL (63). Interestingly, pruritus leads to a greater restriction than the location of lesions in cosmetically or functionally sensitive sites (63). In particular, in an active morphea, pruritus is noticeable, so that it is proposed as an activity marker. The cause of pruritus has not been elucidated. Based on the previously described observation, it can be concluded that inflammation with an infiltrate from lymphocytes, plasma cells, eosinophils, and mast cells is an important factor in the development of pruritus. However, a neuropathic component in the later stage of the morphea by compression of small NF is also conceivable. Further investigations on antipruritic therapy are not available.



Lupus Erythematosus/Dermatomyositis/Sjögren Syndrome
 
Cutaneous Lupus Erythematosus

Cutaneous LE (CLE) shows diverse skin manifestations depending on the present subtype. The classification is based on clinical characteristics like photosensitive lesions which lead to hyperpigmentation, scarring and hair loss in discoid lupus erythematosus or purple plaques/nodules and edematous skin mainly in the acral regions in chilblain lupus {Patel 2013 #13}. The prevalence of pruritus is 75% in patients suffering from CLE (64). The severity was widely ranged from mild (62.1%), moderate (23.1%), and severe (14.8%) (64). The intensity of pruritus correlates with the activity of skin lesions suggesting that the pathomechanism of pruritus is related to inflammation. However, there are no pruritus specific studies regarding the pathophysiology. Immunosuppressive therapy like use corticosteroids and steroid-sparing agents can relieve pruritus (65, 66). However, pruritus is a common side effect antimalarial drugs which are often used in the treatment of CLE (67).



Sjögren Syndrome

Sjögren syndrome (SS) is a rare autoimmune disease characterized by chronic dryness of the mucous membranes (sicca's syndrome) and by chronic, progressive inflammation and exocrine gland insufficiency (68). The syndrome can be divided into a primary (cause unknown) and a secondary SS (association with connective tissue disease) (68). The prevalence of pruritus is 42–53% in both types of SS together. Patients suffering from SS and pruritus have a greater impairment of QoL and a higher rate of sleep disturbance (69). An important factor in the pathophysiology of pruritus in SS is xerosis cutis which is underlined by the fact that the most pruritic locations in SS are the shins—a very common location of xerosis induced pruritus (70).



Dermatomyositis

Dermatomyositis (DM) is a rare systemic autoimmune disease characterized by immunological responses to vascular and muscle-derived proteins, resulting in inflammation of the skin and muscles, and typical skin lesions such as Gottron's papules (erythematous to violaceous papules over MCP joints), heliotrope eruption (violaceous eruption in the upper eyelids) and facial erythema (71). In addition, skin lesions may be accompanied by pruritus, which is more intense when compared to pruritus in CLE (median VAS DM: 3.80/10, median VAS CLE: 2/10). Additionally pruritus affects the QoL in patients with DM (72). Pathophysiologically, a small fiber neuropathy with a decreased density of epidermal nerves and formed complex tufts is thought to contribute to pruritus in DM (73). Recently, the antipruritic effect of apremilast in dermatomyositis induced scalp pruritus was reported. However, further studies on antipruritic effects of drugs are missing (65).



Vitiligo

Vitiligo is a rare, congenital or acquired, localized skin pigmentation disorder. The disease is due to destruction and loss of melanocytes. There are a lot of hypotheses on the etiology of vitiligo including cytotoxic immune responses and presence of antibodies against melanocytes (74). However, vitiligo is not considered as a typical autoimmune disease by itself but patients have a genetic susceptibility to other autoimmune or autoinflammatory diseases like thyroid disease (75). Other hypotheses focus on a neurogenic mechanism with release of melanocyte- toxic neuropeptides of cutaneous peripheral nerve endings (Al-Abadie) which may also explain incidental occurrence of pruritus in vitiligo. Other authors speculate on histamine exhibiting a role in vitiligo associated pruritus (76). Elevated blood histamine levels have been found in patients with vitiligo and pruritus in comparison with matched controls (76). The prevalence of pruritus in vitiligo is 20% (77). Interestingly, active vitiligo was associated in 78.1% of patients with pruritus and Koebner phenomenon. Most patients reported a moderate pruritus (average 5/10 on NRS) and several sensory qualities of pruritus as tingling (82.7%), crawling (18.5%), and burning (18.5%). Concerning the QoL, those patients with pruritus and vitiligo had significant higher DLQI scores than those without it (78). The majority of patients with pruritus had daily activity (60.5%) and several had also sleep disturbances (39.5%). Improvement was reported by topical corticosteroids (55.6%) and oral antihistamines (9.9%).



Management of Pruritus

If there is no proven treatment and/or the causative therapy failed to relieve CP it is recommended to add stepwise an antipruritic treatment (Figure 2).


[image: image]

FIGURE 2. Stepwise therapeutic approach based on European S2k Guideline on Chronic Pruritus if causative treatment failed (79).






CONCLUSION

Pruritus is a common symptom of autoimmune conditions affecting the skin. However, it is often overlooked in clinical routine and by the scientific community. Therefore, awareness on this issue should be raised. A better understanding of the pathophysiological mechanisms leading to pruritus and of the clinical features in these diseases is needed. Additionally, clinical trials analyzing the anti-pruritic efficacy of relevant substances for this patient group would be an important step in order to achieve a better care for these patients and ultimately improve their QoL.
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Autoimmune bullous dermatoses (AIBD) are characterized by circulating autoantibodies that are either directed against epidermal antigens or deposited as immune complexes in the basement membrane zone (BMZ). The complement system (CS) can be activated by autoantibodies, thereby triggering activation of specific complement pathways. Local complement activation induces a pathogenic inflammatory response that eventually results in the formation of a sub- or intraepidermal blister. Deposition of complement components is routinely used as a diagnostic marker for AIBD. Knowledge from different animal models mimicking AIBD and deposition of complement components in human skin biopsies provides more insight into the role of complement in the pathogenesis of the different AIBD. This review outlines the role of the CS in several AIBD including bullous pemphigoid, epidermolysis bullosa acquisita, mucous membrane pemphigoid (MMP), pemphigus, linear IgA-disease, and dermatitis herpetiformis. We also discuss potential therapeutic approaches targeting key complement components, pathways and pathogenic complement-mediated events.

Keywords: complement, auto-immune bullous dermatosis, bullous pemphigod, epidermolysis bullosa acquisita, mucus membrane pemphigoid, pemphigus, linear IgA bullous dermatoses, dermatitis herpetiformis


INTRODUCTION

The development of autoimmune bullous dermatoses (AIBD) is a complex interaction between multiple parts of the innate and adaptive immune system. Bullous pemphigoid (BP) is the most frequently encountered AIBD with an annual incidence estimated between 2.4 and 21.7 new cases per million population in different populations worldwide (1). In AIBD, autoantibodies are either directed against epidermal antigens or deposited as immune complexes in the basement membrane zone (BMZ). Besides deposition of immunoglobulins as part of the adaptive immune system, complement components can be found as part of the innate immune system. Secondary tissue injury and blistering can be initiated by complement-dependent and complement-independent mechanisms. Local complement activation triggers the release of cytokines and chemokines that results in the recruitment of inflammatory cells, including neutrophils and eosinophils. This pathogenic inflammatory response eventually results in the formation of sub- or intra-epidermal blisters that will reveal its unique clinical features of the specific disease.

The complement system (CS) is an important arm of the innate immune system. It functions as a defense system against pathogens and plays a major role in tissue homeostasis. The CS has three distinct activation routes: the classical pathway (CP), the alternative pathway (AP), and the lectin pathway (LP) (Figure 1). Activation and regulation of the complement system has been extensively outlined before by our group and therefore we refer to our previous publication by Giang et al. for a more detailed description (2).
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FIGURE 1. Schematic overview of the complement system. Figure adapted from Giang et al. (2).





BULLOUS PEMPHIGOID

Bullous pemphigoid (BP) is an AIBD characterized by autoantibodies against BP180 and/or BP230. Most antibodies in BP are directed against the NC16A domain of BP180, which is a major non-collagenous extracellular antigenic site. Clinically, patients present with tense pruritic dome-shaped, fluid-filled blisters measuring up to several centimeters in diameter. Histology reveals a subepidermal blister that is most often accompanied by an infiltrate of lymphocytes, eosinophils, neutrophils, mast cells, and monocytes/macrophages. Deposition of immunoglobulins and complement factor C3c are routinely used for diagnostic purposes (Figure 2). In addition, deposition of other complement factors of different complement pathways has been demonstrated by direct immunofluorescence (DIF) and immunoperoxidase staining on formalin-fixed paraffin-embedded tissue (3–10). Besides the diagnostic use of complement factors, mouse models have demonstrated an important role for complement in the pathogenesis of BP. In mice, Liu et al. passively transferred a rabbit-antibody against murine BP180NC14A, a homolog of human BP180NC16A. These mice developed a subepidermal blistering disease with a phenotype closely mimicking human BP. Using this model, serum complement depletion by cobra venom factor or C5-deficiency protected against the development of BP. Also, transfer of F(ab′)2-fragments derived from the anti-murine BP180 antibody failed to induce a BP phenotype (11). These findings indicate a crucial role for the IgG-Fc portion and likely the CP, since the FC tail bears the C1q binding region. In line with these findings, C4-KO mice as well as wildtype mice treated with anti-mC1q were resistant to develop BP. Besides a role for the CP, FB-deficient mice developed delayed and less intense blisters, indicating involvement of the AP. It is likely both the CP and AP act in concert when the amplification loop is activated upon CP activation (12, 13). So far, no role has been attributed to activation of the LP. It is questionable whether the previously cited findings can be translated into clinical practice, since BP180NC14a is poorly preserved in mice. For this reasons, humanized mice models were developed replacing mouse BP180NC14A by human BP180NC16A and introducing the human COL17 cDNA transgene into Col17-null mice (14). Importantly, Liu et al. also showed protection against BP in their humanized BP-model after complement depletion with cobra venom factor (15). Also, transfer of humanized IgG1 mutated at the C1q binding site has shown lower pathogenicity in COL17-humanized neonatal mice compared to unmutated humanized IgG1 (16). Although these experiments confirm the complement-dependent blister formation in BP, evidence emerges that also complement-independent mechanisms exist. Karsten et al. have recently demonstrated that the extent of skin lesions decreased with only 50% when C5-deficient mice were injected with anti-COL17 IgG in a humanized mouse model (17). This is in contrast with the previously cited findings in the non-humanized BP-model that showed full protection (11). The differences might be explained by the use of the humanized model by Karsten et al. or the existence of complement-independent mechanisms. Natsuga et al. have demonstrated that rabbit auto-antibodies specifically against the R7 domain within human NC16A induced subepidermal blister formation in COL17-humanized neonatal mice. It was found that the auto-antibody after immunoadsorption against R7, or decoying of R7 with BSA, significantly reduced skin fragility, despite ongoing complement activation. Moreover, F(ab′)2 fragments of anti-BP180 IgG antibodies from BP patients or rabbit IgG against humanized NC16A induced (in part) skin fragility in neonatal humanized mice (18). Lastly, Ujiie et al. found that passive transfer of human BP auto-antibodies induced blister formation in neonatal C3-deficient COL17 humanized mice (19). Altogether, these studies indicate that it is highly likely that also complement independent mechanisms play a role in the pathogenesis of BP. One hypothesis is the direct pathogenic effect of auto-antibodies against NC16A via macropinocytic internalization, ubiquitination and degradation of BP180 leading to impairment of hemidesmosome formation (19, 20). In vitro studies indeed demonstrated direct pathogenic effects of auto-antibodies and F(ab′)2 fragments leading to depletion of BP180 in cultured keratinocytes (18, 19, 21). Although complement-independent mechanisms are likely to exist, the contradictory results between different studies could also be explained by the differences in target epitopes on COL17 in the models used, antibody concentration, antibody affinity, or the clonality of antibodies in each experiment (19). Importantly, conflicting results are observed between the humanized and non-humanized models and could (in part) be explained by the lower murine complement fixating and activating capacities of the transferred human auto-antibodies compared to mouse and/or rabbit antibodies (22).
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FIGURE 2. A case of bullous pemphigoid. Histology shows a subepidermal blister (A) accompanied by specific linear C3c deposition along the BMZ visualized by direct immunofluorescence (B). Figure (in part) adapted from Giang et al. (2).



Liu et al. further characterized complement in BP and found that neutrophil depletion protected against the development of BP in wildtype mice, while injection of C5a or IL-8 in C5-KO mice regained susceptibility for BP (23). Moreover, absence of C5aR1-expression on mast cells demonstrated similar protection against BP development, despite complement activation and the presence of neutrophils. It was found that in the BP mouse model, extensive mast cell degranulation occurs that precedes the influx of neutrophil infiltration and subepidermal blister formation. These findings reveal that complement-dependent neutrophil recruitment in BP acts, at least in part, via C5aR1-induced mast cell degranulation (12, 24). Recently, this hypothesis was further investigated by Karsten et al. who confirmed the protection of C5aR1-KO mice against BP, whereas C5aR2-KO animals were more susceptible for disease development. As a proof of principle, prophylactic treatment with a C5aR1-inhibitor PMX53 in mice also led to reduced disease activity (17). Altogether, these results indicate an important role for C5a-C5aR1-axis activation in the development of BP and could be an interesting target for intervention.

Although previous pre-clinical studies are encouraging, these experiments were all performed in mice which makes it difficult to translate these data to humans. However, Romeijn et al. showed in a large patient study comprising 300 patients with BP, that complement C3c was deposited in the majority of (peri)lesional skin biopsies. More interestingly, the extent of deposition was correlated with clinical and serological disease activity, strengthening the crucial role of complement in this disease (25). Besides the deposition of complement in the skin, Chiorean et al. recently found that functional complement-activation capacity of autoantibodies ex-vivo in BP also correlates with severity of skin disease and autoantibody titers (26).



MUCOUS MEMBRANE PEMPHIGOID

Mucous membrane pemphigoid (MMP) is an AIBD. The disease represents a spectrum, which affects both skin and mucosa, especially the oral and ocular mucous membranes. Cutaneous lesions manifest as tense blisters that, when ruptured, heal slowly and usually result in scarring. Histopathology reveals a subepidermal blister and a lymphocytic infiltrate in the upper dermis with eosinophils and sometimes neutrophils. DIF shows IgG- and C3c-deposition along the BMZ, but also IgA-, IgM-, and fibrin-deposition can be found (27, 28). Various autoantigens have been found in MMP including BP180 (BPAG2), BP230 (BPAG1), laminin 332, α6/β4 integrin, and laminin 6 (29). Early DIF studies have found deposition of C3, C1q, C4, FB, and properdin along the BMZ (28).

Experimental models that passively transferred rabbit anti-laminin 5 (laminin 332) produced subepidermal blisters with the same clinical, histologic, and immunopathologic features of MMP. However, blistering could not be prevented in C5-deficient mice, indicating that the terminal complement pathway is not involved in blister formation in this experimental model of MMP (30). Also, mice injected with F(ab′)2-fragments instead of intact IgG, developed subepidermal blistering and a clinical MMP phenotype comparable to wildtype mice. These results strongly argue against a complement-dependent mechanism of blister formation in MMP (31). In a recent study by Heppe et al. a mouse MMP model was developed by passive transfer of rabbit anti-laminin 332 specifically against 2 immunodominant regions of LAMα3 in adult mice. The model reflects major clinical and immunopathological characteristics of the human disease. In contrast to the previously described model by Lazarova et al. mice in this model also developed conjunctival lesions and therefore might reflect the clinical situation more accurately. Importantly, clear differences were observed between the two models concerning complement activation. In contrast to Lazarova et al. development of MMP in the model of Heppe et al. was complement-dependent. Mice deficient in C5aR1 or FCqR showed reduced or no signs of MMP. Differences could be explained by the use of IgG against LAMa3 and the use of adult mice by Heppe et al. compared to the use of IgG against all subunits of human laminin 332 and neonatal mice by Lazarova et al. (29, 31).



EPIDERMOLYSIS BULLOSA ACQUISITA

Epidermolysis bullosa acquisita is a rare chronic subepidermal AIBD affecting skin and/or mucous membranes. It usually manifests in adults with lesions resembling dystrophic epidermolysis bullosa and is diagnosed after exclusion of all other acquired bullous dermatoses. The disease is characterized by tissue-bound and circulating IgG-autoantibodies against type VII collagen as well as linear u-serrated deposition of complement components along the BMZ (32, 33). In the mechanobullous variant, light microscopy reveals a subepidermal blister, a cell-free subepidermal vesicle, and usually no dermal inflammation. The inflammatory variant frequently resembles histological features of BP.

Experimental mouse models have demonstrated a subepidermal blistering phenotype upon passive administration of rabbit-anti-mouse collagen VII. Moreover, passive transfer of human epidermolysis bullosa acquisita-autoantibodies caused subepidermal blistering and induction of epidermolysis bullosa acquisita skin lesions in mice, proving the pathogenicity of these autoantibodies (34). Similar results were found in an active model of epidermolysis bullosa acquisita in which mice developed subepidermal blisters after immunization with collagen VII (35). These mice showed deposition of IgG as well as complement C3 along the BMZ. Comparable to BP, the findings in experimental epidermolysis bullosa acquisita models were also C5 and rabbit IgG-Fc portion dependent and suggests a role for the CP via C1q-FC-receptor binding (34, 36, 37). However, C1q-KO and MBL-KO mice were still susceptible for epidermolysis bullosa acquisita development, comparable to wildtype mice. To further unravel the complement pathways involved, Mihai et al. demonstrated that FB-deficient or wildtype-mice treated with anti-FB developed a delayed and less severe blistering disease compared to wildtype-mice (37, 38). These results attribute an important role to AP activation in the pathogenesis of epidermolysis bullosa acquisita (38). It was hypothesized that the AP serves as an amplification loop upon CP or LP activation, which are likely to compensate for each other. Notably, a role for ficolins in complement activation and amplification loop initiation cannot be fully excluded. Alternatively, AP might be activated upon binding of autoantibodies against complement regulator proteins.

More downstream, epidermolysis bullosa acquisita is likely to be C5aR1-dependent, since C5aR1-deficient animals were protected against development of epidermolysis bullosa acquisita (37, 39). Moreover, animals pretreated with anti-C5aR1 antibody developed a less severe blistering phenotype compared to controls. No protection was found in C6-deficient animals, excluding a major role for MAC formation in epidermolysis bullosa acquisita. In summary, these experimental models demonstrate involvement of CP- and AP-activation and C5a-C5aR1-axis activation in the development of epidermolysis bullosa acquisita.



LINEAR IGA DISEASE

Linear IgA disease (LAD) is defined as a rare group of subepidermal bullous diseases where IgA-autoantibodies target the epidermal BMZ. Patients present with pruritic blisters consisting of grouped vesicles on erythematous bases. The most common antigen targets are LAD-1 and LABD97, which are cleavage products of the extracellular domain of BP180. Histologically, a subepidermal blister is seen with neutrophils aligned along the dermal-epidermal junction or filling up the dermal papillae. DIF shows linear deposition of IgA along the BMZ.

The pathogenesis of LAD can be complement-dependent and -independent. Recent studies have shown that crosslinking of FcαRI on neutrophils by IgA-immune-complexes can directly initiate immune responses and activation and migration of neutrophils in LAD, independent of complement (40, 41). Although IgA is a weak activator of complement in comparison to IgM and IgG, in practice, deposition of C3 can be found in LAD up to 30% (42, 43). Since IgA does not have a C1q-binding site, it cannot activate the CP, but it can activate both the AP and LP (44, 45). It is known from patients with IgA-vasculitis and IgA-nephropathy that particularly the LP can be activated upon binding of MBL and ficolins to IgA deposits in vessel walls or glomeruli (45–47) Whether AP and LP are also involved in the pathogenesis of LAD remains to be investigated. Although complement is deposited in LAD, further research is needed to determine the contribution of complement to the pathogenesis of LAD.



DERMATITIS HERPETIFORMIS

Dermatitis herpetiformis (DH) is a rare cutaneous manifestation of celiac disease that mostly manifests in adults. Patients with DH present with highly pruritic papulovesicular eruptions on various extensor surfaces. Celiac disease is characterized by IgA-autoantibodies against tissue transglutaminase while DH also shows antibodies against epidermal transglutaminase. The tissue transglutaminase modifies a fraction of gluten, gliadin, to an antigen which binds to an HLA-DQ2 or HLA-DQ8 molecule, provoking an autoimmune reaction. The IgA autoantibodies against epidermal transglutaminase are deposited as granular immune-complexes in the dermis. Histology shows characteristic micro-abscesses and granular IgA-deposits in papillary dermis while C3-deposition can be found in up to 89% (48). Seah et al. suggested that complement is activated via the AP since no deposits of C1q were found in DH biopsies (48). Although IgA does not activate the CP of complement, the mere absence of C1q does not exclude CP activation since C1q has a relatively low half-life in tissue. For definitive proof of AP activation, Provost et al. demonstrated specific deposition of FB and properdin as markers of AP activation in DH (49). Also, the role of the LP cannot be ruled out and remains to be investigated. In addition to granular C3-deposition in DH, Preisz and colleagues also found vascular immune precipitates and C3-deposition in DH that strongly co-localized with epidermal transglutaminase (50). As previously discussed in the segment about LAD, the immune reaction in DH can also be complement-independent due to crosslinking of FcαRI with IgA-immune-complexes. However, since the percentage of C3-deposition is higher in DH, this likely to occur less often than in LAD.



PEMPHIGUS

Pemphigus includes a group of rare chronic blistering diseases characterized by IgG-autoantibodies directed against a variety of desmosomal transmembrane glycoproteins. Patients with pemphigus vulgaris typically present with lesions of the oral mucosa followed by skin-involvement and autoantibodies are directed against epithelial adhesion protein desmoglein 3 and/or desmoglein 1. In pemphigus foliaceus the lesions are localized on the skin, without involvement of the mucous membranes, and autoantibodies are directed against desmoglein 1. DIF studies demonstrate intercellular deposition of IgG and C3c, which suggests involvement of complement activation in the pathogenesis of pemphigus. Furthermore, components of all complement activation pathways can be found in the intercellular substance (ICS) including C1q, properdin, C3, C5, MBL, ficolins, and the MAC (51–53). Nevertheless, animal models have shown that blister formation in pemphigus can be independent of complement activation. In an experimental passive IgG-transfer mouse model, pathogenic patient pemphigus vulgaris IgG and F(ab′)2 were equally pathogenic, while the latter failed to induce complement C3-deposition. In the same model using only pemphigus vulgaris IgG, C5-deficient, or cobra venom factor pretreated neonatal mice also developed pemphigus blisters (54). Although this data indicates a minor role for complement in pemphigus, the results should be interpreted with caution. In contrast to high-dose pemphigus vulgaris IgG, complement-depleted animals transferred with low-dose pemphigus vulgaris IgG showed more limited and delayed onset of disease. Thus, complement activation might not be essential, but potentiates the pathogenicity of autoantibodies in experimental pemphigus. Whether complement plays a role in the initiation and or propagation of pemphigus in humans remains to be investigated.



TARGETING THE COMPLEMENT SYSTEM IN AUTOIMMUNE BULLOUS DERMATOSES

The greatest challenge in targeting complement activation, is to find the optimal balance between sufficient blocking and preservation of complement activity. Complete blocking of complement activation is undesirable since this is highly associated with infections. At this moment, no complement targeting drugs have been approved for clinical use in AIBD.

Recently, Kasprick et al. found that treatment with a mouse monoclonal anti-C1s antibody (TNT003) significantly reduced C3c-deposition and production of C4a and C5a, as well as neutrophil chemoattraction in an ex-vivo human skin cryosection assay (55). These results show that early inhibition of the CP can prevent IgG-induced complement activation in-vitro. Although the in vivo effect on inflammation or blistering is unknown, this data provides rationale to test Sutimlimab, a humanized monoclonal of TNT003, which was shown to be safe and well-tolerated in humans (56, 57). Selective CP inhibition without interfering in AP and LP opens new and safe opportunities for interventions in BP, thereby leaving important arms of the CS intact.

Other possible ways to inhibit the CS includes the inhibition of the C5a-C5aR axis. The anti-C5 monoclonal antibody Eculizumab binds to C5, thereby preventing cleavage into its active components, but has been associated with a thousand-fold increased risk of meningococcal disease (58). Coversin (a recombinant small protein) is another anti-C5 drug that is currently in phase IIA of clinical trials in BP-patients. In addition of binding C5, it also inhibits leukotriene B4, another powerful inflammatory mediator (https://adisinsight.springer.com/trials/700284185). Although C5-blocking drugs are interesting, it will also interfere with C5a-C5aR2-axis activation, which has recently shown protective effects in BP (17). Therefore, inhibition of C5a-C5aR1 axis might be more interesting, leaving C5a-C5aR2 interaction intact. Avacopan is an oral small molecule C5aR1-inhibitor and has shown promising results in clinical trials by having a long half-life and showing limited side effects (59).

Further studies are needed to investigate the mechanisms of complement activation in humans which provides a basis for developing more specific therapeutic approaches targeting key complement component, pathways and pathogenic events.



CONCLUSION

It has been shown through various experimental and clinical studies that the CS plays a role in several AIBD. In animals models using complement-deficient mice, different complement pathways are involved in the pathogenesis of different AIBD. Although recent clinical studies in BP found association of complement with disease activity, it still remains to be investigated how important the CS is in the pathogenesis of other AIBD. In the last few years multiple drugs targeting specific parts of the CS are in clinical development and some of these have shown promising results in preclinical studies. Selective neutralization of pathway-specific or terminal cascade specific components is promising, since this leaves most other parts of the CS intact. As with all new drugs, the ratio of risk to benefit for the patient must be assessed in future clinical trials.
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Pemphigoid diseases are a subgroup of autoimmune skin diseases characterized by widespread tense blisters. Standard of care typically involves immunosuppressive treatments, which may be insufficient and are often associated with significant adverse events. As such, a deeper understanding of the pathomechanism(s) of pemphigoid diseases is necessary in order to identify improved therapeutic approaches. A major initiator of pemphigoid diseases is the accumulation of autoantibodies against proteins at the dermal-epidermal junction (DEJ), followed by protease activation at the lesion. The contribution of proteases to pemphigoid disease pathogenesis has been investigated using a combination of in vitro and in vivo models. These studies suggest proteolytic degradation of anchoring proteins proximal to the DEJ is crucial for dermal-epidermal separation and blister formation. In addition, proteases can also augment inflammation, expose autoantigenic cryptic epitopes, and/or provoke autoantigen spreading, which are all important in pemphigoid disease pathology. The present review summarizes and critically evaluates the current understanding with respect to the role of proteases in pemphigoid diseases.
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CHARACTERISTICS OF PEMPHIGOID DISEASES

The term pemphigoid disease is defined as a specific subset of autoimmune subepidermal blistering diseases having autoantibodies against proteins at the dermal epidermal junction (DEJ) (1). This group includes bullous pemphigoid (BP), epidermolysis bullosa acquisita (EBA), pemphigoid gestationis (PG), mucous membrane pemphigoid (MMPh), linear IgA bullous dermatosis also known as linear IgA disease (LABD), anti-laminin γ1 pemphigoid, lichen planus pemphigoid (LPP), and other rare diseases. Dermatitis herpetiformis (DH) is not included since its autoantigen (transglutaminase) does not localize at the DEJ (1, 2).

Pemphigoid diseases typically share a similar clinical presentation as either localized or generalized tense blisters and erosion on the skin (1). However, this presentation varies for each disease and there is heterogeneity within the same disease. BP typically presents as generalized blistering eruptions accompanied/preceded by erythema and pruritis (3). Although the presentation of PG is similar to that of BP, it normally develops during the second trimester of pregnancy (4, 5). The clinical features of EBA are also often similar to that of BP (referred to as an inflammatory variant of EBA), however, one third of the patients exhibit less inflammation (classical mechanobullous variant) (6–8). In MMPh, blistering and erosive lesions preferably but not exclusively develop on mucosa, such as the oral cavity and conjunctiva, genitalia, perianal region, pharynx, esophagus, and nasal (9, 10). This may result in critical complications such as blindness and strictures. Unlike other pemphigoid diseases, EBA and MMPh lesions may heal with scarring and/or milia formation (6, 9). LABD presents with generalized tense blisters with eruption characteristically accompanied by pruritus (11).

Histology of blistered skin in pemphigoid diseases normally shows superficial and mid-dermis perivascular inflammation infiltrated by lymphocytes, neutrophils, eosinophils, mast cells, and other immune cells, with the relative abundance and contribution depending on each disease (1, 12). The hallmark of BP lesions is eosinophil infiltration, whilst MMPh and classical variant EBA lesions exhibit minimal inflammation compared to the other pemphigoid diseases (12–14). Direct immunofluorescent microscopy of the patient skin is used diagnostically to visualize the deposition of immunoglobulins and/or complements along the basement membrane zone (1, 9, 11). Further analysis with direct (using patient prelesional skin) and/or indirect (using healthy human skin treated with patient serum) immunofluorescent microscopy of skin treated with 1M NaCl solution (salt-split skin) is sometimes clinically used to test the localization of the immunoglobulins (15, 16). Since this salt-split treatment separates the skin at the level of lamina lucida and the localizations of target autoantigens in each disease are characteristic [detailed in the Pathomechanism(s) of Pemphigoid Diseases section], salt-split skins of BP, PG, LPP, LABD, and most of MMPh show the immunoglobulin deposition in the epidermal side or in both the epidermal and dermal sides. On the other hand, the deposition of immunoglobulins is observed in the dermal side of the salt-split skin in EBA, anti-laminin γ1 pemphigoid, and a subset of MMPh (16–18). To more specifically differentiate between the pemphigoid diseases, identification of target antigens for the autoantibodies is required, using enzyme-linked immunosorbent assay (ELISA) and/or western blotting (19–21).

The combined prevalence of pemphigoid diseases was estimated at 380 cases per million people (pmp) (22). BP, the most common disease within this group, was estimated at 259 pmp. The affected population in BP is increasing over time, presumably linked to the increasing risk factors such as aging, pharmacologics, and improved diagnostic techniques (1, 16, 23). In MMPh, prevalence was up to 25 pmp, whilst in EBA it was estimated at about 3 pmp. Other pemphigoid diseases including LABD and anti-laminin γ1 pemphigoid were estimated as 5 pmp. PG in expectant mothers was diagnosed in approximately 1 out of 1,700–50,000 pregnancies (4). While BP and MMPh onset occurs typically in the elderly (median age of onset is ~80 and 70 years, respectively), other pemphigoid diseases show different age distributions (22). Onset of EBA is typically in the elderly (20% of patients are over 70 years old), although a second onset peak has been identified in individuals younger than 30 years old (22, 24). LABD onset peaks before the age of 5 and again after 60 years old (25). The mean age of onset in LPP is between 40 and 50 years of age (1), whilst in PG, as the disease develops during pregnancy, the median age of the onset is ~30 years of age (22).

Multiple factors have been reported to trigger pemphigoid disease onset. For BP, several inflammatory skin conditions (such as trauma, burn, ultraviolet irradiation, radiation, surgical wound, ostomy, and skin graft), specific drugs [including aldosterone antagonists, neuroleptics, spironolactone, phenothiazines with aliphatic side chain, loop diuretics, and dipeptidyl peptidase-4 inhibitor (DPP-4i)], vaccination, and viral infection have been indicated to trigger onset (3, 26–34). The association between BP and neurologic diseases such as stroke, epilepsy, Parkinson's disease, multiple sclerosis, dementia, and unipolar or bipolar disorder is well-documented (3, 28, 35). In LABD, skin trauma and exposure to drugs such as vancomycin have been reported as the triggering factors (11, 36, 37). In addition, several case reports have suggested drugs and inflammatory diseases as initiating other pemphigoid diseases (38–41).

Current treatment modalities for pemphigoid diseases mainly non-specifically target the inflammatory response as their main treatment options, corticosteroids, and immunosuppressive drugs target both innate and adaptive immunities (42–44). For BP, systemic corticosteroid administration remains the standard treatment, however, higher doses of prednisolone may cause critical adverse effects such as diabetes, decreased bone density, and increased susceptibility to infection (45, 46). Topical application of high potency corticosteroids is also used in clinical practice (16, 46, 47). Dapsone, a sulfone with antibacterial properties that is responsible for controlling neutrophil-induced inflammation in the skin, may be used in combination with topical/systemic corticosteroids (48). Other treatment options include systemic administration of a combination of nicotinamide and tetracyclines (tetracycline, doxycycline, or minocycline) (49, 50). Adjuvant immunosuppression with either mycophenolate mofetil or azathioprine has been reported (51). Rituximab, intravenous immunoglobulin, omalizumab, and immunoadsorption have been also reported to show positive effect on the disease course (52–55). PG treatment basically follows a similar course to that of BP including topical corticosteroids and/or low dose systemic corticosteroids (4, 47). LABD often responds well with dapsone (47). EBA is normally treated with systemic corticosteroids in combination with other immunosuppressive/modulatory agents (24). While mild cases of MMPh are often treated with dapsone, severe cases with critical mucosal complications are treated with more aggressive immunosuppressive treatments such as pulse intravenous corticosteroids, cyclophosphamide, or rituximab (9). Overall, pemphigoid disease treatment remains non-specific and often with critical adverse effects. As such, a deeper understanding of the pathology of these diseases is necessary to identify more specific and safer therapeutic approaches.



PATHOMECHANISM(S) OF PEMPHIGOID DISEASES

The hallmark of pemphigoid diseases is the deposition of autoantibodies targeting specific protein(s) at the DEJ (1). The protein or combination of proteins recognized by the autoantibodies vary for each specific pemphigoid disease: collagen XVII [BP180, bullous pemphigoid antigen 2 (BPAG2)] and/or BPAG1e (BP230, dystonin) for BP, PG, and LPP, collagen VII for EBA, collagen XVII, BPAG1e, laminin-332 (laminin-5), laminin-311 (laminin-6), collagen VII, or β4 integrin for MMPh, truncated collagen XVII fragments [linear IgA disease antigen-1 (LAD-1), linear IgA bullous disease antigen of 97 kDa (LABD97)], and/or BPAG1e for LABD, and laminin γ1 for anti-laminin γ1 pemphigoid (56–74). Most of these autoantigens are components or associated proteins of a DEJ anchoring complex, hemidesmosome. Hemidesmosomes are expressed by basal epithelial cells and perform an anchoring function in the skin between the epidermis and dermis (75, 76). In skin, the hemidesmosome consists of transmembrane proteins such as α6β4integrin, collagen XVII, and CD151, and cytoplasmic proteins such as BPAG1e and plectin, to link cytoplasmic keratin with extracellular laminin-332. Laminin-332 binds to collagen VII in the anchoring fibrils. Saliently, genetic mutations of these proteins cause congenital blistering diseases (i.e., epidermolysis bullosa) (77).

It remains unclear as to how immune tolerance is lost in pemphigoid diseases and how/why autoantibodies are formed against hemidesmosome-associated proteins. Several genetical and/or environmental backgrounds, such as human leukocyte antigen (HLA) allele and regulatory T cell dysfunction were suggested to increase autoreactive T and B cells in the pemphigoid diseases (78–85). These autoreactive lymphocytes possibly react with hemidesmosome-associated protein fragments disseminated in the extracellular space by exaggerated proteolytic cleavages at the DEJ during the aforementioned triggering events including skin inflammatory diseases and immunization.

The pathological functions of autoantibodies in blister formation has been studied using passive transfer mouse models. The models involve injections of anti-mouse collagen XVII IgG, anti-mouse collagen VII IgG, anti-laminin-332 IgG, or anti-human LAD-1/LABD97 IgA into healthy wild-type or human skin transplanted mice, resulting in the development of BP, inflammatory variants of EBA, anti-laminin-332 MMPh, or LABD model, respectively (86–91). Most of these animal models demonstrate the deposition of immunoglobulin and complements C3 at the DEJ, infiltration of inflammatory cells, and the presentation of subepidermal blistering. Ex vivo skin systems also provide a valuable research tool to reveal pemphigoid disease pathology (92). Cryosections of healthy skin are incubated with patient-derived IgG and leukocytes, leading to the induction of dermal-epidermal separation (93, 94). Based on these studies, it is now recognized that the blisters present in most pemphigoid diseases are triggered by the accumulation of autoantibodies at the DEJ followed by complement recruitment and inflammatory cell infiltration.

Passive-transfer mouse models of MMPh developed by Lazarova et al. and Darling et al. showed subepidermal blisters with IgG and C3 deposition but without obvious inflammation (90, 91). In addition, in one ex vivo skin study with anti-laminin-332 MMPh patient IgG, there was a failure to induce leukocyte recruitment and dermal-epidermal separation, suggesting an inflammation-independent mechanism is involved in blister formation in laminin-332 MMPh (19, 95). Conversely, a recent study using the anti-laminin-332 MMPh model developed by Heppe et al. showed complement activation and inflammation are indeed required for blister formation (88). Further studies are therefore needed to further elucidate the mechanisms in anti-laminin-332 MMPh.

Ex vivo skin- and passive transfer murine-models of pemphigoid diseases have demonstrated that neutrophils are especially important amongst the infiltrated inflammatory cells in blister formation (93, 94, 96). The ex vivo skin model showed neutrophils to be indispensable for BP and EBA blister formation as the patient IgG induced dermal-epidermal separations were only observed when co-incubated with neutrophils (93, 94). Liu et al. utilized the passive-transfer mouse model to demonstrate the importance of neutrophils in BP pathology, as depletion of circulating neutrophils in the BP mice showed resistance to blistering (96). To fight against pathogens, neutrophils provide reactive oxygen species (ROS), antimicrobial peptides, and proteases (97, 98). Since blister formation should be induced by the loss of epidermis and dermis attachment, it validated subsequent studies focusing on the function of proteases on the cleavage of anchoring proteins at the DEJ, such as hemidesmosomal components.



PROTEASES IN PEMPHIGOID DISEASES

Proteases are classically categorized into six groups based on the catalytic residue; serine, cysteine, aspartic, glutamic, threonine, and metalloproteases (99). Proteases exert both physiological and pathological roles through proteolytic cleavage and degradation of wide variety of substrates such as extracellular matrices, cell surface molecules, transmembrane proteins, growth factors, cytokines, and chemokines. The remainder of this review will summarize the current understanding with respect to the role of proteases in the pathogenesis of pemphigoid diseases.


Neutrophil Elastase

Neutrophil elastase (NE) is a serine protease that exhibits relatively broad cleavage site specificity and has a preference for regions containing several aliphatic amino acids (100). NE is stored in both azurophilic (also called primary) granules and the nuclear envelop of neutrophils as an active-form (101–103). Following bacterial infection and subsequent inflammatory stimulation, neutrophils phagocytose the invading bacteria, with NE contributing to intracellular killing (104, 105). In addition, upon neutrophil activation, NE is also secreted into the extracellular space, acting anti-bacterially to degrade bacterial proteins and various virulence factors such as outer membrane protein, flagellin, and leukotoxin (101, 106–108). NE also cleaves targets within the skin such as chemokines, cytokines, growth factors, cell surface molecules, adhesion proteins, and extracellular matrices (101, 109–113). These proteolytic functions serve to augment inflammation and to repair tissue at early phases of wound healing. However, excessive NE activity may cause unintended pathological consequences. Exaggerated NE-mediated proteolysis has been implicated as a key factor in inflammatory diseases [chronic obstructive pulmonary disease (COPD), cystic fibrosis, acute lung injury, acute respiratory distress syndrome], autoimmune diseases (type 1 diabetes), cancer (squamous cell carcinoma), and inflammatory skin diseases (psoriasis, skin photoaging) (101, 114–120). To defend against excessive NE proteolysis, there are endogenous secretory NE inhibitors such as α1-antitrypsin (α1-AT), serpin B1, proteinase inhibitor-9 (PI-9, serpinB9), chelonianin, and macroglobulin (114). However, an imbalance of local protease-antiprotease activity has been observed, likely due to genetics, environmental factors, or simply an inability to cope with the massive degree of inflammation (101, 120, 121). In this context, the function of NE in pathology and underlying pemphigoid diseases remains a topic of further study.

Abundant NE-positive neutrophils and NE activity have been reported in human BP blister fluid (122–124) (Table 1). A direct link between NE and blistering was identified using the passive-transfer BP model with anti-mouse collagen XVII IgG where NE null mutant mice or wild type mice administered NE inhibitors (α1-AT and MeOSuc-AAPV-CH2Cl) were resistant to blister formation (125, 126). In addition, in the ex vivo human skin model, leukocytes and BP patient IgG dependent dermal-epidermal separation was blocked with a NE inhibitor (MeOSuc-AAPV-CK) (95). Using the same model but with IgG from EBA patients, it was confirmed that pathogenic IgG in EBA patients also contributes to NE-dependent blister formation (95). NE-induced blistering in BP and EBA was proposed to be generated by the degradation of hemidesmosomal proteins including collagen XVII (126, 127) (Figure 1; Table 1). NE also cleaved laminin-332 in vitro, which is another hemidesmosome-associated protein (128).



Table 1. Major proteases in pemphigoid diseases.
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FIGURE 1. Role of proteases in pemphigoid disease. Tissue-type plasminogen activator (tPA) secreted from keratinocytes activates plasminogen to plasmin. Plasmin activates pro-matrix metalloprotease-9 (pro-MMP-9) to MMP-9. MMP-9 degrades α1-antitrypsin (α1-AT). Without inhibition by α1-AT, neutrophil elastase (NE) cleaves hemidesmosome-associated proteins including collagen XVII (COL17) and laminin-332 (lam332). Granzyme B (GzmB) also cleaves hemidesmosome-associating proteins to induce dermal-epidermal separation. GzmB may induce additional neutrophil infiltration through chemoattractant production such as IL-1α, C5a, and COL17/lam332 fragments. ADAM-10 sheds semaphorin-4D (sema4D) to activate autoantibodies (autoAb) production from B cells.



The degradation of hemidesmosomal proteins might exaggerate the inflammatory response in pemphigoid disease. Mydel et al. and Lin et al. indicated that NE-induced fragments of laminin-332 and collagen XVII are chemotactic for neutrophils (127, 128). Bergh et al. demonstrated that loss of collagen XVII induces IL-8 expression in keratinocytes, which potentially induces further inflammation in BP (129).

Based on its role in pemphigoid diseases, NE has been proposed as a therapeutic target. However, there has been no reported clinical evidence forwarded that supports the use of NE-inhibiting drugs such as sivelestat (ONO-5046) or AZD9668 for pemphigoid diseases (130, 131). One recent paper suggested a possible mechanism which may induce resistance against macromolecular NE inhibitors (132). It was proposed that the closed compartment between neutrophils and immune complexes prohibits the access of inhibitors, which implies NE inhibition as a treatment strategy for pemphigoid diseases may be challenging.



Matrix Metalloproteases (MMPs)

MMPs (also known as matrixins) are a family of calcium-dependent zinc-containing proteases generally consisting of a signaling peptide-, propeptide-, catalytic-, and hemopexin-like-domains (133, 134). To activate these proteolytic functions, the interaction between catalytic domain and propeptide domain needs to be removed normally by other proteases, such as plasmin, trypsin, kallikrein, tryptase, and other MMPs (134–137). Once activated, MMPs are available to cleave a diverse range of substrates such as chemokines, cytokines, growth factors, cell surface molecules, adhesion proteins, extracellular matrices, and other proteases (134, 138). Because of this wide range of substrates, MMPs play a number of roles in physiological processes, including in inflammatory responses, angiogenesis, reproduction, development, wound closure, and tissue remodeling (133, 134, 139–142). To avoid excess host tissue damage and unregulated inflammation, endogenous inhibitors such as α2-macroglobulin and all types of tissue inhibitor of matrix metalloproteinases (TIMPs) block excessive enzymatic activity of MMPs (137, 143). However, and similar to NE, several reasons may create an imbalance between proteases and antiproteases, resulting in multiple diseases. MMPs have been implicated in pathological roles in cancer, inflammatory diseases, autoimmune diseases, neuropsychiatric disorders, central nervous system diseases, cardiovascular diseases, and delayed wound healing (134, 137, 139, 142, 144–146). The pathological functions of MMPs in pemphigoid diseases have been studied, predominantly focusing on MMP-9.

MMP-9, also known as gelatinase B or 92 kDa type IV collagenase, is secreted from several cell types including neutrophils, macrophages, eosinophils, and fibroblasts (147, 148). In neutrophils, MMP-9 is stored in zymogen granules and secreted upon an inflammatory stimulation (149, 150). Conversely, in macrophages, MMP-9 does not accumulate and instead is secreted as a 92-kDa proactive form following synthesis (151). Once activated, the 88-kDa active form of MMP-9 extracellularly cleaves a variety of substrates such as chemokines, cytokines, growth factors, cell surface molecules, transmembrane proteins, extracellular matrices, and proteases (147, 152–154).

While multiple studies report MMP-9 positive keratinocytes, neutrophils, T-cells, mast cells, and eosinophils to be abundant in lesional and perilesional BP skin (Table 1), Verraes et al. indicated that blister fluid MMP-9 may present only as proenzyme and therefore not able to degrade collagen XVII (124, 148, 155–159). Moreover, they indicated that TIMP-1 is abundant in the blister fluids, which would likely inhibit activity of MMP-9. On the other hand, Niimi et al. suggested TIMP-1 expression was less compared to MMP-9 at the BP lesion (156). In MMPh, MMP-9 protein levels and the MMP-9/TIMP-1 ratio were increased in patient tears (160, 161) (Table 1).

Once activated, and in the absence of inhibition, MMP-9 degrades the extracellular domain of human collagen XVII and the NE inhibitor, α1-AT (124, 125). The role of MMP-9 in BP and EBA blistering was confirmed with ex vivo human skin models (95). Cryosections of human skin incubated with BP- or EBA-patient IgG and leukocytes created dermal-epidermal separation through an MMP-9-dependent manner as it was blocked by the MMP-9 inhibitor, 3G12scFV. Passive transfer BP mice showed MMP-9 activation at the lesional skin, whilst MMP-9 deficiency induced resistance to blister formation (162, 163). MMP-9 is likely to induce blistering through NE activation by degrading α1-AT, but not through direct-collagen XVII degradation, as direct stimulation with MMP-9 did not induce dermal-epidermal separation in ex vivo mouse skin sections (125) (Figure 1; Table 1). MMP-9 has also been indicated as having a role in complement activation in BP through CD46 shedding (164).

Other than MMP-9, MMP-2, -3, -12, and -13 have been reported to be upregulated in pemphigoid diseases (124, 156, 165–169). MMP-2 (gelatinase A, type IV collagenase) is ubiquitously and constitutively expressed in many cells and tissues including dermal fibroblasts (170). Multiple physiological and pathological roles have been indicated for MMP-2 in angiogenesis, tissue repair, cancer, and inflammation through the cleavage on cytokines, chemokines, cell surface proteins, extracellular matrices, and proMMPs. MMP-2 has been identified in the tears and sera of MMPh patient, blister fluids and lesional skins of BP, and sera of EBA (124, 156, 165, 166) (Table 1). MMP-2 is predicted to regulate Hsp-90-dependent blister formation through ROS release in EBA, since MMP-2 is complexed with Hsp-90 to be stabilized by the chaperone in the patient sera (166) (Table 1). MMP-2 cleaves some anchoring proteins such as collagen XVII, collagen VII, and laminin-332 in vitro, however, the direct function in the pathology remains to be elucidated (171, 172).

MMP-3 (stromelysin-1) exhibits multiple functions in development, inflammation, cancer, wound repair, skin inflammation through proteolyses on cytokines, chemokines, cell surface proteins, extracellular matrices, growth factors, proMMPs, and protease inhibitors (134, 170, 173). Increased MMP-3 has been detected in BP serum and lesional skin (167, 168) (Table 1). In vitro, MMP-3 can activate MMP-9 (174). However, MMP-3 deficient mice fail to display impaired MMP-9 activation and were still susceptible to experimental BP, suggesting that MMP-3 is dispensable to the pathology of BP (163) (Table 1).

MMP-12 (macrophage elastase) is produced in and secreted from mainly macrophages but also detected in other cell types including dermal fibroblast and vascular smooth muscle cells (170, 175). Through the proteolysis of cytokines, chemokines, cell surface proteins, extracellular matrices, proteases, and bacterial cellular membranes, MMP-12 contributes to inflammation, infection, tissue remodeling, and cancer. Increased MMP-12 has been observed in EBA sera and the lesional skin of BP (166, 169) (Table 1). In the EBA patient sera, and the same as observed for MMP-2, MMP-12 is complexed with Hsp-90 to regulate Hsp-90-dependent blister formation through ROS release (166) (Table 1). The direct function of MMP-12 in pemphigoid diseases remains unknown, however, MMP-12 cleaves laminin-332, suggesting it may directly cause dermal-epidermal separation (128).

MMP-13 (collagenase-3) is distributed in multiple cell types such as in connective tissue, epithelial cells, and neural cells (134, 170). It cleaves cytokines, chemokines, extracellular matrices, proMMPs, and protease inhibitor to exhibit functions in inflammation, cancer, and tissue remodeling. Increased MMP-13 positive cells have been detected in lesional skin of BP (156) (Table 1). Although its role in pemphigoid diseases has not been studied, it may contribute to disease through MMP-9 activation, which have been indicated before (176).

As mentioned above, a number of studies implicate MMPs (especially MMP-9) as promising targets for pemphigoid disease treatment. However, it should be noted that therapeutic use of broad spectrum MMP inhibitors have failed in cancer clinical trials with a lack of efficacy and adverse effects possibly caused by inhibiting the essential physiological roles of MMPs (139). Indeed, multiple MMPs appear to exert beneficial functions such as anti-tumorigenesis and/or anti-inflammation and have therefore been proposed as “anti-targets” whereby their inhibitions would cause severe adverse effects (139). For example, since MMP-9 also exhibits aforementioned critical physiological roles, it is not surprising that even the specific MMP-9 inhibitor, andecaliximab showed several adverse effects in the clinical trial, such as nausea, vomiting, fatigue, diarrhea, asthenia, arthralgia, joint stiffness, and dyspnea, which would not be tolerated in treatments for benign diseases such as pemphigoid diseases (177). There are no reports of MMP inhibitors such as andecaliximab being tried as a therapeutic approach to treat pemphigoid diseases. Notably, doxycycline has been reported to regulate MMP-9 activation in other organs (178–181). Although its mechanism in the BP treatment is still unclear, Williams et al. reported 200 mg/day oral doxycycline is as effective as 0.5 mg/kg/day oral prednisolone (50).



Plasmin, Plasminogen, Tissue-Type Plasminogen Activator (tPA), and Urokinase-Type Plasminogen Activator (uPA)

Plasmin is a serine protease well-recognized as functioning in the fibrinolytic cascade (182, 183). Its precursor, plasminogen is created in liver cells and secreted into plasma (184, 185). Subsequently, plasminogen is cleaved by tPA and uPA to generate plasmin. Plasmin preferably cleaves following the arginine or lysine residues (186). As an important factor in the fibrinolytic system, plasmin degrades fibrin clots, thus prevents pathological conditions such as thrombosis (183). In addition to fibrin, plasmin cleaves many other substrates including coagulation factors, complement C3 and C5, hormones, metalloproteases, growth factors, cytokines, chemokines, cell surface molecules, and extracellular matrices (184, 187–194). With this variety of cleavage substrates, plasmin has been linked to multiple physiological processes such as inflammation, wound healing, and tissue remodeling (182, 195, 196). To prevent excessive proteolysis, plasmin activity is regulated by endogenous inhibitor, α2-antiplasmin (184). However, and similar to other proteases, an imbalance between plasmin and its inhibitor trigger pathological conditions, for example in cancer and inflammatory diseases (inflammatory response after the major surgery and trauma, asthma, COPD, and central nervous system inflammation) (182, 197–200).

Elevated levels of active plasmin and tPA are present in blister fluid and the lesional skin of BP patients (201–206) (Table 1). Keratinocytes stimulated by BP-patient IgG release tPA (202) (Figure 1). The function of the plasminogen/plasmin system in this context was confirmed using the passive-transfer BP model, where the administration of a plasmin inhibitor (α2-antiplasmin) blocked blistering (163). Mice deficient of plasminogen, and both tPA and uPA exhibit delayed and less intense blistering in the passive-transfer BP model. Since all of these deficient mice reconstituted BP with active MMP-9 but not with the proMMP-9, the PA/plasminogen/plasmin cascade is likely to induce blistering through MMP-9 activation (Figure 1; Table 1).

Intriguingly, Hofmann et al. demonstrated using in vitro system that plasmin generates 97-kDa fragments of collagen XVII known as LABD97 (203). Similarly, Nishie et al. showed that BP blister fluid cleaves recombinant collagen XVII into 120-kDa ectodomain in a plasmin-dependent manner (207). They suggested that this plasmin-induced cleavage of NC16a domain in collagen XVII generates neoepitopes possibly involved in the onset of BP and LABD (Table 1). As a related topic, Izumi et al. suggested that plasmin inhibition with DPP-4i induced characteristic non-inflammatory BP, possibly through plasmin independent collagen XVII cleavage, and the generation of neoepitopes within different domains by other proteases (208). The physiological role of collagen XVII shedding in re-epithelialization was indicated using a non-shedding collagen XVII mouse model, which exclusively expresses non-sheddable collagen XVII mutant (209).

Anti-plasmin drugs such as ε-aminocaproic acid and tranexamic acid are mostly used to inhibit fibrinolysis (182). Intriguingly, Grando has reported the pemphigoid disease treatment using a combination of oral prednisolone, ε-aminocaproic acid, and aprotinin, which is an inhibitor of serine proteases including plasmin (210). However, the therapeutic effect of this treatment approach compared to the control group (prednisolone alone) has not been reported.



Chymase and Mouse Mast Cell Protease 4 (mMCP-4)

In human tissues, infiltrating and degranulating mast cells were associated with BP (211). The importance of mast cells in the pathology of BP has been suggested, in part through the use of the passive-transfer model with anti-mouse collagen XVII IgG on Kit or Scf [stem cell factor, Kitl (kit ligand)]-mutation dependent mast cell-deficient mice, which failed to develop BP (212). Since intradermal injection of either polymorphonuclear leukocytes or IL-8 (a neutrophil chemoattractant) recovered the lack of phenotypes on Kit- or Scf-mutation mice, they concluded that mast cells play an essential role in neutrophil recruitment in BP. However, as recent studies revealed that Kit- or Scf-mutation affects not only mast cells but also multiple cell types including those of immune- and non-immune origin, this result may be questioned (213, 214). The recently developed Kit- or Scf-mutant independent mast cell deficient mice should be tested for further analysis. It should be also noted that blocking mast cell degranulation with the inhibitor (cromolyn sodium) in BP mice significantly reduced disease phenotype as well, thereby indicating the importance of mast cell granules in BP pathogenesis (212, 215).

Although often believed that the pathological mechanisms operating in BP and inflammatory variant EBA are quite similar, at least in the passive-transfer disease models, mast cells may participate differently in each. Both Kit mutation-dependent and -independent mast cell deficiencies induced consistent blistering phenotypes in passive-transfer mouse model of EBA, even though activated mast cells were abundant in the lesions of the EBA in wild-type mice (216). The results indicate that, in contrast to the BP model, mast cells and secreted proteases appear to be dispensable for the blister formation in EBA.

Human mast cells release proteases including chymase, tryptase, cathepsin G, carboxypeptidase A3, dipeptidtlpeptidase I/cathepsin C, cathepsins L and S, granzyme B, plasminogen activators, and MMPs (217). One of the major granule components of mast cells, chymase, is a serine protease that cleaves peptides after aromatic amino acids, preferably phenylalanine and tyrosine residues (217, 218). It is produced as an inactive form in mast cells and activated by cleavage with dipeptidyl peptidase I (DPPI) within the granules (219). Following stimulation, such as during inflammation or injury, chymase is released into the extracellular space. Chymase is resistant to multiple endogenous inhibitors such as α1-AT, α2-antichymotrypsin, α2-macroglobulin, and eglin C, when bound to heparin proteoglycan (220). While chymase is well-recognized for its ability to convert angiotensin I to its active form, angiotensin II, it also reportedly cleaves cytokines, growth factors, proteases, transmembrane proteins, and extracellular matrices (221–233). Although rodents have multiple isoforms of chymase, mMCP-4 is recognized as the isoform comparable to human chymase because of its biophysical and functional properties and tissue distribution (221). Based on former studies using deficient mice in this functional-equivalent, chymase has been revealed to function in the regulation of inflammatory response and tissue remodeling (221, 234, 235). Chymase has also been suggested to exert pathological roles in multiple diseases such as cancers, cardiovascular diseases, inflammatory lung diseases (idiopathic pulmonary fibrosis, COPD), renal diseases (diabetic nephropathy, hypertensive nephropathy, rejected kidney allograft), preeclampsia, skin keloid, and atopic dermatitis (220, 221, 236–243).

The critical contribution of mMCP-4 in disease mechanisms is also observed in BP as passive-transfer mouse model with anti-mouse collagen XVII IgG on mMCP-4 deficient mice showed resistant to blistering even neutrophil recruitment was observed (244). Since impaired activation of MMP-9 in the mMCP-4 deficient BP mice and degradation of collagen XVII by mMCP-4 in vitro were observed, they indicated that mMCP-4 affects BP pathology by both activating MMP-9 and degrading collagen XVII (Figure 1; Table 1). On the other hand, cathepsin G/chymase inhibitors (α1-antichymotrypsin or Z-Gly-Leu-Phe-CH2Cl) did not improve passive-transfer BP model (126).

A few chymase inhibitors were and are being tested in phase II clinical trials for heart failure, diabetic kidney disease, or atopic dermatitis (237). The trial of SUN13834 on atopic dermatitis was discontinued because of adverse side effects. So far, there is no report of chymase inhibitors being tested on pemphigoid disease patients.



A Disintegrin and Metalloproteases (ADAMs)

ADAMs are a family of single-pass transmembrane proteins consisting of an extracellular metalloprotease domain, a disintegrin domain, a cysteine rich domain, a transmembrane domain, and a cytoplasmic tail (245). Although all members of ADAMs contain metalloprotease domains, some of them do not possess functional protease activity. Only ADAMs 8, 9, 10, 12, 15, 17, 19, 20, 21, 28, and 33 are recognized as exhibiting proteolytic activity, requiring removal of the extracellular end prodomain within the cytoplasm (246). These functional ADAM metalloproteases mainly regulate ectodomain shedding on multiple cell surface proteins, which results in regulation of growth factors, cytokines, chemokines, adhesion molecules, and receptors in order to control physiological systems such as inflammation and development (247, 248). These proteolytic activities are controlled by endogenous inhibitors such as TIMPs and by their cellular localizations regulated by endocytosis (249–251). However, as with other proteases, dysregulation is often observed in several diseases. Pathological roles of ADAMs have now been reported in cancers, wound healing, psoriasis, rheumatoid arthritis, inflammatory lung diseases, inflammatory bowel diseases, predominantly functioning through ectodomain shedding of cytokines, chemokines, and chemoattractant (247, 252–257).

In BP, elevated protein levels of ADAMs 8, 9, 10, 15, and 17 in the epidermis of the lesional skins have been indicated (159, 258, 259) (Table 1). ADAMs 9, 10, and 17 are regulated by TWEAK/Fn14 pathway and may participate in collagen XVII loss in the skin lesion of BP (159). Upregulated ADAM10 has also been suggested to shed CD46, which results in enhancement of complement activation in BP lesions (164). Moreover, ADAM10 sheds soluble semaphorin 4D from the granulocytes to activate B cells, which results in enhancing autoantibody production in BP (259) (Figure 1; Table 1).

Intriguingly enough, mainly ADAMs 9 and 10, but also indirectly ADAM17, constitutively shed 120-kDa ectodomain of collagen XVII, LAD-1 (260, 261) (Table 1). ADAMs may also play a role in neoepitope production through collagen XVII cleavage, possibly triggering BP and LABD onset (207).

Inhibitors targeting broad spectrum of ADAMs have failed clinical trials primarily due to adverse effects (262). Development of drugs that target specific ADAM is challenging due to structural similarities in ADAMs and MMPs. In addition, many substrates of ADAMs are shared with other ADAMs and MMPs. Therefore, specific ADAM inhibitor may not be sufficient to provide good efficacy. A small molecule inhibitor of ADAMs 10 and 17, INCB7839 has been tested in a breast cancer clinical trial, which was discontinued likely because of increased deep vein thrombosis (263). This drug is now being tested in diffuse large B cell non-Hodgkin lymphoma phase II clinical trial. There is no report of using ADAM inhibitors on pemphigoid diseases.



Granzyme B

Granzymes (Gzms) are a family of serine proteases that includes five members in humans: GzmA, GzmB, GzmH, GzmK, and GzmM (264, 265). Discovered in the granules of cytotoxic T cells and natural killer (NK) cells, granzymes were traditionally considered exclusively as key mediators of granule-induced cell death, targeting cancer or virally infected cells. GzmB initiates apoptosis through caspase-dependent and/or caspase-independent pathways after internalized into target cells (266, 267). For internalization, another granule component, perforin, is required to form pores on the target cell membrane (268, 269). Saliently, not all secreted GzmB is internalized by the target cells as approximately one-third escapes from the immunological synapse and into the extracellular space (270). Moreover, GzmB is secreted by cells not involved in cytotoxicity or perforin release, including immune- (mast cells, neutrophils, macrophages, basophils, dendritic cells, and regulatory T cells) and non-immune (keratinocytes and chondrocytes) cells (271–281). In contrast to other proteases which are tightly regulated in the extracellular spaces, GzmB-mediated proteolysis in the extracellular space is not likely to regulated by the endogenous inhibitors, since the only inhibitor identified thus far in human tissue, PI-9 is located in the cytoplasm and not secreted into the extracellular space (282). Therefore, GzmB is expected to exhibit alternative roles in the extracellular space through its proteolytic activity.

GzmB has cleavage specificity after an aspartic acid or glutamic acid residues (283). Multiple extracellular substrates for GzmB have now been identified in vitro, such as cytokines (IL-1α, proIL-18), complements (C3, C5), extracellular proteins (fibronectin, vitronectin, laminin, decorin, biglycan), coagulation/ fibrinolytic factors (von Willebrand factor, plasminogen), and cell surface proteins (VE-cadherin, ZO-1) (284–288). Through these cleavages and degradations in the extracellular spaces, GzmB is expected to regulate inflammation, cell adhesion, cell migration, anoikis, coagulation, fibrinolysis, and cell-cell adhesion. Present at low levels in healthy tissue, GzmB is elevated in numerous pathological conditions such as atherosclerosis, rheumatoid arthritis, transplant rejection, acute graft vs. host disease, discoid lupus, drug eruption, atopic dermatitis, impaired burn wound, and photoaging (279, 289–297). In these diseases, pathological contributions of GzmB are suggested through not only intracellular apoptotic function but also extracellular proteolytic role.

GzmB positive cells localize to blisters in pemphigoid diseases (298, 299) (Table 1). However, since GzmB has long been exclusively recognized as a cytotoxic inducer, the proteolytic role of GzmB in the extracellular space had not been tested in pemphigoid diseases until recently (299). GzmB cleaves multiple anchoring proteins such as α6β4 integrins, collagen VII, and collagen XVII in vitro. Moreover, GzmB induces dermal-epidermal separation in ex vivo human skin. These results suggest that GzmB-induced cleavage of anchoring proteins directly leads to subepidermal blistering in the pemphigoid diseases (Figure 1; Table 1). Because of its wide variety of substrates in skin and inflammatory conditions, GzmB could exert multiple roles in the pathogenesis of pemphigoid diseases. For example, GzmB proteolytically augments the pro-inflammatory activity of IL-1α, which would be predicted to promote neutrophil accumulation at the lesion through subsequent IL-8 activation (287). In addition, GzmB cleaves C5 to generate a strong chemoattractant, C5a, to cause additional inflammatory cell infiltration (286). Since GzmB directly cleaves collagen XVII, GzmB may also contribute to the neoepitope generation in BP as similar to plasmin and ADAMs. Intriguingly, as GzmB is upregulated with age, it could help to explain its role in age-related autoimmune blistering pathologies such as BP, however further studies are required (3, 300).

Recently, a topical GzmB inhibitor was tested on impaired burn wound murine model, however, there are currently no clinically-approved GzmB inhibitors on the market (289).



Other Proteases

In addition to the above-mentioned proteases, other proteases have been identified as being upregulated in pemphigoid diseases including tryptase and cathepsin G (163, 301–304). Although the functions of these proteases in pemphigoid diseases remain unclear, we enumerate current understanding of these enzymes in the pemphigoid diseases and relating fields.

Tryptase is a serine protease mainly secreted from mast cells (305, 306). It is well-recognized to activate protease-activated receptor 2 (PAR-2) with its proteolytic activity (307). Through PAR-2 dependent and independent mechanisms, tryptase induces the release of cytokines and chemokines from multiple cell types. Other than PAR-2, it cleaves extracellular matrices and coagulant factors and exhibits a role in inflammation, angiogenesis, anticoagulant, tissue remodeling, cancer, allergic inflammatory diseases, and cardiovascular diseases (305, 306). Tryptase has been identified as being elevated in blister fluids and sera from BP patients (302–304) (Table 1). Protein levels show at least a partial positive correlation with autoantibody titers, cytokines, and clinical severity, however, its function has not been tested in pemphigoid disease models.

Cathepsin G is a serine protease mainly localized in the azurophilic granules of neutrophils (308, 309). With its proteolytic ability on cytokines, chemokines, cell surface proteins, extracellular matrices, outer membrane of infectant, angiotensin II, and proMMPs, cathepsin G exhibit important roles in inflammation, thrombogenesis, host defense, blood pressure, tumor invasion, and autoimmune diseases. Elevated cathepsin G has been observed in BP samples (163, 301) (Table 1). In vitro cleavage assays indicated that cathepsin G degrades laminin-332, suggesting it may induce dermal-epidermal separation (128). However, cathepsin G inhibition by α1-antichymotrypsin did not reduce disease severity on passive-transfer mouse model of BP, thus a direct role is yet to be confirmed (126, 163) (Table 1).

Together, further studies are required to fully elucidate the contribution of these proteases to pemphigoid disease pathogenicity.




REGULATORS OF PROTEASES IN PEMPHIGOID DISEASES

In addition to the above-described regulatory actions by the endogenous inhibitors, proteases are controlled by other multiple factors such as cytokines and different proteases. Since former studies have characterized that the profiles of cytokines and chemokines in pemphigoid diseases are likely to be unique, these characteristic profiles may be important for protease regulation.

Th2 relating cytokines such as IL-4, IL-5, soluble CD30, CCL5 (RANTES), CCL11 (eotaxin), CCL17 (TARC), CCL18 (PARC), CCL22 (MDC), CCL26 (eotaxin 3), and TSLP are elevated in the sera and/or blister fluids of BP patients (310–326). Elevated Th1 cytokines such as IFN-γ, IL-1β, TNF-α, CXCL9 (MIG), CXCL10 (IP10), and IL-18 have been also identified within the BP patient samples (310, 312, 318, 324, 325, 327). Besides them, IL-6, IL-8, IL-17, IL-21, IL-22, and IL-23 are elevated (310, 320, 324, 328, 329). Intriguingly, serum level of IL-17, IL-23, and CXCL10 in follow-up patients were elevated only in patients who later relapsed (328, 330). Since these cytokines and chemokine regulate MMP-9 secretion from inflammatory cells, it has been suggested that elevated IL-17, IL-23, and CXCL10 could trigger relapse through increased MMP-9 secretion (328, 330). Cytokine and chemokine profiles in other pemphigoid diseases are poorly defined at present, presumably due to the rareness of such diseases. Regarding EBA, serum and skin IL-6 expression are increased, however other cytokines did not show a significant increase due to a high degree of variation (331). In the same study, elevated concentration of IL-4, RANTES, IL-1α, IL-1β, TNF-α, IL-6, IL-10, IL-17, MIP-1α, KC, and GM-CSF are detected in the passive-transfer mouse model of EBA. In MMPh, elevated IL-4, IL-5, IL-13, IL-1α, IL-1β, IL-2, IL-12, TNF-α, IL-6, IL-8, IL-17, and TGF-β1 have been detected in serum and/or lesions of the human patients (161, 332–340).

As indicated above as interaction between NE, MMP-9, chymase, and plasmin, the proteases influence each other directly and indirectly by degrading intermediate proteases or protease inhibitors. Identifying the interaction between the proteases in the diseases is challenging since tissues include many types of proteases and each protease has wide variety of substrates. To conquer this conundrum, the field of degradomics was established (341). Combining genomics, proteomics, and bioinformatics, a whole map of complex protease interactions and networks is beginning to be elucidated not only in vitro, but also in vivo including in diseases such as COPD and pancreatic tumors (154, 342–344). Resulting from these and other studies, proteases have been recognized as influencing the activities of other proteases and, helping to define the “protease web” (342).



CONCLUSION

Multiple proteases have been identified as being elevated in pemphigoid diseases. Several have been proposed to play key roles in blistering pathology through the cleavage of hemidesmosomal proteins, resulting in dermal-epidermal separation and blister formation. In addition, some proteases have been suggested to contribute to neoepitope generation and dysregulated inflammatory response in the diseases. Despite significant advancements, further research is required to further elucidate the complex role that proteases play in various pemphigoid diseases.

Inhibition of specific proteases in pemphigoid diseases provides a unique, potentially safer therapeutic approach compared to current non-specific immune suppressive treatments that are often plagued with undesirable adverse effects. Thus far, evidence of clinical efficacy is minimal, but this may change as protease function is further defined, more effective inhibitors are developed, and new trials are commenced.
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ABBREVIATIONS

α1-AT, α1-antitrypsin; ADAM, a disintegrin and metalloprotease; BP, bullous pemphigoid; BPAG, bullous pemphigoid antigen; COPD, chronic obstructive pulmonary disease; DEJ, dermal-epidermal junction; DH, dermatitis herpetiformis; DPP-4i, dipeptidyl peptidase-4 inhibitor; DPPI, dipeptidyl peptidase I; enzyme-linked immunosorbent assay, ELISA; EBA, epidermolysis bullosa acquisita; Gzm, granzyme; human leukocyte antigen, HLA; Kitl, kit ligand; LABD, linear IgA bullous dermatosis; LAD-1, linear IgA disease antigen-1; LABD97, linear IgA bullous disease antigen of 97 kDa; LPP, lichen planus pemphigoid; mMCP-4, Mouse Mast Cell Protease 4; MMP, Matrix metalloproteinase; MMPh, mucous membrane pemphigoid; NE, neutrophil elastase; NK, natural killer; Pas, plasminogen activators; PAR-2, protease-activated receptor 2; PG, pemphigoid gestationis; PI-9, proteinase inhibitor-9; pmp, per million people; ROS, reactive oxygen species; Scf, stem cell factor; TIMP, tissue inhibitor of matrix metalloproteinase.
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Background: Anti-hyperglycemic drug dipeptidyl peptidase-IV inhibitors (DPP-4i) have recently been recognized as bullous pemphigoid (BP) inducing drugs. It remains uncertain whether DPP-4i induce BP-IgG autoantibodies before the onset of BP.

Objective: To evaluate the effect of DPP-4i in the development of BP-IgG autoantibodies in type 2 diabetes mellitus (T2DM) patients.

Methods: A cross-sectional study on 221 DPP-4i (+) and 54 DPP-4i (–) T2DM cases was conducted. BP180 NC16A, BP230, and full-length BP180 ELISAs were used to detect the BP-IgG autoantibodies. We have also statistically analyzed the proportion of age, gender, intake periods of DPP-4i, and hemoglobin A1c level between anti-full-length BP180 IgG-positive and -negative DPP-4i (+) T2DM cases to identify co-founding factors.

Results: BP180 NC16A ELISA, BP230 ELISA, and full-length BP180 ELISA were positive in 1.8, 2.2, and 10.9% of DPP-4i (+) T2DM cases, respectively; in contrast, they were positive in 0, 7.4, and 5.6% of DPP-4i (–) T2DM cases, respectively. The odds ratio for the development of BP-IgG autoantibodies detected by full-length BP180 ELISA was 2.070 for DPP-4i (+). There were no significant differences between the genders, intake periods of DPP-4i, nor of hemoglobin A1c levels, the anti-full-length BP180 IgG-positive cases tended to be significantly older than anti-full-length BP180 IgG-negative cases (median 74 vs. 69, p = 0.025) in the DPP-4i (+) T2DM cases.

Limitations: We focused the analysis on DPP-4i intake and not on the effects of metformin and other drugs.

Conclusion: Exposure to specific DPP-4i may induce the development of anti-full-length BP180 autoantibodies even in T2DM patients without any clinical symptoms of BP. Aging would be a risk factor to develop anti-full-length BP180-IgG autoantibody in DPP-4i (+) T2DM cases.

Keywords: bullous pemphigoid, dipeptidyl peptidase-IV inhibitor, autoantibody, ELISA, diabetes mellitus


INTRODUCTION

Bullous pemphigoid (BP), one of the most common autoimmune blistering skin disorders, is clinically characterized by itchy urticarial erythema and multiple tense blisters (1, 2). BP autoantibodies target two major hemidesmosomal components, BP180 (also known as type XVII collagen or BPAG2) and BP230 (3, 4), and the non-collagenous 16A (NC16A) domain of BP180 is a major pathogenic epitope for BP-IgG autoantibodies (5). Commercial ELISA systems using recombinant BP180 NC16A or BP230 allow BP-IgG to be identified and quantified (6). Although it remains unclear why immunotolerance to these molecules is broken in BP, several triggering factors, including certain drugs (in “drug-induced BP”), have been reported, and more than 50 kinds of drugs have been reported as causative of BP (7). Recently, cases of BP that developed in patients receiving dipeptidyl peptidase-IV inhibitors (DPP-4i) have been increasing (8–16), and a large case-control study from a French pharmacovigilance database also suggested a strong relationship between BP and DPP-4i, especially vildagliptin (17).

DPP-4i are a new class of anti-diabetes drugs that prevent the degradation of glucose-dependent insulinotropic polypeptide and glucagon-like peptide 1 by inhibiting dipeptidyl peptidase-IV (DPP-4) (18). DPP-4i has been regarded as a safe, anti-hyperglycemic drugs because of the low risk of hypoglycemia; therefore, DPP-4i is widely used to treat the type 2 diabetes mellitus (T2DM).

Although it is likely that DPP-4i use carries an increased risk for the development of BP, there is no information about the prevalence of BP among the DPP-4i-receiving T2DM patients. In addition, it is also uncertain whether the use of DPP-4i may induce BP-IgG autoantibodies in T2DM patients without any blister formation as a pre-clinical stage of BP. Here we investigated the prevalence rates and titration of BP-IgG autoantibodies using three different ELISA systems—BP180 NC16A ELISA, full-length BP180 ELISA (BP180-FL ELISA), and BP230 ELISA—for diagnosing BP in 275 cases of T2DM treated with or without DPP-4i.



MATERIALS AND METHODS


Serum Samples

The investigations were conducted as a cross-sectional study, comparing T2DM cases treated with DPP-4i (n = 221) to T2DM cases treated without DPP-4i (n = 54), from February 9th to November 14th in 2017. All T2DM patients were diagnosed at the Department of Diabetes and Endocrinology, Hokkaido P.W.F.A.C. Sapporo Kosei General Hospital. The hemoglobin A1c (HbA1c) level was measured during T2DM treatment in both the DPP-4i (–) and the DPP-4i (+) T2DM cases. All study procedures using human materials were performed in accordance to the Declaration of Helsinki Principles. This study was approved by the Ethical Committee of Hokkaido University (016-0061), and full informed consent was obtained from all patients and healthy volunteers for the use of their materials.



Data Collection for Cohorts

The study was conducted at the Department of Dermatology, Hokkaido University Graduate School of Medicine. By using the database of clinical records in the Department of Diabetes and Endocrinology, Hokkaido P.W.F.A.C. Sapporo Kosei General Hospital, we collected basic patient data, past medical histories, and laboratory data.



Detection of BP-IgG Autoantibodies

We performed conventional BP180NC16A and BP230 ELISAs (MBL, Nagoya, Japan) following the manufacturer's instructions, and we performed BP180-FL ELISA as previously reported to detect BP-IgG autoantibodies in our patient groups (19). Indirect immunofluorescence using 1 M NaCl-split skin was performed on sera that were positive in the above-mentioned ELISAs as previously described (20).



Statistics

An Unpaired t-test and a Mann-Whitney test were used to assess the differences of age, DPP-4i intake period, and level of HbA1c between the DPP-4i (–) and the DPP-4i (+) T2DM cases. Fisher's exact test was used to assess the differences of ELISA positive rates between the DPP-4i (–) and the DPP-4i (+) T2DM cases with GraphPad Prism 7.03. Fisher's exact test was also used to assess the difference of male/female ratio between the DPP-4i (–) and the DPP-4i (+) T2DM cases with GraphPad Prism 7.03. Furthermore, univariate logistic regression was used to analyze associations between reactivity to each BP-IgG and DPP-4i, and to calculate the odds ratios with EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria) (21). More precisely, it is a modified version of R commander designed to add statistical functions frequently used in biostatistics.




RESULTS


Gender, Age, Diabetes Severity, and Treatment Modalities in T2DM Cases With DPP-4i

From February 9th, 2017, to November 14th, 2017, we enrolled 275 T2DM cases without any cutaneous symptoms in this study. Of these, 221 cases were treated with DPP-4i [designated as DPP-4i (+)] whereas the remaining 54 cases were treated without DPP-4i [designated as DPP-4 (–)]. In the DPP-4i (+) group, 38.9% of cases were female, the mean age was 68.0 ± 10.6 years and the mean HbA1c was 7.1 ± 0.9. In the DPP-4i (–) group, 33.3% of cases were female, and the mean age was 68.9 ± 9.0 years. Regarding therapeutic modalities for T2DM in subjects of this study, 46.3% of the DPP-4i (–) group were treated with a diet alone. Sulfonylurea was the most commonly prescribed agent (25.9%), followed by biguanide (24.1%), sodium-glucose transport protein 2 (SGLT2) inhibitor (9.3%), α-glucosidase inhibitor (5.6%), insulin (5.6%), and other (1.9%) in the DPP-4i (–) group, whereas in the DPP-4i (+) group, biguanide was the most commonly prescribed (52.9%) in addition to DPP-4i, followed by sulfonylurea (36.7%), insulin (15.8%), α-glucosidase inhibitor (11.3%), glinide (7.2%), SGLT2 inhibitor (6.8%), thiazolidine (5.4%), and other (6.8%). The mean HbA1c for the DPP-4i (–) group was 6.6 ± 0.5, which was significantly lower than that of the DPP-4i (+) group.

Regarding the medication in the DPP-4i (+) cohort, sitagliptin was the most commonly used (n = 87, 39.4%), followed by anagliptin (n = 40, 18.1%), vildagliptin (n = 37, 16.7%), teneligliptin (n = 26, 11.8%), linagliptin (n = 21, 10.5%), alogliptin (n = 8, 3.6%), saxagliptin (n = 1, 0.5%), and omaligliptin (n = 1, 0.5%). The mean period of DPP-4i administration was 36.5 ± 24.3 months. There were no significant differences in age or gender between the DPP-4i (+) and the DPP-4i (–) groups; however, HbA1c of the DPP-4i (+) group was significantly higher than that of the DPP-4i (–) group (Table 1).



Table 1. Positive rates of BP180 NC16A, BP230, and BP180-FL ELISAs for each DPP-4i drug.
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Anti-Full-Length BP180 Autoantibodies Were Highly Detected in the DPP-4i (+) T2DM Cases

Prevalence and titration of BP-IgG detected with BP180 NC16A, BP230, and BP180-FL ELISAs are shown in Table 1 and Figures 1–3. The false-positive rates of BP180 NC16A, BP230, and BP180-FL ELISAs are 1.1, 1.0, and 5.7%, respectively (based on the manufacturer's instructions and our previous report) (19). Therefore, the positive rates of BP-IgG detected with all ELISAs were roughly twice the false-positive rates. Focusing on the BP180-FL ELISA, the ELISA indices of all three anti-full-length BP180 IgG-positive cases in the DPP-4i (–) group were <10.0 (close to the normal range), whereas those of nine out of 24 anti-full-length BP180 antibody-positive cases were higher than 10.0. Indirect immunofluorescence using 1 M NaCl-split human skin for the anti-full-length BP180 revealed that 13 of the 24 sera (54.2%) that were positive in the BP180-FL ELISA had BP-IgG autoantibodies directing the epidermal side of the artificial blisters (not shown). None of the cases showed reactivity against the dermal side. The total and drug-specific prevalence's of each BP-IgG are shown in Table 1. The prevalence of anti-full-length BP180 IgG but not of BP180 NC16A nor of BP230 shows a higher odds ratio for DPP-4i (+) than for DPP-4i (–).
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FIGURE 1. Type 2 diabetes mellitus. Scatter plot of BP180 NC16A ELISA index in DPP-4i (–) and DPP-4i (+). Cut-off value of BP180 NC16A ELISA<9.0, Control indicates the DPP-4i (–) group.
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FIGURE 2. Type 2 diabetes mellitus. Scatter plot of BP230 ELISA index in DPP-4 (–) and DPP-4i (+). Cut-off value of BP230 ELISA<9.0, Control indicates the DPP-4i (–) group.
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FIGURE 3. Type 2 diabetes mellitus. Scatter plot of BP180-FL ELISA index in DPP-4i (–) and DPP-4i (+). Cut-off value of BP180-FL ELISA<4.64, Control indicates the DPP-4i (–) group.





Aging Was Correlated With the Prevalence of Anti-Full-Length BP180 Autoantibodies in DPP-4i (+) T2DM

To explore the confounding factor between DPP-4i medication and BP-IgG autoantibody development, we compared age, male/female ratio, DPP-4i intake period, and HbA1c (Table 2) in both anti-full-length BP180 IgG autoantibody-positive and -negative cases in the DPP-4i (+) group. Although there were no significant differences between the genders, intake periods of DPP-4i nor HbA1c levels, the anti-full-length BP180 IgG-positive cases tended to be significantly older than anti-full-length BP180 IgG-negative cases (median 74 vs. 69, p = 0.025).



Table 2. Comparison of age, male/female ratio, DPP-4i intake period, and HbA1c for anti-full-length BP180 IgG autoantibody-positive and -negative cases in the DPP-4i (+) group.
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DISCUSSION

The present study revealed that around 10% of DPP-4i (+) T2DM patients already have BP-IgG autoantibodies directing BP180. The prevalence rate of BP-IgG autoantibodies was much higher than we expected in DPP-4i (+) T2DM patients compared to that of DPP-4i (–). It should also be noted that DPP-4i (+) showed increased odds ratio 2.070 for the development of anti-full-length BP180 IgG autoantibodies compared with that of DPP-4i (–) T2DM patients. The tendency for the prevalence rate of BP-IgG autoantibodies to be high for vildagliptin was similar to the reporting odds ratios as causative drugs analyzed by a large case-control study based on the French Pharmacovigilance Database (17). Notably, five (2.3%) out of the 221 members of the DPP-4i (+) group showed high titrations of anti-full-length BP180 IgG autoantibodies (ELISA index = 108.8, 84.7, 38.4, 31.4, 20.9, respectively), whereas members of the DPP-4i (–) group showed very low titrations close to the cut-off value (ELISA index = 6.0, 8.0, and 9.8) even with a positive reaction. Furthermore, around 50% of cases whose sera showed a positive reaction for the BP180-FL ELISA reacted with the epidermal side of the artificial blisters with indirect immunofluorescence using 1 M NaCl-split human skin. These data suggest that there are quite large numbers of T2DM patients with autoantibodies directing BP180 (19). Although we also evaluated the skin symptoms of the subjects in this research, none of the DPP-4i (+) T2DM cases with BP-IgG autoantibodies showed cutaneous symptoms suggestive of BP. However, the prospective observation of these subjects in the current study could shed insight on the exact rates of prevalence for BP onset and BP-IgG autoantibody profiles in DPP-4i (+) T2DM.

To detect BP-IgG autoantibodies in DPP-4i (+) T2DM cases, we used three different ELISAs (full-length BP180, BP180 NC16A, and BP230) in the present study. As described above, BP180-FL ELISA showed the highest positive rates for detecting BP-IgG autoantibodies in DPP-4i (+) of the three ELISAs. In addition, the positive rates for the BP180 NC16A and BP230 ELISAs were 1.8 and 2.8%, respectively; these percentages were similar to the false-positive rates. These facts suggest that the BP180-FL ELISA might contribute to the detection of BP-IgG autoantibodies in DPP-4i (+) T2DM cases. This fact is also consistent with a previous study which suggested that in BP cases associated with DPP-4i (+) T2DM tends to develop non-NC16A-IgG autoantibodies more frequently than spontaneous BP (19). Unexpectedly, lower positive rates of anti-BP230 IgG were seen in DPP-4i (+) T2DM patients compared with those of DPP-4i (–) T2DM patients. It is well-known that levels of anti-BP180 autoantibodies correlate closely with disease severity in BP, whereas levels of anti-BP230 autoantibodies do not (22). Previous studies have reported on the role of anti-BP180 autoantibodies in blister formation; however, the pathogenicity of anti-BP230 remains controversial (2). Thus, we focused on the prevalence of anti-BP180 IgG, however the increased prevalence rate of anti-BP230 in the DPP-4i (–) group is of interest. Therefore, the prevalence of anti-BP230 IgG in T2DM cases should be addressed in future research.

It is well known that most of the BP sera reacts with the NC16A domain of BP180, and BP-IgG directing NC16A has pathogenicity in BP, while the pathogenicity of anti-non-NC16A BP-IgG is still controversial. To characterize anti-BP180-FL IgG in DPP-4i (+) cases, we performed indirect immunofluorescence using 1 M NaCl-split human skin. As a result, 13 of the 24 sera (54.2%) that were positive in the BP180-FL ELISA had BP-IgG autoantibodies directing the epidermal side of the artificial blisters. This result is in contrast to a previous report that found that none of the BP180-FL ELISA positive patients with Alzheimer's disease without BP symptoms had positive IIF (23). This discrepancy of BP-IgG's binding capacity to the dermo-epidermal junction among anti-non-NC16A-IgG might be induced by the differences of their epitopes. Our previous report showed that around 10% of BP cases, of which sera showed a positive reactivity against only BP180-FL but not BP180-NC16A (19). Furthermore, 50% of this non-NC16A BP were treated with DPP-4i before BP onset. This report suggests that anti-non-NC16A-IgG could also show pathogenicity in BP as well as a potential association between non-NC16A BP autoantibody production and DPP-4i.

Regarding aging, BP is well known to preferentially occur in the elderly. A recent case-control study reported that the effects of DPP-4i on BP onset were significantly associated with the age of 80 years or older (24). These reports are consistent with current data because our data clearly show a correlation between aging and BP-IgG autoantibody development in DPP-4i (+) T2DM cases. Therefore, clinicians should pay particular attention to the development of BP in elderly DPP-4i (+) T2DM cases.

Although evidence has been increasing that DPP-4i is associated with the onset of pemphigoid diseases, including BP and mucous membrane pemphigoid (25), it remains uncertain why DPP-4i causes immune tolerance failure against BP antigens, resulting in BP onset. DPP-4 is ubiquitously expressed on many cells, including keratinocytes, T-cells, and endothelial cells (26, 27). DPP-4 cleaves and inactivates many proinflammatory cytokines as its substrates. Therefore, DPP-4i could promote the activity of proinflammatory chemokines (e.g., eotaxin) and enhance eosinophil activation, resulting in tissue damage and blister formation in the lesioned skin (28). This chemo-attractive function of DPP-4i might contribute to the exacerbation of BP in T2DM cases. Regarding the genetic background of DPP-4i BP, our group reported that HLA-DQB1*03:01 is strongly associated with non-inflammatory DPP-4i BP (29). Based on these concepts, DPP-4i could be a causative factor as a trigger of BP onset as well as an exaggerating factor of BP disease activity.

Regarding the prognosis of the BP-IgG-positive cases in DPP-4i (+), the discontinuation of DPP-4i might be recommended to prevent the potential development of DPP-4i-related BP. However, further studies are necessary to establish enough evidence for stopping DPP-4i medication in BP-IgG-positive T2DM cases treated with DPP-4i. We have followed 220 DPP-4i (+) cases for a mean 25.5 ± 0.6 months from blood-taking to the present; however, none of the cases developed BP symptoms. This reminds us that other factors (e.g., epitope spreading), in addition to the presence of BP-IgG, are necessary for BP symptoms to develop.

Our study had some limitations, in that we focused on the analysis of DPP4i intake, while the potential effect of metformin was not investigated. We did not follow the fluctuations of BP-IgG titrations in the enrolled cases. Because of the limited DPP-4i (–) sample number, the statistical power may not be enough to address the prevalence of BP-IgG autoantibodies between the DPP-4i (+) T2DM cases and the DPP-4i (–) group. In addition, a limitation of this research is the small number of DPP-4i (–) cases, because DPP-4i is more commonly used in Japan than America and Europe. Another limitation is that HbA1c and multiple drug usage was statistically higher in the DPP-4i (+) than in the DPP-4i (–), which could be co-founding factors.

In conclusion, our findings in a cross-sectional study confirm the prevalence and titration of the BP-IgG autoantibody in DPP-4i (+) T2DM cases. This study suggests that DPP-4i may induce the production of BP-IgG and increase its titration, especially in anti-full-length BP180, even in the BP pre-clinical stage.
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Lichen planus pemphigoides (LPP) is a very rare autoimmune sub-epidermal blistering disease associated with lichenoid skin changes. Initially thought to be a mere variant of more common inflammatory dermatoses, particularly Bullous Pemphigoid (BP) or Lichen Planus (LP), a growing body of evidence suggests that it is a disease entity in its own right. In common with a range of autoimmune blistering diseases, including BP, pemphigoid gestationis (PG), mucous membrane pemphigoid (MMP) and linear IgA dermatosis (LAD), a key feature of the disease is the development of autoantibodies against type XVII collagen (COL17). However, accurately establishing the diagnosis is dependent on a careful correlation between the clinical, histological and immunological features of the disease. Therefore, we present an up to date summary of the epidemiology and etiopathogenesis of LPP, before illustrating the predisposing and precipitating factors implicated in the development of the disease. In addition to a selective literature search, we compare reports of potential drug-induced cases of LPP with pharmacovigilance data available via OpenVigil. We subsequently outline the cardinal clinical features, important differential diagnoses and current treatment options. We conclude by demonstrating that an improved understanding of LPP may not only lead to the development of novel treatment strategies for the disease itself, but may also shed new light on the pathophysiology of more common and treatment-refractory autoimmune blistering diseases.
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INTRODUCTION

First described by Kaposi over a century ago (1), Lichen planus pemphigoides (LPP, syn. Lichen ruber pemphigoides) is commonly considered to be a variant of Lichen Planus (LP), characterized and complicated by the formation of tense blisters and bullae.

In addition to the clinical findings, including lichenoid plaques and tense blisters, the gold standard for the diagnosis of LPP is the demonstration of autoantibody deposition along the dermal-epidermal junctional zone in perilesional skin biopsies; first reported by Stingl and Holubar in 1975 (2). Almost two decades later, Tamada et al. established that the autoantigen in LPP is a 180 kDa protein expressed in the hemidesmosomes of the dermal-epidermal junction (3). Interestingly, the same autoantigen is responsible for the development of Bullous Pemphigoid (BP), namely type XVII collagen (COL17) (4).



DEFINITION

Lichen planus pemphigoides can be best defined as an autoimmune dermatosis, the hallmarks of which are lichenoid and bullous skin lesions, which develop in the context of autoantibodies targeting type XVII collagen COL17.

Clinically, the diagnosis relies on carefully distinguishing the disease phenotype from that seen in bullous LP. Given the potential clinical, histological and immunological overlap between LPP, bullous LP and BP, the clinician must also determine which disease is present, although they may occasionally occur simultaneous, which may further complicate reaching the correct diagnosis(ses). Several clinical features can support reaching the correct diagnosis. For example, bullous LP classically describes the formation of blisters on pre-existing lichenoid plaques. In contrast to bullous LP, the blisters of LPP are typically located outside of LP lesions. However, several cases of LPP with blistering restricted to the lichenoid plaques have been reported, casting doubt on the utility of blister localization to clinically differentiate between LPP and Bullous LP with any degree of certainty (5, 6). The blisters in Bullous Pemphigoid tend to occur on urticated plaques and may evolve into erosions and crusts.

Moreover, there are other subtle differences in the clinical presentation of BP and LPP. For example, the typical age of onset of LPP is significantly younger than that in BP (7, 8). Furthermore, LPP lesions are predominantly found on the extremities, whereas in BP they are more often generalized (8) and associated with pruritus. The clinical course of LPP is usually less protracted and generally milder than that in BP.

Ultimately, the detection of autoantibodies to the dermal-epidermal junction is central to supporting and securing the diagnosis. In contrast to LPP, the skin changes seen in bullous LP develop in the absence of autoantibodies against structural proteins of the skin, especially COL17 (9). In terms of pathogenesis, given that in the majority of cases of LPP the development of lichenoid skin lesions precedes the formation of blisters, it has been hypothesized that lichenoid inflammation itself may actually promote the development of an autoimmune response, targeting proteins of the epidermal basement membrane (10–14).

In fact, Kromminga et al. identified subtle differences in the epitope specificity of autoantibodies in the sera of patients with LPP, BP, and mucous membrane pemphigoid (MMP) (15), using recombinant fragments of the NC16A subdomain of COL17. The sera of 12 patients with BP, 6 with gestational pemphigoid (PG), 10 with MMP and 4 with LPP were examined using nine overlapping dihydrofolate reductase-fused subfragments with a size of 13–18 amino acids of the NC16A (amino acids E490-L565 of COL17, Uniprot entry Q9UMD9) to evaluate the epitope binding pattern by immunoblotting (15). Here, most BP and PG patient sera bound to fragments representing amino acids E490-G532; MMP patient sera preferentially bound to fragments E490-R507 and D514-L565; while LPP sera generally lacked binding to E490-R507 but showed reactivity with fragments comprising D514-L565. Kromminga et al. did not perform any statistical evaluation as to whether these differences are significant. However, on the basis of the published data it was possible to carry out a statistical analysis1. We found that the differences between BP and LPP (p = 0.0032), MMP and LPP (p = 1.07 × 10−13) and LPP and PG (p = 3.08 × 10−43) were actually highly significant. In addition, BP and PG (p = 3.82 × 10−13) and MMP and PG (p = 1.95 × 10−24) had significantly different binding patterns, while MMP and BP did not.



EPIDEMIOLOGY

The exact prevalence of LPP is unknown. Only 4 cases of LPP were identified in a cohort of 68 patients with blistering diseases from Kuwait; equivalent to an incidence of 0.3/1,000,000 inhabitants (16). A study from India reported 3 patients with LPP in a series of 268 cases with autoimmune blistering dermatoses (17). In contrast, epidemiological studies in patients with blistering dermatoses, based in France, Germany, Greece, Serbia, and Singapore, with patient numbers ranging from 41 to 1,161, did not identify any cases of LPP (18–23). Based on ICD10 classification data from health insurance providers in Germany, the reported prevalence of L12.8 (other pemphigoid diseases) was 4.7 per million patients and 259 per million patients for BP (L12.0) (7). Unfortunately, the LPP ICD10 code L43.1, was not specifically evaluated. However, the epidemiological data analysis based upon ICD10 codes is complicated by the fact that the ICD10 code L43.1 is shared between LPP and bullous LP. Nevertheless, based on the available data the prevalence may be estimated at about 1 per 1,000,000 patients.

The sex ratio (male/female) is described to be roughly 0.8/1 in adults and 3.3/1 in children and adolescents (8), failing to support a specific predilection according to sex. The mean age of onset is approximately 46 years (range between 4 and 85), which is well below the typical age of onset of BP (7). Interestingly, it is not exceptionally rare for LPP to affect children and adolescents. Indeed, in a case report collection with 78 patients, 13 (~16%) were children or adolescents (8).



ETIOPATHOGENESIS

LPP is characterized by autoantibodies against type XVII collagen (COL17, BPAG2), a structural protein that resides in hemidesmosomes at the dermal-epidermal junction (4, 24, 25). Similarly to BP, autoantibodies in LPP may also bind to the 230 kDa BPAG1 (3). In most cases, the COL17-specific autoantibodies in LPP react with the membrane-proximal NC16A subdomain (amino acid residues 490–565 of UniProt entry Q9UMD9) (4, 24). In addition, the C-terminal portion of COL17 and desmoglein 1 have been identified as epitopes and antigens, respectively, in LPP (26). Other autoantibodies against unidentified antigens with a molecular weight of 130 kDa (27) and 200 kDa (28) have also been described. The reported variability in autoantigen specificity may result in clinical variants of LPP which appear similar to BP, with autoantibodies against NC16A (24, 29), and MMP with mucosal lesions and autoantibodies against the C-terminal portion of COL17 (26, 30).

In fact, COL17 is a common autoantigen in a variety of autoimmune blistering dermatoses (31, 32), including LPP, BP, linear IgA dermatosis (33, 34), PG, MMP and paraneoplastic pemphigus (35). Autoantibodies against COL17 have been demonstrated to induce inflammation and blistering due to the effector functions of the Fc portion (36–38). Moreover, a deposition of complement factor C3 at the dermal-epidermal junction found in skin biopsies of LPP indicates an involvement of complement in the pathogenesis. In case of BP and epidermolysis bullosa acquisita, a similar subepidermal blistering disease, the activation of the complement system has been described as a crucial event in the pathogenesis (39, 40).

However, a growing evidence suggests that both complement-dependent and complement-independent mechanisms may both be relevant and effective in subepidermal blistering dermatoses (41–44). The amount of complement-activating IgG1 and non-activating IgG4 autoantibodies (45) is variable between patients. Cases with only IgG4 autoantibodies and without any complement deposition at the derma-epidermal junction exist, suggesting complement-independent mechanisms in blister formation (43). Binding of leporine autoantibodies to type XVII collagen was demonstrated to induce skin fragility, both in a complement-dependent and independent manner, in a murine model for bullous pemphigoid (44). This was confirmed in a similar mouse model, additionally indicating a disease mitigating effect of complement receptor C5aR2 (42).

Although not specifically demonstrated for all diseases, the pathogenic mechanisms ultimately resulting in subepidermal cleavage and macroscopic may be similar and/or shared between distinct autoimmune blistering dermatoses.

The development of autoantibodies against COL17 in LP appears to be a primary event in the development of LPP. This is supported by the fact that blistering almost exclusively follows the appearance of the typical lichenoid skin lesions (8).

In more than 40% of cases with vulvar LP, the NC16A domain of COL17 has been demonstrated to be a target for circulating T cells with rapid effector function (10). The authors used an ELISpot assay that detected IFNγ-producing autoreactive T cells, i.e., the only determined Th1 responses. The T-cell responses in bullous pemphigoid have been investigated with more detail: it appears that most patients have a Th2 or mixed Th1/Th2 response to the complete extracellular portion of BP180 (46). The situation of T cell responses in LPP is unknown. One may speculate that the Th1 response in LP could protect from conversion to a blistering disease, and that a dysregulated Th2 response to NC16A might be necessary for the development of LPP.

In addition to T cell responses, several authors have reported the presence of circulating autoantibodies against COL17 in patients with LP, especially oral or genital LP (10–14). A clinical course similar to LPP was observed in LP-type chronic graft-vs.-host disease, where the patient developed autoantibodies against COL17 and mucous membrane pemphigoid (47). In summary, the development of autoantibodies against COL17 in LPP appears to be linked to the T cell-mediated lichenoid inflammation.



CLINICAL FEATURES AND ESTABLISHMENT OF DIAGNOSIS

Diagnosis is based on careful correlation of the clinical, histopathological and immunopathological features.

In LPP, two discrete primary skin lesions occur: lichenoid papules/plaques and tense blisters. Cases of LPP exclusively restricted to mucous membranes have also been reported (48, 49). The nail apparatus may also be affected by LPP, resulting in nail atrophy or even loss of the nail plate (50). This suggests that LPP is in fact a very heterogeneous disease, whose clinical symptoms and immunologic markers can mimic both BP and mucous membrane pemphigoid (49).

The lichenoid eruption consists of pruritic violaceous polygonal papules and plaques with a shiny surface (Figures 1A,B). On the mucosa, patterned white streaks may be found, most prominently on the buccal and the outer genital mucosa (48, 51). Blisters and erosions typically appear after the development of the lichenoid skin changes and classically on previously unaffected skin. Histopathology of a bullous lesion shows the typical feature of BP (2, 31): subepidermal separation with multiple eosinophils in the blister fluid and an eosinophilic infiltrate, whereas histopathology of a lichenoid lesion shows the typical features of lichen planus with focal hyperkeratosis, hypergranulosis, subepidermal band-like lymphocytic infiltrate, and Interface dermatitis with vacuolar change at the dermal-epidermal junction and apoptotic keratinocytes (so called Civatte bodies) (2, 51, 52).


[image: image]

FIGURE 1. Clinical features of Lichen planus pemphigoides. (A) Violaceous plaques with polygonal configuration affecting the dorsal aspects of the feet, with tense blisters and erosions on non-lesional skin. (B) Close-up view of the right foot. (C) detection of complement factor C3 deposition and, (D) IgG deposition at the dermal-epidermal junction in a punch biopsy from perilesional skin, using direct immunofluorescence microscopy (magnification 200×).



IgG and complement factor C3 deposition at the dermal-epidermal junction zone can be detected using direct immunofluorescence of perilesional biopsies (2) (Figures 1C,D). In contrast, direct immunofluorescence studies of lichenoid lesions may show typical features of LP: irregular band of fibrinogen at the dermal-epidermal junction and colloid bodies in the papillary dermis (53). Circulating autoantibodies in patient sera that bind to the NC16A or C-terminal domains of COL17 or desmogleins may be detected using routine methods including indirect immunofluorescence on monkey esophagus or human neonatal foreskin (54), ELISA and immunoblotting of human keratinocyte extracts (32, 55). In addition to this, circulating autoantibodies will bind to the roof of the artificial blister in indirect immunofluorescence on 1M NaCl-salt split skin (56).

The gold standard for the diagnosis of LPP is the combination of the typical clinical features and the demonstration of autoantibodies binding to the dermal-epidermal junction.



DIFFERENTIAL DIAGNOSIS

In addition to BP and bullous LP, several other dermatoses form the differential diagnosis. For example, erythema multiforme has morpho- and histo-logical features that resemble LPP, most notably a lichenoid or interface dermatitis and blistering (57).

Atypical subacute cutaneous lupus erythematosus may present with similar clinical features as LPP (57, 58), underscoring the importance of a complete immunologic work-up to demonstrate autoantibodies against structural proteins of the skin, and especially the NC16A domain of BP180. Furthermore, in case of atypical clinical presentation, antinuclear antibody and dsDNA antibody testing is recommended.

Paraneoplastic pemphigus may present with similar skin changes and immunological features are those in LPP (59, 60), including autoantibodies against BP180. However, paraneoplastic pemphigus serum autoantibodies typically cause an intercellular binding pattern in the epidermis and can bind to rat bladder epithelia and to envoplakin and periplakin (61).

During the course of disease, LPP may even evolve into other types of autoimmune blistering skin diseases, such as pemphigoid nodularis (62), also known as non-bullous pemphigoid.



DRUGS AND CONDITIONS ASSOCIATED WITH LPP

Several reports describe an association between the development of LPP and medication and/or and pre-existing medical conditions.


LPP and Drugs

Relying solely on observational evidence, several drugs have been associated with the development of LPP (Table 1). A causal association is at least conceivable when the LPP developed shortly after the intake of new medication and fully resolved after cessation of the suspected drug-trigger. Perhaps the strongest evidence for drug-induced LPP is in the context angiotensin-converting enzyme (ACE) inhibitor use. There are four reports of an association of LPP with different angiotensin-converting enzyme (ACE) inhibitors (64, 67, 68, 74). Nevertheless, it should be acknowledged that in the majority of published reports of medication-induced LPP, drug re-challenge was either not performed or not associated with disease recurrence.



Table 1. Drugs and conditions that were reported to be associated with LPP.
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LPP and Infections

LPP has also been reported to be a complication of infection, particularly viral infections (Table 1), for example varicella (72, 73) and hepatitis B (77, 78). In fact, all of the published cases of LPP and viral hepatitis to date have been in association with hepatitis B (77, 78) and not hepatitis C infection. This is in contrast to LP, in which only hepatitis C has been reported as a trigger factor. The odds ratio to develop LP, especially oral LP, is described to be 2.5–4.5 for individual who are seropositive for HCV (80). Vice versa, a meta-analysis showed that the odds ratio to have a positive serology of HCV was 2.73–13.48 in patients with oral LP (81).



LPP and Cancer

An association of LPP with colon adenocarcinoma points raises the possibility of a paraneoplastic variant of the disease (82).



Medication as a Trigger of Both LP and BP

If one considers the possibility that LPP occurs as a complication of LP, it is conceivable that drugs that trigger the more prevalent disease LP also increase the risk of developing LPP. In fact, a large number of drugs have been described as possibly related to the development of LP, including ACE inhibitors. Several drugs are reportedly associated with the development of LP, including antimalarials, thiazide diuretics, NSAIDs, quinidine, beta-blockers, gold compounds, and tumor necrosis factor alpha inhibitors (51). The list of drugs that have been reported to induce BP is more extensive than the equivalent list for LP. It includes antibiotics, Calcium channel antagonists, ACE inhibitors, beta-blockers, angiotensin 1 antagonists, vaccines, NSAIDs, diuretics, Gliptins, TNF-alpha inhibitors, D-penicillamine, and tiobutarid (52). An induction of BP by PUVA has been reported only anecdotally (83, 84).



Comparison of Case Report Data With Pharmacovigilance Information

Pharmacovigilance databases provide another valuable resource to identify drugs that may trigger the development of LPP. However, one major drawback is that LPP is not specified as a disease in the WHO list of adverse events. Instead, the terms “lichen planus” and “pemphigoid” were used to analyze pharmacovigilance data using the OpenVigil database tool (URL: http://openvigil.pharmacology.uni-kiel.de/openvigilfda.php). Pharmacovigilance report analyses are compared with case reports in Table 1, supported the observation of LPP cases that were caused by ACE inhibitors (enalapril, capropril, and ramipril), but also simvastatin and pembrolizumab. With the exception of captopril, both LP and pemphigoid disease were found to be putative side effects of these drugs. The reported association of anti-tuberculosis drugs with LPP could not be confirmed by pharmacovigilance data. For all other drugs and conditions that were suspected to be associated with LPP, no data could be found.



Identification of Putative Triggers for LPP, LP, and BP From Pharmacovigilance Information

In addition, pharmacovigilance data also allows the identification of drugs that are not yet reported as possible triggers for LPP but are putative triggers for LP and/or pemphigoid (Table 2). Drugs that were reported as possible triggers for both LP and pemphigoid were hydrochlorothiazide, candesartan, sitagliptine, amlodipine, losartan, fluoxetine, and terbinafine. In addition, vildagliptine has been identified as a potent trigger for the development of BP (90), though OpenVigil did not contain any entries with this drug.



Table 2. Drugs and conditions not yet reported to be associated with LPP, but with LP or pemphigoid.
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For some drugs, pharmacovigilance report analyses do not overlap or even contradict the published literature (Table 2). In case of Ibuprofen, the association with pemphigoid could be confirmed, but not in case of LP. The same holds true for sulfasalazine and risperidone. In case of gabapentin, a negative association with pemphigoid was found. For TNFα inhibitors, pharmacovigilance data indicates a negative association of etanercept and adalimumab with pemphigoid and no association with LP. A negative association (odds ratio below 1) may indicate here a protective effect of the respective drug regarding pemphigoid, although gabapentin, etanercept and adalimumab are no established treatment options for this disease. Alternatively, this negative association may be the result of a statistical phenomenon where patients who tend to develop pemphigoid are less likely to be treated with the aforementioned drugs. In the other hand, infliximab seems to be positively associated with LP, but not with pemphigoid.

It has to be noted that pharmacovigilance data is based on physician-initiated reports about possible adverse events and not on a prospective data collection. Common belief about possible relationships between drugs and adverse events may lead to further skewing of data. Moreover, it is difficult to control for confounders or interactions. If a certain drug is used to treat a disease that predisposes for LP, BP or LPP, the disproportionality analysis cannot distinguish this from a drug-related predisposition. Furthermore, it is not possible to distinguish whether a certain drug truly causes LPP or whether it just increases the probability for a clinical manifestation in patients that are otherwise predisposed to LPP.




TREATMENT

In a selective PubMed literature review of case reports published from the year 2000 onward, we were able to find treatment information from N = 53 patients in N = 43 articles (Table 3). Most reports (N = 42) describe the use of corticosteroids (mainly oral prednisolone) in various doses, from very low dose in some Japanese cases up to 2 mg/kg body weight. High doses of prednisolone are used for treatment of LPP in children. Topical corticosteroids were used in N = 20 cases, followed by dapsone in N = 15 cases.



Table 3. Reported treatment options for LPP since 2000.
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In a case of oral lichen planus pemphigoides, topical gel ointment containing fluocinonid or dexamethasone was reportedly effective (48).

Although in most of the reported cases, patients were successfully treated with systemic corticosteroids, this might not be the best option given the side-effect profile. Other treatment options include topical corticosteroids, dapsone, and acitretin, whose use may be associated with fewer side-effects. This situation may be compared with that in BP. Here, systemic oral corticosteroids had been considered as standard treatment for decades (110) until Joly et al. effected a paradigmatic shift in treatment by demonstrating the equivalent efficacy of highly potent topical steroids, with fewer side-effects (111). On the other hand, given that patients with LPP tend to be younger, with fewer co-morbidities, one could argue that systemic treatment would be less hazardous and may result in speedier disease resolution.

Another interesting observation made during the review of the case reports is the very low doses of corticosteroids that were used for treatment in some Japanese cases (71, 97). Here, a dose of 15 mg, irrespective of body weight, was reportedly effective. In contrast, corticosteroid doses in cases from other countries are often between 0.5 and 1 mg/kg body weight, i.e., 2 to 4-fold higher.

From our experience (112), a combination of topical dexamethasone, prednisolone pulse therapy (100 mg/day for 3 days, initially every 3rd week) and acitretin (20 mg/day p.o.) is often sufficient to induce remission of blistering within 3 months and disappearance of LP lesions within 1 year. Similar observations have been reported in the literature (91).

Alternatives or additives to corticosteroid treatment could include dapsone (100 mg/daily), tetracycline (2 × 500 mg/daily) in combination with nicotinamide (2 × 500 mg/daily), mycophenolate mofetil (1000–1500 mg/daily in two doses), cyclosporine A (2 mg/kg body weight in 2 doses/day), methotrexate (7.5–20 mg/week or 0.5 mg/kg body weight/week in children).

Our PubMed literature search also retrieved the use of hypnotic suggestion for the treatment of LPP (113), though this article was published in 1959.

In 10 cases, a triggering medication or condition such as a underlying malignancy was identified and treated, resulting in resolution of skin lesions in 8 cases. One report describes the management of LPP associated with pembrolizumab therapy in a patient with malignant melanoma (70). In this patient, dapsone led to resolution of LPP, allowing the treatment with pembrolizumab to be continued. In this context, pembrolizumab was not necessarily the direct trigger of LPP per se, but may have been an important co-factor for the clinical manifestation of a subclinical disease, potentially related to its mode of action.



CONCLUSION

LPP is a very rare disease entity that belongs to a larger family of diseases characterized by autoantibodies against COL17. It is a heterogenic disease, but shared common clinical features with other autoimmune blistering diseases, including BP and MMP. Its pathognomonic feature is the association with LP, supported by the demonstration of IgG and complement factor C3 deposition at the dermal-epidermal junction. Several case reports indicate an association with ACE inhibitors, simvastatin and checkpoint inhibitors, but also with HBV infection. There is no current consensus on the optimal treatment regime for LPP. However, combinations of systemic with topical corticosteroids, potentially in combination with dapsone or acitretin are worth considering. An improved understanding of the pathophysiology of LPP may help to shed new light on the mechanisms that lead to the development of autoantibodies against COL17 and subsequent blister formation.
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There are several lines of evidence indicating that the physiopathological bases of bullous pemphigoid (BP), the most common subepidermal autoimmune bullous disease, are hallmarked by the production of autoantibodies directed against the hemidesmosomal anchoring proteins BP180 and BP230. In contrast to the robustness of the latter assumption, the multifaceted complexity of upstream and downstream mechanisms implied in the pathogenesis of BP remains an area of intense speculation. So far, an imbalance between T regulatory cells and autoreactive T helper (Th) cells has been regarded as the main pathogenic factor triggering the autoimmune response in BP patients. However, the contributory role of signaling pathways fostering the B cell stimulation, such as Toll-like receptor activation, as well as that of ancillary inflammatory mechanisms responsible for blister formation, such as Th17 axis stimulation and the activation of the coagulation cascade, are still a matter of debate. In the same way, the pathomechanisms implied in the loss of dermal-epidermal adhesion secondary to autoantibodies binding are not fully understood. Herein, we review in detail the current concepts and controversies on the complex pathogenesis of BP, shedding light on the most recent theories emerging from the literature.
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INTRODUCTION

Bullous pemphigoid (BP), the most common autoimmune bullous disease, typically presents with generalized crops of tense, pruritic cutaneous blisters and mostly affects the elderly (1). In up to 20% of cases, BP may initially exhibit a non-bullous phase characterized by eczematous, excoriated, urticaria-like or nodular lesions, which may last weeks, months, or occasionally remain the sole clinical manifestation (2). Together with mucous membrane pemphigoid, pemphigoid gestationis, linear immunoglobulin (Ig) A bullous dermatosis (LABD), anti-laminin γ1 pemphigoid, and epidermolysis bullosa acquisita (EBA), BP is encompassed in the heterogeneous group of subepithelial autoimmune bullous disorders (1). Indeed, the histopathological assessment of a recent blister generally reveals a dermal-epidermal split associated with a dermal inflammatory infiltrate mainly consisting of lymphocytes and eosinophils (3). In BP, blisters are caused by autoantibodies of the IgG class directed against two structural components of the hemidesmosome, a multiprotein complex of the dermal-epidermal junction providing structural adhesion between basal keratinocytes and dermal extracellular matrix; these antigens are BP180, a transmembrane glycoprotein consisting of a globular cytoplasmic N-terminal domain, a short transmembrane stretch and a large extracellular C-terminal domain containing 15 collagenous repeats (4–7), and BP230, a protein of the hemidesmosomal inner plaque with a central rod domain flanked by globular end domains (4, 5). In addition to IgG also IgE autoantibodies are involved in disease pathogenesis and could be detected in the skin and/or serum of BP patients by means of immunofluorescence studies, immunoblot/immunoprecipitation and enzyme-linked immunoassay (ELISA) analyses (8). Whilst the crucial role of these autoantibodies in triggering the inflammatory cascade is fully acknowledged (9), many ancillary mechanisms involved in the complex etiology of BP need to be elucidated yet (10). In this regard, the development of animal models, which include the transfer of autoantibodies to experimental animals, the adoptive transfer of autoantigen-specific B lymphocytes to immunodeficient mice and immunization-induced models, greatly contributed to dissect these pathogenic aspects (11). This review provides a breakdown of the most recent studies on the pathogenic mechanisms involved in BP.



ESTABLISHED STATUS OF KNOWLEDGE ON BULLOUS PEMPHIGOID PATHOGENESIS

It has been recognized that a combination of genetic predisposing factors, such as class II HLA (e.g., HLA-DQβ1*0301) (12), and environmental influences, such as UV radiation, traumas, and drugs, may contribute to the loss of immune tolerance toward the above-mentioned antigens of the dermal-epidermal junction (13). As shown in Figure 1, it has also been suggested that the imbalance between autoreactive T helper (Th) and T regulatory (Treg) cells (14, 15) as well as a T cell-independent activation of toll-like receptor (TLR) system (16) may induce B cell stimulation, with consequent BP autoantibody secretion. In parallel, the Th17 pathway activation appeared to maintain the inflammatory cascade started by humoral hyperactivation, by triggering Th2 response, recruiting neutrophils and eosinophils and stimulating the release of proinflammatory cytokines and proteolytic enzymes (14, 17).
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FIGURE 1. Representative figure of the main pathogenic pathways implied in blister formation in patients with bullous pemphigoid.



While the role of IgA or IgM is still elusive and their deposits did not seem to affect the disease course (18), the role of IgE is controversial. Some authors demonstrated that their deposits along the basement membrane zone (BMZ) or their serum levels correlated to specific BP clinical features, namely more infiltrated lesions, such as urticarial plaques (18–20) or nodules (21), while other ones observed no association between circulating anti-BP180 IgE antibodies and a non-bullous urticaria-like presentation (21, 22). Furthermore, serum anti-BP180 IgE levels were shown to reflect disease activity throughout the course of the disease (21, 22), even if it has been suggested that it might not happen in the early phases of medication (23). However, on direct immunofluorescence studies IgG are usually predominant. Mihai et al. (24) showed that IgG1 and IgG4 were the most frequent IgG subtypes found in BP along the dermal-epidermal junction. By means of a cryosection assay, the same authors proved also that IgG1 promoted blister formation through complement fixation, whereas IgG4, which cannot fix the complement, activated leucocytes and induced dermal-epidermal separation with a lower pathogenic potential as compared to IgG1 (24).

BP180 is the main BP autoantigen and IgG and/or IgE against this antigen may be detected in most patients (8). The immunodominant non-collagenous region 16A (NC16A) of the BP180 ectodomain is extensively accepted to be the main target for BP autoantibodies. However, also domains of BP180 outside of NC16A, such as the C-terminal domain of BP180 and a 120-kDa fragment of BP180 known as LAD-1, may be recognized (25–27). The IgG directed against BP180 domains other than NC16A seemed to be responsible of less inflammatory manifestations (28) due to the fact that they hardly induce any BP180 depletion respect to anti-BP180-NC16A IgG in experimental studies (29). Moreover, IgG reactivity with extracellular but not intracellular epitopes of BP180 paralleled the severity of the disease course (25) and higher levels of anti-BP180 IgG were associated with increased 1-year mortality (30). The pathogenic role of IgG anti-BP180 has been validated by the following remarks: (i) the induction of BP-like lesions in mice in which anti-BP180-NC16A antibodies had been passively transferred (31); (ii) the onset of BP-like bullae and a human disease phenotype in BP180-knockout mice rescued by the human ortholog after being injected with IgG from BP patients (32); (iii) the direct correlation of anti-BP180-NC16A antibody titers to disease activity (33, 34). Anti-BP180 IgE antibodies showed also pathogenic features; indeed, the pathogenicity of anti-BP180 IgE antibodies has been demonstrated via an IgE hybridoma to LABD97, a component of the shed ectodomain of BP180, which was injected in severe combined immunodeficiency (SCID) mice with engrafted human skin, with consequent development in the skin grafts of eosinophil infiltration and histological subepidermal blisters resembling those of BP (35). Furthermore, the injection of total IgE isolated from two BP patients sera into human skin grafted onto athymic nude mice induced erythematous plaques reminiscent of those clinically seen in BP (36). Antibodies of the IgG class reacting against BP230, combined or not with anti-BP180 antibodies, are usually found in a smaller proportion of BP patients (37). Although the actual pathogenic role of anti-BP230 autoantibodies has been initially debated (38, 39), it has been more recently well-documented (40, 41) and IgG reactivity with intracellular epitopes of BP230 has been shown to correlate to BP severity (25).

The pathogenic mechanisms cooperating in the blister formation secondary to BP autoantibody binding to their targets are complex and may be subdivided into complement-dependent and complement-independent ones. Indeed, IgG1 have been demonstrated to start the inflammatory complement cascade leading to the recruitment of neutrophils and eosinophils in BP, and, consequently, to release of proteolytic enzymes in an experimental mouse model of BP (42). In addition to complement-mediated mechanisms, more and more evidence emerges that also complement-independent pathways play a fundamental role in BP pathogenesis. It has been postulated that there may be a direct influence of autoantibodies in adhesion functions of autoantigens. Indeed, Iwata et al. (43) disclosed that serum IgG from BP patients could deplete cultured keratinocytes of BP180 and decrease cell adhesion to the bottom of the culture plate, thus suggesting that hemidesmosomes had an insufficient adhesive function due to a reduced hemidesmosomal BP180 content. Furthermore, Ujiie et al. showed that passive transfer of BP autoantibodies caused BP180 depletion in lesional skin independently by complement deposition in neonatal C3-deficient BP180-humanized mice (44). The role of IgG4 in inducing the blister formation without complement cascade intervention has been supported by Dainichi et al., who reported two cases of IgG4-positive BP without complement activation (45). Mast cells also have been proposed to contribute to BP development and the presence of IgE autoantibodies especially in patients with urticarial lesions provided indirect support to the idea that IgE autoantibodies contribute to tissue damage and to certain distinct clinical features, most likely by triggering mast cell and basophil histamine release (19). Moreover, anti-BP180 IgG (46) and IgE (47) autoantibodies have been demonstrated to elicit the internalization of BP180 also through pinocytic mechanisms.



BLISTER FORMATION MECHANISMS: UPDATE AND NEW THEORIES


Complement Cascade

The role of classical and, to a lesser extent, alternative pathways of the complement cascade in BP blister formation is fully acknowledged (48). The strength of this assumption based mainly on in vitro and ex vivo experimental models has been recently reinforced by an observational study on a large cohort of BP patients (n = 301) showing complement deposits in 83.1% of skin biopsies (49). These authors proved also that complement deposition was related to clinical and serological disease activity. Similarly, Chiorean et al. (50) strengthened the relevance of complement activation in BP pathogenesis by substantiating that complement activation by autoantibodies ex vivo as measured by the complement-fixation assay in serum correlated to disease activity. Furthermore, Kasprick et al. (51) recently assessed the impact of a mouse monoclonal IgG2 antibody inhibiting the activation of complement component 1s (C1s), a classic complement pathway-specific serine protease, on the classic complement pathway inhibition. Using cryosections of human skin incubated with serum of BP patients and a complement source leading to complement deposition along the BMZ of skin section, the authors confirmed that this monoclonal antibody was able to block the classic complement pathway activation in this model, thus providing favorable data for further studies on anti-complement monoclonal antibodies in BP patients. On the other hand, complement-dependent mechanisms may trigger independent ones in the blister formation process. Indeed, in a recent knock-out mice and pharmacological inhibition study (52), the activated fifth component of complement (C5a) along with its receptor 1 (C5aR1) appeared to be involved in the early phase of the disease, while C5a receptor 2 (C5aR2) seemed to be protective. Thus, as soon as the inflammatory process has completely developed, reactive oxygen species (ROS) and proteases are released, particularly by neutrophils and mast cells, regardless of complement involvement (45).



Pinocytosis

In accordance with the hypothesis that anti-BP180 IgG may induce BP180 internalization from the keratinocyte cell membrane through pinocytosis (44), Tie et al. (53) showed that human keratinocytes incubated with BP IgG display dysfunctional mitochondria, increased production of ROS, and intercellular vesicle formation, leading eventually to keratinocyte detachment.



Cytokine Profile

Unlike other skin inflammatory diseases, the key cytokines orchestrating the inflammatory cell recruitment in BP lesional skin have not yet been fully elucidated. However, a recent study (17) highlighted the central role of interleukin (IL)-17A, showing that mRNA levels of IL-17A were upregulated in perilesional skin of BP patients. Moreover, using cryosection of normal human skin and in mice, the same authors showed that inhibiting IL-17 with anti-IL-17 antibodies prevented BP180 IgG-induced blister formation. In addition, in the antibody transfer mouse BP model, IL-17A levels paralleled disease severity (17). Furthermore, the contribute of TNF-related weak inducer of apoptosis (TWEAK), a member of the TNF superfamily, and TWEAK/Fibroblast growth factor-inducible 14 (Fn14) interaction in inducing blister formation in BP has been investigated by Liu et al., who showed that TWEAK serum levels correlated inversely to BP180 expression and cellular adherence. Moreover, TWEAK activation resulted to trigger inflammation via extracellular signal–regulated kinases (ERK) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathways (54).



IgE, Eosinophils, and Mast Cells

Eosinophilic lesional infiltrates and peripheral eosinophilia are well-known features of BP (55–57). High levels of cytotoxic proteins stored in the secretory granules, such as eosinophil cationic protein and major basic protein, as well as a Th2 milieu associated with augmented levels of IL-4, IL-5, and IL-13, the main cytokines involved in eosinophil biology, are usually seen both in lesional skin and serum of BP patients (55, 58). In addition, eosinophils have been recognized also as a major source of IL-31, a cytokine playing a significant role in itch-related inflammation, in BP (59). The release of matrix metalloproteinase-9 (MMP-9) and the production of ROS have been found to be one of the main events depending on eosinophil involvement (56, 60). In addition, eosinophils have been hypothesized to have a strict relationship with anti-BP180 IgE autoantibodies, whose pathogenic role in BP has increasingly recognized in recent years (61, 62). Lin et al. recently proved that eosinophils are crucial for IgE-mediated blister formation, showing that binding of anti-BP180-NC16A IgE to basal keratinocytes induced eosinophil recruitment in a humanized high-affinity IgE receptor (FcεRI) mouse model of BP (63). Moreover, the interplay between FcεRI, that have been observed to be highly expressed on eosinophils in BP patients (64), and anti-BP180 IgE resulted essential in eosinophil degranulation and consequent blister formation (63). Conceivably, FcεRI plays a fundamental role also in activation of mast cell-induced inflammation in BP lesional skin (65).



Coagulation Cascade

Eosinophils have also been demonstrated to be the main source of tissue factor (TF), an initiator of blood coagulation, in BP, representing an important link with the activation of the coagulation cascade, an ancillary mechanism contributing to blister formation. Moreover, plasma and blister fluid F1+2 prothrombin fragments (F1+2) and D-dimer levels paralleled blood and tissue eosinophilia. In turn, TF fostered the early trans-endothelial migration of eosinophils (66) and increased skin expression of adhesins and matrix metalloproteinases (67). Furthermore, blister fluid levels of eosinophilic cationic protein, a protein released during degranulation of eosinophils, positively correlated to both F1+2 and D-dimer levels (68). These findings, in conjunction with the higher expression of TF in skin biopsies of BP patients as compared to healthy controls (69, 70), outline the role of coagulation cascade in BP pathogenesis.



Regulatory T- and B-Cell Dysfunction

The essential role of Treg cells in preventing the spontaneous generation of BP autoantibodies has been recently demonstrated by Muramatsu et al. in a Stat6 (signal transducer and activator of transcription 6) gene knockout scurfy mouse model (40). The same authors identified autoantibodies to BP180 and BP230 in patients with immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome and underlined an association between anti-BP180 antibody levels and an eczematous skin phenotype (40). Moreover, the absence of Treg cells led to the appearance of histological subepidermal blisters in scurfy mice, with the production of pathogenic autoantibodies targeting BP230 (41). Consistent with these findings, Bieber et al. (71) demonstrated in pemphigoid mouse models that Treg impair the migratory capabilities of myeloid cells by downregulating their expression of β2-integrin rather than their release of ROS, thus alleviating the disease severity. In addition to Treg, also B regulatory (Breg) cells have been hypothesized to play a pathogenic role in BP. In fact, Liu et al. (72) showed that Breg cells from BP patients had a proinflammatory cytokine profile and were defective in suppressing CD4+ T cell proliferation and anti-BP180 autoantibody production, suggesting that Bregs play a pro-inflammatory role rather than a regulatory role in BP.



Neutrophils and Monocytes

In addition to the well-recognized role of lymphocytes and eosinophils, it is clearly established that a cross-talk among other immune cells, notably neutrophils and monocytes, contributes in BP pathophysiology. The role of monocyte/neutrophil interaction in blister formation has been recently investigated by de Graauw et al. (73), who have highlighted in an ex vivo BP model that monocytes enhance the capability of neutrophils to release MMP-9, thus resulting in a more pronounced pathogenic potential and dermal-epidermal splitting. In a recent study, Fang et al. (74) provided strong evidence that BP blister fluid-derived exosomes, a subtype of extracellular vesicles involved in the transmission of inflammation signaling, recruited neutrophils through the upregulation of C-X-C Motif Chemokine Ligand 8 (CXCL8).



Proteolytic Enzymes

Among proteolytic enzymes implied in blister formation, neutrophil elastase, and MMP-9 are the most studied. However, the role of other proteases, such as granzyme B is lately emerging. Although its pro-apoptotic functions in cytotoxic T lymphocyte-mediated are more well-known, Russo et al. have recently displayed that granzyme B is elevated in the context of dermal-epidermal junction of lesional BP skin and contribute to its disruption by cleaving BP180 (75).




LINKS BETWEEN BULLOUS PEMPHIGOID PATHOGENESIS AND DISEASE-RELATED COMORBIDITIES


Neurologic and Neurodegenerative Disorders

Several epidemiological studies have confirmed that patients affected by neurologic and neurodegenerative diseases, such as multiple sclerosis and Alzheimer's disease, have an increased risk of developing BP (76). Since BP180 has been described to be expressed at low levels in neuronal tissue (77), it has been argued that neurodegeneration or neuroinflammation may lead to loss of self-tolerance toward BP180 and consequent BP development. Although a certain degree of cross-reactivity between BP180 and/or BP230 brain and skin isoforms exist (78), a recent study (79) evidenced that in Alzheimer's disease and multiple sclerosis patients the autoantibodies against BP180 targeted epitopes different than those targeted in patients with BP and did not bind natively folded BP180, thus suggesting their low potential to induce BP. Future studies could investigate the role of epitope spreading phenomenon in the induction of BP (80).



Vitamin D Deficiency

A higher prevalence of vitamin D deficiency and lower 25-hydroxyvitamin D levels were found in BP patients as compared to controls by our group (81). An extended study additionally showed that 25-hydroxyvitamin D levels inversely correlated to disease severity (82). Indeed, vitamin D has been shown to have an immune regulatory function and hypovitaminosis D has been correlated to an increased risk of developing autoimmune disorders (83). Moreover, vitamin D3 has been revealed to elicit down-regulation of the BP230 gene through post-transcriptional mechanisms independently by active protein synthesis (84), while non-toxic doses of calcitriol, the hormonally active vitamin D metabolite, reduced the release of the proinflammatory cytokines IL-6 and IL-8 induced by purified human BP IgG from HaCaT cells (85). A similarly beneficial effect of calcitriol has been recently reported also in mice with experimental EBA (86).



Thrombosis

The risk of thrombosis and/or thromboembolism is augmented in BP patients (87), as witnessed by a recent multicenter cohort study showing that BP patients have a 4-fold increased risk of developing venous thromboembolism compared to the general population (88). Indeed, several studies revealed that the inflammatory response in patients with BP activated the coagulation cascade, which paralleled disease activity (66, 70, 89, 90). In particular, D-dimer and F1+2, two coagulation activation markers, have been observed to be increased in blister fluid, lesional skin and plasma (90), with F1+2 correlating to the anti-BP180 levels (89). Moreover, during remission phases, blood concentration of coagulation activation markers reverted to normal (70). Therefore, extrinsic blood coagulation pathway activation may be regarded as a contributory mechanism leading to local inflammation and blister formation in BP (79, 80, 82). Fibrinolysis resulted also inhibited in BP, chiefly due to increased plasminogen activator inhibitor type 1 (PAI-1) activity and plasma levels (91). Interestingly, the recent observation that serum levels of soluble P-selectin, a marker of platelet activation, were significantly higher in BP patients than controls led to hypothesize a role of platelets in disease pathogenesis (92).




CONCLUSION

As highlighted in this review, the pathogenesis of BP is complex, and evidence is growing that new ancillary pathomechanisms flanking the traditional ones—e.g., IgG1-mediated complement activation—may play a role in the events leading to subepithelial blister formation.



AUTHOR CONTRIBUTIONS

GG and AM designed and wrote the initial draft of the manuscript. GD, EC, EB, and MC reviewed the paper and provided critical intellectual input. All the authors approved the final version of the manuscript.



REFERENCES

 1. Amber KT, Murrell DF, Schmidt E, Joly P, Borradori L. Autoimmune subepidermal bullous diseases of the skin and mucosae: clinical features, diagnosis, and management. Clin Rev Allergy Immunol. (2018) 54:26–51. doi: 10.1007/s12016-017-8633-4

 2. Cozzani E, Gasparini G, Burlando M, Drago F, Parodi A. Atypical presentations of bullous pemphigoid: clinical and immunopathological aspects. Autoimmun Rev. (2015) 14:438–45. doi: 10.1016/j.autrev.2015.01.006

 3. Iwata H, Kitajima Y. Bullous pemphigoid: role of complement and mechanisms for blister formation within the lamina lucida. Exp Dermatol. (2013) 22:381–5. doi: 10.1111/exd.12146

 4. Labib RS, Anhalt GJ, Patel HP, Mutasim DF, Diaz LA. Molecular heterogeneity of the bullous pemphigoid antigens as detected by immunoblotting. J Immunol. (1986) 136:1231–5.

 5. Amagai M, Hashimoto T, Tajima S, Inokuchi Y, Shimizu N, Saito M, et al. Partial cDNA cloning of the 230-kD mouse bullous pemphigoid antigen by use of a human monoclonal anti-basement membrane zone antibody. J Invest Dermatol. (1990) 95:252–9. doi: 10.1111/1523-1747.ep12484863

 6. Tanaka T, Korman NJ, Shimizu H, Eady RAJ, Klaus-Kovtun V, Cehrs K, et al. Production of rabbit antibodies against carboxy-terminal epitopes encoded by bullous pemphigoid cDNA. J Invest Dermatol. (1990) 95:252–9. doi: 10.1111/1523-1747.ep12876200

 7. Meyer LJ, Taylor TB, Kadunce DP, Zone JJ. Two groups of bullous pemphigoid antigens are identified by affinity-purified antibodies. J Invest Dermatol. (1990) 94:611–6. doi: 10.1111/1523-1747.ep12876194

 8. Liu Y, Li L, Xia Y. BP180 is critical in the autoimmunity of bullous pemphigoid. Front Immunol. (2017) 8:1752. doi: 10.3389/fimmu.2017.01752

 9. Goletz S, Zillikens D, Schmidt E. Structural proteins of the dermal-epidermal junction targeted by autoantibodies in pemphigoid diseases. Exp Dermatol. (2017) 26:1154–62. doi: 10.1111/exd.13446

 10. Schmidt E, Spindler V, Eming R, Amagai M, Antonicelli F, Baines JF, et al. Meeting report of the pathogenesis of pemphigus and pemphigoid meeting in Munich, September 2016. J Invest Dermatol. (2017) 137:1199–203. doi: 10.1016/j.jid.2017.01.028

 11. Bieber K, Koga H, Nishie W. In vitro and in vivo models to investigate the pathomechanisms and novel treatments for pemphigoid diseases. Exp Dermatol. (2017) 26:1163–70. doi: 10.1111/exd.13415

 12. Delgado JC, Turbay D, Yunis EJ, Yunis JJ, Morton ED, Bhol K, et al. A common major histocompatibility complex class II allele HLA-DQB1* 0301 is present in clinical variants of pemphigoid. Proc Natl Acad Sci USA. (1996) 93:8569–71. doi: 10.1073/pnas.93.16.8569

 13. Lo Schiavo A, Ruocco E, Brancaccio G, Caccavale S, Ruocco V, Wolf R. Bullous pemphigoid: etiology, pathogenesis, and inducing factors: facts and controversies. Clin Dermatol. (2013) 31:391–9. doi: 10.1016/j.clindermatol.2013.01.006

 14. Arakawa M, Dainichi T, Ishii N, Hamada T, Karashima T, Nakama T, et al. Lesional Th17 cells and regulatory T cells in bullous pemphigoid. Exp Dermatol. (2011) 20:1022–4. doi: 10.1111/j.1600-0625.2011.01378.x

 15. Hashimoto T, Takahashi H, Sakaguchi S. Regulatory T-cell deficiency and autoimmune skin disease: beyond the scurfy mouse and immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome. J Allergy Clin Immunol. (2018) 142:1754–6. doi: 10.1016/j.jaci.2018.08.028

 16. Shlomchik MJ. Activating systemic autoimmunity: B's, T's, and tolls. Curr Opin Immunol. (2009) 21:626–33. doi: 10.1016/j.coi.2009.08.005

 17. Chakievska L, Holtsche MM, Künstner A, Goletz S, Petersen BS, Thaci D, et al. IL-17A is functionally relevant and a potential therapeutic target in bullous pemphigoid. J Autoimmun. (2019) 96:104–12. doi: 10.1016/j.jaut.2018.09.003

 18. Moriuchi R, Nishie W, Ujiie H, Natsuga K, Shimizu H. In vivo analysis of IgE autoantibodies in bullous pemphigoid: a study of 100 cases. J Dermatol Sci. (2015) 78:21–5. doi: 10.1016/j.jdermsci.2015.01.013

 19. Yayli S, Pelivani N, Beltraminelli H, Wirthmuller 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

 20. Cho Y-T, Liao S-L, Wang L-F, Chu C-Y. High serum anti-BP180 IgE levels correlate to prominent urticarial lesions in patients with bullous pemphigoid. J Dermatol Sci. (2016) 83:78–80. doi: 10.1016/j.jdermsci.2016.03.009

 21. 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) 177:141–51. doi: 10.1111/bjd.15114

 22. 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

 23. Bing L, Xiping Z, Li L, Jun P, Yi-Xia W, Min Y, et al. Levels of anti-BP180 NC16A IgE do not correlate with severity of disease in the early stages of bullous pemphigoid. Arch Dermatol Res. (2015) 307:849–54. doi: 10.1007/s00403-015-1598-3

 24. Mihai S, Chiriac MT, Herrero-González JE, Goodall M, Jefferis R, Savage COS, et al. IgG4 autoantibodies induce dermal-epidermal separation. J Cell Mol Med. (2007) 11:1117–28. doi: 10.1111/j.1582-4934.2007.00081.x

 25. Di Zenzo G, Thoma-Uszynski S, Calabresi V, Fontao L, Hofmann SC, Lacour JP, et al. Demonstration of epitope-spreading phenomena in bullous pemphigoid: results of a prospective multicenter study. J Invest Dermatol. (2011) 131:2271–80. doi: 10.1038/jid.2011.180

 26. Fairley JA, Bream M, Fullenkamp C, Syrbu S, Chen M, Messingham KN. Missing the target: characterization of bullous pemphigoid patients who are negative using the BP180 enzyme-linked immunosorbant assay. J Am Acad Dermatol. (2013) 68:395–403. doi: 10.1016/j.jaad.2012.09.012

 27. Nakama K, Koga H, Ishii N, Ohata C, Hashimoto T, Nakama T. Clinical and immunological profiles of 14 patients with bullous pemphigoid without IgG autoantibodies to the BP180 NC16A domain. JAMA Dermatol. (2018) 154:347–50. doi: 10.1001/jamadermatol.2017.5465

 28. Izumi K, Nishie W, Mai Y, Wada M, Natsuga K, Ujiie H, et al. Autoantibody profile differentiates between inflammatory and noninflammatory bullous pemphigoid. J Invest Dermatol. (2016) 136:2201–10. doi: 10.1016/j.jid.2016.06.622

 29. Imafuku K, Iwata H, Kamaguchi M, Izumi K, Natsuga K, Ujiie H, et al. Autoantibodies of non-inflammatory bullous pemphigoid hardly deplete type XVII collagen of keratinocytes. Exp Dermatol. (2017) 26:1171–4. doi: 10.1111/exd.13331

 30. Holtsche MM, Goletz S, van Beek N, Zillikens D, Benoit S, Harman K, et al. Prospective study in bullous pemphigoid: association of high serum anti-BP180 IgG levels with increased mortality and reduced Karnofsky score. Br J Dermatol. (2018) 179:918–24. doi: 10.1111/bjd.16553

 31. Liu Z, Diaz LA, Troy JL, Taylor AF, Emery DJ, Fairley JA, et al. A passive transfer model of the organ-specific autoimmune disease, bullous pemphigoid, using antibodies generated against the hemidesmosomal antigen, BP180. J Clin Invest. (1993) 92:2480–8. doi: 10.1172/JCI116856

 32. Nishie W, Sawamura D, Goto M, Ito K, Shibaki A, McMillan JR, et al. Humanization of autoantigen. Nat Med. (2007) 13:378–83. doi: 10.1038/nm1496

 33. Haase C, Büdinger L, Borradori L, Yee C, Merk HF, Yancey K, et al. Detection of IgG autoantibodies in the sera of patients with bullous and gestational pemphigoid: ELISA studies utilizing a baculovirus-encoded form of bullous pemphigoid antigen 2. J Invest Dermatol. (1998) 110:282–6. doi: 10.1046/j.1523-1747.1998.00126.x

 34. Schmidt E, Obe K, Bröcker E, Zillikens D. Serum levels of autoantibodies to BP180 correlate with disease activity in patients with bullous pemphigoid. Arch Dermatol. (2000) 136:174–8.

 35. Zone JJ, Taylor T, Hull C, Schmidt L, Meyer L. IgE basement membrane zone antibodies induce eosinophil infiltration and histological blisters in engrafted human skin on SCID mice. J Invest Dermatol. (2007) 127:1167–74. doi: 10.1038/sj.jid.5700681

 36. Fairley JA, Burnett C, Fu C, Larson D, Fleming M, Giudice G. A pathogenic role for IgE in autoimmunity: bullous pemphigoid IgE reproduces the early phase of lesion development in human skin grafted to nu/nu mice. J Invest Dermatol. (2007) 127:2605–11. doi: 10.1038/sj.jid.5700958

 37. Ludwig RJ. Bullous pemphigoid: more than one disease? J Eur Acad Dermatol Venereol. (2019) 33:459–60. doi: 10.1111/jdv.15445

 38. Kiss M, Husz S, Jánossy T, Marczinovits I, Molnár J, Korom I, et al. Experimental bullous pemphigoid generated in mice with an antigenic epitope of the human hemidesmosomal protein BP230. J Autoimmun. (2005) 24:1–10. doi: 10.1016/j.jaut.2004.09.007

 39. Feldrihan V, Licarete E, Florea F, Cristea V, Popescu O, Sitaru C, et al. IgG antibodies against immunodominant C-terminal epitopes of BP230 do not induce skin blistering in mice. Hum Immunol. (2014) 75:354–63. doi: 10.1016/j.humimm.2014.01.005

 40. Muramatsu K, Ujiie H, Kobayashi I, Nishie W, Izumi K, Ito T, et al. Regulatory T-cell dysfunction induces autoantibodies to bullous pemphigoid antigens in mice and human subjects. J Allergy Clin Immunol. (2018) 142:1818–30.e6. doi: 10.1016/j.jaci.2018.03.014

 41. Haeberle S, Wei X, Bieber K, Goletz S, Ludwig RJ, Schmidt E, et al. Regulatory T-cell deficiency leads to pathogenic bullous pemphigoid antigen 230 autoantibody and autoimmune bullous disease. J Allergy Clin Immunol. (2018) 142:1831–42.e7. doi: 10.1016/j.jaci.2018.04.006

 42. Liu Z, Giudice GJ, Swartz SJ, Fairley JA, Till GO, Troy JL, et al. The role of complement in experimental bullous pemphigoid. J Clin Invest. (1995) 95:1539–44. doi: 10.1172/JCI117826

 43. Iwata H, Kamio N, Aoyama Y, Yamamoto Y, Hirako Y, Owaribe K, et al. IgG from patients with bullous pemphigoid depletes cultured keratinocytes of the 180-kDa bullous pemphigoid antigen (type XVII collagen) and weakens cell attachment. J Invest Dermatol. (2009) 129:919–26. doi: 10.1038/jid.2008.305

 44. Ujiie H, Sasaoka T, Izumi K, Nishie W, Shinkuma S, Natsuga K, et al. Bullous pemphigoid autoantibodies directly induce blister formation without complement activation. J Immunol. (2014) 193:4415–28. doi: 10.4049/jimmunol.1400095

 45. Dainichi T, Nishie W, Yamagami Y, Sonobe H, Ujiie H, Kaku Y, et al. Bullous pemphigoid suggestive of complement-independent blister formation with anti-BP180 IgG4 autoantibodies. Br J Dermatol. (2016) 175:187–90. doi: 10.1111/bjd.14411

 46. Hiroyasu S, Ozawa T, Kobayashi H, Ishii M, Aoyama Y, Kitajima Y, et al. Bullous pemphigoid IgG induces BP180 internalization via a macropinocytic pathway. Am J Pathol. (2013) 182:828–40. doi: 10.1016/j.ajpath.2012.11.029

 47. Messingham KN, Srikantha R, DeGueme AM, Fairley JA. FcR-Independent Effects of IgE and IgG autoantibodies in bullous pemphigoid. J Immunol. (2011) 187:553–60. doi: 10.4049/jimmunol.1001753

 48. Giang J, Seelen MAJ, van Doorn MBA, Rissmann R, Prens EP, Damman J. Complement activation in inflammatory skin diseases. Front Immunol. (2018) 9:639. doi: 10.3389/fimmu.2018.00639

 49. Romeijn TR, Jonkman MF, Knoppers C, Pas HH, Diercks GFH. Complement in bullous pemphigoid: results from a large observational study. Br J Dermatol. (2017) 176:517–9. doi: 10.1111/bjd.14822

 50. Chiorean RM, Baican A, Mustafa MB, Lischka A, Leucuta DC, Feldrihan V, et al. Complement-activating capacity of autoantibodies correlates with disease activity in bullous pemphigoid patients. Front Immunol. (2018) 9:2687. doi: 10.3389/fimmu.2018.02687

 51. Kasprick A, Holtsche MM, Rose EL, Hussain S, Schmidt E, Petersen F, et al. The anti-C1s antibody TNT003 prevents complement activation in the skin induced by bullous pemphigoid autoantibodies. J Invest Dermatol. (2018) 138:458–61. doi: 10.1016/j.jid.2017.08.030

 52. Karsten CM, Beckmann T, Holtsche MM, Tillmann J, Tofern S, Schulze FS, et al. Tissue destruction in bullous pemphigoid can be complement independent and may be mitigated by C5aR2. Front Immunol. (2018) 9:488. doi: 10.3389/fimmu.2018.00488

 53. Tie D, Da X, Natsuga K, Yamada N, Yamamoto O, Morita E. Bullous pemphigoid IgG induces cell dysfunction and enhances the motility of epidermal keratinocytes via Rac1/proteasome activation. Front Immunol. (2019) 10:200. doi: 10.3389/fimmu.2019.00200

 54. Liu Y, Peng L, Li L, Liu C, Hu X, Xiao S, et al. TWEAK/Fn14 activation contributes to the pathogenesis of bullous pemphigoid. J Invest Dermatol. (2017) 137:1512–22. doi: 10.1016/j.jid.2017.03.019

 55. Simon D, Borradori L, Simon HU. Eosinophils as putative therapeutic targets in bullous pemphigoid. Exp Dermatol. (2017) 26:1187–92. doi: 10.1111/exd.13416

 56. de Graauw E, Sitaru C, Horn M, Borradori L, Yousefi S, Simon HU, et al. Evidence for a role of eosinophils in blister formation in bullous pemphigoid. Allergy Eur J Allergy Clin Immunol. (2017) 72:1105–13. doi: 10.1111/all.13131

 57. Kridin K. Peripheral eosinophilia in bullous pemphigoid: prevalence and influence on the clinical manifestation. Br J Dermatol. (2018) 179:1141–7. doi: 10.1111/bjd.16679

 58. Maurer M, Altrichter S, Schmetzer O, Scheffel J, Church MK, Metz M. Immunoglobulin E-mediated autoimmunity. Front Immunol. (2018) 9:689. doi: 10.3389/fimmu.2018.00689

 59. Rüdrich U, Gehring M, Papakonstantinou E, Illerhaus A, Engmann J, Kapp A, et al. Eosinophils are a major source of interleukin-31 in bullous pemphigoid. Acta Derm Venereol. (2018) 98:766–71. doi: 10.2340/00015555-2951

 60. Amber KT, Valdebran M, Kridin K, Grando SA. The role of eosinophils in bullous pemphigoid: a developing model of eosinophil pathogenicity in mucocutaneous disease. Front Med. (2018) 5:201. doi: 10.3389/fmed.2018.00201

 61. Dresow SK, Sitaru C, Recke A, Oostingh GJ, Zillikens D, Gibbs BF. IgE autoantibodies against the intracellular domain of BP180. Br J Dermatol. (2009) 160:429–32. doi: 10.1111/j.1365-2133.2008.08858.x

 62. Cozzani E, Gasparini G, Di Zenzo G, Parodi A. Immunoglobulin E and bullous pemphigoid. Eur J Dermatol. (2018) 28:440–8. doi: 10.1684/ejd.2018.3366

 63. Lin L, Hwang BJ, Culton DA, Li N, Burette S, Koller BH, et al. Eosinophils mediate tissue injury in the autoimmune skin disease bullous pemphigoid. J Invest Dermatol. (2018) 138:1032–43. doi: 10.1016/j.jid.2017.11.031

 64. Messingham KN, Holahan HM, Frydman AS, Fullenkamp C, Srikantha R, Fairley JA. Human eosinophils express the high affinity IgE receptor, FceRI, in bullous pemphigoid. PLoS ONE. (2014) 9:e107725. doi: 10.1371/journal.pone.0107725

 65. Fang H, Zhang Y, Li N, Wang G, Liu Z. The autoimmune skin disease bullous pemphigoid: The role of mast cells in autoantibody-induced tissue injury. Front Immunol. (2018) 9:407. doi: 10.3389/fimmu.2018.00407

 66. Marzano AV, Tedeschi A, Fanoni D, Bonanni E, Venegoni L, Berti E, et al. Activation of blood coagulation in bullous pemphigoid: Role of eosinophils, and local and systemic implications. Br J Dermatol. (2009) 160:266–72. doi: 10.1111/j.1365-2133.2008.08880.x

 67. Narbutt J, Waszczykowska E, Lukamowicz J, Sysa-Jȩdrzejowska A, Kobos J, Zebrowska A. Disturbances of the expression of metalloproteinases and their tissue inhibitors cause destruction of the basement membrane in pemphigoid. Polish J Pathol. (2006) 57:71–6.

 68. Tedeschi A, Marzano AV, Lorini M, Balice Y, Cugno M. Eosinophil cationic protein levels parallel coagulation activation in the blister fluid of patients with bullous pemphigoid. J Eur Acad Dermatol Venereol. (2015) 29:813–7. doi: 10.1111/jdv.12464

 69. Zebrowska A, Wagrowska-Danilewicz M, Danilewicz M, Wieczfinska J, Pniewska E, Zebrowski M, et al. Tissue factor in dermatitis herpetiformis and bullous pemphigoid: link between immune and coagulation system in subepidermal autoimmune bullous diseases. Mediators Inflamm. (2015) 2015:1–9. doi: 10.1155/2015/870428

 70. Cugno M, Tedeschi A, Borghi A, Bucciarelli P, Asero R, Venegoni L, et al. Activation of blood coagulation in two prototypic autoimmune skin diseases: a possible link with thrombotic risk. PLoS ONE. (2015) 10:e129456. doi: 10.1371/journal.pone.0129456

 71. Bieber K, Sun S, Witte M, Kasprick A, Beltsiou F, Behnen M, et al. Regulatory T cells suppress inflammation and blistering in pemphigoid diseases. Front Immunol. (2017) 8:1628. doi: 10.3389/fimmu.2017.01628

 72. Liu Z, Dang E, Li B, Qiao H, Jin L, Zhang J, et al. Dysfunction of CD19+CD24hiCD27+ B regulatory cells in patients with bullous pemphigoid. Sci Rep. (2018) 8:703. doi: 10.1038/s41598-018-19226-z

 73. de Graauw E, Sitaru C, Horn MP, Borradori L, Yousefi S, Simon D, et al. Monocytes enhance neutrophil-induced blister formation in an ex vivo model of bullous pemphigoid. Allergy Eur J Allergy Clin Immunol. (2018) 73:1119–30. doi: 10.1111/all.13376

 74. Fang H, Shao S, Jiang M, Dang E, Shen S, Zhang J, et al. Proinflammatory role of blister fluid-derived exosomes in bullous pemphigoid. J Pathol. (2018) 245:114–25. doi: 10.1002/path.5061

 75. Russo V, Klein T, Lim DJ, Solis N, Machado Y, Hiroyasu S, et al. Granzyme B is elevated in autoimmune blistering diseases and cleaves key anchoring proteins of the dermal-epidermal junction. Sci Rep. (2018) 8:1–11. doi: 10.1038/s41598-018-28070-0

 76. Försti AK, Huilaja L, Schmidt E, Tasanen K. Neurological and psychiatric associations in bullous pemphigoid—more than skin deep? Exp Dermatol. (2017) 26:1228–34. doi: 10.1111/exd.13401

 77. Seppänen A. Collagen XVII: a shared antigen in neurodermatological interactions? Clin Dev Immunol. (2013) 2013:240570. doi: 10.1155/2013/240570

 78. Julio TA, Vernal S, Massaro JD, Silva MC, Donadi EA, Moriguti JC, et al. Biological predictors shared by dementia and bullous pemphigoid patients point out a cross-antigenicity between BP180/BP230 brain and skin isoforms. Immunol Res. (2018) 66:567–76. doi: 10.1007/s12026-018-9028-1

 79. Tuusa J, Lindgren O, Tertsunen HM, Nishie W, Kokkonen N, Huilaja L, et al. BP180 autoantibodies target different epitopes in multiple sclerosis or Alzheimer's disease than in bullous pemphigoid. J Invest Dermatol. (2019) 139:293–9. doi: 10.1016/j.jid.2018.09.010

 80. Didona D, Di Zenzo G. Humoral epitope spreading in autoimmune bullous diseases. Front Immunol. (2018) 9:779. doi: 10.3389/fimmu.2018.00779

 81. Marzano AV, Trevisan V, Eller-Vainicher C, Cairoli E, Marchese L, Morelli V, et al. Evidence for vitamin D deficiency and increased prevalence of fractures in autoimmune bullous skin diseases. Br J Dermatol. (2012) 167:688–91. doi: 10.1111/j.1365-2133.2012.10982.x

 82. Marzano AV, Trevisan V, Cairoli E, Eller-Vainicher C, Morelli V, Spada A, et al. Vitamin D and skeletal health in autoimmune bullous skin diseases: a case control study. Orphanet J Rare Dis. (2015) 10:1–7. doi: 10.1186/s13023-015-0230-0

 83. Peelen E, Knippenberg S, Muris AH, Thewissen M, Smolders J, Tervaert JWC, et al. Effects of vitamin D on the peripheral adaptive immune system: a review. Autoimmun Rev. (2011) 10:733–43. doi: 10.1016/j.autrev.2011.05.002

 84. Yamamoto C, Tamai K, Nakano H, Matsuzaki Y, Kaneko T, Sawamura D. Vitamin D3 inhibits expression of bullous pemphigoid antigen 1 through post-transcriptional mechanism without new protein synthesis. J Dermatol Sci. (2008) 50:155–8. doi: 10.1016/j.jdermsci.2007.12.003

 85. Tukaj S, Grüner D, Tukaj C, Zillikens D, Kasperkiewicz M. Calcitriol exerts anti-inflammatory effects in keratinocytes treated with autoantibodies from a patient with bullous pemphigoid. J Eur Acad Dermatol Venereol. (2016) 30:288–92. doi: 10.1111/jdv.12929

 86. Tukaj S, Bieber K, Witte M, Ghorbanalipoor S, Schmidt E, Zillikens D, et al. Calcitriol treatment ameliorates inflammation and blistering in mouse models of epidermolysis bullosa acquisita. J Invest Dermatol. (2018) 138:301–9. doi: 10.1016/j.jid.2017.09.009

 87. Langan SM, Hubbard R, Fleming K, West J. A population-based study of acute medical conditions associated with bullous pemphigoid. Br J Dermatol. (2009) 161:1149–52. doi: 10.1111/j.1365-2133.2009.09350.x

 88. Cugno M, Marzano AV, Bucciarelli P, Balice Y, Cianchini G, Quaglino P, et al. Increased risk of venous thromboembolism in patients with bullous pemphigoid. The INVENTEP (INcidence of VENous ThromboEmbolism in bullous Pemphigoid) study. Thromb Haemost. (2016) 115:193–9. doi: 10.1038/sj.bjc.6602945

 89. Marzano AV, Tedeschi A, Spinelli D, Fanoni D, Crosti C, Cugno M. Coagulation activation in autoimmune bullous diseases. Clin Exp Immunol. (2009) 158:31–6. doi: 10.1111/j.1365-2249.2009.03989.x

 90. Marzano AV, Tedeschi A, Berti E, Fanoni D, Crosti C, Cugno M. Activation of coagulation in bullous pemphigoid and other eosinophil-related inflammatory skin diseases. Clin Exp Immunol. (2011) 165:44–50. doi: 10.1111/j.1365-2249.2011.04391.x

 91. Marzano AV, Tedeschi A, Polloni I, Crosti C, Cugno M. Prothrombotic state and impaired fibrinolysis in bullous pemphigoid, the most frequent autoimmune blistering disease. Clin Exp Immunol. (2013) 171:76–81. doi: 10.1111/j.1365-2249.2012.04674.x

 92. Bieber K, Ernst AL, Tukaj S, Holtsche MM, Schmidt E, Zillikens D, et al. Analysis of serum markers of cellular immune activation in patients with bullous pemphigoid. Exp Dermatol. (2017) 26:1248–52. doi: 10.1111/exd.13382

Conflict of Interest Statement: 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.

Copyright © 2019 Genovese, Di Zenzo, Cozzani, Berti, Cugno and Marzano. 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.












	
	REVIEW
published: 04 July 2019
doi: 10.3389/fimmu.2019.01453






[image: image2]

Platelets in Skin Autoimmune Diseases

Xiaobo Liu1,2, Christian Gorzelanny2 and Stefan W. Schneider2*


1Department of Dermatology, Medical Faculty Mannheim, University of Heidelberg, Mannheim, Germany

2Department of Dermatology and Venereology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany

Edited by:
Ralf J. Ludwig, Universität zu Lübeck, Germany

Reviewed by:
Angelo A. Manfredi, Vita-Salute San Raffaele University, Italy
 Norma Maugeri, Vita-Salute San Raffaele University, Italy
 Unni Samavedam, University of Cincinnati, United States

*Correspondence: Stefan W. Schneider, st.schneider@uke.de

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

Received: 31 March 2019
 Accepted: 10 June 2019
 Published: 04 July 2019

Citation: Liu X, Gorzelanny C and Schneider SW (2019) Platelets in Skin Autoimmune Diseases. Front. Immunol. 10:1453. doi: 10.3389/fimmu.2019.01453



Systemic lupus erythematosus (SLE), systemic sclerosis (SSc), and small vessel vasculitis are three autoimmune diseases frequently manifested in the skin. They share common pathogenic features, including production of autoantibodies, loss of tolerance to self-antigens, tissue necrosis and fibrosis, vasculopathy and activation of the coagulation system. Platelets occupy a central part within the coagulation cascade and are well-recognized for their hemostatic role. However, recent cumulative evidence implicates their additional and multifaceted immunoregulatory functions. Platelets express immune receptors and they store growth factors, cytokines, and chemokines in their granules enabling a significant contribution to inflammation. A plethora of activating triggers such as damage associated molecular patterns (DAMPs) released from damaged endothelial cells, immune complexes, or complement effector molecules can mediate platelet activation. Activated platelets further foster an inflammatory environment and the crosstalk with the endothelium and leukocytes by the release of immunoactive molecules and microparticles. Further insight into the pathogenic implications of platelet activation will pave the way for new therapeutic strategies targeting autoimmune diseases. In this review, we discuss the inflammatory functions of platelets and their mechanistic contribution to the pathophysiology of SSc, ANCA associated small vessel vasculitis and other autoimmune diseases affecting the skin.
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INTRODUCTION

Platelets are small circulating cellular fragments that originate from megakaryocytes mainly within the bone marrow (1, 2). Under physiological conditions, platelets have a short lifespan in the circulation as they are eliminated in the spleen and liver after 7–10 days. Under resting conditions, the vascular endothelium continuously prevents platelet adhesion and activation through the release of prostacyclin I2 and nitric oxide (2). Blood vessel damage or detachment of the endothelium upon injury results in the exposure of the pro-coagulant subendothelial matrix and associated perivascular cells which promote platelet activation and blood clotting. However, platelet adhesion and coagulation could also be initiated without the denudation of the endothelial cell layer. Distinct stimulatory agents such as thrombin, histamine, tumor necrosis factor (TNF-α), or CD40 ligand (CD40L, CD154) convert the endothelium into a proinflammatory and procoagulatory surface through the release of von Willebrand factor (VWF) (3–6). Secreted VWF gets immobilized on the luminal site of endothelial cells where it is activated through blood shear flow mediated stretching. These VWF fibers can rapidly interact with GPIb-IX-V on platelets, resulting in the formation of platelet decorated VWF strings (3, 7, 8). Attached platelets translocate GPIIb/IIIb to their surface to stabilize their interaction with VWF. Moreover, these procoagulant platelets expose phosphatidylserine (PS) on their membrane. Together with tissue factor and Factor VII, PS initiates the activation of the coagulation factors X (FX) and II (FII, prothrombin) (9–13). The presence of tissue factor on platelets is controversial discussed. However, more recent studies suggest its expression and its surface exposure upon activation (14, 15). Apart from tissue factor, platelets can enhance hemostasis through the presentation of P-selectin (CD62P) and lysosomal-associated membrane protein 1 and the release of FV, histamine and ADP (2, 10).

Next to their contribution to hemostasis, there is growing body of evidence indicating the action of platelets in inflammation and immune responses (1, 16–18). Moreover, recent findings point toward the significant involvement of platelets in the pathogenesis of autoimmune diseases (7, 19, 20). This review will describe platelet immune functions, and highlight the implication of platelets in the pathogenic mechanisms of autoimmune disorders with frequent but not limited manifestations in the skin. We will in particular focus on systemic lupus erythematosus (SLE), systemic sclerosis (SSc) and antineutrophil cytoplasmic antibody-associated small vessel vasculitis (AAVs).



INFLAMMATORY FUNCTIONS OF PLATELET

Upon activation, platelets shed microparticles and they release potent immune modulatory mediators stored in their granules, including proinflammatory cytokines and chemokines (e.g., IL-1ß, TGF-ß, PF4, and PDGF). Platelets are also able to present a number of adhesion (e.g., GPIb-IX-V and P-selectin) and immune receptors (e.g., toll-like or Fc receptors) for prompt responses to the external environment. These receptors enable platelets to interact with activated vascular endothelial cells and immune cells, such as neutrophils, monocytes and lymphocytes. Context dependent, these interactions may tune hemostatic and immune responses, including the activation of the complement system. Figure 1 summarizes various molecules mediating platelet functions in autoimmune diseases.
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FIGURE 1. Schematic overview of distinct molecules that tune the function of platelets in autoimmune diseases. Relevant molecules has been categorized into platelet activators, soluble factors released from platelets upon activation, surface receptors that mediate the interaction with other cells and receptors that trigger platelet adhesion and activation.




Platelet Granules and Platelet Derived Microparticles (PMPs)

There are three types of platelet granules: α-granule, dense granule and lysomal granule. Upon platelet stimulation, granules undergo rapid secretion of their contents into the extracellular space.

The most plentiful (40–80 per platelet) and largest platelet granules (200–400 nm) are α-granules (18). They store almost 300 different proteins, including chemokines, cytokines, growth factors, and adhesion receptors (21–23). However, it is of note that the release of these bioactive substances is not random but dependent on the stimulus (20). Recent observations suggest that platelets contain distinct subpopulations of α-granules which facilitate the differential release of specific α-granule components during platelet activation (24, 25). These secretion products do not only contribute to hemostasis and thrombosis but do also play a potential role as immune mediator by amplifying inflammatory responses (16). Several α-granule derived molecules are frequently reported in the context of skin autoimmune diseases, such as complement factors, CD40L, platelet factor 4 (PF4, also known as CXCL4), and P-selectin (19, 20, 26).

The complement is a complex innate immune system for pathogen defense. The dysregulation of the complement mediates excessive inflammation and tissue injury (27–30). Interestingly, platelet α-granules contain a broad spectrum of complement molecules (31–33). For example, platelets store C3, C4, and factor D which are important components of the complement cascades (31, 34). Also complement attenuating factors C1 inhibitor, CD55, and CD59 are secreted upon platelet activation (35).

CD40L is a transmembrane protein of the TNF superfamily. Under quiescent conditions, CD40L is stored in α-granule whereas it gets exposed on the surface during platelet activations. Upon shedding, CD40L could be released as soluble protein (sCD40L) with cytokine-like activities. CD40L interacts with CD40 on dendritic cells (DCs), B cells and T cells, inducing DC maturation (36), T cell activation (37, 38), B cell isotype switching and antibody production (39). This suggests a significant role of the CD40-CD40L axis in regulating the innate and adaptive immune responses (40). Platelet derived CD40L has also been shown to induce tissue factor expression in monocytes (40), which contributes to the activation of the extrinsic coagulation cascade. Moreover, platelet CD40L can bind to CD40 on endothelial cells, inducing the up-regulation of adhesion molecules (E-selectin, VCAM-1, and ICAM-1), chemokines (IL-8 and CCL2) secretion (22, 41), and VWF release (6). Thus, CD40-CD40L signaling further promotes the adhesion and extravasation of leukocytes at the site of platelet activation. Interestingly, constitutive expression of CD40 at the surface of platelets can further mediate platelet CD62P expression and granule release after perception of CD40L (42).

PF4 is one of the most abundant cytokines in α-granules and it is a potent antiangiogenic chemokine (43). In addition, PF4 induces the release of proinflammatory cytokines from leukocytes and promotes neutrophil chemotaxis (44, 45).

α granules contain also P-selectin a glycosylated transmembrane protein (46) recognizing carbohydrate moieties comparabler to C-type lectins. Similar to CD40L, P-selectin is translocated during platelet activation to the surface membrane or secreted into the plasma as soluble P-selectin (sP-selectin). P-selectin is a key adhesion molecule supporting the close interaction with other immune cells (20, 22, 47). P-selectin ligand-1 (PSGL-1) is the major receptor for P-selectin and it is expressed mainly on neutrophils and monocytes (48, 49). The cross-linking between P-selectin and its corresponding ligand PSGL-1 plays a pivotal role in the formation of platelet-leukocyte aggregates (50, 51) and in the upregulation of tissue factor expression on monocyte (52). P-selectin-PSGL-1 stimulated platelets could further activate neutrophils to form neutrophil extracellular traps (NETs) (53). However, the impact of P-selectin to induce NET formation remains controversial. Results reported by Clark et.al and Maugeri et.al indicate that P-selectin is dispensable for NET generation (54, 55). NETs reversely enhance blood coagulation by direct interaction with VWF (56) and through platelet activation (57, 58). In addition, platelets which are tethered on endothelial cells act as a bridge to promote the adhesion of neutrophils on the blood vessel wall through P-selectin (59).

Dense granules, smaller and less abundant than α-granules, store small non-protein molecules, such as ADP, ATP, serotonin (5-HT), and calcium (2, 16). Platelet dense-granule secretion plays a critical role in the amplification of platelets responses and thrombosis (60). As a platelet agonist, serotonin can modulate autocrine and paracrine platelet aggregation through the interaction of serotonin receptor on platelets (61). In line with this, a variety of immunomodulatory functions of serotonin have been reported, including recruitment of neutrophils to the site of inflammation, stimulation of chemokine secretion by monocyte and T cell proliferation (62, 63).

In parallel, activated platelets release microparticles by shedding of the plasma membrane (64). PMPs have diameters ranging from 0.1 to 1 μm, which are marked by the expression of surface CD41 (64, 65). Although various cellular lineages are able to release membrane microparticles, PMPs make up the main source in human circulation (65). Diverse platelet components are presented in PMPs, including transcription factors, cytokines, growth factors, lipid mediators, nucleic acid, lipid mediators, and mitochondria (25, 65, 66). Due to the size of PMPs, PMPs have been shown to selectively infiltrate tissues and deliver these bioactive factors to recipient cells, triggering inflammation and thrombosis (26, 64, 67, 68). For example, PMPs deliver CD40L to B cells, inducing efficient B cell response and antibody production (26, 69). Similarly to activated platelets, PMPs bear negatively charged PS and potentially TF on their surface, which supports coagulation via the activation of FX and prothrombin (70, 71). In addition, PMPs have the ability to directly attach to fibrin and enhance the local production of thrombin which further amplifies the thrombus formation (70, 72).



Platelet Receptors

Platelet has a variety of surface receptors, and the majority of these receptors trigger either platelet activation or platelet adhesion. For example, Platelet glycoprotein complex GPIb-IX-V enables platelet binding to subendothelial and luminal exposed VWF even under high shear stress (73, 74). This interaction is further enforced by collagen or fibrinogen through the platelet receptors GPVI, and integrin α2β1 or integrin αIIbβ3, respectively (2, 73).

Classic hemostatic agonists (thrombin and ADP) not only mediate hemostasis, but are also directly linked to inflammatory receptor mediated signaling pathways. The Gaq-coupled protease-activated receptors PAR1 and PAR4 are the two main thrombin receptors on platelets (75). Signaling through these receptors stimulates the Rho-associated protein kinase and phospholipase Cβ, leading to further downstream protein kinase C (PKC) activation and Ca2+ release (2, 76). ADP is another potent platelet activator and can be secreted from dense granules upon platelet activation. On the membrane of platelets, the two purinergic receptors P2Y1 and P2Y12 are expressed, coupling to Gqα and Giα, respectively (77). Signaling via P2Y1 mediates PKC activation, Ca2+ release into the cytoplasm and induces platelet shape change (78). P2Y12 stimulates phosphoinositide3-kinases activation which triggers platelets granule secretion and aggregation (2, 78). Interestingly, PAR signaling promotes also the release of ADP (79, 80), linking these two pathways and enabling autocrine platelet activation. Clopidogrel, a common used drug to prevent heart disease and stroke, blocks the P2Y12 on platelets explaining its high efficacy.

Platelets could also directly recognize immunoglobulins and immune complexes (IC) through the Fc receptor FcγRIIA (81, 82). IC binding to FcγRIIA induces platelet hypersensitivity to thrombin stimuli (83). In addition, FcγRIIA activation can also support platelets serotonin release (84).

Toll-like receptors (TLRs) are another group of immunoreceptors expressed on platelets, which enable platelets to recognize endogenous damage associated molecular patterns (DAMPs) and pathogen associated molecular patterns (85, 86). TLR4 is the most abundantly expressed TLR on platelets and it can detect ligands such as lipopolysaccharide (LPS) and high mobility group protein B1(HMGB1) (87). In this context, Clark et al. reported that LPS induces platelet binding to adherent neutrophils, resulting in neutrophil activation and the formation of NETs (54).

Finally, platelets express several complement receptors (CR) (31). Among them, receptors C3aR and C5aR recognize the strong proinflammatory complement effectors C3a and C5a (88). These two receptors have low expression levels on resting platelets but their expression is increased upon inflammatory stimulation (88, 89). Notably, P-selectin contains nine consensus domains which are common to the structural motif of CRs (90). Therefore, apart from its function as adhesion molecule, P-selectin may also mediate complement effector binding to the surface of platelets to support complement activation (90). Moreover, the surface expression of C1q receptors on platelets has been linked to the initiation of the classical complement pathway activation (91–93).




PLATELETS ROLE IN SKIN AUTOIMMUNE DISEASES


Systemic Lupus Erythematosus (SLE)

Systemic lupus erythematosus is a chronic autoimmune disease characterized by systemic inflammation in many different organs. SLE is also associated with thrombotic complications and increased cardiovascular morbidity (94, 95). A wide range of research on the pathogenesis of SLE focus on the formation of autoantibodies and autoantibody induced IC, as well as the dysregulation of lymphocyte function and activation of the complement system (95). However, platelets also play an important role in inflammatory activity and immune response. Growing evidence indicates that platelets are activated in SLE patients and contribute to the pathogenesis of SLE (25, 26). Moreover, thrombocytopenia is a common hematologic manifestation in SLE and associated with severe SLE abnormalities such as neurological abnormality and kidney injury (96, 97). As a promoter of complement activation, the presence of antiphospholipid antibodies (aPLs) is often detected in the patients with thrombocytopenia. The mean platelet volume (MPV) is widely used for assessing platelet activation in various inflammatory conditions. However, the current literature on MPV in SLE is contradictory and the usefulness of MPV as a biomarker in SLE still need to be explored (20, 98–101). On the molecular level, the production of thromboxane, P-selection expression and the release of sCD40L, PMPs and β-thromboglobulin have been reported as markers for platelet activation. Their levels are increased in SLE patients and associated with an increased risk of thrombotic events (102–108). The role of platelets in the SLE pathophysiology is depicted in Figure 2.
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FIGURE 2. Platelet activation and subsequent effects in SLE. ICs and DAMPs (e.g., HMGB1 or S100A8/9), both enriched in the blood of SLE patients, activate platelets through binding to platelet surface receptors FcγRIIA and TLRs. ICs further induce the complement system activation leading to the deposition of complement fragments (e.g., C1q,C4d, MAC) on the platelet surface which in turn further potentiates platelet activation. Activated platelets release their contents such as IL-1β, sCD40L, and serotonin. These factors mediate the up-regulation of adhesion molecules (e.g., E-selectin, VCAM-1, and ICAM-1) on endothelial cells, promoting the adhesion of immune cells. In addition, sCD40L and serotonin can stimulate the release of VWF from endothelial cells, but also support B cell and T cell activation. VWF mediated trapping and activation of platelets initiate coagulation which may further foster the activity of the complement system building a positive feedback loop.



Several pro-inflammatory mediators are responsible for platelet activation in SLE patients. Among them, DAMPs such as HMGB1, or S100A8/9, both enriched in the blood of SLE patients (109–111), might have the potential to trigger platelet activation through TLR4 signaling. Platelet activation is also mediated by the recognition of SLE-associated ICs through FcγRIIA receptors (25). In addition, TLRs (TLR7, TLR9) exposed at the platelet surface bind to RNA-containing ICs or nucleic acid (ssRNA, dsDNA), contributing to platelets activation (112). ICs are frequently formed by aPLs on the surface of platelets (in almost 40% of the SLE patients) (113, 114). Those platelet-bound ICs could be detected by the complement system mediating the deposition of C4d and the formation of the membrane attack complex (MAC) on the platelets' surface (113, 115). As mentioned above, platelets actively contribute to the complement cascade through the production of several complement factors including C1q, C3, and C4. These complement effectors in turn potentiate the impact of platelets on inflammation (32). For example, MAC promotes platelets to release proinflammatory mediators such as serotonin, thromboxane and β-thromboglobulin stored in their granules (116, 117). Fixation of C4d on the platelet surface supports platelet aggregation and platelet interactions with monocytes and endothelial cells in the context of venous thrombosis (31, 32, 113, 115). Platelets marked with C4d are detected in almost 20% of patients with SLE suggesting C4d positive platelets as a prognostic biomarker (113, 115, 118). The deeply interwoven connection between the complement system and the coagulation (119, 120) has been emphasized by the work of Kölm et al. (121). In their recent study it was demonstrated that VWF bind to C1q and that the C1q-VWF complexes induce platelet adhesion in correlation with the frequently observed thrombotic events in SLE patients (121).

Next to the involvement of the complement system, ICs were shown to mediate the release of serotonin (84, 122, 123), PMPs (108, 124), and IL-1β (106) from platelets. Released serotonin disturbs the endothelial barrier in SLE promoting an increase in vascular permeability (25, 125). Serotonin also has a major effect on T cell activation and proliferation through the interaction with the lymphocyte 5-HT7 receptor (63). Beside serotonin, SLE patients display higher concentrations of PMPs. A study involving 60 SLE patients shows that platelets are the main source of circulating microparticles in SLE (124). Interestingly, those PMPs are C1q+ and can form IC with IgG and IgM (124). Levels of PMPs IgM conjunctions are negatively correlated with SLE severity (124). In contrast, levels of IgG+ PMPs are positively associated with SLE activity (124). IgM autoantibodies bind to apoptotic cells in patients with inactive SLE and may facilitate non-inflammatory removal of PMPs by monocytes or macrophages (124, 126). However, the PMPs-IgG+ stimulate monocytes promoting the expression and release of pro-inflammatory cytokines such as IL-1β, TNF-α, and IFN-α (124). Additionally, IL-1β can also be released from activated platelets. IL-1β induces the expression of NFκB driven inflammatory genes, such as, IL-6 IL-8 and ICAM-1 in endothelial cells which in turn mediates immune cells recruitment and immune-thrombotic complications (106, 127). Endothelial activation could also be directly triggered through platelet derived CD40L (6, 41). This acute activation is characterized by Weibel-Palade body exocytosis, release of VWF multimers and thus the rapid recruitment of further platelets which promotes the sequestration of circulating monocytes by the P-selectin-PSGL-1 interaction (128).

Activated platelets also contribute to the regulation of adaptive immune responses. Platelets are the major source of sCD40L in the circulation (25, 105) and the CD40L signaling through its receptor CD40 on B cells and T cells lead to immunoglobulin IgG and IgM synthesis and the germinal center reaction (38, 39). As reported by several groups, the CD40/CD40L axis promotes DC maturation and IFNα secretion (36). IFNα is a key cytokine in the pathogenesis of SLE indicated by increased levels of the IFNα regulated proteins PRKRA, IFITM1 and CD69 in platelets from SLE patients. The up-regulation of the IFNα system is strongly associated with vascular disease in SLE (20, 129).



Systemic Sclerosis (SSc)

SSc is an autoimmune disease characterized by excessive connective tissue deposition and fibrosis, vasculopathy and a dysregulated immune system (130, 131). Enhanced platelet activation and aggregation can be observed in patients suffering from SSc (131–133). Ischemia reperfusion alternation associated with Raynaud's phenomenon in fingers is frequently the first manifestation of SSc (132). Ischemia-reperfusion injury promotes endothelial cell damage, which results in the release of reactive oxygen species (ROS), DAMPs, the activation of the complement and the exposure of collagen to the blood flow (134–137). This inflammatory environment stimulates platelet recruitment and activation. Similar to SLE, the presence of aPLs related ICs could further promote hypersensitivity of platelets (138). In this context, a specific increase in the number of platelet non-integrin type I collagen receptor was detected in SSc patient's platelets (139). This may explain the accelerated aggregation status of SSc patients' platelets when exposed to collagen. The pathophysiological role of platelet in SSc is shown in Figure 3.
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FIGURE 3. The role of platelets in SSc pathophysiology. Ischemia-reperfusion injury associated endothelial cell damage induces platelet activation. Similar to SLE, the presence of ICs could promote hypersensitivity of platelets and complement activation. Activated platelets release their profibrotic mediators such as TGF-β, serotonin and PDGF, and these factors stimulate connective tissue fibroblasts proliferation and increase collagen production. In addition, both HMGB1 released from platelets and complement activation can support NET formation and ROS release, which further mediates vascular endothelial dysfunction. Apart from NETs, platelets derived PF4 activates endothelial cells and induces SSc associated vascular damage. Activated platelets also release sCD40L to active B cells through CD40 signaling, which leads to B cell auto-antibody production. Moreover, sCD40L and serotonin can promote the maturation of myeloid DCs, followed by IFN production and further B cell activation.



Extensive experimental evidence supports the notion that platelets participate in the fibrotic process mainly by releasing profibrotic mediators (131, 140). Transforming growth factor β (TGF-β) and platelet-derived growth factors (PDGFs) are thought to be the central pathogenic profibrotic mediators. Activation of the TGF-β pro-fibrotic signaling pathway has long been implicated in fibrotic diseases, including SSc (141, 142). Circulating platelets contain high concentrations (about 40–100 times higher compared to other cells) of TGF-β in their α-granules and release it rapidly upon activation (143–145). Several studies showed that TGFβ plays a pivotal role in extracellular matrix remodeling through the control of the collagen synthesis, as well as secretion of fibronectin and thrombospondin-1 (141, 146). Notably, TGF-β stimulates the production of a plethora of secondary mediators from fibroblasts, such as connective tissue growth factor and endothelin-1, modulating the downstream fibrotic signaling activation (141, 147, 148). Similar to TGF-β, activated platelets can also release PDGF, which is able to stimulate connective tissue fibroblasts proliferation and increase collagen production (131, 149). A study revealed that PDGF-A is increased in the dermal interstitial blister fluid of SSc patients (150) and blockade of PDGF receptors by Crenolanib is effective in reducing skin fibrosis in preclinical models of SSc (151). Additionally, Nintedanib, a tyrosine kinase inhibitor, inhibits the PDGF and TGF-β induced activation of SSc fibroblasts and prevents the onset of the disease in different mouse models (152, 153). As mentioned above, platelets are the main source of serotonin in the circulation and the profibrotic role of serotonin has received significant attention recently (154). Serotonin could enhance collagen production in fibroblasts through the 5HT-2B receptor, which is over expressed in SSc patients' skin (154). Platelets in SSc further contribute to skin fibrosis because they interact with dermal microvascular endothelial cell which induces the subsequent secretion of profibrotic mediators such as thymic stromal lymphopoietin (155).

The involvement of the endothelium in patients suffering from SSc is mirrored by an increased risk of vascular disease such as Raynaud's phenomenon, pulmonary arterial hypertension, ischemic ulcer due to vascular damage, renal and cardiac disease (131, 156). Several mechanisms have been suggested to explain the role of platelets in SSc associated vasculopathy. Experimental data have shown that platelets derived PF4 could enhance the expression of thrombospondin-1 and promote endothelin-1 secretion from human endothelial cells, resulting in an inflammatory phenotype of endothelial cells and SSc associated vascular damage (157). Similarly to SLE, the existence of PMP is abundant in the blood of SSC patients, especially HMGB1-associated PMPs (158–160). HMGB1 released from activated platelets in SSc patients, sustains autophagy associated activation of neutrophils in SSc and commits them to generate NETs, leading to vascular endothelium dysfunction (158). Recent studies suggest that antiangiogenic factors such as VEGF165b, together with proinflammatory (CD40L) and profibrotic (TGF-β) factors secreted by platelets, can contribute to the progression of peripheral microvascular damage and defective vascular repair in SSc (161).

It is becoming increasingly clear that platelets act as key regulators of the immune response participating in the pathogenesis of SSc. A large array of proinflammatory mediators are either synthesized within platelets or stored in the granules and released upon activation. Platelets derived CCL5, PF4, CXCL5, and leukotriene-B4 hold important leukocyte chemoattractant properties, recruiting neutrophils, monocytes, and fibroblasts to the site of inflammation, which in turn amplify local inflammatory reactions (132, 162). What is more, it has been shown that PF4-activated monocytes trigger ROS production and the release of the procoagulant VWF in endothelial cells (163). Also P-selectin translocates to the platelet membrane and forms an adhesive bridge between endothelial cells and neutrophils, monocytes and T cells, thereby facilitating the formation of heterotypic platelet-leukocyte aggregates on the surface of blood vessel (162). Activated platelets express and release sCD40L which accounts for almost 90% of circulating sCD40L (164). The interaction between sCD40L and CD40 on B cells leads to increased immumoglobulins production and B cell proliferation, highlighting the remarkable role of platelets in the regulation of adaptive immune response (39). Another important SSc related immune mediator is serotonin (63). Apart from the role in the regulation of collagen production, serotonin also enhances T cell activation and proliferation through 5-HT7 receptor signaling (165). Some studies also suggest the immunomodulatory properties of serotonin through the maturation of myeloid DCs (166) and the regulation of the production of proinflammatory mediators such as IL-6 and TNF-α from monocyte (167).



Antineutrophil Cytoplasmic Antibody (ANCA)—Associated Small Vessel Vasculitis

Vasculitis represents a group of complex diseases with the pathology of blood vessel wall inflammation (168, 169). Based on the size of vessels involved, vasculitis is categorized by large, medium, and small vessel vasculitis (170). The pathogenesis of vasculitis remains incompletely understood and few studies reported about the role of platelet in large vessel vasculitis. Our review will focus on ANCA-associated small vessel vasculitis (AAVs), which are characterized by the inflammatory cell infiltration of small sized vessel walls in multiple organ systems (171). AAVs also display a broad variety of cutaneous manifestations, including tissue necrosis, and vascular destruction (172). The neutrophil derived proteins myeloperoxidase and proteinase 3 are the main target antigens of ANCA (173). Platelets are first responders during vascular injury and they are inflammatory effector cells closely correlated with the activity of vasculitis (7, 174). In line with that PMPs containing proinflammatory cytokines are increased in AAVs patients and supposed to trigger an acute inflammatory state in AAVs (175). Figure 4 summarizes the platelet activation and subsequent effects in AAVs.
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FIGURE 4. Platelets involvement in the pathogenesis of AAVs. Neutrophils play a crucial role in the development of AAVs. Platelet receptors CD40L and P-selectin enable the interaction with neutrophils promoting ROS generation and NET formation. ROS and NETs are toxic to the endothelium and can lead to VWF release and vascular injury. VWF is well-known to mediate platelets adhesion and aggregation. Similar to neutrophils, sCD40L-CD40 can also mediate platelet -endothelial cell interaction, which can enhance the expression of endothelial cell adhesion proteins (e.g., E-selectin, VCAM-1, and ICAM-1). C5a, a chemoattractant anaphylatoxin, can directly attract and activate neutrophils promoting the exposure of tissue factor. Tissue factor initiates the plasmatic coagulation which culminates in the generation of thrombin. Thrombin is able to further activate platelets and endothelial cells through PAR signaling pathway, followed by platelet degranulation and VWF release. In addition, C5a can also directly active endothelial cells accelerating vascular injury.



CD40 and CD40L are expressed on endothelial cells, platelets and epithelial cells and their signaling mediates several processes of vascular inflammation. sCD40L-CD40 mediated platelet-endothelial cell interaction, induces cytokine and growth factors production (such as IL-1β, TNF-α, IL-2, VEGF) in endothelial cells and enhance the expression of endothelial cell adhesion proteins (such as ICAM-1, VCAM-1, P-selectin) (40, 41). This further leads to the recruitment of neutrophils and lymphocytes to the site of injury. sCD40L also enhances endothelial expression of tissue factor (176) and contributes to the endothelial dysfunction through ROS generation (177, 178). Neutrophils are strong mediators of the pathogenesis of AAVs. sCD40L can also directly activate neutrophils, mediating ROS release (179) and macrophage 1 antigen (CD11b/CD18) expression (180). Notably, activated platelets can stimulate NET formation by the release of sP-selectin (53). In turn, NET fibers could bind platelets supporting their aggregation (181). Additionally, NET components, such as histones, can further stimulate platelet and endothelial cell activation (181–183). Blocking of neutrophil PSGL-1 completely inhibits the activated platelet mediated NET formation (53). Similar to SLE and SSc, the development of vasculitis is at least partially related to the activity of the complement system (184). The activation of the complement alternative pathway both in the fluid phase and on the surface of platelets leads to MAC deposition on platelets and generation of the inflammatory factors C3a and C5a (185). Both complement effector molecules elicit the expression of cellular adhesion molecules such E-selectin, ICAM-1, and VCAM-1 on endothelial cells and the production of cytokines/chemokines and related receptors (such as VEGFC-R, IL-6R, IL-18R) (186). Because of the presence of C3aR and C5aR on platelets surface, C3a and C5a can also promote the activation of platelets, supporting coagulation and inflammation in AAVs (32, 185). C5a may also trigger the release of tissue factor expressing microparticles and ROS from ANCA sensitized neutrophils (187). Tissue factor, as a pivotal part of the coagulation cascade, catalyzes the generation of thrombin, indicating again the close connection between the complement and the coagulation system. Thrombin activates platelets promoting platelet degranulation and the release of P-selectin. In addition, thrombin can also induce the release of VWF from the endothelium mediating platelet adhesion and aggregation amplifying the cross-talk between coagulation and the innate immune system.



Other Skin Autoimmune Diseases

A limited number of studies have reported on the potential involvement of platelets in other skin autoimmune diseases such as chronic urticarial (CU), vitiligo, bullous pemphigoid (BP), and psoriasis.

In CU patients the assessment of MPV as a supposed marker for platelet activation provided conflicting results (188–190). Contradiction might have been due to the variations in patients' selection, the stage of the disease and patients' disorders (such as obesity and diabetes) during the laboratory analysis (20, 191).

Some studies investigated the intradermal injection of platelet rich plasma (PRP) into vitiligo patients (192). PRP is an autologous blood-derived product with enriched platelets and high concentration of growth factors secreted from platelet α –granules (193, 194). These factors can stimulate melanocyte migration and promote keratinocytes proliferation. Several research groups reported the combination of PRP treatment with narrowband–ultraviolet B phototherapy or exposure to fractional CO2 laser light results in a significant improvement in repigmentation, improving patient compliance (194–196). However, the limitations of those studies are the small sample size and short follow-up periods.

BP is a common autoimmune bullous disease, characterized by autoantibodies directed against hemidesmosomal proteins (BP180 and BP320) of the skin followed by subepidermal blistering (197). The pathogenesis of BP is not fully understood, and the majority of research that has previously address the pathogenesis of BP focused on the immune response caused by autoantibodies. Research about the role of platelet in BP is scarce. A study found significantly higher number of eosinophil and MPV values in BP patients, pointing to a disease related platelet activation (198). Another study discovered increased levels of sP-selectin in BP patients suggesting also a potential platelet activation (199). However, further studies are required to better understand the contribution of platelets on BP.

Psoriasis is a chronic autoimmune-mediated skin disease characterized by red scaly plaques. Some previous studies showed a close association between platelets activation and psoriasis activity. In vitro, platelets from psoriasis patients are more sensitive to thrombin and ADP (200, 201). In line with this increased sensitivity, plasma levels of platelet activation markers such as ß-thromboglobulin, PF4, PMPs and sP-selectin were also elevated in psoriasis patients (202, 203). Another recent study evaluated 320 patients with psoriasis vulgaris and found that the mass of platelets is increased in the affected patients (204). Interestingly, platelet activation was also attributed to the increased endogenous antimicrobial cathelicidin LL37 in psoriasis patients (205). In platelet, LL37 can induce enhanced fibrinogen binding, p-selectin exposure and Ca2+ mobilization (206). In a murine psoriasis model, the P-selectin/PSGL-1 interaction was shown to promote the formation of platelet-leukocyte aggregates and to favor leukocyte rolling in murine skin microvasculature (207). Similarly, Teague et al. showed a disease severity dependent interaction between low density of neutrophils and platelets in psoriasis patients (208).



Platelets as Potential Biomarker for Monitoring and Diagnosis of Skin Autoimmune Diseases

Platelet derived components and platelet indices can potentially be used to monitor and diagnose autoimmune diseases. In SLE, the serum or plasma levels of platelet associated molecules, such as HMGB1, S100A8/A9, sCD40L, and CCL5 as well as platelet derived PMPs harboring IgGs have been shown to correlate with the SLE disease activity index (SLEDAI) score (105, 110, 124, 209, 210). Lood et al. have recently correlated platelet derived S100A8/A9 with cardiovascular complications in SLE patients (109). Apart from platelet released molecules also the presentation of P-selectin at the surface of platelets has been associated with the severity of SLE (106). Next to an active P-selectin exposure, also the deposition of C4d on the platelet surface has been correlated to the occurrence of aPL-related venous thrombosis and to the SLEDAI score (115, 211). Notably, in a cross-sectional study of 105 patients with SLE, the authors reported that compared with healthy individuals, platelet C4d was 100% specific for SLE patients (115). As further demonstrated in a retrospective cohort study, platelet C4d is significantly associated with all-cause mortality and ischemic stroke in SLE patients (211). Therefore, C4d bound platelet can be used as a reliably biomarker for SLE and a predictor for thrombotic events in SLE patients.

In SSc, the levels of platelet released mediator such as serotonin, sCD40L, sP-selectin, HMGB1, and PDGF have been connected to the severity of the SSc related fibrosis or vasculopathy (151, 154, 212–214). Moreover, increased numbers of PMPs have also been observed in SSc patients (158). These few reports suggest the potential usage of platelets and platelet associated compounds as prognostic biomarker, however further validating research is required.

Tomasson et al. reported that sP-selectin and sCD40L released by platelets are positively associated with vasculitic activities (215). Platelet counts are increased in the active stage of AAVs, which can be used to distinguish active disease from acute systemic infections (176). In line with SLE, SSC, and AAV, elevated sP-selectin levels were also previously detected by several groups in patients with CU, especially in autologous plasma skin test positive patients and those which are aspirin-intolerant (216). In addition, the sP-selectin levels correlated positively with the urticarial severity score (217), indicating platelet activation as a possible indicator of the CU disease activity. In psoriasis, several studies reported that the plasma PMPs and P-selectin levels were significantly correlated with the psoriasis area and the severity index (PASI) score (203, 218). Recently, Raghavan et al. proposed a strong correlation between the PASI score and MPV values and platelet counts (219). However, further research is required to confirm the usability of platelet related parameters for the diagnosis and the monitoring of AAV, CU, and psoriasis.



Platelets as Therapeutic Targets in Skin Autoimmune Diseases and Future Perspectives

A number of small molecule inhibitors and monoclonal antibodies have been developed to target platelet activation in skin autoimmune diseases. For example, hydroxychloroquine (HCQ) is an antimalarial compound that provides an effective treatment (220) in all types of Lupus erythematodes. One beneficial mechanism of HCQ therapy is the inhibition of platelet aggregation and degranulation (221, 222). HCQ mediated platelet inhibition is also effective for the treatment of SSc (223). Another therapeutic option to block platelet activation is the use of the P2Y12 receptor inhibitor clopidogrel (224). Several studies reported that in lupus-prone mice clopidogrel treatment inhibits the release of platelet derived sCD40L and P-selectin (36, 225). In SSc mice models, clopidogrel has been shown to decrease fibrosis (154). However, one study reported that a standard dose of clopidogrel (75 mg) inhibits platelet activation in SSc patients but had no effect on plasma serotonin levels. Clopidogrel treatment even led to a significant increase in soluble VCAM-1, indicating endothelial dysfunction as adverse effect (226). Additionally, fibrosis has been successfully managed in an SSc murine model using the serotonin receptor inhibitors terguride, cyproheptadine, and SB 204741 (154, 227). Dapirolizumab is an anti-CD40L Fab antibody fragment and currently evaluated in a phase 2 clinical trial (228). The treatment exhibit an excellent tolerance profile and convincing clinical efficacy in SLE patients. Notably, no thromboembolic adverse events occurred in the phase 1 clinical trial (228). CD40L signaling is also inhibited by Statins, because this class of small molecular compounds is able to reduce the CD40L content in platelets and thus sCD40L levels (229, 230). Therefore, treatment of SLE patients with statins can decrease platelets thrombotic activities (231). Platelet inhibition as therapy of AAV has to our knowledge never been investigated. Figure 5 summarizes current treatment options targeting platelets in skin autoimmune diseases.
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FIGURE 5. Platelets as therapeutic targets in skin autoimmune disease. Several treatments that interfere with the pathophysiological activity of platelets in skin autoimmune diseases have been proposed. HCQ inhibits platelet aggregation and degranulation. Clopidogrel is a P2Y12 receptor inhibitor preventing the release of platelet derived sCD40L and P-selectin. Dapirolizumab is a monoclonal antibody specifically blocking sCD40L functions. Statins are supposed to affect the thrombotic activities of platelets and to decrease the plasma levels of sCD40L.



As future perspectives, several potential treatment options targeting platelet components or preventing platelet activation might be worth to be investigated. For instance, because P-selectin plays an important role in the pathogenesis of autoimmune diseases, Inclacumab, a novel monoclonal antibody against P-selectin (232), might be considered for the treatment of skin autoimmune diseases in future. As discussed in the previous section, C4d deposition on platelets was found to be highly specific for the diagnosis of SLE, and C4d positive platelets are regarded as a risk factor for thrombotic event in SLE patients (115). In line with this, inhibition of the complement system by eculizumab, a C5 neutralizing monoclonal antibody, prevented thrombotic microangiopathy in SLE (233). Therefore, it would be highly interesting to further investigate the treatment effects of C4 neutralizing antibodies or to develop specific compounds preventing the deposition of C4d on the surface of platelets.

Platelets activation is controlled by a plethora of distinct pathways and a better understanding of these signaling routes may open new therapeutic perspectives. Such as, collagen triggers the phosphorylation of Bruton's Tyrosine Kinase (BTK), and signal transducer and activator of transcription 3 (STAT3) can modulate platelets aggregation and activation (234, 235). BTK inhibitor RN486 has been reported to abrogate the generation of PMPs (234) and the STAT3 inhibitor SC99 was effective to inhibit thrombin-induced P-selectin expression and platelet activation (235). In addition, activated platelets are the main source of sCD40L and blockade of the CD40–CD40L interaction by monoclonal antibodies appears to be a promising treatment of autoimmune diseases. Apart from anti-CD40L antibodies, a CD40-targeting peptide was designed recently (236). This peptide mimics the CD40L domain critical for the interaction with CD40 and it has been shown to effectively block CD40-CD40L signaling (236). In a comparable approach, Chen et al. identified small molecule compounds that can interfere with the CD40–CD40L protein-protein interaction (237). To which extend those drugs are applicable to treat autoimmune diseases remains elusive. However, the development of platelet inhibiting compounds is an emerging field of research and it envisions the discovery of novel compounds efficient for the treatment of skin autoimmune diseases.




CONCLUSIONS

Platelets are the main participants of hemostasis and have multiple immunoregulating functions linking coagulation and inflammation. It is becoming apparent that platelet activation might be a biomarker of skin autoimmune diseases activity. Multiple compounds in circulation, such as ICs, DAMPs, VWF and collagen, can stimulate continuous platelet activation. Platelet activation appeared to be further potentiated by the deposition of complement factors at their surface. However, more details about the crosstalk between platelets and complement still needs to be investigated. Upon activation, platelets release a variety of pro-inflammatory mediators such as sCD40L, P-selectin, serotonin, PDGFs, and TGF-β. These released factors contribute to the immune response, ultimately resulting in chronic inflammation and local tissue damage. Activated platelets modulate the function of the innate and adaptive immune system by secreting immune mediators or through direct cellular interactions with immune cells, such as DC, neutrophils, B and T cells. However, the interplay between platelets with other immune cells such as mast cells and monocytes requires further clarification. It would be also worth to investigate novel platelet derived biomarkers to predict and assess the status of the respective disease. There are still some controversies on the assessment of the commonly measured MPV in autoimmune diseases. Contradictive results suggest that only MPV measurements are not sufficient to evaluate platelet function. Platelet activation is a variable and dynamic process and research addressing the role of platelets in autoimmune disease should be not limited to distinct platelet activation processes or distinct factors released by platelets. Right now, targeting platelets using anti-CD40L monoclonal antibodies and ADP receptor inhibitors has been reported to reduce autoimmune reactions in several clinical trials addressing autoimmune diseases. A better understanding of the role of platelets in autoimmune diseases will reveal new therapeutic options in the future.
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Skin autoimmune conditions belong to a larger group of connective tissue diseases and primarily affect the skin, but might also involve underlying tissues, such as fat tissue, muscle, and bone. Autoimmune antibodies (autoantibodies) play a role in autoimmune skin diseases, such as localized scleroderma also termed morphea, and systemic scleroderma, also called systemic sclerosis (SSc). The detailed studies on the biological role of autoantibodies in autoimmune skin diseases are limited. This results in a few available tools for effective diagnosis and management of autoimmune skin diseases. This review aims to provide an update on the detection and most recent research on autoantibodies in morphea. Several recent studies have indicated the association of autoantibody profiles with disease subtypes, damage extent, and relapse potential, opening up exciting new possibilities for personalized disease management. We discuss the role of existing autoantibody tests in morphea management and the most recent studies on morphea pathogenesis. We also provide an update on novel autoantibody biomarkers for the diagnosis and study of morphea.
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INTRODUCTION

Being a part of an abnormal immune response, autoimmune antibodies (autoantibodies) are valuable biomarkers in autoimmunity. The causality of autoantibodies in autoimmune diseases is still controversial and requires more fundamental research (1). Nevertheless, clinical assays detecting autoantibodies are commonly used to diagnose and categorize autoimmune diseases (2). Recent studies have revealed distinct autoantibody profiles among patients with autoimmune diseases, opening up new avenues for better diagnostics and personalized disease management (3).

The prototypical rheumatologic autoimmune disease of the skin, systemic sclerosis (SSc), is often defined and subcategorized by an auto-antibody profile, in addition to the extent of skin involvement (4). The presence of scleroderma-associated autoantibodies, such as autoantibodies to topoisomerase and centromeres, has enabled clinicians to better predict organ system involvement in these patients. Nevertheless, the true pathogenicity of these autoantibodies in SSc disease propagation remains to be elucidated.

A “sister” autoimmune disease to SSc in regards to its similar effect on the skin is localized scleroderma, also termed morphea. Although morphea and SSc share the same skin histopathologic changes, the distribution and pattern of skin involvement, and the associated extracutaneous and internal organ manifestations, are quite different (5). Morphea is typically distributed in patches or bands of skin inflammation and thickness either on the head, extremity, and trunk in an ipsilateral fashion (Figure 1). Based on the distribution patterns and depth of lesions, morphea has been divided into several clinical subtypes: circumscribed superficial morphea (plaque morphea), superficial deep morphea (deep morphea), generalized plaque morphea (multiple plaque lesions), linear scleroderma of the trunk/extremities, linear scleroderma of the head (also termed Parry–Romberg Syndrome and En coup de sabre), and pansclerotic morphea or mixed morphea (a combination of two or more of these subtypes) (6). Although morphea does not tend to have internal organ manifestations, such as interstitial lung disease or cardiac arrhythmia, the underlying and associated tissue is often affected in morphea patients, causing morbidity. The frequency of extracutaneous involvement in morphea has ranged from 20 up to 70% in the literature, depending on whether the data has been collected retrospectively or prospectively, with prospective assessment data capturing more manifestations (7–13). The most common extracutaneous manifestations (ECM) across cohorts are musculoskeletal, including arthralgia, arthritis, joint contractures, myositis, fasciitis, with associated disease-induced gait disturbance, decreased function, muscle, bone, and limb atrophy (Figure 1), and followed by neurologic, ophthalmologic, and dental issues occurring in ~50% of morphea patients with involvement of the head (14–16). These manifestations include seizures, headaches, hemiparesis, cranial nerve palsy, optic neuritis, uveitis, scleritis, dry eye, atrophic dental roots, dental crowding, and malocclusion. Morphea subtypes and ECM associations are different in adult vs. childhood-onset. Circumscribed superficial (plaque morphea) and generalized morphea are common in adult-onset morphea (Figure 1A), while linear scleroderma, both linear trunk/extremity and linear head subtypes, is more common in childhood-onset morphea (Figure 1B) (10, 11). To achieve personalized management schemes, these factors shall be taken into account.
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FIGURE 1. Morphea: (A) Generalized morphea and plaque morphea are the most common subtypes of morphea in adult patients, while (B) linear scleroderma of the trunk, limbs, and head are the most common in pediatric morphea. For each photograph, written informed consent was obtained from the participant for the publication of this image.



In general, morphea is monitored clinically through the visualization and scoring of skin changes over time (Figure 1). Several clinical assessment methods have been developed to monitor morphea, such as depigmentation, induration, erythema, and the telangiectasia (DIET) score, the modified Rodnan skin score (mRSS), and the Localized Scleroderma Assessment Tool (LoSCAT) (12, 17). All of these methods assess activity and damage together, based on selected clinical parameters. The lack of a full validation of treatment response criteria of these scores limits the ability of clinicians to judge the effectiveness of these treatments. A combination of a cutaneous outcome measure in conjunction with serological biomarkers, such as autoantibodies, might be a plausible means to better classify and stratify morphea patients.

With regard to serological testing, the role of autoantibodies in morphea and their clinical application is not as clear as SSc. So far, it is recommended to use the Localized Scleroderma Assessment Tool (LoSCAT), with autoantibody tests when concurrent rheumatic and other autoimmune diseases are suspected. Suggested tests to verify this include antinuclear antibodies (ANA), antibodies to single stranded DNA (a-ssDNA), anti-histone antibodies (AHA), and anti-topoisomerase antibody type of anti-nuclear autoantibodies (anti-Scl-70).

A particular limitation of the literature in regards to autoantibody testing in morphea is that the majority of studies reporting autoantibody positivity are in context of a larger descriptive morphea cohort summary; therefore only a subset of patients have available autoantibody testing, typically guided by clinical practice instead of prospective research testing. To address this limitation, we only included cohort studies in which at least 50 morphea subjects were tested for the autoantibody of interest, in addition to prospective studies designed to test autoantibodies in morphea, to obtain more accurate frequencies and clinical correlations.

The review is organized into three parts. First, we describe the status with existing autoantibody tests (ANA, AHA, and a-ssDNA) in the context of morphea diagnosis and treatment. Here, the literature has been selected based on the number of patients with a particular autoantibody tested within each cohort (≥50 patients), and suggested associations with clinical manifestations of the disease. In the second part, we present the most recent studies on the role of autoantibodies in the pathogenesis of morphea. Here, we selected studies that included relevant controls and suggested pertinent new knowledge on morphea pathogenesis. Third, we describe emerging biomarkers in morphea research and clinical diagnostics; in this part, we select the literature based on the statistical power of the observed effects, and the appeal to potential personalized management of morphea patients.

Besides a low number of enrolled patients, a large deviation in the applied methodologies is another main problem in the field of morphea diagnostics. Therefore, we critically assessed the methodology for autoantibody testing, applied controls, and standardization methods. We also discuss the problem of the limited number of relevant animal models for morphea research, and the connection between recent studies on the potential to reveal new valuable insights into the pathogenesis of morphea, and to improve the disease management in clinics.



LABORATORY DIAGNOSTICS OF AUTOANTIBODIES IN MORPHEA


ANA Positivity in Morphea

Elevated antinuclear antibody (ANA) levels are often encountered in morphea, with larger cohort reports detecting 23–68% ANA-positive patients (see Figure 2; Supplementary Table 1 and cited references). The majority of studies (>80%) describe ANA testing by Human epithelial type 2 immunofluorescence assay (Hep2 IF), with a cut-off of >1:80 in most papers, run in standardized laboratory associated with the ordering institution. Notably, both pediatric-onset and adult-onset morphea have ANA positivity in this range (Supplementary Table 1 and cited references). One cohort study (Morphea in Adults and Children; MAC) reported a trend toward higher ANA positivity in adults (53% vs. 30% pediatrics) (10). However, in a later study with more subjects enrolled in the MAC cohort, the frequency of ANA positivity was higher in pediatric onset (27% in adults vs. 42% in pediatrics patients). The largest cohort to date with ANA testing is an international pediatric morphea cohort described by Zulian et al. in which 750 morphea patients were described, 671 in whom had ANA testing performed (13, 18). Of these, 284 patients (42.3%) were ANA positive. ANA positivity was tested among subtypes of morphea (linear, plaque, generalized, and deep morphea) and there was no significant difference (18), with subtype ANA positivity ranging from 31 to 47%. ANA positivity has been debated to be associated with the subtype of morphea, with the initial findings of the MAC cohort supporting an association with generalized morphea and mixed morphea (generalized + linear) (10). Their later study using matched healthy case-controls compared to the morphea cohort did not find an association of ANA positivity with morphea subtype (19).
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FIGURE 2. Pooled ANA positivity in patients with morphea: (A) The ANA positivity (percentages) in the individual studies are represented by squares, through which the horizontal lines represent the 95% CIs. The thick vertical line represents the pooled ANA positivity from these studies; (B) Funnel plot of the proportion vs. the standard error of the proportion for ANA positivity. The circles represent the trials included in the meta-analysis. The line in the center indicates the summary proportion. The other lines represent the 95% CIs. Asymmetry about the pooled proportion line is consistent with the presence of minimal publication bias.



A metanalyses of ANA positivity was performed to more formally capture the average ANA positivity in morphea patients across various cohort publications. Our search strategy aimed to identify studies that described antibody testing or cohort reports in morphea (localized scleroderma). All studies that reported antibody testing were reviewed (both retrospective and prospective). Independent searches of the PubMed, Google Scholar, and Webscope databases for relevant studies was performed using the following search terms: morphea, localized scleroderma, antibody, ANA, AHA, pediatric, rheumatoid factor (RF), juvenile, morphea cohort etc. The search was limited to studies that included 50 or more patients tested for antibodies of interest. Citations were screened for duplicate studies and duplicate patient samples without blinding. Statistics software (MedCalc Software, Ostend, Belgium) was used for the statistical analysis. Outcomes were measured by calculating proportions and 95% confidence intervals (CIs) for each study, then pooled the data to derive a pooled proportion and 95% CI.

For the purpose of proportion meta-analysis, the proportions were first turned into a quantity (the Freeman-Tukey variant of the arcsine square root transformed proportion) suitable for the usual fixed and random effects summaries (20, 21). The pooled proportion was calculated as the back transform of the weighted mean of the transformed proportions, using DerSimonian weights for the random effects model (22) in the presence of significant heterogeneity. The impact of heterogeneity on the pooled estimates of the individual outcomes of the meta-analysis was assessed with the Cochran Q statistic and I2 test, which measure the inconsistency between the study results, which was interpreted as the approximate proportion of total variation in the study estimates that was due to heterogeneity rather than sampling error (23). I2 values of 25, 50, and 75% are considered low, moderate, and high estimates, respectively (24). As the Cochran Q test has a low sensitivity for detecting heterogeneity, a P-value of < 0.1 was considered significant for the presence of statistical heterogeneity (25). The presence of publication bias was checked with the Begg funnel plot (26), which plots the proportion (in the X axis) against the standard error of the proportion (in the Y axis). In the absence of publication bias, the proportion estimates from smaller studies are expected to be scattered above and below the summary estimate, producing a triangular or funnel shape.

The ANA positivity in primarily pediatric onset morphea patients ranged from 5.9 to 68%. The pooled ANA positivity was 29.9% (95% CI 27.3–32.5%) by the random effects model (Figure 2). There was significant but low heterogeneity for ANA positivity (I2 38.3%, Cochran Q statistic 16.2, P = 0.008). Subanalyses were performed in attempt to identify patient characteristics or variables which may influence the heterogeneity, such as sex and subtype. Female sex had non-significant (p = 0.21) effect on the ANA+ heterogeneity. Age of patient had a significant effect on ANA+ heterogeneity (p = 0.0001), with the pediatric onset cohorts having more consistent ANA+ frequency compared to adult cohorts. When dichotomizing morphea subtype into linear (linear extremity/trunk and head) vs. nonlinear (generalized, plaque, deep morphea), there was also a significant impact on ANA+ which was more moderate with I2 68%.

Although not directly related to the morphea subtype, ANA-positivity does seem to associate with disease severity in regards to the depth of the disease, association with ECMs, as well as with the probability of the disease flare after remission. A study of a large pediatric international cohort (n = 750) reported a significant association of extracutaneous manifestations with ANA positivity (13). In this cohort, there were 168 patients (22%) with ECMs, the most common being articular (47%), followed by neurologic, vascular, ocular, and autoimmune (13). When comparing skin involvement with extracutaneous involvement subjects, the authors also noted that the erythrocyte sedimentation rate, C-reactive protein, creatinine kinase, serum IgG, and rheumatoid factor were significantly elevated in those with ECMs. Rheumatoid factor has been measured by ELISA; other clinical tests were done following standard clinical procedures utilizing pre-determined normal range for the age of the patient per test. Noteworthy, each of these laboratory tests was available for at least 350 patients, which is a limitation of several other studies. The authors argued that the positive ANA in morphea patients might be associated with either deeper tissue involvement or with a more immunogenic or true “systemic” autoimmune disease. The latter is typically associated with a myriad of positive immune activation markers (ANA, ESR, CRP, IgG, and other autoantibodies discussed next).

Data from the second largest morphea cohort published, the Childhood Arthritis and Rheumatology Research Alliance (CARRA) North American registry cohort of 381 pediatric morphea, supports the notion of ANA positivity corresponding to deeper tissue involvement (14). Using IF on Hep-2 cells, standard laboratory evaluation and cut-off, the Childhood Arthritis and Rheumatology Research Alliance (CARRA) cohort demonstrated 48% ANA positivity with a significant association of non-cutaneous disease damage with ANA, specifically for the deeper tissues of the extremity with remaining joint contractures, muscle atrophy, and extremity shortening (Supplementary Table 1) (14). In addition to the depth of the disease into adjacent connective tissue, ANA positivity has also been associated with cutaneous disease extent. The MAC cohort based in Texas (USA) and the National Registry of Childhood Onset Scleroderma (NRCOS) based in Pittsburgh (USA) both found that the extent of this skin disease (body surface area, number of lesions, number of areas affected, and mRSS) to be significantly associated with ANA positivity (19, 27). Similar to CARRA, the MAC cohort was tested using IF on Hep-2 cells, internal laboratory quality control, and healthy controls. Interpretation of the results has been standardized using a serum dilution series on the cells, and automated data processing to exclude the interlaboratory deviation.

In a prospective clinical cohort, the NRCOS, with full longitudinal data available from 77 morphea patients and an average follow-up of 5 years, a positive ANA at the baseline visit increased the odds of relapse (after obtaining remission) by a factor of 4.8 (95% CI [1.37–17.2]) (28). The same group more recently studied ANA positivity and more classic SSc-related autoantibodies in the NRCOS cohort (Supplementary Table 1). Utilizing an ANA cut-off of 1:160 via indirect immunofluorescence (IF) on Hep2 cells, 50% (35/69) pediatric morphea patients had ANA positivity, with one-third having 1:160 titer and decreasing percentages as the titer level increased, but as many as 11% had a titer of 1:1520. The most common pattern was speckled (50%), followed by homogenous, nucleolar, and centrosome (29). A panel of SSc-associated autoantibodies, including anti-topoisomerase (Scl-70), anti-centromere, U3RNP, and PM-Scl, was evaluated on all 69 subjects and were all found to be positive for 6–16% of the morphea subjects. The FIDIS™ Connective Profile SSc line immunoassay (LIA) (Euroimmun, Germany) and MagPix® (Luminex™) addressable laser bead immunoassay (ALBIA) were used to analyse morphea subject sera positivity in relation to age and sex matched healthy pediatric controls [cut-off two standard deviations (SDs) above the mean]. In general, when positive, these SSc-associated autoantibodies did not signify the diagnosis of SSc or the internal organ manifestations typically associated with SSc but correlated with morphea disease severity, such as joint contractures, musculoskeletal involvement, and skin symptoms of tingling, pain, and skin thickness (29). This supports the hypothesis that morphea (localized scleroderma) is “not just a skin disease” but that it is truly an autoimmune disease with circulating autoantibodies, associated with deeper tissue disease and more extensive connective tissue disease (28, 29).

The significant correlation of ANA and associated extrable nuclear autoantibodies with the depth of tissue involvement, extracutanous manifestations and potential for relapse in morphea, places ANA as a potential biomarker for morphea disease stratification and management, either individually or as a composite indictor with clinical variables, such as the mLoSSI, and other immune markers, such as cytokines of interest in the field, CXCL9 and CXCL10 (30, 31). CARRA investigators support ANA positivity in the prediction of muscle involvement, as is was associated with muscle atrophy, joint contracture and/or limb shortening, along with elevated muscle enzymes, CPK and aldolase, in a large North American cohort (32). A positive ANA at the baseline clinical visit for a morphea patient should prompt the clinician to closely monitor (1) the depth of the lesion, which may include further evaluation with MRI of the fascia, muscle, tendon and joint, especially the linear and generalized plaque morphea subtypes (33, 34), and (2) clinical signs of disease relapse, both during quiescent disease while on treatment and after systemic treatment course is completed (28, 35). The design of clinical trials for morphea are currently under discussion, with inclusion of ANA and other autoantibodies as exploratory biomarkers.



Anti-histone and ss-DNA Antibodies in Morphea

In an original report of a Japanese cohort studied in the 1990s (36), anti-histone antibodies (AHAs) were positive in 47% (23/49) of the cohort. This was studied by immunoblotting and ELISA, using manual data processing, internal quality control, and a titration curve from certified tests for quantification purposes. AHA titers correlated positively with the number of lesions, larger distribution of lesions, and muscle involvement. More recent large cohort analyses in North America and Europe have also studied AHA positivity in morphea and have found similar associations (Figure 3; Supplementary Table 2). A North American nested case-control study, including both pediatric and adult morphea subjects (n = 187) and age, sex, and race-matched controls (n = 149) who were all tested for AHA via ELISA, found a significant difference in AHA positivity between morphea subjects and controls (12 vs. 2%, p < 0.001) (19). AHA positivity was more frequently present in the linear morphea subtype compared to the generalized plaque morphea (18 vs. 7%, p = 0.04) (19). The AHA may indeed associate with the linear morphea subtype, as the other large North American cohort, the NRCOS, consisting of 60% patients with linear disease subtype, reports a relatively high AHA positivity (32–39%) in a longitudinal study of subjects (30, 38). Consistent with original findings in Japan (36), in this North American cohort, AHA correlated with general disease burden, such as number of lesions and number of sites with skin involvement, especially if ≥ two cutaneous sites (as dictated by the LoSCAT score) were affected. AHA levels also correlated with the depth of the lesion, reflected by the presence of joint contractures (27, 30, 38). Although the AHA seemed to predict severity, it was not found to be a predictor of disease relapse prospectively in the NRCOS cohort (28).
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FIGURE 3. General overview of morphea autoantibodies in relation to clinical features. Anti-ssDNA, Anti-single stranded DNA; IFNx, Interferon; ILx, Interleukin; SSA, Sjogren's-syndrome-related antigen A; SSB, Sjogren's-syndrome-related antigen B; Scl-70, Topoisomerase I; ACA, Anti-centromere antibody; ECM, Extracutaneous manifestations; SSc, Systemic Sclerosis; SLE, Systemic lupus erythematosus; GM-CSF, Granulocyte-macrophage colony-stimulating factor; VEGF, Vascular endothelial growth factor; Ab, Antibody (9, 10, 13, 18, 19, 27–30, 37, 38).



Interestingly, in NRCOS, the AHA levels did have some immunological correlation to T-helper (TH) cell-associated cytokines evaluated by Luminex, including TH1-associated cytokines (IL-12p70, IFN- γ, IL-2), TH2-associated cytokines (Il-4, IL-13), and TH17 associated cytokines (IL-17a, IL-17e, IL-17f, IL-d22, IL-23) (37). The Luminex assay has been standardized using age-matched healthy controls and internal laboratory quality control. Sensitivity down to a couple of molecules/uL samples is a great advantage of a Luminex detection methodology; in addition, all data have been processed automatically. Immune activation, reflected by cutaneous disease activity, was noted in this cohort's earlier reports, with a subset of patients having longitudinal changes in their AHA levels corresponding to changes in the disease activity status (38).

Around the same time the AHA was being described in morphea, the research group in Pittsburgh identified an antibody to DNA in morphea. Originally it was thought to be directed to double-stranded (ds) DNA, but an investigation with the Crithidia lucillae IF assay determined negative antibodies to double-stranded DNA (a-dsDNA), but a positive anti-single stranded DNA (a-ssDNA) antibodies (27). Herein, internal laboratory control and a non-matched healthy cohorts were applied, and the data was processed automatically. Further, the study of 39 patients in this cohort found that 51% of the morphea subjects had positive anti-ssDNA, with a positive correlation between anti-ssDNA antibody and joint contracture or active disease with a duration of longer than 2 years (27) (Supplementary Table 2). These general findings were validated in a Japanese cohort, led by Takehara and Sato, who found 50% morphea subjects with a positive anti-ssDNA, which correlated with deeper involvement of the muscle and fascia (39). Anti-ssDNA levels also correlated positively with the disease activity in a subgroup of patients (39). Later studies in the childhood-onset Pittsburgh cohort, NRCOS, continued to find anti-ssDNA positivity in ~30–44% of their morphea subjects, associated with more extensive skin involvement, active disease, and inflammatory cytokines IFN-α2 and IL-33, signifying immunologically active disease (30, 38). Noteworthy, anti-ssDNA positivity did not predict relapse in this cohort followed longitudinally (28).

Double positivity for AHA and anti-ssDNA was associated with a more severe morphea phenotype with deep tissue involvement and joint contracture, especially in childhood-onset, but also adult onset (38). In contrast, the other North American cohort, MAC, found a much lower positivity of anti-ssDNA, finding 6–8% positivity among combined adult and pediatric-onset morphea, which was not significantly different from their control cohort (7%) (19, 40). It is unclear why there is a degree of difference, potentially due to the different testing methods (41), ELISA compared to IF. IF is believed to be more accurate. IF also has an automated data processing vs. the often manually performed ELISA.

In the dermatology-based United States cohort, the MAC cohort, patients with a double positivity for ss-DNA and AHA or ANA, indicated more severe morphea including functional limitations in linear disease (anti-ssDNA, p = 0.005; and AHA, p = 0.006), extensive body surface area involvement (anti-ssDNA, p = 0.01; and ANA, p = 0.005), and higher skin damage (ANA, p = 0.004) (19).

In concert with the ANA's ability to reflect deeper disease, such as fascia, muscle, and joint involvement, with resultant joint contractures, AHA and ss-DNA positivity share this relationship and could guide the clinician's management. This would include a more complete examination of the underlying connective tissue with a thorough joint examination and the use of available adjunct measures to monitor the depth and activity status of morphea in deeper tissues, such as MRI and Ultrasound (33, 34). A combination of positive antibodies between ANA, AHA, and ss-DNA should signify to the clinician a more severe immunophenotype with potential progression to joint contracture, which may influence decisions to initiate systemic medications and the length of treatment. Unlike ANA positivity at the baseline assessment, AHA and anti-ssDNA antibodies do not appear to influence disease relapse to assist in assessment of recurrence.



Systemic Sclerosis and Systemic Lupus Erythematosus Autoantibodies in Morphea

Antibodies against the traditional extractable nuclear antigens (ENAs), such as anti-dsDNA, SSA/B, Smith/RNP, anti-Scl-70, and anti-centromere Abs, are seldom in morphea, with general percentages of positivity ranging from 1 to 15% internationally in both pediatric and adult onset morphea [Supplementary Table 3; (9, 10, 13, 18, 29)]. These serum autoantibodies were obtained clinically, and abnormal values were referenced to the normal range of laboratory parameters of each of the participating centers. It is important to note that clinical development of the connective tissue diseases typically associated with these ENAs, such as SLE, Sjogrens' or SSc, was not documented in any of these cohort studies (Supplementary Table 3). Only a few studies investigated clinical associations of morphea patients with these ENAs. The international pediatric cohort compared morphea subtype and presence of extracutaneous manifestation with the presence of ds-DNA, Scl-70, and centromere antibodies and did not find any associations (13, 18). However, in the prospectively collected NRCOS cohort, when comparing detailed clinical variables of morphea, such as lesion characteristics of thickness, subcutaneous atrophy, and patient symptoms, such as pain at site of the lesion, more correlations were detected with these ENAs (Supplementary Table 3) (29).



Rheumatoid Factor

Rheumatoid factor (RF), which is typically associated with adult rheumatoid arthritis, was positive in 3–16% of morphea patients in the reported cohorts internationally (Supplementary Table 3). These serum RF values were obtained clinically, and abnormal values were referenced to the normal range of laboratory parameters of each of the participating centers. The largest cohort tested were childhood-onset patients (n = 464). Of this cohort, 16% of subjects were RF positive which correlated positively with arthritis and musculoskeletal manifestations (18), providing evidence for increased clinical monitoring of the joints of positive RF patients (42–44).




ROLE OF AUTOANTIBODIES IN THE PATHOGENESIS OF MORPHEA

There are several recent studies aimed at an improved understanding of the basic biology of morphea. A better understanding of the underlying mechanisms in morphea, especially during the active inflammatory phase, would lead to more direct and efficient therapies (45). According to Jacobe et al. specific HLA class I and class II alleles are associated with generalized and linear subtypes of morphea (40). Notably, the morphea-associated alleles are different from those found in SSc, suggesting that morphea is immunogenetically distinct. Risk alleles in morphea are also associated with conditions such as rheumatoid arthritis (RA) and other autoimmune conditions (40). The role of HLA products in regulating interactions of immune cells is well-known (46), and therefore, the specific HLA profile of morphea could lead to B cells producing certain cytokines and autoantibodies contributing to disease progression (40, 47).

Cytokine and autoantibody profiles and their relationship to clinical features in morphea have been described. It is believed that the imbalance between Th1/Th2/Th17 cell subsets drives inflammation in the early stages of disease (Th1 and Th17 predominant) and fibrosis in the later stages of morphea (Th2 predominant) (47). As in SSc, T-helper (Th) cells and their associated cytokines have been suggested to contribute significantly to the pathophysiology of the disease. This was confirmed by the presence of cytokines from Th cells in the sera and tissues of patients (Figure 4) (37).
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FIGURE 4. Biological mechanisms involved in morphea, and suggested roles of cytokines and autoantibodies.



Kurzinski and Torok analyzed the available experimental data on cytokines in morphea and compared them to available clinical disease severity and activity features (37). They confirmed that cytokines of Th1, Th2, and Th17 cell responses likely contribute to the pathogenesis of both SSc and morphea. Prior studies support the theory of Th1/Th2 imbalance in SSc propagating disease in a Th2 manner, leading to skin fibrosis and damage. Early presence of the pro-inflammatory cytokines IL-2 and IL-6 inducing Th17 in morphea patients suggests that an early increase of Th1 cytokines mediates the active, inflammatory phase of the disease (which was further supported by their later work) (30), and the subsequent inflammation and transition to the fibrotic damage phase is achieved via Th17. This is further supported by the elevated Th17 effector cytokines 2–4 years after the initial onset of disease. In turn, Th2 effector cytokines shown to be present at elevated levels in morphea promote the development of tissue damage and fibrosis later in the course of the disease (37).

Badea et al. reviewed step-wise development of morphea (Figure 4) (48). In early inflammatory stages, environmental stimuli and genetic factors activate mononuclear cells that in turn induce perivascular infiltration of the skin. At this stage, ANA, cytokines, and other soluble cell-adhesion molecules are elevated, confirming on-going immune activation. At stage 2, functional and structural changes occurred to the microvascular system, and adhesion molecules including ICAM-1 and VCAM-1, were upregulated in response to various cytokines and cell mediators (IFN-γ, IL-1, TNFs). The third stage is the least understood, and it is believed to involve a large release of cytokines by the lymphocytes. IL-4, IL-6, and IL-8 are among those overproduced cytokines. Stage four involves hardening of the skin from excessive cellular proliferation and deposition of collagen and other extracellular matrix components. This stage of LS progression has the most deleterious effects and is believed to be driven by excess IL-4 and TGF-β (48). This general pathogenesis model has been confirmed by in vitro studies in cohorts of morphea patients at different disease stages, and by knock-out mouse models (Tsk). Using novel antigens in vivo could bring new insights into pathogenesis. Moreover, detailed studies of T and B cell populations in morphea vs. controls, e.g., SSc and psoriasis, are lacking (49).

Osmola–Mankowska et al. added new knowledge to the existing picture of morphea pathogenesis, by proposing the underseen role of dendritic cells (DCs) in it (Figure 4) (50). In brief, an unknown natural ligand activates DC to produce IFN-α and IFN-β that in turn activate myeloid DCs (mDCs). mDCs activate autoreactive B and T cells via MHC molecules, which then leads to skin autoimmunity and morphea in particular. The hypothesis has been confirmed by both in vitro and in vivo studies and is an exciting new knowledge with potential therapeutic outcomes (50). T-cell subtyping has been successfully used to identify in vivo the regulatory pathways associated with morphea, specifically, confirming that apoptotic bodies bearing CD8, activate CD205 of DCs. This knowledge allows the application of already existing therapies to morphea, such as pDC regulating SLE drug candidates (Anti-BDCA-2 Abs and nanobodies).

Verification of the role of autoantibodies in morphea is complicated by only a few available animal models. Marangoni et al. reviewed available models of scleroderma (51) and provided details on nine key mouse models available today, created by exogenous administration of fibrosis-inducing agents (bleomycin, Ad-TGFβ1223/225), and by genetic manipulation (e.g., Tsk-2 and Fbn-1 mutants). The high diversity of skin disease symptoms complicates creating a reliable model for morphea. The authors suggest using genome-wide expression analysis to match the animal models to the appropriate subtypes of human clinical disease. Additionally, there is a high deviation in methodology for inducing scleroderma pathogenesis with bleomycin and Ad-TGFβ1223/225 that remains unresolved. In spite of this, mouse models of cutaneous fibrosis are proven to be useful to study underlying mechanisms of the disease and its linkage to other conditions (51).

Several other mouse models of skin fibrosis were reported as useful to study the onset of the disease (52). Tsk1 and Tsk2 models are developed through mutations in fibrillin gene FBN1 leading to fibrinogenesis. It is known that fibrillin-1 is a component of connective tissue microfibrils and is important in correcting elastic fiber assembly. Second, fibrillin-1 can partially control TGF-β availability via confirmed interactions with TGF-β binding proteins 1 and 4. Genetic analysis of 6-week-old Tsk mutant mice indicated morphea related effects: upregulated collagen synthesis, increased bone morphogenic protein, and connective tissue growth factor. Additionally, Wnt signaling proteins that interfere with TGF-β are overproduced. With regard to serology, 88% of Tsk mutant models are ANA positive, and also contain AHA, anti-Scl-70, and anti-RNApol II antibodies (52). This makes Tsk models potent tools for studying autoantibodies in morphea. A limitation is the fact that Tsk model lacks inflammation histologically, therefore it reflects SSc skin condition more than morphea skin. Bleomycin-induced mouse is an alternative to Tsk for studies of morphea which develops a skin inflammation and a set of autoantibodies (51, 52).



EMERGING AUTOANTIBODY BIOMARKERS IN MORPHEA

Autoantibodies to the dense fine speckled 70 kDa antigen (anti-DFS70) is a hot topic in autoimmune research and diagnostics at the moment. Anti-DFS70 are reported to be more common in individuals who do not have an antinuclear antibody (ANA)-associated rheumatic disease (AARD) than in patients with AARD. So far, the frequency of anti-DFS70 antibodies has been thoroughly studied in adults but not in pediatric populations. The primary objective of a recent observational study was to determine the frequency of anti-DFS70 in pediatric AARD including morphea, and reference cohorts (53). Sera from 743 children with AARD and related conditions and 345 samples from controls [healthy children and suspected for AARD] were tested for anti-DFS70 antibodies. Using a novel chemiluminescence assay, anti-DFS70 antibodies were elevated in 2.1% of healthy children and 4.5% of sera from ANA positive pediatric samples. Information on standardization procedure was missing for anti-DFS70 that might lead to deviation from other cohorts. Notably, in line with previous studies which suggest an overlap of morphea with other diseases, the frequency of anti-DFS70 was highest in juvenile morphea (13.8%), along with juvenile dermatomyositis (18.2%), childhood SLE (5.7%), and juvenile idiopathic arthritis (2.5%) (53).

In our recent study, we developed a series of synthetic oligonucleotides (54, 55) that allowed us to investigate the details on the antigen recognition by autoimmune antibodies in pediatric morphea (Figure 5) (56). In this work, we hypothesized that having a sequence-controlled rationally designed DNA, RNA, and locked nucleic acid (LNA) antigen might provide new insights into sequence-specific binding of anti-ssDNA and anti-dsDNA. Typically used in nucleic acid diagnostics and gene therapy (57, 58) synthetic oligo- and poly-nucleotides are poorly explored in immunology. However, these molecules have major advantages of high purity, controlled chemical content and a possibility to incorporate functional tags (54, 55). To design new antigens which were 21–63 nucleotide long oligo- and polymers, we successfully combined computation and library screening (56, 59). The study has been benchmarked to SLE (n = 30) and healthy controls (n = 80); standardization has been done using internal laboratory control and external calibrators provided by Odense University Hospital, Denmark, and Stanford University Hospital, CA, USA. Besides dramatically improving the analytical specificity of the assay, our data suggest a potential link between antibodies to DNA and the disease state in morphea. Moreover, introducing chemical modification (LNA) into antigens completely changed the binding of corresponding antibodies and their clinical relevance. The strongest observed effect was seen for the localized scleroderma skin damage index (LoSDI) on the IgG antibodies to TC dinucleotide-rich dsDNA (p < 0.001) (56). Synthetic DNA and analogs are therefore a new promising class of antigens that could bring light into sequence specificity of anti-DNA antibodies in morphea and related diseases. Lack of confirmation for antigen-antibody reactivity in a relevant morphea animal model is a limitation of this work.


[image: image]

FIGURE 5. Synthetic DNA, RNA, and LNA antigens in morphea (56). (A) A general approach to the design including computation, library screening, and ELISA; (B) representative molecular dynamics result for dsDNA antigen and autoantibody showing key interactions contributing to the binding; (C) Representative antigens selected for the study of the pediatric morphea cohort, and correlations of ELISA results with modified localized scleroderma skin severity index (mLOSSI), index of disease damage (LOSDI), and time in treatment. C1 and C2 were commercial controls used in the study, calf thymus DNA, and G-quadruplex human DNA.



Looking for gene association of autoimmune diseases including morphea is a rapidly developing research field with high potential to provide new insights into pathogenesis and new biomarkers. Earlier, Torok et al. reported an up-regulated IFN-related gene CXCL10 in pediatric morphea subjects (30). Simultaneously, O'Brien et al. investigated transcriptional and cytokine profiles in 87 adult morphea subjects and 26 healthy controls (31). This study identified a disease severity association for CXCL9, which was present at increased levels in active morphea subjects (37%) along with Th1 cell cytokines (57%). Related gene CXCL10 was upregulated in 44% morphea subjects but did not correlate with disease severity (31). CXCL9/10 studies also led to a new hypothesis on the onset of morphea. As a result of cutaneous overproduction of IFN-γ by cutaneous macrophages, Th1 imbalance in the skin could be a contributing factor to disease progression. Thus, local skin autoimmunity could be the driver of the disease in contrast to the systemic dysregulation in SSc (31). In (31), a higher number of healthy controls and additional disease controls could be included to support this study.



CONCLUSIONS

As this review summarizes, morphea (localized scleroderma) is a complex disease with a diverse profile of clinical manifestations and still unresolved issues with serological diagnosis, clear knowledge on pathogenesis, and missing of effective management routes. In this scoping review, we selected studies based on the number of enrolled patients with autoantibody testing (≥50 patients), relevance to studies of morphea pathogenesis, and reported emerging animal models and biomarkers that could lead to improved personalized morphea management. Up to 50% of patients in cohorts described herein have elevated levels of three main autoantibodies: ANA, AHA, and anti-ssDNA, whereas other autoantibodies are observed at frequencies below 10%.

These autoantibodies associate with more severe disease, including lesion depth and spread, associating with more severe morphea subtypes and extracutaneous manifestations. The presence of two or more of these autoantibodies appears to have a cumulative effect on correlation to disease affecting the deep muscle, fasica and tendons, resulting in joint contracture and limited mobility. Rheumatoid factor also appears to be a strong indicator of deeper tissue disease with arthritis association. Taken together, patients with ANA, AHA, ss-DNA, or RF positivity in isolation, or more importantly in combination, are at higher risk for muscle and joint morbidity. Extra care should be taken to ensure these patients have a detailed musculoskeletal examination (in addition to a thorough cutaneous assessment), and if possible, consider imaging deeper tissue to monitor the depth of moprhea involvement and the disease activity status (i.e.,–edema of the fascia on MRI).

Furthermore, morphea patients with multiple autoantibody positivity might have a more robust B cell activation, promoting such antibodies, and may benefit from anti-CD20 therapy, such as Rituximab, currently available for rheumatoid arthritis and other connective tissue disease indications (60). Only a few case reports are available evaluating Rituximab in morphea, but do show successful response (including improvement of deeper tissue via MRI evaluation) in previous recalcitrant disease (61, 62). Another potential therapeutic target in morphea is between the T cell and antigen presenting cell (DC or B-cell) communication, via abatacept, a fusion protein that inhibits CD80/86 interaction with CD28. This can dampen B cell:T-cell interactions and T-cell functional activation, which in turn would lead to less inflammatory driven fibrosis and potentially less auto-antibody production. A few cases reports have described successful treatment of morphea with abatacept, especially widespread disease or deeper disease (monitored by MRI in some) (63–65). Further clinical studies in trial format are warranted to further understand the utility of these biologic agents in treating morphea.

Pathogenesis of morphea remains being a black box, although there are several recent works that bring new knowledge to the field. The reported association with HLA I and HLA II alleles defined by Jacobe et al., could be a breakthrough in the genotype based diagnosis, subtyping and research on morphea (40). Genomic association with CXCL9 is another exciting direction toward these goals (31). Recently, a role of DCs in the critical step of morphea development has been recently confirmed (50). Tsk animal models show high levels of autoantibodies and similar fibrotic skin features to human morphea, making Tsk mouse a valuable model for further studies, although the inflammatory state is somewhat limited in the Tsk mouse (51, 52). As more information is gained about the underlying mechanisms of morphea, diagnosis and treatments can become more accurate and better personalized. Importantly, improving scleroderma patients' early diagnosis before extracutaneous manifestations occur should improve patients long term recovery (45, 66).

Furthermore, beneficial autoantibodies having protective effects against the development of immune-mediated diseases and conventional antibodies depend on the activation of T and B lymphocytes by antigen presenting DCs and share common ontogeny (67, 68). Thus, it is suspected that the disturbance in the homeostasis of autoantibodies can trigger autoimmune diseases. Cabral-Marques reported that dysregulation of autoantibody-targeting G protein-coupled receptors (GPCRs) can trigger the development of rheumatic diseases including rheumatoid arthritis and SSc. Sera from 84 patients with SSc and 491 healthy controls were tested for anti- GPCRs antibodies. Using commercial solid-phase sandwich ELISA, anti-GPCRs concentration were either elevated or decreased in sera of SSc and rheumatoid arthritis in contrast to healthy samples. Hence, the discovery of anti-GPCR autoantibodies in pathogenesis of rheumatic diseases opens up opportunities for new investigations in autoimmune diseases including morphea and SSc (68).

The potential impact of synthetic biology and computational chemistry in improving the efficacy and specificity of existing antigens might present an exciting new approach in the management of morphea. For example, a combined computation and library screening provided with a new TC rich dsDNA antigen that allows for detecting autoantibodies associated with skin damage index.

Increased evidence shows that environmental factors and other diseases may have an impact on morphea. Emerging biomarkers including anti-DFS70 and anti-LNA/DNA, aim at detecting these associations, which opens up new pathways for managing difficult and rare cases of morphea (69, 70).
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Cutaneous lupus erythematosus can be a devastating painful and mutilating disease that is associated with an inflammatory response in the skin driven by type I interferon activation. Clearance defects in the extra- and intracellular space lead to an enhanced prevalence of nucleic acids that represent danger signals for the innate immune system. Self nucleic acids can stimulate DNA and RNA sensors that have originally evolved to ensure viral defense. Their activation can induce a type I interferon dominated response in resident skin cells, macrophages and dendritic cells that subsequently progresses to adaptive immune stimulation. The genetic exploration of rare monogenic type I interferon driven diseases helped to identify these pathogenic concepts. Based on a genetic susceptibility lupus patients are more vulnerable to environmental trigger factors such as UV-irradiation that can provoke inflammation with local tissue destruction and eventually systemic disease. Understanding of these pathogenic concepts is a prerequisite for development of targeted therapies.
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INTRODUCTION

Lupus erythematosus is a chronic relapsing autoimmune disease with a varying spectrum of clinical manifestations ranging from sole cutaneous involvement to fatal multi-organ disease (1). The wide clinical range of cutaneous symptoms includes a diverse spectrum from acute rash, discoid lupus, cold induced chilblain lesions to succulent subcutaneous infiltrates resembling lupus tumidus (2, 3). Cutaneous lupus can occur with or without systemic involvement. Patients with systemic lupus erythematosus (SLE) frequently develop skin lesions. Disease flares can be induced by external trigger factors among which viral infections, UV-irradiation and smoking are the most important (1). Cutaneous inflammation is characterized by a perivascular and periadnexial lymphohistiocytic infiltration accompanied by an interphase dermatitis and variable epidermal involvement. This lymphocyte activation is a hallmark of adaptive immune stimulation. T cells provide help for activation of autoantigen specific B cells and producing autoantibodies. In patients with lupus erythematosus the target structures of these autoantibodies are proteins associated with nucleic acids (1). Immune complexes containing autoantibodies to nucleic acid binding proteins and nucleic acids are frequently deposited along the basement membrane zone of the skin and the concentration of autoantibodies against double stranded DNA (dsDNA) correlates with systemic involvement and disease activity. This clinical association points to the importance of the immune reaction to nucleic acids during the course of disease.

Cutaneous lupus lesions are characterized by prominent upregulation of type I interferons (IFN) and type I IFN induced proteins and chemokines in the skin (4). Type I IFNs are primarily produced during innate immune recognition of viral nucleic acids for antiviral defense. They lead to a broad immune stimulation know as antiviral state that can overcome immune tolerance mechanism.

This review aims to provide an overview on the role of innate immune processes caused by disturbances in the normal restriction and regulation of the nucleic acid metabolism in the pathogenesis of cutaneous lupus erythematosus.



NUCLEIC ACID SENSING

The defense against viral infections is in great part dependent on recognition of viral nucleic acids by pattern recognition receptors (PRRs) of the innate immune system (5). They developed during millions of years to protect primates and their ancestors from viral attack. The system of PRRs includes membrane, endoplasmic, and cytoplasmatic subtypes specific for either ribonucleic acid (RNA) or deoxyribonucleic acid (DNA) (6) (Figure 1). Cell surface and endosomal membranes of most cells are equipped with Toll like receptors (TLRs) that recognize bacterial wall components or nucleic acids. TLR3 is located at the cell surface of some tissue cells such as fibroblasts and in the endosome to recognize dsRNA. The endosomal receptors TLR7 and TLR8 recognize single stranded RNA. TLR9, expressed by plasmacytoid dendritic cells and B cells, is the only TLR recognizing dsDNA in the endosome. In the cytosol the RIG-I-like receptor (RLR) family of RNA sensors (retinoic acid inducible gene I (RIG-I) and melanoma differentiation associated gene 5 (MDA5 or IFIH1) recognize short or long stretches of dsRNA, respectively (6).
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FIGURE 1. Immune sensing pathways for RNA and DNA in the cell. The compartmentalization of nucleic acids in the cells is strictly regulated. Unrestricted RNA and DNA in the cytosol is a danger signal and can be sensed by specific receptors. The cytosolic immune receptor cyclic GMP–AMP synthetase (cGAS) detects long double-stranded DNA (dsDNA) or highly structured single-stranded DNA (ssDNA) in a special conformation. cGAS signals via STING to induce type I IFN induction. dsDNA can also be recognized by the inflammasome sensor AIM2 leading to IL-1β secretion. Cytosolic DNA is efficiently degraded by 3′ repair exonuclease 1 (TREX1) located in the outer nuclear membrane. DNAse II is restricting DNA in the endolysosome. Endosomal DNA can be detected by Toll-like receptor 9 (TLR9). TLR9 signals via interferon (IFN)-regulatory factor 7 (IRF7) and nuclear factor-κB (NF-κB) to induce type I IFN. dsRNA is detected by TLR3 and TLR7, whereas single-stranded RNA (ssRNA) is sensed by TLR7 and TLR8 in the endosome. These receptors signal via adaptor proteins to induce interferon (IFN)-regulatory factor 3 (IRF3)–IRF7 and type I IFN production and via nuclear factor-κB (NF-κB) to induce proinflammatory cytokines. The cytosolic sensors melanoma differentiation associated gene 5 (MDA5) and retinoic acid inducible gene I (RIG-I) detect dsRNA. Both signal through mitochondrial antiviral signaling protein (MAVS) to induce type I IFN production.



The molecules absent in melanoma 2 (AIM2), cyclic GMP–AMP synthetase (cGAS) or IFN inducible protein 16 (IFI16) can sense dsDNA in the cytosol (Figure 1). cGAS binds to dsDNA but can also be activated by structured ssDNA (7, 8). cGAS activation catalyzes the synthesis of cyclic GMP-AMP (cGAMP) from ATP and GTP (9). The second messenger cGAMP binds to the endoplasmic-reticulum (ER)-membrane adaptor stimulator of interferon induced genes (STING) and induces trafficking of STING to the ER/Golgi apparatus where it activates the tyrosine binding kinase 1 (TBK1) (9) (Figure 1). TBK1 phosphorylates the transcription factor IRF3 that enters the nucleus and induces type I IFN expression (9).

Activation of AIM2 by long dsDNA leads to oligomerization of AIM2 and subsequent formation of an inflammasome in the cytosol. The activation of the AIM2 inflammasome results in caspase 1 activation and the release of the proinflammatory cytokine IL-1beta (10, 11) (Figure 1). The dsDNA sensor IFI16 is located in the nucleus under steady state conditions but can be translated to the cytoplasm following UV-irradiation (12). IFI16 mediated recognition of viral DNA can also induce inflammasome formation and IL-1beta activation (12). In addition, during herpes simplex virus type 1 infection IFI16 was described to interact with STING leading to IRF3 dependent type I IFN induction (12). However, other reports describe that IFI16 is dispensable for type I IFN induction following cytomegalovirus infection (13).

Type I IFN is the dominating cytokine induced in the signaling cascade of most nucleic acid sensing PRRs. They directly or indirectly induce transcription factors that upregulate the expression of antiviral effector proteins, chemokines and cytokines mediating the antiviral defense (6). Type I IFNs include multiple subtypes such as IFNbeta and IFNalpha subtypes, depending on species, as well as the lesser-known IFNkappa secreted by keratinocytes (14). Type I IFNs can be produced by all nucleated cells and all cells can respond to type I IFNs through the type I IFN receptor (IFNAR), which binds all subtypes (15) and translates its signal through the Janus kinase 1 and tyrosine kinase (Tyk) 2 (16).

All of these antiviral sensors are not specific for viral nucleic acids but can also be activated by self RNA or DNA (14). This is relevant for an induction of anti-tumor immunity. Self-DNA from dying tumor cells has been shown to induce a STING-dependent immunity that is important for induction of a type I IFN stimulated anti-tumor defense (17, 18).

Under steady state conditions the DNA metabolism needs to be tightly regulated to prevent immune activation by self nucleic acids that would result in autoimmunity (6). Several nucleases and nucleic acid modifying enzymes ensure this task. Normally, DNA is located in the nucleus and mitochondria. DNAse I degrades free DNA that reaches the extracellular space. DNAse II eliminates intracellular DNA from the lysosomal compartment and DNAse III (also designated TREX1) protects the cytoplasm from DNA accumulation. In the nucleus, free ssDNA is bound by RAD51, and replication protein A (RPA) to prevent its translocation to the cytoplasm (19).

Any disturbance in the tightly regulated nucleic acid metabolism and the antiviral defense can lead to chronic type I IFN stimulation that will continuously alert the immune system resulting in an antiviral state. In genetically susceptibly individuals such chronic immune stimulation can lead to the development of autoimmunity.



LESSONS LEARNED FROM MONOGENIC DISEASES

Monogenic diseases are caused by a single mutation in a respective gene. This allows to understand the role of a mutated protein in the disease process and its impact on the clinical phenotype. The first reported monogenic diseases that helped to elucidate the pathogenesis of SLE were complement deficiencies (20). Homozygous deficiency in C1q is associated with childhood onset of classical discoid lupus, Raynaud's phenomenon, non-scarring alopecia, oral ulceration, and cerebral vasculitis (21, 22). A loss of complement supports the formation of large insoluble immune complexes formed by nucleic acids and autoantibodies (20). These immune complexes facilitate the uptake and recognition of nucleic acids by immune cells (23).

In the last years, monogenic diseases associated with type I IFN upregulation were described as interferonopathies (24). Interferonopathies are caused by mutations that often affect genes involved in nucleic acid metabolism and nucleic acid sensing pathways. Only some mutations have been clinically associated with lupus. The other cause specific disease phenotypes that can share clinical signs and symptoms such as cutaneous ulcerations or livedo with lupus (25). Understanding the pathogenesis of such interferonopathies might help to elucidate the multiple pathogenic pathways that can cause the wide clinical spectrum of lupus erythematosus (26, 27).


Aicardi Goutières Syndrome

One of the main interferonopathy leading to an improved understanding of the induction of autoimmune disorders and especially lupus is Aicardi Goutières syndrome (28, 29). Aicardi Goutières syndrome is a rare encephalopathy of childhood and infancy that may mimic congenital viral infection (29). Affected children suffer from early onset of seizures and fever leading to mental retardation. Many patients show features of systemic autoimmunity especially SLE such as antinuclear and anti-DNA autoantibodies, arthritis as well as cold induced chilblain lupus lesions on acral locations (30).

Aicardi Goutières syndrome is genetically heterogeneous and can be based on mainly biallelic mutations in 7 different genes, that are all involved in nucleic acid metabolism or enhanced type I interferon sensing (31). The first mutations described were detected in the three prime repair exonuclease 1 (Trex1, DNase III) (32). TREX1 is a cytoplasmic exonuclease that degrades ssDNA as single oligonucleotides or overhangs in dsDNA (33, 34). It safeguards the cytosol from accumulation of nucleic acids and thereby prevents the activation of innate nucleic acid sensors by self DNA (33). TREX1 deficiency causes cellular stress and DNA damage response (33). During this process, ssDNA that cannot be retained in the nucleus due to exhaustion of the nucleic binding capacity, escapes into the cytosol and stimulates a cGAS dependent chronic type I IFN response (19, 35). Heterozygous TREX1 mutations enhance the risk for the development of SLE (36).

Other mutations inducing Aicardi Goutières syndrome affect any of the three subunits of the ribonuclease H2 (RNaseH2) (37). The nuclear enzyme is responsible for removing ribonucleotides misincorporated in the DNA and acts on RNA/DNA hybrids (38). Mutations in RNaseH2 lead to cell stress and an increase in DNA damage that is associated with an increased type I interferon production predisposing to autoimmunity and SLE (39).

Further mutations can affect the SAM Domain and HD Domain 1 (SAMHD1) controlling the building blocks of DNA, the nucleotide triphosphate pool in the cell (40). Mutations can also affect the adenosin deaminase, RNA-specific (ADAR), important for RNA editing and gain of function mutations of the cytosolic RNA sensor MDA5 (IFIH1) (31). Mutations in ADAR have been described associated with discoid lupus erythematosus (41) and IFIH1 is a risk gene for SLE (42).



STING-Associated Vasculopathy, Infantile-Onset

STING-associated vasculopathy, infantile-onset (SAVI) is an autoinflammatory disease starting in early childhood with a vasculopathy causing erythematous, pustular, or blistering infiltrates with scaling on acral locations such as the cheeks, ears, nose, and digits that may even lead to necrotizing skin lesions resulting in mutilation and scarring (43). The symptoms worsened in cold weather. Patients may develop low-grade fever flares and inflammatory interstitial lung disease associated with lung fibrosis. They also had low titer antinuclear or antiphospholipid autoantibodies. The disease is caused by a heterozygous de novo gain of function mutation in STING-signaling resulting in a constitutive activation of the IFNB promoter and upregulation of type I IFN stimulated genes (ISG) in blood. Interestingly, a single family with SAVI and lupus-like features due to a dominant STING mutation was reported (44).



Familial Chilblain Lupus

Familial chilblain lupus is a rare autosomal dominant monogenic form of lupus erythematosus based on heterozygous mutations in TREX1, SAMHD1, or STING (45–47). The disease is characterized by cold induced livoid infiltrates on acral locations that tend to ulcerate and occur since early childhood (48, 49). Systemic involvement is possible and includes arthritis, antinuclear antibodies, and cytopenias. Type I IFNs are upregulated in skin and blood of the patients (50, 51). Patient fibroblasts with TREX1 mutation respond to cold exposure with cellular stress, senescence, and ISG induction (52).



CANDLE Syndrome

Chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature (CANDLE) is an autosomal recessive inherited autoinflammatory disease (53). Starting in infancy, patients suffer from fever accompanied by a widespread, violaceous and often annular, cutaneous eruption. Further symptoms are partial lipodystrophy, hepatomegaly, joint contractions with muscle atrophy and arthralgias. An interferon signature has been found in blood of affected patients. CANDLE is caused by homozygous mutations in PSMB8 encoding proteasome subunit β type 8, which functions as the chymotrypsin-like catalytic subunit of the immunoproteasome and is involved in processing of antigens presented by MHC class-I (54). A recent genome wide imputation approach identified a rare variation in PSMB8 as candidate gene for SLE in a European ancestry population (55).



Childhood-Onset Polyarteritis Nodosa—ADA2 Deficiency

Childhood-onset polyarteritis nodosa is an autosomal recessive disease caused by biallelic mutations of CECR1 (cat eye syndrome chromosome region, candidate 1), encoding extracellular deaminase 2 (ADA2) that deaminates adenosine to inosine (56). A defect in this nucleosid modification induced monocyte-macrophage polarization toward the M1 subset. This inflammatory subset impaired vascular integrity (56). All the patients presented with recurrent fevers and livedo racemosa in early childhood (56, 57). Cutaneous involvement included erythematous nodules and plaques that healed with scars or tissue necrosis leading to mutilation.



DNAse I

Homozygous mutations in DNAse I impair restriction of DNA in the extracellular space. Affected patients suffered from childhood onset SLE with fever, generalized rash, kidney involvement, and prominent autoantibodys directed against dsDNA, and Ro (58). Furthermore, mutations in one of the three human homologs of DNase I, DNase 1L3, caused SLE with onset during childhood, autoantibody formation and nephritis (59).



DNAse II

Patients with biallelic mutations in DNase II and a functional loss of this lysosomal endonuclease develop an autoinflammatory disease state with pancytopenia, deforming arthropathy, glomerulonephritis, mild learning difficulties in school, cutaneous ulcerations, and vasculitis like skin lesions starting in early childhood (60). Deficiency of DNase II in fibroblasts was associated with enhanced expression of ISGs. This ISG upregulation was also detectable in blood indicating the importance of type I IFN in the induction of the clinical symptoms. Variants in DNaseII showed weak associations with the risk of nephritis among korean SLE patients (61).




IMPLICATIONS FOR MULTIFACTORIAL CUTANEOUS LUPUS ERYTHEMATOSUS

Healthy skin has a regular turnover of keratinocytes and is continuously exposed to cell damaging influences such as irradiation. The daily occurring ubiquitous cell debris needs to be safely eliminated by normal immune processes. This process is ensured by several mechanisms that are crucial for the maintenance of self tolerance (1). Phagocytes can recognize and engulf apoptotic cells by altered cell membrane components or self antigens opsonized by autoantibodies or complement components (1). In addition, nucleases degrade circulating nucleic acids. Defective clearance mechanisms result in secondary necrosis and release of self antigens that can be accessed by innate immune cells (62). Lesional lupus skin biopsies characteristically show an interface dermatits with a varying number of dyskeratotic dying keratinocytes. It has been described that such apoptotic cell debris was present for prolonged time in lupus lesions indicating a defect in apoptotic clearance (63). Due to a defect in phagocytes of SLE patients such apoptotic debris can be found in germinal centers attached to follicular dendritic cells that can present autoantigens (64, 65). In addition, mutations in the genes encoding the complement components and impairing regular clearance are among the strongest risk factors for the development of SLE including cutaneous involvement (20). Furthermore, defects in DNAse I, that breaks down extracellular DNA, are associated with lupus erythematosus (66).

If nucleic acids are not removed from the extracellular space, they can serve as autoantigens. Especially if they are complexed with antimicrobial peptides such as LL37, autoantibodies, or the architectural chromosomal protein and proinflammatory mediator high mobility group box protein 1 (HMGB1), nucleic acids are immunogenic, protected from degradation and foster the uptake by monocytes/macrophages and dendritic cells (67–70) (Figure 2). The latter engulf immune complexes in their endosomal compartments where they can access nucleic acid sensing TLRs (Figure 2). Monocytes and myeloid dendritic cells can sense RNA by TLR 7 and 8 that results in NFkappa B and TNF alpha upregulation (71). Recognition of HMGB1 nucleosome complexes by TLR2 can further potentiate this cytokine induction that mediates the stimulation of the adaptive immune system (70). TLR3, expressed by tissue resident keratinocytes and fibroblasts senses self RNA that can lead to local type I IFN induction. Plasmacytoid dendritic cells can sense dsDNA by TLR9 and stimulate a robust type I IFN response after the uptake of immune complexes or DNA bound to antimicrobial peptides (23). An accumulation of plasmacytoid dendritic cells was reported in certain types of cutaneous lupus (72) (Figure 2).
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FIGURE 2. Nucelic acid immunity in the pathogenesis of cutaneous lupus erythematosus. Cutaneous lupus lesions frequently show apoptotic keratinocytes and nucleic acids complexed with autoantibodies along the basement membrane zone (blue DNA, red RNA). In patients with defects in nucleic acids clearance such as complement defects or impaired function of DNase I these nucleic acids can be taken up by immune cells such as plasmacytoid (pDC) or myeloid dendritic cells and sensed by TLRs. Neutrophils can extrude additional DNA into the extracellular space. Phagocytosis of nucleic acids is enhanced by immuncomplexes, complexation with antimicrobial peptides such as LL37 and supported by FC-receptors. The resulting cytokine and chemokine production stimulates an adaptive immune response with infiltration of T cells into the skin. Environmental trigger factors such as UV-irradition or smoking induce DNA damage and reactive oxygen species that can cause oxidation of DNA. The 8-hydroxyguanosine (8-OHG) modification protects DNA against degradation by TREX1. The unrestricted DNA can accumulate in the cytoplasm and induce cGAS stimulation leading to type I IFN induction. In patients with deficiency in TREX1 intracellular DNA can accumulate as danger signal. Other mutations such as RNAseH2 cause ribonucleotide accumulation in DNA that predisposes to cyclobutanpyrimide formation after UV-irradiation and thereby enhance cellular stress.



In addition to unrestricted cellular debris as source of extracellular self-nucleic acids an intense active extrusion of DNA by leukocytes has been described in SLE patients (73). These neutrophil extracellular traps are a known danger signals in SLE and their deposition has also been described in cutaneous lupus lesions (74) (Figure 2). In addition, it has been reported that neutrophils from SLE patients contained elevated levels of oxidized mitochondrial DNA compared with healthy controls (75). Those neutrophils could not degrade the DNA by mitophagy or lysosomal degradation but eventually extruded the oxidized mitochondrial DNA upon stimulation with RNP autoantibodies (76). The modified mitochondrial DNA was a potent immune stimulus for plasmacytoid dendritic cells (76) and was suggested to induce a STING dependent systemic type I IFN induction in mice (75).

Furthermore, accumulation of intracellular cytoplasmic DNA has been observed in epithelial cells of cutaneous lupus lesions (77) (Figure 2). Normally, this DNA should be eliminated by TREX1. However, UV-induced oxidative DNA-modification has been shown to render DNA resistant to degradation by the cytoplasmic DNAse TREX1 (78). UV-irradiation is one of the most important trigger factors for the discoid and tumidus forms of cutaneous lupus and relevant for induction of acute and subacute cutaneous lupus and SLE. Impaired restriction of modified DNA in the cytoplasm upon UV-irradiation could therefore be a relevant disease trigger factor and pathogenic mechanism for cutaneous lupus. Deficiency of TREX1 due to heterogeneous mutations is an additional risk factor for the development of photosensitive forms of SLE (36). In those patients, DNA accumulates in the cytoplasm due to incomplete restriction by TREX1 and can trigger the cGAS-STING pathway leading to type I IFN activation (Figure 2).

UV irradiation is also relevant in the pathogenesis of lupus in patients with SLE and mutations in any of the three subunits of RNase H2 (39). This nuclear enzyme is responsible for eliminating misincorporated ribonucleotides from DNA (79). Mutations that impair this function lead to an enhanced number of ribonucleotides in DNA. Ribonucleotide containing dsDNA has different steric properties that facilitate the formation of cyclobutanpyrimidine dimers in DNA upon UV-irradiation (39). These cyclobutanpyrimidine dimers are among the most frequent UV- induced DNA lesions that need to be eliminated by the DNA repair machinery (80). In RNaseH2 deficient cells from lupus patients UV irradiation causes enhanced DNA damage that consequently led to a prolonged and elevated type I IFN response especially if other trigger factors such as extracellular nucleic acids are present (39) (Figure 2).

Activation of the type I IFN pathway is a hallmark of all cutaneous lupus lesions and can be demonstrated by activation of myxovirus resistence protein A (MXA) and the expression of type I IFN induced chemokines such as CXCL10 in the skin. Keratinocytes from SLE patients have been shown to be primed by type I IFNs suggesting continuous type I IFN production in the skin of lupus patients (81, 82). Type I IFNs can also induce expression of inflammasome components such as AIM2 and IFI16. Inflammasome activation in keratinocytes in vitro can lead to upregulation IL-18. This cytokine is detectable in lupus lesions and can induce MHC class II expression and CXCL10 upregulation (83). However, inflammasomes also negatively regulate the type I IFN pathway (84). The relevance of these interactions for cutaneous inflammation in lupus is not fully understood.

Chemokines like CXCL10 have the potential to recruit T cells into the skin (4, 85) (Figure 2). Their influx is accompanied by histiocytes, dendritic cells and eventually neutrophils, which fuel the immunologic response and lead to tissue destruction, swelling, and erythema.

In conclusion, stimulation of an immune response based on activation of innate nucleic acid sensors in tissue resident or immune cells of the skin seems to be an important pathogenic pathway in the induction of cutaneous lupus and might have implications for disseminating systemic disease. The understanding of pathogenic concepts in lupus might allow a categorization of disease subtypes based on etiology. Phenotype genotype correlations revealed that patients with genetic defects in complement components or DNAse I leading to an enhanced prevalence of extracellular DNA are often affected by severe discoid lupus, exanthemas, and prominent kidney involvement (20). Patients with mutations in TREX1 accumulate intracellular DNA and frequently suffer from chilblain lupus but less frequent organ involvement (50, 86). Future detailed genetic analysis in random lupus patients might substantiate this subtyping and help to develop individual therapies. The currently used drugs include corticosteroids, hydroxychloroquine, and methotrexate (3, 87). They have broad anti-inflammatory effects but were not approved for cutaneous lupus. Hydroxychloroquine impairs nucleic acid sensing by building complexes with DNA or RNA (88). It had effectivity in a population of patients with cutaneous lupus and type I IFN signature whereas hydroxychloroquine refractory patients harbored increased numbers of TNF alpha secreting myeloid dendritic cells and required additional quinacrine treatment (89). This further indicates the clinical variability of the immunologic response in cutaneous lupus patients and underlines the need for detailed pathogenic exploration and personalized medicine. Inhibitors of type I IFN and type I IFN receptor have shown clinical efficacy for cutaneous lupus in phase II clinical trials (90, 91). Furthermore, the janus kinase inhibitors that interfere with signal transduction of the type I IFN receptor have shown effectivity in single patients with cutaneous chilblain lupus (47, 52, 92). These therapeutic efforts may pave the way for new treatment options in future. A detailed understanding of disease pathogenesis is a prerequisite for this development.
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Growing evidence suggests that inflammation may pose an atypical risk factor for pulmonary embolism (PE), as it drives venous thrombosis via several pathways. The increased risk of PE in several autoimmune diseases has lent weight to this concept. However, the relative risk of PE among patients with pemphigus has not yet been established. We aimed to examine the risk of PE in patients with pemphigus. A large-scale population-based longitudinal cohort study was conducted to evaluate the relative risk (RR) of PE among 1,985 patients with pemphigus relative to 9,874 age-, sex-, and ethnicity-matched control subjects. A multivariate Cox regression model was utilized. The incidence of PE was 3.0 (95% CI, 2.2–4.0) and 1.2 (95% CI, 1.0–1.5) per 1,000 person-years among patients with pemphigus and controls, respectively. The period prevalence of PE corresponding to the study period was 2.2% (95% CI, 1.6–2.9%) among cases and 0.9% (95% CI, 0.7–1.1%) among controls. Patients with pemphigus were twice as likely to develop PE as compared to control subjects (adjusted RR, 1.98; 95% confidence interval [CI], 1.29–3.04). The highest PE risk was observed during the 1st year following the diagnosis of pemphigus (adjusted RR, 3.55; 95% CI, 1.78–7.09) and decreased over time. The increased risk was robust to a sensitivity analysis that included only cases managed by pemphigus-related systemic medications (adjusted RR, 1.82; 95% CI, 1.11–2.98). In conclusion, pemphigus is associated with an increased risk of PE, particularly during the 1st year of the disease. An awareness of this risk should be increased, additional precipitating factors for PE should be avoided, and thromboprophylaxis may be evaluated in high-risk patients. Further research is required to establish this risk.
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INTRODUCTION

Pulmonary embolism (PE) is a life-threatening cardiovascular and cardiopulmonary condition associated with substantial burden (1). The estimated annual incidence rate of PE ranges from 0.15 to 1.0 cases per 1,000 populations (1). It is characterized by high mortality rates that may exceed 15% within the first 3 months following diagnosis (2), accounts for 5–10% of deaths among hospitalized patients, and is the most common preventable cause of inpatient death (3).

Growing evidence suggests that inflammation may pose an atypical risk factor for PE, as it drives venous thrombosis via several pathways (4). The increased risk of PE in several autoimmune diseases has lent weight to this concept (5). However, the relative risk of PE among patients with pemphigus has not yet been established. Additional prominent risk factors are institutionalization, malignancies, trauma, congestive heart failure, central venous catheter, or pacemaker placement (6).

The aim of the current study was to investigate the risk of development of PE using a large-scale population-based longitudinal cohort study.



METHODS


Study Design and Data Source

We conducted a longitudinal cohort study to examine whether patients with pemphigus are at increased risk to develop PE. The current study utilized data from the Clalit Healthcare Services (CHS) computerized database. Patient data was retrieved using data mining techniques.

The CHS database is the largest managed care organization in Israel, insuring approximately 4,400,000 enrollees in 2016. It is an inclusive computerized database with continuous real-time input from medical, pharmaceutical, and administrative operating systems. The validity of diagnoses in this database, which are grounded on hospital and primary care physicians and specialists reports, was previously identified to be of high validity (7).



Study Population

We identified all individuals with an incident diagnosis of pemphigus between 2004 and 2014 using the CHS database. Patients were defined as having pemphigus when there was a diagnosis of pemphigus documented at least twice in the medical records as registered by a physician in the community, or when pemphigus was listed in the diagnoses of discharge letters from a hospital. A control group of up to five control subjects per case was selected and matched randomly by age, sex, and ethnicity. Age matching was based on the exact year of birth (1-year strata). Controls were verified to be alive and contributing data to CHS on the date of the diagnosis of the matched case. The date of enrollment of the control participant was identical to the date of diagnosis of the matched case. The study population was followed until December 31, 2016 or until emigration, death, or occurrence of the primary endpoint, whichever occurred first.



Statistical Analysis

Incidence rates of PE were calculated for both pemphigus patients and controls and expressed as the number of events per 1,000 person-years.

Analysis of PE risk was performed in a multivariate Cox regression model using calendar time as the time scale and adjusting for possible confounders, including age, sex, malignancy, smoking, peripheral vascular disease, congestive heart failure, ischemic heart disease, history of cerebrovascular accident, hyperlipidemia, diabetes mellitus, hypertension, obesity, chronic obstructive pulmonary disease, and exposure to systemic corticosteroids. All of these variables were handled as binary variables in the analysis, with age being classified as either > or ≤ the median age of patients (72 years). The Cox regression model was used to compute hazard ratios of PE as a measure of relative risk (RR).

A 2-sided P-value < 0.05 was considered statistically significant. Data management and statistical analyses were performed with the use of SAS software version 9.4 (SAS Institute, Cary, NC, USA).




RESULTS

The total sample included 11,859 eligible patients, 1,985 of whom had pemphigus, and 9,874 were age-, sex-, and ethnicity-matched control subjects. Descriptive characteristics of the study participants are shown in Table 1. The mean (±SD) age at presentation of cases and enrollment of controls was 72.1 ± 18.5, and 59.8% of participants were female. The ethnic and the socioeconomic structure of the two groups was comparable. Comorbidity rates, as measured by the Charlson index, were higher in cases, with 1,059 (53.4%) patients having severe comorbidity compared to 4,055 (41.1%) in controls (P < 0.001; Table 1).



Table 1. Descriptive characteristics of the study population.
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The median follow-up time was 6.8 years (range, 0–13.0 years) for patients with pemphigus and 6.9 years (range, 0–13.0 years) for control subjects. The total follow-up time was 13,936.3 person-years for patients with pemphigus and 70,550.6 person-years for controls. The incidence of PE was 3.0 (95% CI, 2.2–4.0) and 1.2 (95% CI, 1.0–1.5) per 1,000 person-years among patients with pemphigus and controls, respectively. The period prevalence of PE corresponding to the study period was 2.2% (95% CI, 1.6–2.9%) among cases and 0.9% (95% CI, 0.7–1.1%) among controls.


The Risk of PE in Patients With Pemphigus

The crude risk of PE was over 2-fold higher in patients with pemphigus than in the matched control group (RR, 2.47; 95% CI, 1.71–3.57). The risk of PE was elevated in both male (RR, 2.81; 95% CI, 1.46–5.41) and female (RR, 2.33; 95% CI, 1.49–3.65) patients.

We then conducted multivariate analysis to identify the predicting factors for PE. After adjusting for several confounding factors, pemphigus emerged as an independent significant risk factor for incident PE (adjusted RR, 1.98; 95% CI, 1.29–3.04; Table 2). Peripheral vascular disease (PVD; adjusted RR, 1.78; 95% CI, 1.08–2.92), smoking (adjusted RR, 1.52; 95% CI, 1.01–2.29), and the administration of systemic corticosteroids (adjusted RR, 1.59; 95% CI, 1.07–2.36) were also significantly associated with the development of PE (data not shown).



Table 2. The risk of pulmonary embolism in patients with pemphigus stratified by follow-up time.
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Disaggregation by follow-up time revealed that the highest risk of PE was within the 1st year following the diagnosis of pemphigus (adjusted RR, 3.55; 95% CI, 1.78–7.09). The adjusted RR decreased over time to 1.25 (95% CI, 0.63–2.47) at 2–5 years, and to 1.89 (95% CI, 0.64–5.58) at 6–10 years after diagnosis (Table 2).



Sensitivity Analysis

We then performed a sensitivity analysis including only patients with pemphigus who were prescribed one of the following pemphigus-related treatments: systemic corticosteroids; adjuvant immunosuppressants; azathioprine, mycophenolate mofetil, cyclophosphamide; or rituximab. The increased risk for PE retained its statistical significance both in univariate (RR, 2.60; 95% CI, 1.76–3.86) and multivariate analyses (adjusted RR, 1.82; 95% CI, 1.11–2.98).




DISCUSSION

This large-scale population-based study provides evidence that patients with pemphigus are twice as likely to develop PE than matched control subjects. This increased risk was most pronounced within the 1st year following the diagnosis of pemphigus and thereafter declined over time to lose its statistical significance.


Previous Literature

A growing body of evidence has suggested that several autoimmune disorders are significantly associated with an increased risk of PE, including rheumatoid arthritis (5, 8), systemic lupus erythematosus (5, 9), dermatomyositis/polymyositis (5), type 1 diabetes mellitus (10), inflammatory bowel disease (5, 11), Behçet‘s disease (5, 12), celiac disease (5, 13), Sjögren's syndrome (5), systemic sclerosis (5), granulomatosis with polyangitis (5, 14), and polyarteritis nodosa (5).

Data regarding the association of pemphigus with PE is extremely limited. In their hospital-based uncontrolled cohort study of 172 patients with pemphigus, Leshem et al (15) found that 5 (2.9%) patients developed PE within a median duration of 4 months following the diagnosis of pemphigus. The external validity of this study was hindered by the lack of a matched control group; this interfered with the evaluation of the relative risk of PE in patients with pemphigus relative to the reference population (15). In a British population-based study examining the risk of venous thromboembolism (VTE) among patients with various autoimmune diseases, an elevated VTE risk was observed in a cohort of inpatients individuals with pemphigus and pemphigoid grouped together (16). Neither the PE-specific nor the pemphigus-specific outcome measures had been depicted in this study (16). Taken together, the actual burden of PE in pemphigus is yet to be established.



The Interpretations of the Findings

The mechanism underlying the increased PE risk in pemphigus had not been clearly defined. However, there is evidence that systemic inflammation, which exists in pemphigus as well as in other autoimmune diseases, potentiates venous thromboembolism by up-regulating procoagulants, down-regulating anticoagulants, and suppressing fibrinolysis (4). The cross-talk between inflammation and coagulation amplifies and maintains the activation of both systems (17). Nonetheless, a study of 23 patients with pemphigus vulgaris and 10 controls found that the levels of D-dimer, plasma prothrombin fragments F1+2, and serum tissue factor were within the normal limits, both in active and in remittent disease (18). The use of oral corticosteroids both in low and high dosages carries an elevated risk of PE, as they promote hemostasis by increasing the levels of fibrinogen and clotting factors (19). Given that corticosteroids remain the mainstay of treatment in pemphigus and are administered in the vast majority of patients, they may embody a main risk factor of PE in pemphigus. Our multivariate analysis found that administration of corticosteroids was associated with a 1.6-fold increased PE risk, and thus substantiates this hypothesis.

Hospitalization was identified as a notable precipitating factor for the development of subsequent PE (20), and it is very frequent among patients with pemphigus in several healthcare systems (21, 22). Leshem et al (15) suggested that pemphigus patients may experience immobility stemming from corticosteroid-induced myopathy and fractures due to corticosteroid-induced osteoporosis and are, therefore, more vulnerable to develop PE (16). The high prevalence of infections among patients with pemphigus may be another putative explanation for the observation (23), as infections significantly predispose to PE (24).



The Implication of the Findings

Of great interest, the highest risk of PE occurred within the 1st year following the diagnosis of pemphigus and declined thereafter. This finding is in accordance with the observation of Leshem et al (15), who reported that four of the five PE events occurred during the 1st year of the disease. Correspondingly, a nationwide Danish large-scale study demonstrated that the risk of PE was prominently increased in the 1st year after the initial diagnosis of 33 autoimmune diseases, and decreased subsequently as the duration of follow-up became longer (5). The interpretation of this phenomenon may lie in the fact that the inflammatory load of pemphigus as well as the exposure to treatment and its complications is maximal during the 1st year of diagnosis and decreases over time (5, 15). Since inflammation promotes several procoagulant pathways, effective treatment leading to the suppression of the inflammatory state could, therefore, decrease the risk of PE over time (5). Based on our findings, we recommend close monitoring of these patients mainly during the 1st year following diagnosis.

The elevated PE hazard in pemphigus begs the question of whether or not thromboprophylaxis is favorable. The benefit of this intervention should be weighed against the risk of bleeding, particularly in patients frequently managed by high-dose corticosteroids for extended periods of time. The current guidelines recommend thromboprophylaxis solely for hospitalized patients with a high underlying risk of thrombosis (25). Our multivariate analysis, however, showed that pemphigus by itself is an independent risk factor of PE, regardless of the existence of other precipitating variables.



Strengths and Limitations

Our study is a population-based controlled study aiming to estimate the risk of PE in pemphigus. The study provides a standardized and large cohort size, which gives sufficient power to exclude chance as the basis for the findings and to minimize the probability of selection bias. Our study, however, has some limitations that should be addressed. Since the CHS registry was originally designed for clinical purposes and not for fulfilling formal disease criteria, validation of the diagnoses of pemphigus and PE is lacking. Nevertheless, specialists are required to affirm the diagnoses, which are then added by primary care physicians into the database. Previous studies based on the CHS database have shown high reliability of the data (26). In addition, data concerning the clinical characteristics and the severity of the two conditions could not be obtained for the current study. The existence of surveillance bias stemming from the increased medical scrutiny for patients with pemphigus could not be definitely eliminated; however, it is less probable in a devastating outcome like PE. Although we have adjusted for various potential confounding conditions and performed a sensitivity analysis, a potential risk for residual confounding cannot be thoroughly excluded. Misclassification of the outcome, if existed, is most likely non-differential, thus leading to underestimation of effect sizes. Additionally, we could not rule out the probability that genetic coagulopathies are more prevalent among patients with pemphigus based on our dataset. However, this hypothesis was refuted in an Italian study that observed neither elevated peripheral levels of D-dimer and tissue factor (TF) nor increased TF immunoreactivity in skin specimen of 23 patients with pemphigus vulgaris (18).

In conclusion, our study demonstrates that patients with pemphigus have a 2-fold increase in risk to develop PE, particularly during the 1st years following the diagnosis. Further observational studies are necessary to establish this association in other populations. The present findings may increase the awareness of PE in patients with pemphigus, and encourage both clinicians and patients to avoid additional risk factors of PE. Thromboprophylaxis may be considered in patients for whom the underlying risk of PE is especially high, particularly in the 1st year after diagnosis.
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Over the past three decades, a considerable body of evidence has highlighted T cells as pivotal culprits in the pathogenesis of psoriasis. This includes the association of psoriasis with certain MHC (HLA) alleles, oligoclonal expansion of T cells in some cases, therapeutic response to T cell-directed immunomodulation, the onset of psoriasis following bone marrow transplantation, or induction of psoriasis-like inflammation by T cells in experimental animals. There is accumulating clinical and experimental evidence suggesting that both autoimmune and autoinflammatory mechanisms lie at the core of the disease. Indeed, some studies suggested antigenic functions of structural proteins, and complexes of self-DNA with cathelicidin (LL37) or melanocytic ADAMTSL5 have been proposed more recently as actual auto-antigens in some cases of psoriasis. These findings are accompanied by various immunoregulatory mechanisms, which we increasingly understand and which connect innate and adaptive immunity. Specific adaptive autoimmune responses, together with our current view of psoriasis as a systemic inflammatory disorder, raise the question of whether psoriasis may have connections to autoimmune or autoinflammatory disorders elsewhere in the body. While such associations have been suspected for many years, compelling mechanistic evidence in support of this notion is still scant. This review sets into context the current knowledge about innate and adaptive immunological processes in psoriasis and other autoimmune or autoinflammatory diseases.
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SETTING THE STAGE: PSORIASIS AS AN IMMUNE-MEDIATED DISORDER

If I was to name diseases that in recent years have increased our understanding of both adaptive and innate immune mechanisms on the one hand and have contributed decisively to the development of modern biological therapies on the other, then psoriasis would certainly occupy one of the top ranks. Psoriasis is currently viewed as a systemic chronic inflammatory disease with an immunogenetic basis that can be triggered extrinsically or intrinsically (1, 2). Research into its pathophysiology has led to impressive therapeutic improvements (3, 4). The disease is based on close interactions between components of the adaptive and the innate branches of the immune system (3, 5–9) (Figure 1). Since it was shown in the late 1970s that psoriasis can be ameliorated by cyclosporin A (10), it can no longer be seriously denied that T lymphocytes play a central role in the pathogenesis of this disease. This view is substantiated by numerous subsequent observations over the past four decades: psoriasis can be precipitated by bone marrow transplantation (11) and, similar to other autoinflammatory diseases, the disease is frequently associated with certain HLA expression patterns (7, 12–14). Drugs that specifically inhibit the function of T lymphocytes (such as CD2 blockade in the early days of biologics) can improve psoriasis (15). A therapeutic effect can also be achieved by interleukin (IL)-4, which pushes the cytokine milieu toward a T-helper (Th) cell 2-dominated immune response (16), probably through attenuation of Th17 function following diminished IL-23 production in antigen-presenting cells (17) and through induction of the transcription factor GATA3 (18, 19). IL-10 can also ameliorate psoriatic symptoms by modulating T cell functions (20). In addition, psoriasis-like skin inflammation in animal models can be initiated by certain CD4+ T cells (21–24), and T cells can induce psoriatic lesions in human skin xenografts (25, 26). Finally, the more recent discoveries that complexes of the antimicrobial peptide LL37 (a 37 amino acid C-terminal cleavage product of the antimicrobial peptide, cathelicidin) with own DNA or the melanocytic antigen ADAMTSL5 may function as autoantigens (27, 28), support the central role of T cells in the pathogenesis of psoriasis (29, 30).


[image: image]

FIGURE 1. Complex fine-tuning of innate and adaptive immune mechanisms determines onset, course, and activity of psoriasis. As detailed in the text, intricate interactions between components of the innate (exemplified here by dendritic cells and macrophages) with components of the adaptive immune system (exemplified here by T cells) lie at the core of the pathophysiology of psoriasis. Once established, the relative contribution and fine-tuning of various mediators of adaptive and innate immunity determine the clinical manifestation toward chronic stable vs. highly inflammatory and/or pustular psoriasis.





AUTOIMMUNE PROCESSES IN PSORIASIS


The Plot Thickens: Actual Auto-Antigens in Psoriasis

Pathogenic T cells in psoriatic skin lesions facilitate hyperproliferation of keratinocytes, influx of neutrophilic granulocytes, as well as production of other inflammatory cytokines, chemokines and antimicrobial peptides. They feature a Th17 signature, i.e., they express IL-17A, IL-22, and IFN-γ (3, 31, 32) (Figure 2). Dendritic cells maintain activation and differentiation of lesional Th17 cells primarily through secretion of IL-23 [reviewed in (8)].
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FIGURE 2. Initiation of psoriasis by antigen-dependent and antigen-independent immune mechanisms. Complexes of self-DNA with fragments of the antimicrobial peptide, cathelicidin, can stimulate plasmacytoid dendritic cells through TLR9. They can also be presented by HLA-C*06:02 molecules and specifically activate T cells through their TCR. Likewise, the melanocyte-derived ADAMTSL5 can activate pathogenic CD8+ T cells after presentation by HLA-C*06:02.



In general, both HLA restriction and peptide specificity of a given T cell are determined by its T cell receptor (TCR) repertoire (33). Activation and clonal expansion of T cells occur upon antigenic stimulation. In the absence of foreign antigens, clonal T cell expansion is highly suggestive for autoimmunity in inflammatory diseases (34). Indeed, oligoclonal T cell expansion has been identified in psoriatic lesions in early well-designed studies (35–40) as well as in more recent investigations (41). It has been interpreted as an indicator for antigen-specific immune responses.

In psoriasis, oligoclonality of cutaneous T-cell populations is usually confined to lesional skin. This suggests that psoriasis is driven by locally presented antigens (35, 42–46). Likewise, the clonal TCRs arguably mark T cells which mediate the disease process. Several landmark publications during the past years lent support to this notion through identification of putative autoantigens in psoriasis.

Early concepts of autoimmune processes in psoriasis stemmed from the recognition of sequence homologies between keratinocyte structural proteins and streptococcal antigens (S. pyogenes in particular) (47–51). Mechanistic proof, however, is still lacking.

It was previously known that complexes of LL37 and self-DNA can activate dermal plasmacytoid dendritic cells (pDC) through toll-like receptor (TLR) signaling (52–54). These stimulate pDC then facilitate the psoriatic inflammatory cascade (52, 53, 55), a mechanism that is alluded to in more detail below. The activation via innate immune mechanisms was extended later by the finding that complexes of self-DNA and LL37 can also induce adaptive antigen-specific immune responses. Indeed, LL37 can trigger profound TCR and MHC (HLA-C*06:02)-dependent T-cell responses (28). It remains to be confirmed, however, that the LL37-related candidate peptides can be derived from the parent protein by antigen processing within the antigen presenting cell and then be presented by HLA-class I-molecules.

A more recent strategy to identify potential targets of pathogenic T-cells in psoriasis was based on the generation of T-cell hybridomas expressing the paired Vα3S1/Vβ13S1 TCR of clonal CD8+ psoriatic T cells of an HLA-C*06:02-expressing psoriasis patient (27). This elegant approach identified melanocytes as target cells of the psoriatic immune response (27). A peptide derived from ADAMTS-like protein 5 (ADAMTSL5) by proteasomal cleavage and post-cleavage trimming induced the specific immune response. The auto-antigenic function of melanocytic ADAMTSL5 was then confirmed by mutation and knock-down experiments. Moreover, peripheral lymphocytes of the majority of psoriasis patients but not individuals without psoriasis responded to ADAMTSL5 with production of IL-17 or IFNγ (27) (Figure 2). In contrast to LL37, which has been shown to activate both CD8+ cytotoxic T cells and CD4+ T helper cells, ADAMTSL5 appears to activate preferentially CD8+ T cells. Of note, both antigens are recognized by T cells when being presented by HLA-C*06:02, i.e., the most prominent psoriasis risk gene in the genome [located on PSORS1 (psoriasis susceptibility locus 1) on chromosome 6p21.3].

While the role of cellular adaptive immunity is becoming increasingly plausible, only recently autoantibodies, i.e., elements of humoral adaptive immunity, have been described in patients with psoriasis and psoriatic arthritis. Interestingly, these IgG are directed against (carbamylated/citrullinated) LL37 or ADAMTSL5 (56, 57). Since the serum concentrations of these antibodies were associated with the severity of psoriasis and since patients with psoriatic arthritis had higher serum levels, it is conceivable that a causal pathogenetic relationship and a contribution to systemic inflammation exist (56). It is also possible that the respective autoantibodies exert protective functions through scavenging autoantigens. However, their roles need to be clarified in future studies.



The Other Side: Antigen Presentation by HLA Molecules in Psoriasis

While most, if not all, autoimmune diseases are linked with certain HLA alleles (58–60), HLA-C*06:02 is the predominant psoriasis risk gene (61–63). HLA class I molecules present short peptide antigens (8–10 amino acids) to αβ TCRs of CD8+ T cells. Such antigenic peptides are usually derived within the antigen presenting cell from (intracellular) parent proteins by proteasomal cleavage and loaded onto HLA-class I molecules. The HLA/peptide complex is then transported to the cell membrane where it can be recognized by CD8+ T cells (64, 65). Thus, HLA-class I-restricted immune responses are usually directed against target cells which produce the antigenic peptide.

HLA-C*06:02-presented non-apeptides (9 amino acids long) possess anchor amino acids at residues 2 (arginine) and 9 (leucine, valine, and less frequently methionine and isoleucine), along with a putative anchor at residue 7 (arginine). HLA-C*06:02 features very negatively charged pockets and thus binds to distinct positively charged peptides. Given that between 1,000 and 3,000 different self-peptides have been detected on HLA-C*06:02 under experimental conditions, multiple cellular proteins should be, in principle, presented by this HLA molecule and recognizable by CD8+ T cells (66, 67).

HLA-C*06:02, and other psoriasis-related HLA types such as HLA-C*07:01, HLA-C*07:02, and HLA-B*27 utilize identical anchor residues and present partially overlapping peptide residues (66, 67). Moreover, a negatively charged binding pocket is shared with another risk allele, HLA-C*12:03 (68, 69), resulting in similar functional domains and peptide-binding characteristics (67, 70). Thus, several HLA-class I types implicated in psoriasis appear to share similar peptide-binding properties. It is, therefore, conceivable that they can substitute for each other in conferring psoriasis risk. However, HLA-C*06:02 is the prototype allele within this spectrum and is associated with the highest risk for psoriasis.



Supporting Acts: Indispensable Players in the Ensemble of Psoriasis Immunology

Autoantigen presentation alone does not suffice to induce the psoriatic cascade in genetically predisposed individuals. Rather, costimulatory effects of various gene products orchestrate the activation of the actual autoimmune response. Such risk gene variants modulate inflammatory signaling pathways (e.g., the IL-23 pathway), peptide epitope processing and/or Th/c17 differentiation (a selection of important factors is summarized in Table 1).



Table 1. Genetic factors implicated in psoriasis.
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These genetic variations create costimulatory signals which modulate innate and adaptive immune mechanisms and shape the proinflammatory environment. In sum and in conjunction with the appropriate HLA molecules and autoantigens, they may eventually exceed the thresholds for activation and maintenance of pathogenic autoimmune and autoinflammatory responses in psoriasis (29, 71). Likewise, regulatory mechanisms involving programmed death (PD)-1 signals have emerged recently as modulators of chronic inflammation in psoriasis (72). However, the complex interactions of various players are by no means fully understood. Therefore, they are listed here only as a whole.

The autoantigens described so far cannot fully explain the genesis of psoriasis. To give just one example of the latter notion: Psoriatic lesions can also occur in vitiligo foci that do not contain melanocytes (73, 74). Alterations of resident cell types such as vascular endothelial cells or the cutaneous nervous system are also involved in the disease process (75–77). Further research is certainly needed here.




SHADES OF GRAY: CROSSTALK BETWEEN ADAPTIVE AND INNATE IMMUNITY IN PSORIASIS

In addition to the antigen-specific facilitation of inflammation in psoriasis, there are several strong connections to components of the innate immune system. The crosstalk between the innate and adaptive branches of the immune system in psoriasis is complex and can only be highlighted by a few selected examples. Its fine-tuning arguably determines the actual clinical correlate within the spectrum of the disease. Indeed, there is accumulating circumstantial evidence that in patients with stable and mild disease, mechanisms of adaptive immunity are more likely to be in the foreground, while innate mechanisms seem to be more important in patients with active severe disease, systemic involvement and comorbid conditions (78) (Figure 1). The impact on systemic comorbid diseases has been interpreted, at least in part, as a systemic “spillover” of innate inflammatory processes in severe psoriasis (78). Of course, such factors are not specific for psoriasis, but appear to account for a general inflammatory state in patients with severe psoriasis.

Patients with severe psoriasis have increased levels of inflammatory cytokines, CRP, fibrinogen, α2 macroglobulin or PAI-1 (plasminogen activator inhibitor-1) in the blood (79–81), they show transcriptomic, proteomic and metabolomic abnormalities (82) and there are connections with chronic stress (83) and biophysical properties of the skin (84).

The serum levels of inflammatory cytokines have been proposed as parameters for disease severity (85). Such general inflammatory markers are accompanied by increased numbers of Th1, Th17, and Th22 cells in patients with severe psoriasis (86, 87), which provides a direct link with autoimmune (adaptive) processes. Moreover, there is an increasing number of modulating factors, such as autoimmune reactivity to ribonucleoprotein A1 (HNRNPA1) (88), which impact on the course and severity of psoriasis.

One of the perhaps most vivid recent examples of how individual mediators influence the spectrum of psoriasis by shifting innate or adaptive immune processes comes from research on the interplay between IL-17- and IL-36-driven inflammation (89). The three IL-36 isoforms (IL-36α, β, and γ) belong to the IL-1 family and are upregulated in psoriatic skin (90, 91). They bind to the IL-36 receptor (IL-36R), thereby inducing transcription of several inflammatory mediators through NF-κβ activation. IL-36Ra (IL-1F9), an anti-inflammatory natural IL36R antagonist, is encoded by the IL36RN gene and is abundantly present in the skin of patients with psoriasis vulgaris, which may constitute part of the “checks and balances” that control the psoriatic inflammation (90, 92). Function-abrogating mutations in the IL36RN gene may result in unrestrained inflammatory effects of IL-36. Absence of IL-36Ra then leads to excessive neutrophil accumulation as observed in some cases of familial generalized pustular psoriasis (92–94). Palmoplantar pustular psoriasis, however, seems to be related to CARD14 variants rather than IL36RN mutations (95, 96).

While most cases of pustular psoriasis occur without such mutations (97), IL-36-related processes appear to contribute decisively to the actual clinical manifestation of specific psoriatic phenotypes: It has recently been shown elegantly that the skin of patients with psoriasis vulgaris differs significantly from that of patients with pustular psoriasis—in a sense, opposite ends of the spectrum of psoriasis: while in both forms numerous genes are expressed abnormally, these differentially expressed genes overlap only to a relatively small extent. In psoriasis vulgaris, genes involved in adaptive (T-cell-associated) immune processes predominate, whereas in pustular psoriasis processes of innate immunity (mainly neutrophil-associated) they are dysregulated. Interestingly, IL-36 seems to play an important role for the accumulation of neutrophilic granulocytes and a pustular phenotype of psoriasis (89). The balance between IL-36 and IL-17 seems to contribute—at least partially—to clinical symptoms of psoriasis vulgaris vs. psoriasis pustulosa. If this interpretation of the data is correct, then this would constitute a mechanism that regulates the fine-tuning between innate and adaptive immune processes.



THE IL-23/IL-17 PATHWAY CONNECTS INNATE AND ADAPTIVE IMMUNITY IN PSORIASIS

The notion of psoriasis featuring elements of both antigen-specific autoimmunity and non-specific autoinflammation needs to be considered a bit more closely, in particular downstream of innate and/or adaptive activation processes. As of today, interfering with IL-17A or IL-23 are the most efficient treatment modalities against psoriasis (98). Indeed, the IL-23/IL-17 axis seems to be particularly well-suited to exemplify the intricate crosstalk between adaptive and innate immunity in psoriasis.

Healthy human skin contains only a few IL-17-producing T cells (99), a population of CD4+ T cells distinct from the “classical” Th1 and Th2 cells. They were eponymously named for their production of IL-17 (100). In psoriasis (31, 101, 102), palmoplantar pustulosis (103) and other inflammatory disorders (104, 105), Th17 lymphocytes are vastly expanded and are thought to contribute decisively to the pathogenesis of these conditions (Figure 3). The resulting imbalance between Th17 and regulatory T cells (Treg) favors inflammation (106). The IL-17 production of T lymphocytes is further stimulated by activated keratinocytes, thus creating a positive feedback loop (107). Th17 cells are controlled by regulatory T cells through IL-10 (108). In psoriatic skin, IL-17A is considered the most relevant of the six known isoforms (102). IL-17A is not only secreted by CD4+ Th17 cells, but also by CD8+ T cells (109) and certain cells of the innate immune system including neutrophilic granulocytes (110–112), thus further highlighting the tight connection of innate and adaptive immunity in psoriasis. The presentation of IL-17 by neutrophil extracellular traps (NETs), which are generated upon activation of neutrophils in a clearly defined manner (113) and are prominently present in both pustular and plaque-type psoriasis (114), may also play a role (115).
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FIGURE 3. Differentiation of pathogenic T cells in psoriasis is embedded in a complex regulatory network. Naïve T cells can differentiate into several directions; this is mainly determined by the cytokines and transcription factors depicted here. In addition, various regulatory feedback mechanisms exist, some of which are schematically highlighted here with particular reference to Th17 cell differentiation and function.



In this context it should be mentioned that so-called tissue resident memory cells (Trm cells) in psoriatic skin remain in the long term even after resolution of the lesions, which contribute as mediators of the local adaptive immune response to renewed exacerbations. Although the role of these cells is not yet fully understood, there is growing evidence of their pathogenic role in psoriasis and other chronic inflammatory diseases (116–118). Trm cells in psoriatic lesions are CD8+ but lack CD49a (α1 integrin) expression; they predominantly generate IL-17 responses that promote local inflammation (119).

In addition to Th17 cells, T cells which produce both IL-17 and IFNγ (termed Th17/Th1-T cells) and IL-22-producing T cells can also be detected in psoriatic skin (31). Naive T cells express several cytokine receptors including the IL-23 receptor. DC-derived TGFß1, IL-1ß, IL-6, and IL-23 facilitate priming and proliferation of Th17 cells (120–122), while IL-12 assumes these functions for Th1 cells, and IL-6 and TNFα contribute to the programming of Th22 cells.

The balance of Th17 cells and Th1 cells appears to be critical for the pathogenesis of psoriasis (123) and other related conditions (124). There are several exogenous factors such as ultraviolet light or vitamin D3 (125, 126), or other cytokines like IL-9 (127) that can modulate Th17-dependent inflammation. Of note, IL-17A can also be produced independent of IL-23, e.g., by γδ T lymphocytes or invariant natural killer (iNKT) cells (128–130). However, it is not clear yet whether this alternative pathway impacts on the accrual and course of inflammatory disorders or potential undesired effects of either IL-23 or IL-17 inhibition.

In any case, the IL-23/IL-17 axis in psoriasis clearly illuminates the close interaction of the innate immune system (represented by IL-23-producing myeloid cells) with cells of the adaptive immune system (in this case Th17- and IL17-expressing CD8+ T-cells). Psoriasis could again serve as a “model disease” to clarify such relationships.



CONTRIBUTION OF RESIDENT SKIN CELLS TO IMMUNOLOGICAL PROCESSES IN PSORIASIS

Multiple genetic and environmental factors influence the immunopathology of psoriasis (131). The mechanisms leading to the first occurrence of psoriasis in predisposed individuals are only partly known. Infections with streptococci, medications such as lithium, antimalarials, or ß-blockers, or physical or chemical stress may trigger the disease. Minimal trauma can induce rapid immigration and activation of immune cells including T-cells and neutrophils (132), the so-called Köbner phenomenon (133, 134). Feedback loops between adaptive immune cells (T cells), innate immune cells (neutrophilic granulocytes, macrophages, dendritic cells), and resident skin cells (keratinocytes, endothelial cells) result in an amplification and chronification of the inflammatory response. Aspects of systemic inflammation in patients with severe psoriasis are thought to contribute to comorbid diseases (135).

Hyperproliferative keratinocytes in psoriatic plaques produce large amounts of antimicrobial peptides and proteins (AMP). These positively charged peptides, which have been termed alarmins, have strong proinflammatory properties. Most studies have addressed cathelicidin and its fragment, LL37, which is highly expressed psoriatic skin (136, 137). The positively charged LL37 can associate with negatively charged nucleic acids (DNA and RNA), thus forming immunostimulatory complexes. The free DNA required for such complexes probably comes from neutrophils (which form NETs) and damaged resident skin cells (e.g., traumatized keratinocytes). Plasmacytoid DC (pDC) and myeloid dendritic cells (DC) take up these complexes. Subsequently, RNA motifs stimulate toll-like receptors (TLR) 7 and 8, and DNA triggers TLR9 signaling (52, 138). Cytokines such as TNF, IL-23, and IL-12 are produced by TLR7/8-stimulated myeloid DC, while pDC make type I-interferons (IFNα), all of which fuel the psoriatic inflammation (131). A prominent role in psoriasis and other autoimmune diseases has been attributed to the so-called 6-sulfo LacNAc (slan) DC (139).

Several other skin-derived alarmins such as S100 proteins are inflammatory AMPs also implicated in the pathogenesis of psoriasis. Indeed, IL-17A induces the production of S100A7 (psoriasin) and S100A15 (koebnerisin) by keratinocytes (140, 141). Likewise, myeloid cells and keratinocytes produce the calgranulins, S100A8 and S100A9 [also termed myeloid-related protein (Mrp) 8 and Mrp14], both of which induce T-cell mediated autoimmune reactions and inflammatory changes in keratinocytes (142, 143). Similar to LL37, human ß-defensin (HBD) 2 and HBD4 bind DNA, trigger TLR9 and stimulate pDC (144). Innate immune sensing is also facilitated by IL-26 bound to self-DNA (145).

Activated DC in turn can program the differentiation of naive T into pathogenic T cells [reviewed in (8)]. Neutrophilic granulocytes, too, release AMP, inflammatory cytokines, proteases, free oxygen radicals, and NETs, all of which have been implicated in the inflammatory cascade in psoriasis (8, 114).



NOT ALONE: RELATIONS AND SIMILARITIES OF PSORIASIS WITH OTHER AUTOIMMUNE AND AUTOINFLAMMATORY DISORDERS

The highlights outlined so far show that both adaptive and innate immune processes contribute to psoriasis. Their balance and fine-tuning seem to determine the development of certain clinical forms of the disease, but also organ-specific manifestations. On the one hand, the outlined long-term systemic inflammatory processes probably contribute to the pathogenesis of important metabolic, cardiovascular, and mental concomitant diseases. In these areas, the evidence of a causal relationship is becoming increasingly clear and numerous publications prove this. A more detailed overview can be found elsewhere in this thematic focus. On the other hand, the contoured adaptive and innate immune mechanisms are not specific for psoriasis. Rather, many of them have been found—in varying degrees and weightings—in a whole range of other autoimmune and autoinflammatory diseases. In any case, although this interplay of different components of the immune system is certainly not yet fully understood, parallels with other chronic inflammatory and autoimmune diseases emerge that underpin our current view of psoriasis as a systemic disease.

Indeed, the prevalence of several autoimmune and/or autoinflammatory diseases including rheumatoid arthritis, celiac disease, Crohn's disease, multiple sclerosis, systemic lupus erythematosus, vitiligo, Sjögren's syndrome, alopecia areata, or autoimmune thyroiditis appears to be increased in patients with psoriasis compared to that in healthy controls (146, 147). Several other and more uncommon associations have also been reported (148). Such associations have been attributed to certain genetic and immunological similarities and “overlaps” (146, 149). Three such disease complexes associated with psoriasis, i.e., rheumatoid arthritis, Crohn's disease and systemic lupus erythematosus, will be briefly discussed as examples.

Psoriasis susceptibility 1 candidate gene 1 (PSORS1C1), a gene thought to be involved in IL-17 and IL-1β regulation, is increased in immune cells from patients with rheumatoid arthritis (150). Moreover, aberrant expression of runt-related transcription factor 1 (RUNX1) has been implicated in defective regulation of sodium-hydrogen antiporter 3 regulator 1 (SLC9A3R1) and N-acetyltransferase 9 (NAT9) in both psoriasis and rheumatoid arthritis (151–153). Polymorphisms of the IL-23R gene have also been implicated in both diseases, which further underscores the general relevance of the IL-23/IL-17 axis (154). TNFα-induced protein 3 (TNFAIP3), which negatively regulates NF-κB signaling, is another gene thought to be involved in rheumatoid arthritis and psoriasis alike, but also in Crohn's disease, celiac disease, and systemic lupus erythematosus (155, 156).

Similar functional imbalances between Th17 and regulatory T cells (Tregs) as well as similar central cytokines including TNFα, IL-23, and IL-17A, but also IL-1β, IL-6, IL-17F, and IL-21 contribute to both diseases (131, 157–159). Such striking parallels result in the response of both disorders to the same therapies.

Similar to rheumatoid arthritis, Crohn's disease is significantly more prevalent in patients with psoriasis compared to healthy controls and vice versa (160–164). Moreover, considerable genetic overlap exists between both diseases as exemplified by seven mutual susceptibility loci (165). Genes involved in the same way include some relevant for the IL-23/I-17 axis such as IL23R, IL12B, and TYK2 (166–169).

One of the first immunological parallels found between psoriasis and Crohn's disease was the central pathogenic role of TNFα (170–172). Hence, TNFα inhibitors ameliorate both disorders (172–175). Paradoxical induction of psoriasis in patients treated with TNFα inhibitors has been attributed to shifts within the balance of TNFα and type I interferons (IFNα) with impact on plasmacytoid dendritic cells (176–181) (Figure 4). The pathophysiology of such paradoxical reactions in other immunomodulating settings is less clear (182, 183). The composition of the inflammatory infiltrate (T cells, macrophages, dendritic cells and neutrophilic granulocytes) as well as inflammatory mediators (IFNγ, IL-12, IL-6, IL-17) are conspicuously similar in psoriasis and Crohn's disease (131, 184). A dysregulated balance between Th17 cells and CD4+CD25high Foxp3+ Tregs is thought to lie at the core of both diseases (101, 157, 185–187). In addition, there may even be IL-17 producing Tregs in lesions of both Crohn's disease and psoriasis (188, 189), suggesting differentiation of Tregs toward a pro-inflammatory phenotype. However, a putative protective role of IL-17 in Crohn's disease (190) may explain, at least in part, the worsening of gut inflammation in some cases upon inhibition of IL-17A (191).
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FIGURE 4. Paradoxical psoriasis triggered by TNF inhibitors in predisposed individuals. Several cytokines contribute to the pathogenesis of psoriatic skin lesions, with TNFα and IL-17A playing prominent roles. However, TNFα also exerts an inhibitory effect on plasmacytoid dendritic cells. Upon therapeutic inhibition of TNFα, this inhibitory effect is abrogated and the resulting shift toward increased production of type I interferons fuels the secretion of IL-17. It is conceivable that additional mechanisms contribute to the shift of cytokines ultimately resulting in “paradoxical” psoriatic lesions.



Increased expression of IL-6 has been demonstrated in psoriatic plaques and inflamed intestinal mucosa alike (192, 193). IL-6 signaling induces STAT3 phosphorylation, which leads to relative resistance of effector T cells toward Tregs (194, 195).

The association of psoriasis and systemic lupus erythematosus is uncommon and controversially discussed (196, 197). However, dysfunctional interaction of RUNX1 with its binding site due to nucleotide polymorphisms links psoriasis not only with rheumatoid arthritis but also with systemic lupus erythematosus (153, 198, 199). RUNX1 binding on chromosome 2 is defective in some patients with SLE, while RUNX1 binding on chromosome 17 seems to be altered in some psoriasis patients.

TNF receptor-associated factor 3 Interacting Protein 2 (TRAF3IP2) has been described as a genetic susceptibility locus for psoriasis and appears to facilitate IL-17 signaling in both psoriasis and systemic lupus erythematosus (200–205). On the cellular level, psoriasis and systemic lupus erythematosus share impaired Treg functions (157, 192, 206, 207), thus suggesting that similar genetic and immune alterations govern pathological immune reactions in both psoriasis and systemic lupus erythematosus.

In summary, psoriasis shows elements of both autoimmune and autoinflammatory mechanisms, whose fine-tuning determines the actual clinical symptoms within the broad spectrum of the disease. Given that psoriasis is a systemic disease that shares conspicuous genetic and immunological similarities with other autoimmune and autoinflammatory disorders, it may serve as a model disorder for research into general mechanisms of such complex immunological regulations.
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Lichen planus (LP) is a common, chronic relapsing inflammatory disorder of the skin and mucous membranes which often poses a major therapeutic challenge due to its refractory course. Novel pathogenesis-based therapies are urgently needed. As several studies have shown that IL-17 may contribute to LP pathogenesis, we investigated whether therapeutic targeting of IL-17+ T cells leads to clinical improvement of mucosal and cutaneous LP lesions. A total of five patients with lichen planus were treated in a compassionate use trial with either secukinumab (anti-IL-17; 3 patients with acute and chronic recalcitrant muco-cutaneous LP), ustekinumab (anti-IL-12/IL-23; 1 patient with recalcitrant oral LP) or guselkumab (anti-IL-23; 1 patient with recalcitrant oral LP). The clinical course of the patients was assessed by the Autoimmune Bullous Skin Disorder Intensity Score (ABSIS) reflecting both extent and severity of disease and functional sequelae of oral involvement for at least 12 weeks. The inflammatory infiltrate in lesional and post-lesional skin was analyzed by immunohistochemistry before and after treatment. Furthermore, the cytokine profile of peripheral blood T cells from the treated patients was assessed by flow cytometry and/or ELISpot assay. Treatment with secukinumab induced rapid and prolonged clinical amelioration of muco-cutaneous LP. Clinical improvement was accompanied by a strong reduction of the Th1 and Th17/Tc17 cellular mucosal and cutaneous infiltrate. Moreover, long-term treatment of one patient with recalcitrant oral LP with ustekinumab led to healing of the ulcerative oral lesions and a reduction of peripheral blood and lesional IL-17+ T cells. Finally, treatment with guselkumab led to a marked clinical improvement in a patient with recalcitrant erosive oral LP. These findings show for the first time that therapeutic targeting of Th17/Tc17 cells leads to a pronounced clinical amelioration of mucosal and cutaneous LP and strongly suggests that IL-17-producing T cells are central to disease pathogenesis. Thus, therapeutic targeting of Th17/Tc17 cells opens new therapeutic avenues in the treatment of recalcitrant LP.
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INTRODUCTION

Lichen planus (LP) is a common chronic relapsing inflammatory skin disease of the mucous membranes and the skin which presents with pruritic papules and painful plaques on the skin and erosion and ulcers on the mucous membranes (1–3) while in lichen planopilaris, a follicular form of LP, the scalp can also be affected (4). Although common, the therapeutic options, particularly in mucosal LP, are rather limited due to a mostly chronic refractory course (3). Systemic immunosuppressants, such as glucocorticoids, ciclosporin, azathioprine, and methotrexate, or immunomodulators such as acitretin, help to ameliorate clinical symptoms but have considerable side effects upon long-term treatment. The inflammatory skin infiltrate of LP is characterized by a dense dermal T cell-dominated cellular infiltrate (1). At present, the target antigens of the T cellular response in LP are poorly characterized. Human papilloma virus (HPV) and hepatitis C virus have been implicated as etiologic factors in selected cases of oral LP (1). Our group has recently identified autoreactive Th1 and Th17 cell responses against bullous pemphigoid (BP) antigen 180, a well-known autoantigen of the skin, in LP patients with mucocutaneous involvement. Of note, IL-17-producing cells were present within the inflammatory skin infiltrate underneath the dermal epidermal basement membrane zone (BMZ) where apoptotic epidermal keratinocytes are typically seen in LP (5). In addition, different groups demonstrated the presence of Th17 cells and Th17-related cytokines in LP lesions (6–9). These findings strongly suggest a potential role of IL-17 cells in the LP pathogenesis and raise the question as to whether therapeutic targeting of IL-17 or IL-17-producing T cells leads to an amelioration of LP.



METHODS


Patients

Three patients with mucocutaneous LP were treated with the anti-IL-17A monoclonal antibody, secukinumab, one LP patient with recalcitrant oral LP was treated with the anti-p40 monoclonal antibody, ustekinumab, which targets the p40 subunit of both IL-23 and IL-12 and one LP patient with chronic lesions not responding to immunosuppressive treatments was treated with guselkumab, a monoclonal antibody targeting IL-23. The patients' characteristics are shown in Table 1. Diagnosis of LP was based on the clinical phenotype and histopathological findings. None of the studied LP patients were on systemic immunosuppressive treatment including glucocorticoids. All patients had an extensive clinical manifestation of LP with either severe widespread skin involvement (Patient 1) or chronic recalcitrant oral involvement (Patients 2–5) which did not sufficiently respond to standard medical care, i.e., topical and systemic glucocorticoids (Table 1).



Table 1. Synopsis of studied lichen planus patients.
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Secukinumab, ustekinumab, and guselkumab are approved for the treatment of psoriasis and were administered according to the guidelines for psoriasis treatment (10–12) for at least 12 weeks (Table 1). LP skin lesions were initially treated with a short course of topical glucocorticoids for up to 7 days followed by plain emollients. Oral LP lesions were only treated with rinsing solutions containing antiseptics and local anesthetics. Off-label treatment with secukinumab, ustekinumab, and guselkumab, respectively, was covered by a compassionate use program aimed at identifying novel effective treatment options in refractory LP and did not require formal approval by the local ethics committee. The clinical course of the patients was assessed by the Autoimmune Bullous Skin Disorder Intensity Score (ABSIS) (13) which reflects both extent and severity of disease and functional sequelae of oral involvement.

Punch biopsies from lesional and post-lesional skin were obtained from patient 1–4 before and at week 12 of treatment which were fixed in paraformaldehyde, embedded in paraffin, and further processed for immunohistochemical analysis of the inflammatory infiltrate as recently described (5). Peripheral blood mononuclear cells of the patients were isolated from citrate-phosphate-dextrose-adenine (CPDA)-treated blood samples and stored in liquid nitrogen as previously described (5). The cytokine profile of peripheral blood T cells was determined by flow cytometry and/or ELISpot assay.



Immunohistochemical Analysis

Punch biopsies from lesional and post-lesional mucosa or skin were obtained from patients 1–4 before treatment and at week 12. A biopsy was further obtained at week 32 from the oral mucosa of patient four. Biopsies were fixed in paraformaldehyde, embedded in paraffin, and further processed for immunohistochemical analysis of the inflammatory infiltrate as recently described (5). Paraffin skin sections were processed by the automated IHC stainer BOND-MAX (Leica, Wetzlar, Germany) and Autostainer Plus automated immunostaining device (Dako, Hamburg, Germany), utilizing the following primary antibodies: mouse anti-human CD3, CD4, CD8 (all Novocastra, Leica, Wetzlar Germany); rabbit anti-human IL-17A, rabbit anti-human FoxP3 (both Novus, Littleton, Co, USA); rabbit anti-human T-bet, rabbit anti-human GATA-3 (both Cell Signaling Technology, Danvers, MA, USA). Secondary antibodies used were: Bond Polymer Refine Detection Kit (Leica, Wetzlar Germany; CD3, CD4, CD8); biotinylated anti-rabbit IgG, biotinylated anti-mouse IgG (Vector Laboratories; Burlingame, CA, USA; IL-17A, FoxP3, T-bet, GATA-3). Antibodies of Vector Laboratories were subsequently detected by peroxidase- or alkaline phosphatase-labeled ABC-systems (Dako). Visualization was carried out using 3,3′-diaminobenzide (DAB) or Liquid Permanent Red staining (both from Dako) as chromogenes. The T cell infiltrate of skin lesions was quantified based on microscopical images (Axiostar, Zeiss, Jena, Germany) in combination with Cell∧D (Soft Imaging System, Berlin, Germany) and ImageJ software (Figure S1). At 100x magnification, CD3+, CD4+, CD8+, and IL-17A+ T cells were counted (200x magnification for CD3+/T-bet+ and CD4+/GATA-3+ T cells). After generating a grid (ImageJ software; area per point: 50.000 pixels∧2), all stained T cells were counted in two squares (four squares for CD3+/T-bet+ and CD4+/GATA-3+ T cells) adjacent to basal membrane zone (ImageJ, cell counter; Figure S1) and their proportion of all infiltrating cells was determined afterwards. Moreover, with regard to IL-17A+ T cells, the T cellular infiltrate adjacent to the dermal-epidermal BMZ was further analyzed on images taken at 200x magnification and after grid formation (ImageJ software; area per point: 50.000 pixels∧2) counting four squares in the basal membrane zone and dermal region (ImageJ, cell counter).



Multiplex Immunohistochemistry Staining

Sections were prepared from a paraffin-embedded biopsy of the oral mucosa of patient 5 which showed the same characteristics with a lichenoid mixed CD4+ and CD8+ cellular infiltrate as in the other patients. This patient biopsy was chosen because it provided enough material to establish a more refined IF analysis. The Opal multiplex staining utilizes individual TSA conjugated fluorophores to detect multiple targets (Opal 7-Color Manual IHC Kit, Catalog No. NEL811001KT). Firstly, sections were de-paraffinized and fixed in 10% neutral buffered formalin prior to antigen retrieval in heated AR6 buffer for 15 min (EZ Retriever microwave, BioGenex). Each section was put through three sequential rounds of staining, each including a protein block with Opal blocking buffer followed by primary antibody incubation overnight (CD4: 1:100, Abcam; CD8: 1:50, Novus Biologicals; and IL−17: 1:200, R&D) and corresponding secondary horseradish peroxidase-conjugated polymer and Opal fluorophores- CD4 (Opal 620), CD8 (Opal 690), and IL17 (Opal 540). Additionally, DAPI was applied as a nuclear marker. To visualize the location of CD4 and CD8 cells (with IL-17 positive or negative), phenotyping maps were generated based on the aforementioned markers and inform machine-learning algorithms. Furthermore, to create classic pathology views, simulated IHC staining images indicating CD4, CD8, and IL17 expression were generated.



Blood Cell Isolation

Peripheral blood mononuclear cells of the patients were isolated from citrate-phosphate-dextrose-adenine (CPDA)-treated blood samples and stored in liquid nitrogen as previously described (5).



Flow Cytometric Analysis of Peripheral Blood Lymphocyte Subsets

After thawing, cells were cultured overnight in RPMI-1640 in RPMI-1640 supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin and 2 mM L-glutamine (all Capricorn, Ebsdorfergrund, Germany) and 10% FCS (Merck Millipore, Berlin, Germany). For detection of leukocyte subsets, cells were stained with the following antibodies: mouse anti-human CD45-AlexaFluor700 (2D1), mouse anti-human CD4-BrilliantViolet510 (RPA-T4; both BioLegend, San Diego, CA, USA), mouse anti-human CD3-PE (UCHT1), mouse anti-human CD8-FITC (SK1), mouse anti-human CD19-PerCP-Cy5.5 (HIB19), mouse anti-human CD14-APC (M5E2; all BD Biosciences, Heidelberg, Germany).

For cytokine detection, cells were stimulated ex vivo with 5 ng/mL phorbol myristate acetate (PMA; Promega, Fitchburg, MA, USA) and 500 ng/mL ionomycin (Calbiochem, Billerica, MA, USA) for 5 h at 37°C with addition of GolgiStop (BD Biosciences, Heidelberg, Germany) to block cytokine secretion. Subsequently, cell surface markers were stained using the following antibodies: mouse anti-human CD45-AlexaFluor700 (2D1; BioLegend, San Diego, CA, USA), mouse anti-human CD3-PE-Cy5.5 (SK7; ThermoFisherScientific, Langenselbold, Germany), mouse anti-human CD8-FITC (SK1; BD Biosciences, Heidelberg).

Intracellular cytokines were detected using mouse anti-human IFN-γ-AlexaFluor647 (B27), mouse anti-human IL-21-PE (3A3-N2.1), mouse anti-human IL-17A-AlexaFluor647 (N49-653; all BD Biosciences, Heidelberg, Germany). Cells were acquired on a BD LSRFortessa (BD Biosciences, Heidelberg, Germany) and cell doublets were discriminated by FSC-H/FSC-A plots (Figures S2, S3). Dead cells were excluded from analysis using Zombie NIR staining (BioLegend, San Diego, CA, USA). Data was analyzed by BD FACSDiva Software 8.0.2 (BD Biosciences, Heidelberg, Germany).



Enzyme-Linked Immunospot (ELISpot) Assay of Peripheral Blood Lymphocytes

ELISpot assays were performed as previously described (5). IFNγ-, IL-5- and IL-17A- positive spots were detected according to the manufacturers' instructions (Human IFNγ-ELISpot, Human IL-5-ELISpot, Becton Dickinson, Franklin Lakes, NJ, USA; Human IL-17A ELISpot Ready-Set-Go, eBioscience, San Diego, CA, USA). PBMC were seeded at 1 × 105 – 5 × 105 cells per well on the ELISpot plates and developed plates were finally analyzed by the ELISpot plate reader A.EL.VIS (A.EL.VIS, Hanover, Germany). For data analysis, the spots of the non-stimulated controls (mean) were subtracted from the spots (mean) of the cultures with antigen (all in duplicate).




RESULTS

Two patients with extensive cutaneous LP and oral lesions (Patient 1 and 2), respectively, showed rapid clinical improvement on treatment with secukinumab which became apparent by a shift from inflammatory erythematous to post-inflammatory hyperpigmented skin lesions and a regression of oral lesions within 12 weeks (Figure 1A). Moreover, the patient with recalcitrant LP of both the oral mucosa and the tongue (Patient 3) experienced resolution of buccal lesions and lasting improvement of the recalcitrant ulcerative lesions of the tongue upon treatment with secukinumab (Figure 1A). Eventually, lesions of both upper and lower gingiva fully resolved upon long-term follow-up after 48 weeks (Figure S4A). Clinical improvement was reflected by a substantial decrease of ABSIS Skin and ABSIS Mucosa I scores as well as an improvement of functional sequelae of oral involvement (ABSIS Mucosa II). Within 12 weeks, there was a marked reduction of the CD4+ and CD8+ T cellular skin infiltrate within LP lesions, in particular of Th1 (CD3+Tbet+) cells (Figure 1B). IL-17A+ T cells, which initially lined up along the dermal-epidermal BMZ, were only sparsely found after 12 weeks of secukinumab treatment (Figure 1B). In contrast, secukinumab did not induce major alterations of peripheral blood T cell subsets except for an increase of CD4+IL-21+ T cells (Figure 1C).
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FIGURE 1. Clinical and immunological response to treatment with the anti-IL-17 monoclonal antibody, secukinumab, in mucocutaneous lichen planus (LP). (A) Clinical appearance of three LP patients before (week 0; W0) and on treatment (W8, W12) with secukinumab. Patients 1 and 2 presented with muco-cutanous lesions while patient three had a recalcitrant LP of the oral mucosa unresponsive to systemic immunosuppressive treatment. Blockade of IL-17A led to a shift from erythematous inflammatory to hyperpigmented post-inflammatory skin lesions and an almost complete disappearance of the mucosal lesions by W12. Clinical course was assessed by the Autoimmune Bullous Skin Disorder Intensity Score (ABSIS) showing a marked decrease of cutaneous lesions (ABSIS Skin), mucosal lesions (ABSIS Mucosa I), and substantial improvement of the patients' ability to eat defined foods of increasing consistency without pain and/or bleeding (ABSIS Mucosa II). (B) Immunohistochemical analysis of the inflammatory skin infiltrate before (W0) and after 12 weeks (W12) of treatment (representative images of patient 1 are shown). Markers as below: CD3/CD4/CD8 (liquid permanent red), T-bet/GATA3/IL-17 (3,3′ diaminobenzide brown). The dermal, band-like CD4+ and CD8+ T cellular infiltrate was strongly reduced at W12 of secukinumab treatment compared to W0. Of note, blockade of IL-17A led to a marked decrease of both IL-17A+ and CD4+/T-bet+ (Th1) cells in the LP lesions (see Figure S1 in the supplement for description of image quantification). (C) Flow cytometric analysis of peripheral blood CD8+ and CD4+ (defined as CD8−) T cells in the three LP patients before (W0) and at W12 of treatment. In contrast to skin lesions, the number of CD3+, IFNγ+ (Th1), and IL-17A+ peripheral blood T cells remained largely unaffected by blockade of IL-17A. Notably, peripheral blood IL-21+ T cells were increased in all the three LP patients (see Figure S2 and Table S1 in the supplement for gating strategy and raw data).



Treatment with the anti-p40 monoclonal antibody, ustekinumab of a patient with recalcitrant ulcerative oral LP (Patient 4) led to dramatic clinical improvement within 12 weeks (Figure 2A). The buccal lesions fully resolved and the number and size of lesions of the tongue were markedly reduced which was also reflected by improved ABSIS Mucosa I and II scores. The inflammatory cutaneous T cell infiltrate which was mainly composed of Th1 (CD3+T-bet+) and IL-17A+ T cells markedly (Th1) or completely (IL-17A+) resolved within 12 weeks of ustekinumab treatment (Figure 2B). On long term follow up, the ulcerative lesions of the tongue and mucosal lesions of the oral region completely fully resolved by week 48 (Figure S4B). In contrast to secukinumab, treatment with ustekinumab resulted in a strong reduction of peripheral blood IL-17A+ as well as IL-21+ T cells (Figure 2C). Overall, secukinumab and ustekinumab treatment had no major impact on other peripheral blood leukocyte subsets (Figure S5). Noteworthy, secukinumab did not inhibit the number of IL-17-producing T cells in the peripheral blood of patients while ustekinumab induced a continuous decline of IL-17-secreting T cells during treatment (Figure S6). Moreover, treatment of a patient with recalcitrant erosive and ulcerative LP of the tongue with the anti-IL-23 monoclonal antibody guselkumab (Patient 5) led to a constant amelioration of oral erosions which fully resolved by week 30 (Figure 3A).
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FIGURE 2. Clinical and immunological response to treatment with the anti- IL-12/IL-23 monoclonal antibody, ustekinumab, patient 4 with recalcitrant oral lichen planus (OLP). (A) Clinical appearance before (week 0, W0) and at W8 and W12 of treatment with ustekinumab showing a striking clinical improvement of mucosal lesions by W8 and W12. The clinical course was characterized by a marked reduction of mucosal lesions (ABSIS Mucosa I) and a substantial improvement of the patient's ability to eat defined foods of different consistency without pain and/or bleeding (ABSIS Mucosa II). (B) Immunohistochemical analysis of inflammatory mucosal infiltrate before (W0) and at W12 of treatment with ustekinumab. Markers as below: CD3/CD4/CD8 (liquid permanent red), T-bet/GATA3/IL-17 (3,3' diaminobenzide brown). At W12, IL-17A+ cells were completely absent and the CD4+T-bet+ (Th1) cell infiltrate was strongly diminished (see Figure S1 for description of image quantification). (C) Flow cytometric analysis of peripheral blood CD8+ and CD4+ (defined as CD8−) T cells before (W0) and at W12 and W20 of ustekinumab treatment. While peripheral blood CD3+ T cells were not impaired, blockade of IL-12/IL-23 led to a strong decrease of peripheral blood IL-17A+ and IL-21+ T cells (see Figure S3 and Table S1 in the supplement for gating strategy and raw data).




[image: image]

FIGURE 3. Clinical response of oral lichen planus to treatment with guselkumab and phenotypical analysis of the T cell infiltrate by immunohistochemistry and multiplex immunohistochemistry. (A) Clinical appearance of the oral mucosa with marked ulcerative lesions (dotted blue line) of patient 5 on treatment with guselkumab before treatment at week 0 (W0) and at W4, W8, W26, and W30 with the clinical course assessed by ABSIS score. There is a complete resolution of the ulcerative lesions of the tongue by W30. (B) Immunohistochemical staining for CD4, CD8, and IL-17 before treatment with guselkumab. Single staining with CD4+, CD8+ (red), and IL-17 (green) as well as double positive-staining of CD4+ or CD8+ T cells with IL-17 (black) are highlighted by arrows. (C) Multiplexed immunohistochemistry images of skin lesions showing each of the individual markers in the composite image after spectral unmixing. Markers are as below: CD4 (Opal 620, pseudocoloured red), CD8 (Opal 690, pseudocoloured cyan), IL−17 (Opal 540, pseudocoloured green), and DAPI as a nuclear marker (blue) (upper row), Multiplexed immunohistochemistry images of CD4 or/and CD8 staining merged with IL-17 (middle row). Multiplexed immunohistochemistry images of CD4 or/and CD8 along with IL-17 merged with DAPI (lower row). The cell phenotyping map identifies CD4+IL17+ cells (red dots), CD8+IL17+ cells (yellow dots), CD4+IL17− cells (cyan dots), CD8+IL17− cells (green dots), and other cells (blue dots).



To further determine the cellular source of IL-17A in the lesional skin of LP, we performed multiplex immunohistochemistry (Figure 3C) in addition to regular immunohistochemical analysis in this patient (Figure 3B). We here identified several positive Il-17+ T cells within both, the CD4+ and CD8+ T cell infiltrate, in support of a mixed Th17/Tc17 infiltrate in LP lesions (Figure 3C).



DISCUSSION

We here show for the first time that therapeutic targeting of Th17/Tc17 cells either by blocking IL-17A with the monoclonal antibody, secukinumab, or by inhibiting the Th17/Tc17 axis with ustekinumab (anti-IL-12/IL-23) or with guselkumab (anti-IL-23) leads to a marked and prolonged improvement of mucosal and cutaneous lesions in LP. This finding is a major therapeutic advance in LP which often shows a chronic, refractory course and has a major impact on the patients' quality of life (1). Blockade of IL-17 and inhibition of Th17/Tc17 cell expansion was equally effective in reducing mucosal and cutaneous LP lesions. Thus, Th17/Tc17 cells and T cell-derived IL-17A are presumably important for disease induction and probably also for the perpetuation of the inflammatory response in LP. The concept that Th17/Tc17 cells are the major source of IL-17 in LP is supported by the finding that (1) CD4+/IL-17+ and CD8+/IL17+ cells line up along the dermal-epidermal BMZ in close proximity to apoptotic epidermal keratinocytes (5), a hallmark of LP, (2) neutrophils are virtually absent in LP, and (3) γδ-T cells have been only occasionally and inconsistently described in LP skin lesions and lesion-derived T cell lines (14, 15). However, other cell populations that can produce IL-17 (e.g., NK cells, NKT cells, and γδ T cells), which were not analyzed in this study, may also be a source of IL-17. However, using multiplex immunohistochemistry we mainly observed CD4+ or CD8+ IL-17A-producing T cells pointing toward an implication of Th17 and Tc17 in LP pathogenesis (Figure 3C). Thus, based on these findings, we here specifically addressed the potential role of IL17+ T cells in LP pathogenesis and the impact of therapeutic targeting of Th17/Tc17 cells.

Secukinumab, ustekinumab, and guselkumab were chosen for compassionate use in the studied patients with extensive or recalcitrant LP because they are licensed for the treatment of the Th17-associated inflammatory disorders, psoriasis vulgaris, psoriatic arthritis and Crohn's disease (16, 17). Th17 blockade also holds promise in the treatment of multiple sclerosis and rheumatoid arthritis (18), which are also strongly linked to a Th17-dependent pathogenesis.

A pathogenetic role of IL17 in LP had been previously suggested by several independent studies based on the detection of elevated serum concentrations of IL-17 and increased numbers of peripheral and lesional Th17 cells in patients with mucocutaneous and oral LP (7–9). Furthermore, the Th17-derived cytokines, IL-21, IL-22, and IL-23 were found to be upregulated in LP lesions (6, 7) Furthermore, also serum levels of IL17A seem to be upregulated in patients with LP (19). Recently, we showed that patients with LP have autoreactive peripheral blood Th17 cell responses against bullous pemphigoid (BP) 180, the autoantigen of BP (5). BP is considered as a mainly Th2-driven, IgG-mediated autoimmune disorder against the hemidesmosomal component, BP180, and presents with a Th2-dominated inflammatory skin infiltrate. In contrast, patients with LP showed a pronounced Th1/Th17-dominated infiltrate in LP lesions and peripheral blood autoreactive Th1/Th17 cells (5).

Th17 cells are characterized by the expression of the transcription factor, RORγt, and secretion of the signature cytokine IL-17A and other Th17-derived cytokines such as IL-17F, IL-21, and IL-22 (20). Based on the cellular and immunological context, Th17 cells display a great degree of plasticity (20, 21). Under non-pathogenic conditions, Th17 contribute to proper epithelial barrier function and the defense of fungal (Candida) or bacterial (staphylococci) pathogens (20, 22). Under pro-inflammatory conditions, Th17 cells can trans-differentiate into anti-inflammatory T regulatory type 1 (Tr1) cells in the intestine (23) whereas in experimental models of inflammatory bowel disease and multiple sclerosis, Th17 cells have been shown to also promote pro-inflammatory pathogenic immune responses by gaining IFN-γ and/or GM-CSF production (20, 24). Moreover, Th17 cell-derived IL-17 induces, in concert with IL-6 and TGF-β, a positive feedback loop that further drives Th17 cell expansion (25). Of note, pathogenic Th17 and presumably also Tc17 cells can rapidly transform into IFN-γ-secreting non-classical Th1 cells (26–28). Thus, the Th1-dominated T cellular infiltrate in LP may be at least partly Th17/Tc17 cell-derived which is supported by the marked decrease not only of Th17 but also Th1 cells in LP lesions after IL-17A blockade by secukinumab (Figure 1B). Blockade of IL-17 may prevent the transformation of pathogenic Th17 cell-derived non-classical Th1 cells. Accordingly, direct blockade of the Th17/Tc17 cell-axis with ustekinumab (anti-IL-12/IL-23) in a patient with refractory oral LP was not only linked to the disappearance of Th17 cells in LP lesions but also to a marked reduction of the lesional Th1 infiltrate (Figure 2B). IL-23 has been described as one of the key drivers of pro-inflammatory pathogenic Th17 cells mainly via induction of the B lymphocyte-induced maturation protein 1 (BLIMP1) (29, 30). Treatment with ustekinumab and guselkumab might therefore be more effective than secukinumab in suppressing Th17/Tc17 and, consecutively, Th1 cells in LP. In fact, in experimental Th17 cell-driven colitis blockade of IL-23 was shown to be superior in down-regulating inflammation than inhibition of soluble IL-17 (31).

Our observations strongly suggest that IL-17 is a critical cytokine in the immune pathogenesis of LP and thus represents a major therapeutic target. Under inflammatory conditions, IL-17 induces chemokine release from various cell types of the skin, including endothelial cells, macrophages, and keratinocytes leading to tissue remodeling and the recruitment of pro-inflammatory effector cells in the skin (32, 33). In LP, IL-17 release in the skin could facilitate initiation of a pro-inflammatory cascade leading to recruitment of T cells which are critical in the pathogenesis of LP. The fact that IL-17 blockade with secukinumab did not show systemic suppressive effect on peripheral Th17/Tc17 cells (Figure 1C) while suppressing the T cellular skin infiltrate further supports a pathogenic role of IL-17 in LP lesions. Instead, there was an increase of IL-17-secreting peripheral blood T cells in two patients (Figure S6) and a slight increase of peripheral blood CD4+ T cells producing IL-21 (Figure 1C), an essential inducer of IL-17 secretion which is presumably a compensatory mechanism for loss of secreted IL-17. In contrast, ustekinumab treatment led to a marked reduction not only of peripheral blood Th17/Tc17 cells but also of Th1 cells (Figure 2C).

In summary, we demonstrate for the first time that therapeutic targeting of Th17/Tc17 cells in LP either by blocking IL17A with the anti-IL-17 monoclonal antibody, secukinumab, or by inhibiting the Th17/Tc17 axis with ustekinumab (anti-IL-12/IL-23) or guselkumab (anti-IL-23), leads to a dramatic and prolonged improvement of mucosal and cutaneous lesions in five patients with recalcitrant LP. Our observations strongly suggest a crucial role Th17/Tc17 cells in LP pathogenesis and provides novel therapeutic targets for therapeutic control of this chronic refractory skin disorder.
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Psoriasis is chronic inflammatory skin disease affecting skin, joints, cardiovascular system, brain, and metabolism. The pathogenesis of psoriasis is mediated by a complex interplay between the immune system, inflammatory mediators of different pathways, e.g., TNF-alpha and the IL-23/IL-17 pathways, psoriasis-associated susceptibility loci, autoantigens, and multiple environmental factors. Psoriasis is triggered by the combination of genetic and environmental factors. A novel environmental risk factor with rising importance is obesity. Several studies proved that obesity is an independent risk factor for the onset and severity of psoriasis. Due to the dramatic increase of obesity worldwide this minireview focuses on obesity as a major environmental risk factor for psoriasis and the mechanisms of obesity-mediated exacerbation of psoriasis.
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INTRODUCTION

Psoriasis is a polygenic chronic inflammatory skin disease (1–3). A large proportion (20–30%) of the psoriasis patients suffer from additional joint involvement mainly affecting the distal extremities but also larger joints (3). Plaque-type psoriasis, the most common disease variant, which is seen in ~85% of cases, commonly manifests as dull-red, erythematous, scaly plaques particularly on the extensor surfaces of elbows, knees, and on the scalp. Less common psoriasis subtypes include pustular, guttate, inverse, erythrodermic, and palmoplantar psoriasis (4).

Psoriasis has a significant genetic background as shown by the enhanced risk for the development of the disease in offsprings and siblings of psoriasis patients and familial occurrence (5, 6). Genetic associations in psoriasis vulgaris were mainly described for the major histocompatibility complex (MHC) locus on chromosome 6 carrying the human leukocyte antigen (HLA) genes and other immune-regulatory genes such as complement factors and TNF-α (6). The strongest association was observed for the HLA-C allele Cw6, a classical HLA class I allele that was found in 46% of psoriasis patients but only in 7% of a control population (7). Subsequent genome-wide linkage studies by microsatellite analysis provided a further set of possible genomic regions with linkage to psoriasis such as the PSORS1 locus and other, non-MHC loci such as PSORS2-5 loci (8). More recently performed genome-wide association (GWAS) studies on psoriasis vulgaris have identified several additional psoriasis risk factors that comprise genes associated with chronic inflammation including IL12B (9, 10), IL23A and IL23R (9), IL2/IL21 (7), TNFAIP3 and TNIP1 (9), ZNF313 (11), and epidermal/antimicrobial genes such as SLC12A8 and HBD (human β-defensin gene) (12) and the LCE (late cornified envelope) gene cluster (10).

In contrast to psoriasis vulgaris, pustular psoriasis shows genetic associations with mutations in the IL36RN gene with the strongest association for generalized psoriasis pustulosa and a weaker association for palmoplantar pustulosis and acrodermatitis continua of Hallopeau (13). Palmoplantar pustulosis shows higher prevalence in female subjects and smokers. Guttate psoriasis is associated with environmental factors such as stress and infections, but no distinct genetic background has been defined so far. The different pathogenic mechanisms may also impact on treatment response, e.g., guttate psoriasis is less responsive to treatment with anti-TNF antibodies than plaque-type psoriasis (14).

Psoriasis is currently regarded as an auto-immune disease because it shares many features with other autoimmune diseases such as chronicity of the clinical symptoms and chronic inflammation, involvement of TNF-α and a genetic background with overlapping gene loci with other auto-immune diseases (15, 16). Potential autoantigens such as keratin 17 with sequence homologies to streptococcal M-proteins, the antimicrobial peptide LL37 and the melanocytic autoantigen ADAMTSL5 have been identified recently. LL37 and ADAMTSL5 are recognized by T-cells after binding to HLA-C*06:02 underlining the role of distinct HLA genotypes in the pathogenesis of psoriasis (17–19).

The central pathogenic cell types in psoriasis are epidermal keratinocytes, antigen presenting cells, and inflammatory T cells with complex feedback mechanisms (1, 2, 20–22).

Dysregulation of this complex interplay of cells of the innate and adaptive immune system promotes the proliferation and attenuates the differentiation of epidermal keratinocytes resulting in the distinctive thickened, scaly plaques seen in psoriasis vulgaris. Psoriasis is mediated by a plethora of cytokines and chemokines where TNF-α and the IL-23/IL-17 axis play an outstanding role (20, 23). IL-23 which is produced by antigen-presenting cells supports the development of IL-17-secreting CD4+ memory T cells (Th17 cells). Differential expression of both components of IL-23 (IL-23p19 and IL-12p40) was observed in psoriatic skin lesions in contrast to non-involved skin. However, there were no significant differences for the IL-12p35 subunit, suggestive for a particular role of IL-23 and not IL-12 in psoriasis (24). Th17 cells, neutrophils and mast cells produce IL-17A which exerts a feedforward inflammatory response in keratinocytes by triggering chemokine and cytokine production in keratinocytes. IL17 also activates neutrophils, B cells, monocytes, and macrophages (25, 26). The feedforward keratinocyte responses are self-amplifying, resulting in sustained pathogenic immune infiltration and the development of mature psoriatic plaques. Interestingly, inflammatory bowel diseases, which show a significant association with psoriasis vulgaris, and where IL-17 cytokines play a major pathogenic role, do not respond to anti-IL-17 treatment, while psoriasis does. This may be due to the fact that IL-17A can also play a protective role in the intestinal tract under inflammatory conditions as shown in an experimental mouse model of colitis (25).

The role of IL-23 as a master regulator in psoriasis was highlighted by the induction of psoriasis-like ear swelling, epidermal hyperplasia and acanthosis upon injection of IL-23 into mouse ears, which was dependent on IL17- and IL-22 (27, 28). These findings were supportive for a role of IL-23, IL-17, and IL-22 in psoriasis. The role of these cytokines in psoriasis pathogenesis is further emphasized by the currently used highly effective treatment modalities for psoriasis and psoriasis arthritis using antibodies directed against TNF-α, IL-23p19, and IL-17 (4, 29, 30). The analysis of gene expression patterns in psoriasis lesional skin under treatment with biological agents showed that gene expression patterns of IL-23- and IL-17-induced genes were indeed reduced by treatment with an anti-IL-12/23 antibody in healing skin lesions (31).

The detrimental feedforward inflammatory process in psoriasis is not restricted to the skin. The uncontrolled inflammatory response contributes to a number of comorbid conditions in psoriasis including cardiometabolic disease, stroke, and metabolic syndrome (obesity, hypertension, dyslipidemia, and diabetes) (32–36).

In general, psoriasis is believed to be triggered by the combination of genetic and environmental factors. It has been accepted that the interplay between environmental and genetic factors contributes to the onset, development and clinical symptoms of psoriasis. A significant number of studies identified ultraviolet light, drugs, smoking, alcohol, and infections as well as mental and biomechanical stress as environmental risk factors affecting psoriasis by interfering with its genetic predisposition and immune response (37).

A novel risk factor for psoriasis of high socioeconomic importance is adiposity. Several studies have shown that obesity is an independent risk factor for the onset and severity of psoriasis (38, 39). Due to the dramatic increase of obesity worldwide, this minireview focuses on obesity as one environmental risk factors for psoriasis and the mechanisms of obesity-mediated exacerbation of psoriasis.



PSORIASIS AND OBESITY

The incidence of psoriasis among adults had almost doubled between the 1970s and 2000 (40). Since the genetic basis should have not significantly changed, environmental factors including the Western lifestyle might have played a role in this growing prevalence (41). The dietary habits in industrialized nations often support high-fat, high-salt, and high-sugar diets with excess caloric intake resulting in obesity and metabolic syndrome (42). In a current large population-based Norwegian study including close to 35,000 subjects, an association of metabolic syndrome with an increased risk to develop psoriasis has been described. The analysis of metabolic factors indicated that adiposity is a central factor in this association (43). Similar findings were reported by others [reviewed in (38, 39)]. It is difficult to show what comes first, psoriasis or obesity. Pronounced social isolation, poor eating habits, depression, increased alcohol consumption, and decreased physical activity in patients with psoriasis might explain how psoriasis might lead to obesity (38).

However, epidemiological studies provide strong evidence that obesity predisposes patients to psoriasis and amplifies psoriatic inflammation. A study of Setty and co-workers including 78,626 women (of whom 892 reported having psoriasis) indicated that adiposity and weight gain were risk factors for the development of psoriasis (44). Patients with a body mass index (BMI) of 35 or more had a relative increased risk for development of psoriasis of 2.69 compared to lean patients (44). A recent prospective study indicated that obesity and high abdominal fat mass doubled the risk of psoriasis (45). These studies suggest that preventing weight gain, promoting maintenance of a normal body weight, and reduction of body mass may reduce incidence of psoriasis. Indeed, several studies showed a positive impact of weight loss on the severity of psoriasis (46). Thus, dietary weight reduction with a hypocaloric diet is recommended in overweight and obese patients with psoriasis (47). An open question is whether differences in the type of diet (low carbohydrate, ketogenic, or vegan/vegetarian diets) have an effect on psoriasis improvement. Understanding the epidemiological relationship between obesity/nutrition and psoriasis is important to assess the relevance of the environmental factors as modifiable risk factors in psoriasis pathogenesis and to develop new strategies to support anti-psoriatic treatments (48).

Since adipose tissue is an important endocrine organ secreting soluble factors involved in inflammation and immunity, it has been postulated that adipose tissue expansion and its secretion of pro-inflammatory mediators might worsen psoriasis. High levels of resistin and leptin have been found in obese psoriasis patients (39). A recent meta-analysis showed that patients with psoriasis have higher levels of leptin compared to persons without psoriasis (49).

In addition, obesity alters the cellular composition and activity of inflammatory cells in the skin. Nakamizo and co-workers described an accumulation of IL-17A-producing γδ T cells in psoriatic skin lesions of high fat diet (HFD)-induced obese mice, which resulted in an exacerbation of psoriatic dermatitis (50). Moreover, genetically engineered diabetic (db/db) mice showed an enhanced psoriatic skin inflammation with enhanced levels of IL-17A and IL-22 (51). Another study showed that long-term HFD over 9 months promoted the accumulation of specific CD11c+ macrophages in the skin, in an epidermal fatty acid binding protein (E-FABP)-dependent manner (52). In elegant studies, Christ and co-workers showed that Western diet (WD) induces a long-lasting trained immunity in myeloid cells. The authors induced systemic inflammation in Ldlr−/− mice by WD feeding that subsided after shifting mice to chow diet. WD induced long-lasting transcriptomic and epigenomic reprogramming of myeloid progenitor cells resulting in increased proliferation and innate immune responses (53).

Another important aspect is the fact that obesity and nutrition affect the microbiome (54, 55). Recently it has been shown that the microbiome -which stands for the entire microorganisms that live on human outer and inner body surfaces- exerts a strong influence on human autoimmune diseases (56). There is already some evidence that this might also be the case in psoriasis (57). The role of the microbiome for metabolic processes has also been emphasized in recent experimental studies (58). Interestingly, a correlation exists between the microbiome and IL-17 production in autoimmune diseases (59–61). Changes in the gut microbiome in psoriasis refer to a decrease in the Bacteroidetes phylum with an increase in the Faecalibacterium genus. It was suggested that bacteria shed their cell wall components, such as lipopolysaccharide and lipoteichoic acid into the blood stream thereby supporting a chronic inflammatory state. Along this line, pro-biotic substances have been shown to exert an influence on autoimmune diseases such as Crohn's disease, colitis ulcerosa, and rheumatoid arthritis but so far have not been tested for their impact on psoriasis (62).



PSORIASIS AND FATTY ACIDS

Interestingly, psoriatic patients on low energy diet showed a significant decrease of serum lipids in parallel to a reduction of skin involvement compared to a control group on a normal diet (63). However, body weight did not differ between both groups linking obesity and psoriasis independent of adipose tissue. In line with this, a recent study by our group using an imiquimod-induced psoriasis mouse model showed that specific dietary components, rather than obesity itself, may exacerbate psoriasis (64). In this study, a correlation of serum concentrations of free fatty acids (FFAs) with severity of psoriatic inflammation in HFD-induced obese mice was observed (64, 65). Interestingly, these data could be recapitulated in a human cohort of psoriasis patients where blood levels of FFAs correlated with the severity of psoriatic skin lesions (64). In accordance with these findings, in the above mentioned large population-based Norwegian study only blood fat levels and adiposity showed a positive association with psoriasis while glucose levels did not (43). To examine the causal relationship between FFAs and the HFD-induced exacerbation of psoriatic skin inflammation we fed mice for only 5 weeks (64). At this time point mice are lean and metabolically healthy while expressing elevated levels of serum FFAs. Psoriatic skin inflammation was strongly enhanced accompanied by an increased tissue infiltration of myeloid cells, epidermal thickening and expression of S100 proteins, chemokines, and pro-inflammatory cytokines such as IL-1β (64). Consistently, ob/ob mice, another model of murine obesity on normal diet, did not exhibit enhanced psoriatic skin inflammation (50). To further discriminate between the impact of adipose tissue and FFAs we used different dietary approaches (64). First, mice received standard HFD with high saturated FA (SFAs) for 2.5 weeks, which was then changed to a HFD with reduced SFAs but enriched polyunsaturated FAs (PUFA) content for additional 2.5 weeks. After 5 weeks, weight did not significantly differ between these groups but the modified HFD fed mice showed significantly lower SFA blood levels, and psoriatic inflammation was strongly reduced. Mice were then fed for 20 weeks with HFD to mimic the situation of obese patients. Then, the diet was switched to a low-fat chow diet without PUFA supplementation. Again, diet change decreased the serum concentration of SFAs without effect on weight. Importantly, these obese mice with reduced serum concentration of SFA exhibited a reduced psoriatic skin inflammation compared to obese mice on HFD (64). This study showed that dietary SFAs seem to be key amplifiers of psoriatic inflammation and suggest that restriction of SFAs may be beneficial for both lean and obese patients (Figure 1).
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FIGURE 1. HFD-derived SFAs amplify psoriatic inflammation. (1) A diet rich in saturated fatty acids (SFAs) increases SFA serum concentration. (2) Chronic intake of a high fat diet increases adipose tissue, resulting in obesity with high SFA serum levels. (2) SFAs sensitize myeloid cells resulting in an amplified pro-inflammatory response with enhanced secretion of pro-inflammatory mediators in the presence of a danger signal. (3) The enhanced myeloid cell activation contributes to a disturbance of keratinocyte proliferation, differentiation, and (4) enhances the production of chemokines and S100 proteins. (5) Consequently, more myeloid immune cells are recruited into skin lesion and activated, further enhancing psoriatic skin inflammation. (6) Dietary reduction of SFAs dampens psoriatic skin inflammation, which might support treatment efficacy in psoriatic patients.



Due to limited evidence of a beneficial effect of fish oil for psoriasis, fish oil supplementation is not recommended for psoriasis treatment (47). Data from our study might explain the failure of PUFA supplementation as a therapeutic measure in psoriasis (66–69). It appears that a reduction of SFAs is more efficient than PUFA supplementation. At present, caloric restriction is recommended for overweight and obese psoriasis patients. Future clinical trials have to verify whether a specification of this recommendation—the reduction of SFAs as adjuvant dietary measure—might support conventional anti-inflammatory therapies.



FATTY ACIDS AND INFLAMMATION

Long chain SFAs such as palmitate are enriched in states of nutrient excess and obesity (65, 70). SFAs can produce insulin resistance, endoplasmatic reticulum stress, oxidative stress, and cell death, a phenomenon referred to as lipotoxicity (70). They can bind to cell surface molecules such as CD36, free fatty acid receptors (FFAR1-4) and intracellular receptors/sensors [E-FABP and Peroxisome Proliferator Activated Receptor (PPAR) γ] that control inflammatory cell signaling and gene expression (71). SFAs are able to induce pro-inflammatory cytokines in human macrophages via pathways involving de novo ceramide synthesis (72). SFAs, but not unsaturated FAs, bind to E-FABP which activates retinoid acid receptor (RAR) resulting in differentiation of CD11c+ macrophages and expression of proinflammatory cytokines (73). It has been suggested that SFAs, via binding to TLR2 and TLR4, stimulate the expression of pro-inflammatory signaling pathways (74, 75). Current findings indicate that SFAs are not TLR4 agonists, but instead provide a second hit of activation that is dependent on prior TLR4 activation (76). Consistently, several studies did not detect any direct FFA-mediated activation of myeloid cells (64, 77, 78). However, amplification of the pro-inflammatory response of myeloid cells in the presence of SFAs has been described in many studies (64, 65, 72, 77–79). How can SFAs amplify the pro-inflammatory response?

PPARs are specialized receptors detecting FFA-derived signal molecules. Loss of PPAR-γ dampens de novo sterol biosynthesis and augments IFN-β production, which in turn suppresses the transcription of IL-1α and IL-1β in LPS-stimulated macrophages (80). Uptake of SFAs leads to enhanced ceramide generation, which in turn activates PKC-ζ and MAPK, resulting in increased IL-6 and IL-8 secretion upon LPS stimulation (79).

Elevated FFAs caused by HFD or obesity activate the NLRP3 inflammasome in macrophages resulting in increased IL-1β and IL-18 secretion (78). In the presence of danger signals SFAs induce inflammasome activation by induction of mitochondrial reactive oxygen species, or by stimulation of AMP-activated protein kinase, autophagy, or lysosome- and calcineurin-dependent pathways (70, 78). Excess SFAs uptake induces intracellular SFAs crystallization that leads to NLRP3 inflammasome activation and subsequent IL-1β release via lysosomal dysfunction (81).

Taken together, SFAs can amplify the pro-inflammatory response via direct and indirect actions (Figure 2). Thus, restriction of dietary SFAs might be helpful to suppress psoriatic inflammation.
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FIGURE 2. Regulation of the pro-inflammatory response in psoriasis. (Left half of the figure) Obesity and high fat diet (HFD) increase the concentration of saturated fatty acids (SFAs). SFAs are able to stimulate directly the expression of pro-inflammatory cytokines. SFAs activate toll-like receptors (TLR), and bind to cytoplasmic epidermal fatty acid binding proteins (E-FABPs) activating retinoid acid receptor (RAR) and stimulate the differentiation of CD11c+ macrophages (MØ). An Increase of SFAs modulates ceramide synthesis. (Right half of the figure) SFAs amplify the pro-inflammatory response in the presence of a danger signal. SFAs stimulate the expression of pro-inflammatory cytokines via binding to PPARs, by inflammasome activation, and by modulation of ceramide synthesis. Until now it is not clear which receptors are involved in FFA binding, translocation into the cell and subsequent pro-inflammatory activity.





CONCLUSIONS

Psoriasis is a chronic inflammatory skin disease mediated by a complex interplay between immune cells and tissue resident cells. Genetic and environmental factors contribute to psoriasis pathogenesis. Environmental factors such obesity and nutrition have an important impact on onset and severity of psoriasis. Recent studies suggest that dietary SFAs seem to be key amplifiers of psoriatic inflammation and suggest that restriction of SFAs may be beneficial for both lean and obese patients. The clinical relevance has to be proven in future clinical trials to improve psoriasis treatment responses and co-morbidities.
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Role of Regulatory Immune Cells and Molecules in Autoimmune Bullous Dermatoses
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Autoimmune bullous dermatoses (AIBD) include a series of typical organ-specific autoimmune diseases characterized by extensive mucocutaneous blisters. It is generally accepted to be caused by pathological autoantibodies that directly target specific adhesion components of the skin or the adjacent mucous membranes. Both innate and adaptive immune systems are critically involved in the misguided immune response against self-antigens. Recent studies have indicated that the dysfunction of regulatory T cells, regulatory B cells, and complement regulatory proteins that play essential roles in maintaining a healthy immune environment is also closely related to immune disorders in AIBD. It is important to summarize these studies, elucidate the changes in these regulatory immune cells and molecules for the pathogenesis of AIBD, and reveal the mechanisms by which they lose their ability to regulate immune disorders. In this review, we highlight the role of regulatory immune cells and molecules in the pathogenesis of pemphigus vulgaris and bullous pemphigoid, the two most representative forms of AIBD, and indicate issues that should be addressed in future investigations.
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INTRODUCTION

The immune system is guided by a series of regulatory mechanisms, the main components of which are a large number of immunoreactive and suppressor cells, that modulate the host response (1). Various immune cells and molecules that have been found to possess a regulatory capacity include regulatory T (Treg) cells, regulatory B (Breg) cells, macrophages, myeloid-derived suppressor cells (MDSCs), dendritic cells (DCs), mesenchymal stromal cells (MSCs), and complement regulatory proteins (CRPs) (2). Alteration or disruption of these immune regulatory mechanisms may lead to the survival and activation of autoreactive lymphocytes upon encountering appropriate self-antigens, which may cause corresponding tissue and organ damage (2). For instance, regulatory immune mechanisms have been implicated in the development of many autoimmune disorders, such as systemic lupus erythematosus (SLE), rheumatoid arthritis, and multiple sclerosis (3–5).

Autoimmune bullous dermatoses (AIBD) include a series of diseases that cause blistering of the skin and mucous membranes through autoantibody attacks on keratinocyte junction structures or on components of the dermal-epidermal junction (6). Based on the location of its formation, AIBD can be divided into two subgroups: pemphigus and pemphigoid diseases (7). Pemphigus diseases are characterized by the production of IgG autoantibodies against keratinocyte adhesion molecules, resulting in intraepidermal blistering, flaccid vesicles, and erosions of the skin and/or mucous membranes. Diseases in this group include pemphigus vulgaris (PV), pemphigus foliaceus, paraneoplastic pemphigus, and IgA pemphigus (6). In contrast, pemphigoid diseases are characterized by autoantibodies that directly attack structural proteins within the dermal-epidermal junction, leading to urticarial lesions, and tense blisters on the skin (8). This group includes bullous pemphigoid (BP), linear IgA bullous dermatosis, dermatitis herpetiformis, mucous membrane pemphigoids, herpes gestationis, and epidermolysis bullosa acquisita (7).

Recent studies have shown several regulatory immune cells and molecules to be involved in the progression of AIBD. In this review, we aim to elucidate the different mechanisms and roles of regulatory immune cells and molecules in AIBD by summarizing and discussing the findings of various clinical and experimental studies, and outline some of the challenges that lie ahead.



CLINICAL PRESENTATION AND PATHOPHYSIOLOGY OF AIBD


Clinical and Immunohistological Features

The pemphigus group of AIBD contains several rare organ specific autoimmune diseases that affect the skin and mucous membranes (9). PV, as the most common representative disease of the pemphigus group (10), is characterized by extremely painful erosions of the mucous membranes, and flaccid blisters localized mainly in the flexural areas, face, scalp, and extremities (Figures 1A,B). Typical lesional biopsy specimens of PV show acantholysis, which can progress to the formation of non-inflammatory intraepithelial blisters; however, a few eosinophils or neutrophils can be occasionally seen in the upper dermis and epidermis as well (Figure 1C). Meanwhile, direct immunofluorescence (DIF) of perilesional biopsy specimens from patients with PV shows IgG antibodies, and infrequently complement C3 protein, deposits on the surface of keratinocytes (Figure 1D). Whereas, DIF of normal skin shows no specific fluorescence (Supplementary Figure 1). Indirect immunofluorescence (IIF) using monkey or human normal skin as substrates enables a semiquantitative detection of circulating autoantibodies in serum. And IIF typically shows serum IgG autoantibodies from patients with PV bound to the surface of epithelium (Figure 1E).
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FIGURE 1. Clinical and immunohistological features of AIBD. AIBD contains two groups: pemphigus group and pemphigoid group. The representative members of these two groups are PV and BP. PV can present with erosions on the mucous membranes (A), and flaccid vesicles or erosion on the skin (B). Haematoxylin and eosin (HandE) staining of PV lesions demonstrates an intraepithelial blister with acantholysis (C). DIF of PV lesions shows IgG antibodies deposit on the surface of keratinocytes (D). IIF using monkey esophagus shows serum IgG autoantibodies from patients with PV bind to the surface of epitheliums (E). Whereas, BP presents with large, tense bullae, and erythematous patches on the skin (F,G). H & E staining of BP lesions reveals an subepidermal blister with eosinophil-rich inflammatory infiltration in the superficial dermis (H). DIF of BP lesions shows IgG antibodies deposit along the dermoepidermal junction (I). IIF using normal skin shows the presence of serum IgG antibodies form BP patients bound to the dermoepidermal junction (J). Bar = 100 μm.



BP is the most frequently occurring representative of the pemphigoid group, and is clinically characterized by tense, serous, or hemorrhagic bullae on erythematous or apparently normal skin (Figures 1F,G). The lesional biopsy specimens of BP typically reveal sub-epidermal blister formation with eosinophil and/or neutrophil-rich inflammatory infiltration in the superficial dermis (Figure 1H). In addition, DIF of BP lesions shows the deposits of IgG and/or C3 along the basement membrane zone (BMZ) (Figure 1I), and IgA and IgE were occasionally seen in a similar pattern (11). IIF also shows circulating IgG antibodies form patients with BP bound to the dermoepidermal junction (Figure 1J).



Genetic Factors

Although the genetic background of AIBD has not been precisely determined, a genetic predisposition in the etiology is evident. The human HLA class I and II molecules play a critical role in the recognition of antigenic peptides by T cells. Several HLA alleles, including HLA-DRB1*0402 (in Jewish people) and HLA-DQB1*0503 (in non-Jewish populations), have been found to be strongly associated with PV (12). Meanwhile, in BP, HLA-DQB1*03:01 is considered the most common HLA class II allele, associated with patients in multiple populations (13–15). Other HLA alleles, such as HLADRB1*04, DRB1*1101, and DQB1*0302, were more frequent in Japanese patients with BP (16), suggesting different HLA class II haplotypes to genetically influence susceptibility to BP across different populations.



Autoantibody Mediated Blister Formation

The binding of autoantibodies to antigens is universally known as the main cause of blister formation in AIBD. The autoantibodies in PV are against the members of cadherin family, desmoglein (Dsg) 1, and Dsg3, which maintain intercellular adhesion in stratified squamous epithelia (17, 18). The main mechanism of blister formation in PV is steric hindrance, since atomic force microscopy experiments had shown that PV IgG can directly inhibit Dsg3-mediated transinteraction (19). Besides this, several cell signaling pathways and factors are also involved in the blister formation in PV, including p38 mitogen-activated protein kinase (MAPK) (20), c-Myc (21), epidermal growth factor receptor (22), caspases (23), and mitochondria (24).

The autoantibodies in BP target two components of the hemidesmosome adhesion complex, BP180 (collagen XVII) and BP230 (dystonin-e), and the non-collagenous 16A (NC16A) domain of BP180 contains the major epitopes recognized by autoreactive T and B cells (25). In contrast to that in PV, the formation of sub-epidermal blisters in BP depends mainly on the autoantibody-induced inflammation, including activation of complement, degranulation of mast cells (MCs), and activation of neutrophils, since the knockdown of C4 (component of classical complement activation pathway), C5aR (expression on MCs), MC protease-4 (homolog of the human MC chymase), and FcγRIII (the main receptor on neutrophils) were, respectively, resistant to anti-BP180 antibody induced blistering in mice (26–30). Besides, neutrophil elastase, matrix metalloproteinase-9, and other proteolytic enzymes released by neutrophils could directly split the epidermis from the dermis (31).



Animal Models

Although no single animal model could completely simulate the entire process of PV and BP, several models have been developed for different areas of research. For PV, passive transfer with circulating IgG antibodies, from patients with PV, could induce a PV-like phenotype in neonatal mice (32), which can be used to study the function of autoantibodies. In addition, adoptive transfer of peripheral lymphocytes from Dsg3−/− mice to Rag-2−/− immunodeficient mice could also develop a PV-like phenotype (33). This model may be used to isolate anti-Dsg3 monoclonal antibodies, investigate the roles of T and B lymphocytes in perpetuating autoantibody production for autoimmune response, and evaluate immunosuppressive therapeutic strategies (34, 35).

On the other hand, passive transfer with IgG autoantibodies from patients with BP could not induce a BP-like disease in animals, since BP autoantibodies reacting with NC16A domain failed to cross-react with mouse BP180. In 1993, Liu et al. had reported an experimental BP model by transferring rabbit anti-mouse BP180 NC14A into neonatal mice, which developed the same clinical, histological, and immunopathological features of BP (36). This model has been widely used to investigate the roles of autoantibodies, complement, MCs, neutrophils, and FcγRs in BP (28, 30, 37). Additionally, in humanized mouse whose murine BP180NC14A is replaced with the homologous human BP180NC16A epitope cluster region, injection of anti-BP180NC16A autoantibodies result in the development of BP-like subepidermal blisters (25).




TREG CELLS IN AIBD


CD4+ CD25Bright FoxP3+ Natural Treg (nTreg) Cells

The pathogenetic progress of AIBD includes a series of immune events, including activation of autoreactive T cells, T–B cell interaction, autoantibody production, and blister formation (38). Recent studies have indicated the involvement of regulatory immune cells and molecules as well in AIBD. Although a wealth of regulatory immune cells have been identified, CD4+ CD25bright FoxP3+ natural Treg (nTreg) cells remain the most extensively studied cell-type (39). In 1995, Sakaguchi et al. firstly reported and defined a subset of CD4+ cells showing stable expression of the lineage-specific transcription factor FoxP3 and high concentrations of the interleukin 2 (IL2) receptor α-chain (CD25) (40). CD4+ CD25bright FoxP3+ Treg cells account for 10% of peripheral CD4+ T cells and demonstrate the suppressing function, both in cell contact-dependent and -independent manner (41). CD4+ CD25bright FoxP3+ Treg cells expressed cytotoxic T-lymphocyte associated protein 4 (CTLA-4), CD25, CD39, and CD73 ectoenzymes, which directly suppressed the production of CD8+ T cells, DCs, myeloid cells, and possibly natural killer (NK) cells (42–44). Moreover, CD4+ CD25bright FoxP3+ Treg cells can also produce a variety of immunomodulatory cytokines, such as IL-10, granzymes, and transforming growth factor-β (TGF-β), which suppress the proinflammatory responses of effector T cells, NK cells, B cells, DCs, and macrophages (45).

nTreg Cells in Pemphigus Vulgaris

The concentration and function of CD4+ CD25bright FoxP3+ Treg cells in patients with PV are abnormal. Sugiyama et al. (46) found that CD4+ Treg cells were remarkably reduced in the blood of patients with PV (46). In addition, CD4+ CD25 bright Treg cells in such patients showed significantly higher CD45RO and lower CD45RA expression levels than in normal controls. Moreover, the expression of FoxP3 and CTLA-4 in CD4+ CD25 bright Treg cells was significantly down-regulated in patients with PV compared to that in healthy people, along with dysregulation of CCR4 and CCL22 expression (46, 47), thus suggesting the possibility of defective trafficking of Treg cells in skin lesions of patients with PV. Furthermore, the number of CD4+ Treg cells was negatively correlated with that of Th17 cells, which is significantly increased in patients with PV (48). This imbalance might be an important factor in the progression of PV. Importantly, recent studies have indicated that increasing the number of CD4+ CD25bright FoxP3+ Treg cells, by adoptive transfer or use of the super-agonistic anti-CD28 antibody D665, could suppress antibody production in mouse models of PV, whereas depleting them enhanced the autoantibody production in the same model (49, 50). These results suggested that CD4+ CD25bright FoxP3+ Treg cell dysfunction promotes the progression of PV.

However, there have been several studies that showed inconsistent results for the change of nTreg cells after treatment. Bhattacharjee et al. found no obvious changes in CD4+ CD25+ FoxP3+ T cell counts in patients with PV after monotherapy with rituximab, an anti-CD20 monoclonal antibody that could induce B cell depletion and is commonly used in autoimmune diseases (51, 52). El-Zawahry et al. however showed that the circulating CD4+ CD25+ T cells in patients with PV were reduced after treatment with rituximab (53). In several other autoimmune diseases, such as lupus nephritis, idiopathic thrombocytopenic purpura, myasthenia gravis, and rheumatoid arthritis, treatment with rituximab significantly increased the growth of CD4+ CD25bright FoxP3+ Treg cells (54–57). These discrepancies in the results may be due to the limited number of samples, or differences in the pathogenesis of each disease. Therefore, whether nTreg cells function as a therapy against PV is still debatable.

In brief, defects in the growth and function of nTreg cells, not only reduce the excessive response limit of Th cells, but also promote the production of autoantibodies, thus contributing to the development of PV (Figure 2). However, the molecular mechanism controlling the suppression of nTreg cells, as well as their therapeutic potential, warrants further investigations.
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FIGURE 2. Role of treg cells in AIBD. The production of autoantibodies by plasma cells is the crucial process in the pathogenesis of both PV and BP, in which Th–B cell interaction plays an important role. Treg cells can be divided into two groups: nTreg cells and iTreg cells. nTreg cells number is decreased in PV, which have a negative correlation with Th17 cells. nTreg cells could suppress the functions of Th2 and Tfh cells on activing B cells in an STAT6-dependent manner, but they lost this function in BP. Additionally, Tr1 cells, the most intensively studied cell type of iTreg cells, could be divided into two subpopulations based on the cell size and granularity in PV. The smaller subset achieves the suppressing function by secreting IL-10, TGF-β in response to Dsg3. The larger subset loses the ability in response to Dsg3, exhibits a Th cell-like phenotype, and secretes IL-2.



nTreg Cells in Bullous Pemphigoid

In patients with BP, the number of CD4+ CD25bright FoxP3+ Treg cells was found to be significantly reduced, both in the blood and skin (58, 59). In addition, the function of CD4+ CD25bright FoxP3+ Treg cells in BP has also been found to be abnormal. For instance, a study had shown that scurfy mice, which carry FoxP3 gene mutations, lacked functional Treg cells, displayed severe erosive skin lesions similar to that in BP, and produced autoantibodies targeting murine BP230 and BP180. Moreover, the transfer of CD4+ T cells from scurfy mice to immunodeficient mice induced the expression of autoantibodies targeting BP230 and BP180, and this phenomenon was ameliorated in STAT6 gene knockout mice (60). An additional study had discovered that the formation of sub-epidermal blisters in scurfy mice is caused by the monoclonal antibody (mAb) 20B12, which could cross-react with human BP230 (61). These studies together suggest that the absence of FoxP3+ Treg cells leads to the BP phenotype in mice by inducing the expression of pathogenic autoantibodies targeting BP antigens (Figure 2). Further research is required to clarify the immunological mechanisms controlling the inhibition of autoantibody production by CD4+ Treg cells and to understand why this function is lost in BP.

Another study had shown that CD25high Treg cells were in similar proportions to that of CD4+ T cells in BP and healthy blood, and that the ability of CD4+ CD25high Treg cells to suppress T cell proliferation and interferon-γ (IFN-γ) secretion in patients with BP was similar to that in normal individuals (62). Although the results seemed to be contradictory, CD4 and CD25, by themselves, are not sufficient to identify Treg cells. CD4+ CD25bright cells may represent not only Treg cells, but also FoxP3−activated T cells. The inconsistent results may have been caused by the different phenotypes of Treg cells.



Induced Treg (iTreg) Cells

Besides thymus-derived FoxP3+ nTreg cells, there are several other types of Treg cells that can be induced from peripheral naive T lymphocytes in the periphery, including FoxP3+ iTreg cells (63), IL-10-producing T regulatory type 1 (Tr1) cells (64), TGF-β-secreting Th3 cells (65), and B-cell-induced Foxp3− regulatory T cells (Treg-of-B cells) (66). Among them, Tr1 cells are the most extensively studied type. Tr1 cells were first reported in 1997 and could produce high levels of IL-10 and TGF-β, which played a key role in suppressing antigen-specific T cell responses (67).

Veldman et al. had shown that Dsg3-responsive Tr1 cells, isolated from healthy carriers of two PV-associated HLA class II alleles (DRB1*0402 and DQB1*0503), were present in significantly higher proportions than in patients with PV. This population of cells secreted IL-10, TGF-β, and IL-5 in response to Dsg-3, and inhibited the proliferation of Dsg3-reactive Th cells (68). The Dsg3-responsive Tr1 cells could be divided into two subpopulations based on their cell size and granularity. The smaller subset expressed FoxP3 and secreted IL-10 and TGF-β in response to Dsg3 stimulation. The larger subset, on the other hand, did not express FoxP3, exhibited a Th cell-like phenotype, and secreted IL-2 (69) (Figure 2). Inhibition of FoxP3 mRNA in Tr1, using antisense oligonucleotides resulted in the cells showing features similar to those of Th2 cells, such as the secretion of IL-2 and loss of anergy in response to Dsg3 antigen stimulation (70). After treatment with rituximab, the mean count of Tr1 cells increased in 2 weeks, and gradually declined over the remaining period (51). In summary, alterations in the growth and function of Dsg3- responsive Tr1 cells in PV, as well as their inhibitory effect on Th cells, indicate their relevance in PV pathogenesis. Future studies should focus on the underlying mechanisms controlling phenotypic changes in Tr1 cells during PV pathogenesis, and the development of related PV treatment strategies.

Not enough evidence in AIBD accounts for the changes in other iTreg cell subsets. One study had shown that the proportion of TGF-β-secreting Th3 cells did not change in PV cases compared to that in normal individuals, although there was an increase in the mean value at 14 weeks after treatment with rituximab (51). Since the phenotypic identification on Treg cells has long been inconsistent, reliability of some studies of Treg cells remains debatable. Future studies should be based on the improved classification and identification of Treg cell subsets to further determine the changes in number and function of these cell subsets in AIBD.



CD8+ Treg Cells

While CD4+ Treg cells have attracted much attention for their important role in the regulation of immune homeostasis, recent findings have also identified a subset of CD8+ T cells with immunoregulatory functions, known as CD8+ Treg cells (71–73). Till date, three subsets of CD8+ Treg cells have been identified: CD8+ CD25+ T cells, CD8+ CD122+ T cells, and CD8+ CXCR3+ T cells. CD8+ CD25+ Treg cells express surface CTLA-4 and GITR, as well as intracellular FoxP3, similar to that observed in CD4+ Treg cells (74). Meanwhile, CD8+CD25+ Treg cells could directly contact CD4+ CD25− T cells and down-regulate the expression of IL-2Rα, thus suppressing the growth of target cells (74, 75). In addition, human CD8+ CXCR3+ T cells were found to suppress the expression of IFN-γ in immune cells by secreting IL-10, similar to the observed mechanism in murine CD8+ CD122+ Treg cells (76–78). CD8+ FoxP3+ Treg cells were also found to play an important role in the up-regulation of FoxP3 and proliferation of CD4+ CD25+ Treg cells (79). Although an association between CD8+ Treg cells and several autoimmune diseases, such as SLE and experimental autoimmune encephalomyelitis (EAE) has been identified (80, 81), evidence linking CD8+ Treg cells to AIBD is still lacking.




BREG CELLS IN AIBD

Breg cells were first identified as a subset of IL-10-producing B cells, and were first described by Mizoguchi and Bhan (82). The exact surface markers present in human Breg cells remain unclear. Different B cell subsets in circulation have suppressive regulatory functions that are dependent on IL-10, namely CD19+ CD24high CD38high Breg cells, CD19+ CD24high CD27+ Breg cells, and CD25high CD27high CD86high CD1high Breg cells (83–85). Recently, other Breg subsets, known as TGF-β- expressing Breg cells, have also been identified (86). In autoimmune diseases, such as SLE, multiple sclerosis, lupus nephritis, and type 1 diabetes mellitus, Breg cells are found to be dysfunctional in terms of immune suppression, leading to the breakdown of self-tolerance (87–92). In addition, adoptive transfer of Breg cells ameliorated inflammatory symptoms in animal models of many autoimmune diseases, including SLE, type I diabetes, and contact hypersensitivity (93–96).


Breg Cells in Pemphigus Vulgaris

Activated B cells are generally considered to be pathogenic regulators in patients with PV via the secretion of autoantibodies targeting Dsg3 (97). However, little attention has been paid to the function of Breg cells in the pathogenesis of PV. Several studies have shown that the frequency of CD19+ CD24high CD38high Breg cells is significantly increased in the blood of patients with PV compared to that in healthy individuals, both in the active group and in remittent group (98, 99). Breg cells from patients with PV displayed impaired IL-10 expression, even when they were activated over a longer period of time, compared to the healthy Breg cells (98). Therefore, the Breg cells in PV did not directly regulate the humoral response, and rather lost their ability to down-regulate the production of IFN-γ in CD4+ T cells (Figure 3). In addition, after being treated with rituximab or intravenous immunoglobulin (IVIG), patients with PV, showing complete remission, had a significantly higher proportion of IL-10-secreting Breg cells and increased levels of IL-10 compared to those who showed no response and incomplete remission (100, 101). Maturation of IL-10-secreting progenitor B (B10pro) cells into functional IL-10-secreting effector B (B10eff) cells has been confirmed to require IL-21- and CD40-dependent cognate interactions with T cells (102) (Figure 3). Whether patient-derived B10 cells in PV display a defective interaction with T cells, or fail to respond to IL-21 cytokines warrants further investigation.
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FIGURE 3. Role of Breg cells in AIBD. The maturation of B10pro cells into B10eff cells requires IL-21- and CD40-dependent cognate interactions with T cells. In PV, B10eff cells is impaired in the functions of secreting IL-10 and down-regulating the production of IFN-γ in CD4+ T cells. Moreover, Breg cells from BP patients acquire the function of producing TNF-α and IFN-γ, two important inflammatory cytokines in the pathogenesis of BP.





Breg Cells in Bullous Pemphigoid

In 2007, Kabuto et al. had found no significant difference in the frequencies of CD19+ CD24high CD38high B cells between patients with BP and healthy controls (99). However, in our recent research, we found the frequency of circulating CD19+ CD24high CD27+ Breg cells and IL-10+CD19+ Breg cells to be increased in patients with BP. In addition, these patient-derived Breg cells displayed impaired function regarding suppression of CD4+ T cell activation and autoantibody production, despite secreting high levels of tumor necrosis factor-α (TNF-α) and IFN-γ (Figure 3). Moreover, the TNF inhibitor etanercept could inhibit autoantibody production in vitro (103). According to our results, Breg cells in patients with BP displayed increased production of inflammatory cytokines (mainly TNF-α). Although there is an apparent inconsistency between the pro-inflammatory phenotype and weaker immunosuppressive function of Breg cells in patients with BP, recent studies have proposed immunosuppression not be controlled by a devoted Breg cell lineage with a specific phenotype; rather, it is rather the result of a dynamic balance between multiple B cell subsets and other cells within the immune system (104). Therefore, functional flexibility of the Breg subset may be responsible for the difference in phenotypic vs. functional observations. Further analysis of the Breg phenotype will improve our understanding of its role in BP, and animal models should also be used to study the function of Breg cells in AIBD.




OTHER REGULATORY CELLS

In addition to the cells described above, there are several other cells that have been reported to possess immunomodulatory functions, including DCs, macrophages, MDSCs, and MSCs. Function of DCs is related to their maturation state: immature DCs promote tolerogenic response by expressing anti-inflammatory molecules, such as IL-10 and TGF-β, whereas mature DCs promote immunogenic responses (105, 106). In addition, macrophages can be divided into three populations: classically activated macrophages, wound-healing macrophages, and regulatory macrophages (107). Regulatory macrophages produce high levels of IL-10 and low levels of IL-12, thereby dampening the immune response and limiting inflammation (108, 109). Moreover, MDSCs could also produce a large array of anti-inflammatory molecules, including arginase-1 (ARG1), TGF-β, IL-10, and indoleamine 2,3-dioxygenase (IDO), and have the ability of suppressing T cell response and promoting the functions of Treg cells (110–112). Furthermore, MSCs have been proven to have immunoregulatory effect on innate (NK cells) and adaptive immune system (DCs, B cells, and T cells) by cellular contact and/or secretion of regulatory molecules, such as TGF-β1, HGF, IDO, Prostaglandin E2, and IL-10 (113–116). MSCs also possess the ability to promote the function of Treg cells, including CD4+ CD25bright FoxP3+ Treg cells and Tr1 cells (117).

Taken together, besides the Treg and Breg cells, many other kinds of cells also have regulatory functions on immune system, and are related to the pathology and/or treatment of autoimmune diseases. However, little is known about the role of these cells in AIBD. One case report had shown CTLA4-overexpressing adipose tissue-derived MSCs transplantation could improve the clinical symptoms of a dog with pemphigus foliaceus (118), suggesting the therapeutic potential of these regulatory cells in AIBD. Further studies are recommended to investigate the roles of these regulatory cells in AIBD, as well as for its treatment.



COMPLEMENT REGULATORY PROTEINS IN AIBD

CRPs refer to an important class of regulatory proteins in the complement system that controls enzymatic cascades, assembly of the membrane attack complex, and homeostasis of the complement system (119, 120); they include CD55 (decay accelerating factor), CD59 (membrane inhibitor of reactive lysis; MIRL), CD35 (type 1 complement receptor; CR1), and CD46 (membrane cofactor protein; MCP). Since the over-activation of the complement system could injure the host, effectors of complement activation need to be tightly regulated by complement regulatory proteins to maintain the balance between efficient destruction of harmful factors and unwanted over-activation of host tissue (121). Dysregulation of these proteins is related to many autoimmune diseases, including SLE, autoimmune hemocytopenias, and rheumatoid arthritis (122–126).

Although DIF studies of patients with PV often show C3 deposits at the keratinocyte surface, blister formation in PV has been proven to be independent of complement (127). Complement activation via the classical pathway is one of the pivotal steps in BP development (27). However, little is known about the role and mechanism of CRPs in BP. In our latest study, we examined the role of CD46 and CD55 in the pathogenesis of BP; results showed that sCD46 was up-regulated in both serum and blister fluid of the patients, and that its expression was positively correlated with the levels of anti-BP180 antibody and C3a. Importantly, the levels of mCD46 and CD55 were decreased in skin lesions of patients with BP. While the depletion of CD46 or CD55 enhanced C3 deposition and autoantibody-mediated complement activation, exogenous CD46 or CD55 significantly inhibited this phenomenon (128, 129) (Figure 4). These data suggested CD46 and CD55 to be key inhibitors of complement activation and that their down-regulation is involved in the pathogenesis of BP.
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FIGURE 4. Role of CRPs in AIBD. Complement activation is one of the pivotal steps in BP development. mCD46 and CD55, two important CRPs, could inhibit autoantibody-mediated complement activation. Additionally, CD55 is down-regulated by TNF-α and IFN-γ though ERK1/2 signaling pathway in BP lesions.





CONCLUSION

According to the previous results and our recent investigations, it is clear that the components of immunoregulatory system, including Treg cells, Breg cells, and CRPs, are important for the development of autoimmune disorders in AIBD. Recently, pharmacological approaches targeting Treg cells to restore their impaired function have been considered viable therapeutic methods for some autoimmune diseases (130–133), clarifying the importance of immunoregulatory system in the pathogenesis of these diseases, and showing the latent capacity of regulatory immune cells and molecules in these diseases. However, present studies have relied on the identification of changes in cell counts and functions, without exploring its role in disease development and treatment of AIBD in depth. Since the animal models of AIBD have been well-developed, more studies based on animal models would be required to expound the role and possible therapeutic applications of these cells and molecules in AIBD. Studies exploiting their suppressive characteristics should also be carefully designed to obtain maximum clinical benefits.
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C5a/C5aR1 Pathway Is Critical for the Pathogenesis of Psoriasis
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Psoriasis is one of the most common chronic inflammatory skin diseases, affecting ~2% of the population. The lack of characterization of the pathogenesis of psoriasis has hindered efficient clinical treatment of the disease. In our study, we observed that expression of complement component 5a receptor 1(C5aR1) was significantly increased in skin lesions of both imiquimod (IMQ) and IL23-induced psoriatic mice and patients with psoriasis. C5aR1 deficiency or treatment with C5a receptor 1 antagonist (C5aR1a) in mice significantly attenuated psoriasis-like skin lesions and expression of inflammatory cytokines and chemokines. Moreover, C5aR1 deficiency significantly decreased IMQ-induced infiltration of plasmacytoid dendritic cells (pDCs), monocytes and neutrophils in psoriatic skin lesions and functions of pDCs, evidenced by the remarkable reduction in the IMQ-induced production of interferon-α (IFN-α) and tumor necrosis factor α (TNF-α), and FMS-like tyrosine kinase 3 ligand (FLT3L)-dependent pDCs differentiation. Accordingly, in vitro treatment with recombinant C5a accelerated pDCs migration and the differentiation of bone marrow cells into pDCs. Furthermore, biopsies of psoriatic patients showed a dramatic increase of C5aR1+ pDCs infiltration in psoriatic skin lesions, compared to healthy subjects. Our results provide direct evidence that C5a/C5aR1 signaling plays a critical role in the pathogenesis of psoriasis. Inhibition of C5a/C5aR1 pathway is expected to be beneficial in the treatment of patients with psoriasis.
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INTRODUCTION

Psoriasis is one of the most common chronic inflammatory skin diseases, affecting ~2% of the world's population (1). Psoriatic lesions are characterized by various histological features, including epidermal hyperplasia caused by excessive proliferation of keratinocytes, termed “acanthosis;” parakeratosis caused by impaired differentiation of keratinocytes; hypervascularity; and immune cell infiltration by neutrophils, dendritic cells, T cells, and macrophages (2, 3). Although the underlying mechanism is not fully understood, increasing evidence indicates that the innate immune system plays an essential role in the development of psoriasis (4–7).

The complement system, one of the most important arms of innate immunity, comprises a series of soluble and cell surface proteins, including plasma components, specific receptors, and diverse regulators. The complement system serves as the first line defense against the foreign pathogens by applying complement activation elements acting with antibodies, phagocytes, or through the formation of the terminal membrane attack complex (MAC) (8–10). Complement component 5a (C5a), a powerful, pro-inflammatory anaphylatoxin synthesized after cleavage of complement component C5, exerts its biological action by binding to its specific receptor C5aR1, also known as CD88, expressed on macrophages, neutrophils, monocytes, keratinocytes, and human plasmacytoid dendritic cells (pDCs) (11–13). A second receptor of C5a, C5-like receptor 2 (C5L2), was identified to be a negative regulator of C5a-dependent signaling (14).

Multiple reports indicated that excessive production of C5a leads to deleterious exaggeration of of the innate and adaptive immune responses, contributing to the development of several diseases such as allograft ischemia-reperfusion injury (IRI) and sepsis (15–17). Furthermore, high levels of cleaved C5a and C5a des-Arg were exhibited in skin lesions and psoriatic scales (18–21). However, the role of C5a/C5aR1 signaling in the development and progression of psoriasis remains unclear.

Although psoriasis has not been detected in any mammalian species other than humans, there exist several mouse models that mimic certain features of the human skin disease. Imiquimod (IMQ), a synthetic agonist for toll-like receptor 7 (TLR7), is a potent immune response activator and induces psoriasis-like skin inflammation (4). Significant increase in pDCs infiltration and abundant expression of type I interferon are critical hallmarks of IMQ-induced psoriasis in animal models (22, 23). However, the role of the C5a/C5aR1 signaling pathway in pDCs function in the pathogenesis of psoriasis is unknown.

In the present study, we explored the role of the C5a/C5aR1 complement pathway in the development of psoriasis and the potential relationship between C5aR1 signaling and inflammatory cells including pDCs, monocytes and neutrophils using IMQ-induced psoriasis in mice as the model. Our results suggest that C5a/C5aR1 signaling plays a critical role in the pathogenesis of psoriasis.



MATERIALS AND METHODS


Mice and Treatment

C5aR1-deficient BALB/c mice were purchased from the Jackson Laboratory. Wild-type BALB/c mice were obtained from the animal institute of the Academy of Medical Science (Beijing, China). Animals were bred in a specific-pathogen-free facility (SPF), and female mice of 8–12 weeks were used for all experiments (Although both male and female BALB/c mice were susceptible for IMQ or IL23- induced psoriasis, the docile character of female mice is convenient to applicate IMQ evenly on the back skin of mice under non-anesthesia, we used female mice in the present study, but still with a limitation that it may not fully represent some of the behaviors of male mice since hormonal effects). Animal experiments were conducted according to the guidelines of the Institutional Animal Care and Use Committee of the Third Military Medical University.

Female mice of 8–12 weeks were treated with daily topical doses (62.5 mg) of commercially available IMQ cream (5%; Si-Chuan Med-Shine Pharmaceutical, H20030128, Chengdu, Sichuan, China). Treatment was applied to the shaved backs and ears of mice for the indicated periods of time. Mice within the control group were treated with Vaseline cream. C5aR1 peptide antagonist (24) (peptide sequence: Ac-Phe-[Orn-Pro-dCha-Trp-Arg]) (1 mg/kg, equal to 1.1 μM/kg; GL Biochem, Shanghai, China) was injected into mice via peritoneal cavity 2 h prior to IMQ application. Saline buffer (0.9%) was injected as a vehicle control.



Intradermal Injection of Interleukin 23 (IL-23)

Mice were anesthetized and PBS (20 μL), either alone or containing recombinant mouse IL-23 (500 ng; Biolegend, San Diego, CA, USA), was injected intradermally into the ears, using a 30 gauge needle, for five consecutive days. Ear thickness was measured prior to injection at day 0, and thereafter, on days following cytokine injections, using a dial thickness gauge (Jiuliang, Shanghai, China). All tests were performed blinded.



Measuring Skin Inflammation

To assess psoriatic lesion severity, an objective scoring system based onclinical Psoriasis Area and Severity Index (PASI) was used. Scaling, thickness, and erythema of the back skin were scored daily for severity on a scale from 0 to 4, where 4 represented maximum severity. Level of erythema was scored using a table of red taints, as previously described (22). Total modified PASI (mPASI) scores (0-12) were used as a measure of skin lesion severity before and after IMQ application.



Human Blood and Skin Samples

Human blood samples were collected from psoriatic patients (n = 15) and healthy subjects (n = 15). Peripheral blood mononuclear cells (PBMCs) were separated by Ficoll density gradient centrifugation (TBD Science, Tian Jin, China). Skin paraffin sections were obtained from psoriatic patients after histological confirmation (n = 8) and biopsies sections were only collected from patients with no exposure to topical or systemic treatment for at least 2 weeks. Healthy control skin paraffin sections were obtained from individuals undergoing plastic surgery (n = 5). Patient studies were approved by the Institutional Ethical Board of the Army medical university (Third Military Medical University) and written informed consent was obtained from all subjects.



Histopathological Analysis

Back or ear skin samples were collected from mice. Then, skin samples were either fixed in 4% paraformaldehyde and embedded in paraffin for hematoxylin and eosin (H&E) staining, or immersed in Tissue Tek (Leica Microsystem, Wetzlar, Germany), snap frozen in liquid nitrogen, and stored at −80°C. For immunohistochemistry assay, paraffin sections (4 μm) were incubated with rabbit anti-mouse/human C5aR1 polyclonal antibody (1:100, Abcam, Cambridge, UK) and rat anti-mouse Ki67 (1:100, SolA15, eBioscience, San Diego, CA, USA) overnight at 4°C and then incubated with horse radish peroxidase (HRP)-labeled anti-rabbit and anti-rat secondary antibodies, respectively (1:1000, Beyotime, Shanghai, China) for 60 min at room temperature. After washing in PBS, 3,3′-diaminobenzidine chromogen solution (Beyotime, Shanghai, China) was added for 2 min at room temperature. Slides were counterstained with hematoxylin and then examined via light microscope (Olympus, Tokyo, Japan). For immunofluorescence assay, cryosections were cut into 6 μm slices using a cryostat (Leica Microsystem, Wetzlar, Germany) and fixed in cold acetone for 15 min on ice (IF), slides were blocked with PBS containing 5% BSA for 60 min. Slides were incubated with antibodies for Alexa Fluor 488 labeled rat anti-mouse PDCA-1 (1:200, eBio927, eBioscience, San Diego, CA, USA) overnight at 4°C. Human skin samples paraffin sections (4 μm) were stained with rabbit anti-human/mouse C5aR1 polyclonal antibody (1:100, Abcam, Cambridge, UK) and mouse anti-human CD123 (1:100, 6H6, eBioscience, San Diego, CA, USA) at 4 °C overnight. Horse radish peroxidase (HRP) labeled secondary antibodies (1:1000, Beyotime Shanghai, China) or Dylight™ 488 donkey anti-mouse IgG and Cy3TM goat anti-rabbit IgG (1:200, BioLegend, San Diego, CA, USA) were incubated for 60 min at room temperature. Sections were incubated with an antibody of the same isotype as a control. Slides were counterstained with hematoxylin and then examined via light microscope (Olympus, Tokyo, Japan) or slides were stained with Hoechst 33258 (5 μg/mL; Sigma-Aldrich, St. Louis, MO, USA) for nucleus staining and visualized via confocal laser microscope (Leica Microsystem, Wetzlar, Germany).

Ki67+, PDCA-1+ and C5aR1+CD123+ cells were quantified by counting the number of positively stained cells. 5–8 viewing fields randomly selected for each skin sections were examined and expressed as a number of cells per filed (0.04 mm2). The mentioned quantitative analysis were conducted in a bind fashion by 2 experienced persons.



Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) Analysis

Total RNA was obtained from back or ear skin samples of mice, using TRIzol reagent (Biomed, Beijing, China). cDNA was synthesized via PrimeScriptTM RT reagent kit (Takara, Shiga, Japan). Real-time PCR was conducted with an MxPro3000P (Agilent StrataGene, America) and SYBR® Premix Ex TaqTM reagent kit (Takara, Shiga, Japan). PCR mix (25 μL) included cDNA (2 μL) and primer pairs (0.5 μmol) for the target genes or GAPDH (listed in Table 1). Amplification was performed according to the manufacturer's protocol, and experiments were conducted in triplicate. Gene expression was quantified by ΔΔCt method (25). Samples were normalized to GAPDH.



Table 1. PCR primer sequences.
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Bone Marrow pDCs Induction and Differentiation

Bone marrow (BM) pDCs were generated from C5aR1+/+ and C5aR1−/− mice using a modified protocol previously described (26, 27). Briefly, BM cells were harvested from mouse femurs and tibias. BM cells (2 × 106) from C5aR1+/+ and C5aR1−/− mice were seeded in 6-well plates and cultured with RPMI 1640 medium containing 10% fetal calf serum, streptomycin (100 μg/mL), penicillin (100 U/mL), 2 μM glutamine, 50 μM β-mercaptoethanol, and recombinant mouse FLT3L (200 ng/mL; eBioscience, San Diego, CA, USA). Half culture medium was replaced every 5 days. In the another experiment, BM cells from C5aR1+/+ mice were simulated with FLT3L alone or the combination of FLT3L and recombinant mouse C5a (42 nM; Peprotech, Rocky Hill, NJ, USA), and medium group was used as the negative control. At day 10, detached cells were collected and analyzed the percentage of pDCs by FCM.



ELISA

pDCs were isolated from mouse splenocytes with EasysepTM Mouse Plasmacytoid DC Isolation Kit (Stem cell Technologies, London, UK). The purity of pDCs was routinely at least 80% (Figure S9). Sorted pDCs from C5aR1+/+ and C5aR1−/− mice were cultured (1 × 105 cells) in a 96-well round-bottom plate for 24 h in the presence of IMQ (10 μg/mL) or resiquimod R848 (10 μg/mL; Sigma-Aldrich, St. Louis, MO, USA), and medium group was used as the negative control. The levels of interferon α (IFN-α) and tumor necrosis factor α (TNF-α) in culture supernatants were measured using mouse IFN-α and TNF-α ELISA kits (BioLegend, San Diego, CA, USA). C5a levels in culture supernatants of the medium group and in serum of naïve C5aR1+/+ and C5aR1−/− mice were measured with commercial ELISA kit from USCN (SEA388Mu, Wuhan, China), according to the manufacturer's instruction.



Flow Cytometry

The shaved back of C5aR1+/+ and C5aR1−/− mice were topically applied with IMQ for indicated times or the ears of C5aR1+/+ mice were intradermally injected with IL-23 for 5 days. Cells were isolated from psoriatic skin lesion samples. Briefly, skin samples were minced and digested in collagenase type IV (2 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) and DNase I (200 U/mL; Sigma-Aldrich, St. Louis, MO, USA) for 60 min at 37°C. Cells at 1 × 106 cells/ml were incubated with Fc blocking for 20 min on ice and then stained with PE-labeled rat anti-mouse C5aR1 (1 μl/test, 20/70, BioLegend, San Diego, CA, USA), PerCP-Cy5.5- labeled rat anti-mouse Gr-1 (1 μl/test, RB6-8C5, Biolegend, San Diego, CA, USA), PE-Cy7-labeled rat anti- mouse CD11b (1 μl/test, CBRM1/5, BioLegend, San Diego, CA, USA), or FITC-labeled rat anti-mouse PDCA-1 (1 μl/test, eBio927, eBioscience, San Diego, CA, USA) antibodies for 25 min on ice in the dark. For bone marrow derived pDCs, cells were stained with FITC-labeled rat anti-mouse PDCA-1. For pDCs purified from mouse splenocytes, the purity was measured by FITC-labeled rat anti-mouse PDCA-1 and PE-labeled rat anti-mouse B220 (1 μl/test, RA3-6B2, Biolegend, San Diego, CA, USA). Sorted pDCs from C5aR1+/+ mice were cultured (1 × 105 cells) in a 96-well round-bottom plate for 24 h in the presence of IMQ, and was stained with PE-labeled rat anti-mouse C5aR1 antibody. For human PBMCs from psoriatic patients and healthy subjects, cells were stained with PE-labeled mouse anti-human C5aR1 (1 μl/test, S5/1, BioLegend, San Diego, CA, USA) and FITC-labeled rat anti-human CD123 (1 μl/test, 6H6, eBioscience, San Diego, CA, USA). Corresponding rat or mouse isotype IgG was used as the negative control. Stained cells were assessed by flow cytometry (BD FACS Canto II, Franklin Lakes, NJ, USA) and data were analyzed using Flow Jo software (Tree Star, Ashland, OR, USA). The acquired cells number for each sample keeps in the range of 2 × 105~1 × 106 depending on different situations.



Chemotaxis Assay

Chemotaxis migration assays were performed using 24-well transwell plates (5 μm pore size; Corning, NY 14831, USA). pDCs were purified from mouse splenocytes and seeded (1 × 106 cells) in the upper chamber and chemoattractant medium (600 μL) containing C5a (42 nM; PeproTech, Rocky Hill, NJ, USA) was added to the lower chamber. Transwell plates were incubated for 90 min at 37°C in the presence of 5% CO2. Migrated cells in the lower chamber were collected and counted by FCM. Experiments were performed in triplicate and results were calculated as mean values of three experiments.



Statistical Analysis

Results were presented as mean ± standard error of the mean (SEM). GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA) was used for statistical analysis. The student's t-test or two-way ANOVA were used to compare samples, and p < 0.05 was considered statistically significant.




RESULTS


Increased C5aR1 Expression in Psoriatic Mouse Skin Lesions

Abundant levels of C5a des-Arg were extracted from psoriatic scales (19, 21). As shown in Figures 1A–C, C5aR1 expression was significantly increased in the local skin lesions tissues and in cells isolated from skin lesions in IMQ-induced psoriatic mice, compared to the control mice, according to immunohistochemistry (IHC), qRT-PCR, and FCM analyses. Moreover, C5aR1 expression of IMQ-treated back skin tissues in mice was predominantly on keratinocytes including the epidermis and hair follicles as wells as skin tissues infiltrating cells. Similar results were observed when mice were treated with recombinant IL-23 in ears (Figures 1D–F), which is another well-defined mouse model of psoriatic skin inflammation (28, 29). Consistent with the results in psoriatic mice, C5aR expression in psoriatic skin tissues from patients with psoriasis was also significantly increased, compared with that from healthy controls (Figure 2).
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FIGURE 1. Increased C5aR1 expression in psoriatic skin lesions in mice. To induce a psoriatic animal model, IMQ was topically applied to the shaved back of wild-type (C5aR1+/+) mice for 6 days (A–C), or the ears of wild-type (C5aR1+/+) mice were intradermally injected with IL-23 for 5 days (D–F). Samples were collected and tested for C5aR1 expression (n = 5/group). (A,D) C5aR1 expression in local skin tissues was detected by IHC. (B,E) C5aR1 mRNA levels in skin tissues were analyzed. (C,F) C5aR1 expression in infiltrated cells from skin lesions was measured by FCM. Values are presented as mean ± SEM (n = 5/group). Gating strategy for (C,F), isotype control for (A,D), and negative control of C5aR1 expression was shown in Figure S1. Data are representative of two independent experiments. ***p < 0.001.




[image: image]

FIGURE 2. Increased C5aR1 expression in psoriatic skin lesions in patients with psoriasis. (A) Isotype control and (B) C5aR1 expression by Immunohistochemistry. Healthy volunteer was used as healthy control (n = 8 for psoriasis patient; n = 5 for healthy volunteer). White dotted line: the location of the basal membrane.



All these results suggest that C5aR1 signaling pathway is closely related to the pathogenesis of psoriasis.



C5aR1 Deficiency Reduces Severity of Psoriasis

To determine the importance of the C5aR1 signaling pathway in psoriasis, we used C5aR1-deficient mice. As shown in Figures 3A,B, topical application of IMQ on the shaved back of wild-type C5aR1+/+ mice for six consecutive days induced psoriatic lesions, including erythema, scales, and crust formation, as previously reported (22). Interestingly, IMQ-induced psoriasis-like skin inflammation and total mPASI scores of C5aR1−/− mice were significantly less than those of C5aR1+/+ mice (Figures 3A,B). Furthermore, we observed a significant decrease in the epidermal thicknesses (Figure 3C) and the occurrence of parakeratosis (Figure S2) in C5aR1−/− mice, compared to C5aR1+/+ mice. Expression levels of Ki67, a marker for cells proliferation, was significantly reduced in the local skin tissues of IMQ-treated C5aR1−/− mice (Figure 3D). Similar attenuation effects in psoriatic development were observed in the ear skin samples of IMQ-treated and IL-23-treated C5aR1−/− mice (Figure S3 and Figures 3E,F).
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FIGURE 3. C5aR1 deficiency reduced psoriatic skin inflammation. Wild-type (C5aR1+/+) and C5aR1-deficient (C5aR1−/−) mice were treated with IMQ for six consecutive days or intradermally injected with IL-23 for 5 days, skin samples were collected 24 h after the final IMQ application (A–D) or IL-23 injection (E,F). (A) Macroscopic phenotype of psoriatic lesions in C5aR1+/+ and C5aR1−/− mice treated with IMQ or Vaseline cream (control). (B) Disease severity was scored by a modified clinical Psoriasis Area and Severity Index (mPASI). The cumulative mPASI scores after 6 days treatment with IMQ were presented. (C) H&E staining of mice skin lesion sections. Epidermal thickness of the skin was measured. Scale bar = 20 μm. (D) IHC staining for Ki67 in skin lesion sections. Right: Ki67-positive cells quantification. (E) Ear thickness was measured following IL-23 injection. (F) H&E staining of ear skin lesion sections. Epidermal thickness of the ears was measured. White dotted line: the location of the basal membrane. Scale bar = 5 μm. Values are presented as mean ± SEM. Data are representative of three independent experiments and each group consisted of more than five mice. *p < 0.05; **p < 0.01; ***p < 0.001.



To validate the function of C5aR1 signaling in the pathogenesis of psoriasis, we inhibited the C5aR1 signaling pathway using a C5aR1 peptide antagonist (C5aR1a). As shown in Figure 4, C5aR1a-treated mice exhibited a significant attenuation in IMQ-induced psoriasiform skin inflammation (Figure 4A), total mPASI scores (Figure 4B), epidermal thicknesses (Figure 4C), and keratinocyte proliferation (Figure 4D).
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FIGURE 4. Blockage of C5aR1 signaling with C5a receptor antagonist (C5aR1a) attenuated IMQ-induced psoriatic skin inflammation. C5aR1+/+ mice were pre-treated with C5aRa (1 mg/kg) or 0.9% saline for 2 h prior to treatment with IMQ. After IMQ treatment for six consecutive days, digital pictures were obtained and skin samples were collected. (A) Phenotype of IMQ-induced psoriatic skin lesions. The left three mice were pre-treated with saline, while the right four mice were pre-treated with C5aRa. (B) Disease severity was scored as described (n = 5–6/group). (C) H&E staining of psoriatic skin lesions. Scale bar = 20 μm. (D) IHC staining for Ki67 in psoriatic skin lesions. Scale bar = 5 μm. Arrows indicate positively stained cells. Data are representative of at least three independent experiments and each group consisted of more than five mice. *p < 0.05; **p < 0.01.



These results clearly indicate that C5a/C5aR1 signaling is essential for the development of psoriasis.



C5aR1 Deficiency Attenuates Inflammatory Cytokines and Chemokines Expression in Psoriatic Skin Lesions

Increased expression of inflammatory cytokines and chemokines plays a critical role in the progression of IMQ-induced skin inflammation (30–34). The expression levels of keratinocyte-specific factors and inflammatory cytokines were analyzed by qRT-PCR. Compared to C5aR1+/+ mice, skin tissues of C5aR1−/− mice exhibited a significant reduction in mRNA levels of keratin 10 (Krt10), TNF-α, IFN-α/γ, IL-17A, IL-22, IL-23A, and the chemokines of T cells and neutrophils, macrophage inflammatory protein 1α (MIP-1α) and macrophage inflammatory protein 2 (MIP-2) (Figure 5). Similar results were observed in mice with C5aR1 signaling blockage (Figure S4).
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FIGURE 5. C5aR1 deficiency attenuated inflammatory cytokines and chemokines expression of psoriatic skin lesions. IMQ was topically applied to the shaved back of C5aR1+/+ and C5aR1−/− mice for six consecutive days, and back skin samples were obtained on day 7. Expression levels of the indicated genes in psoriatic skin lesions were measured by qRT-PCR (n = 5–6/group). Values are presented as mean ± SEM and data were obtained from at least three independent experiments. *p < 0.05; **p < 0.01, ***p < 0.001.



Collectively, these results demonstrate that C5aR1 deficiency impairs production of inflammatory cytokines and chemokines in IMQ-induced skin lesions.



C5aR1 Is Critical for pDCs Infiltration in Psoriatic Skin Lesions

It has been reported that IMQ induces rapid pDCs accumulation and pDCs play a crucial role in the initiation of psoriatic lesions (23, 35, 36). Consistent with previous reports, we demonstrated that IMQ treatment significantly increased infiltration of pDCs (plasmacytoid dendritic cell antigen-1 positive, PDCA-1+ cells) in ear and back skin lesions (Figure 6A). Similar results were observed in monocytes and neutrophils (Figure S6). Moreover, C5aR1 expression was clearly enhanced in these infiltrated skin cells (Figure 6B and Figure S7). Accordingly, C5aR1 deficiency significantly reduced these inflammatory cells accumulation and local infiltration in IMQ-treated back skin lesions at day 3 or 6 (Figures 6C–E and Figure S6).
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FIGURE 6. C5aR1 deficiency reduced pDCs infiltration in psoriatic lesions. C5aR1+/+ and C5aR1−/− mice were treated with IMQ (Vaseline cream treatment as a control) on the shaved ear or back skin for indicated days, and then skin samples were obtained and infiltrated cells of skin lesions were isolated. (A) Frequencies of pDCs (PDCA-1+ cells) in the infiltrated cells of psoriatic ear and back skin lesions and (B) C5aR1 expression on these pDCs in C5aR1+/+ mice following 3 days IMQ application. (C) Frequencies of pDCs (PDCA-1+) in IMQ-treated back skin of C5aR1+/+ and C5aR1−/− mice were compared at indicated times. Percentages of PDCA-1+ pDCs is shown (n = 5–6). (D) Infiltration of pDCs (PDCA-1+) on day 3 in IMQ-treated back skin tissues of C5aR1+/+ and C5aR1−/− mice was measured by immunofluorescence. Arrows indicate positively stained cells. Scale bar = 5 μm. (E) PDCA-1 expression in IMQ-treated back skin tissues of C5aR1+/+ and C5aR1−/− mice was analyzed by qRT-PCR following 3 days IMQ treatment. (n = 5–6/group). Gating strategy is shown in Figure S5. Values are presented as mean ± SEM and data were obtained from three independent experiments. *p < 0.05; **p < 0.01.



Similar results were observed in patients with psoriasis, as the frequency of C5aR1+ pDCs (CD123+ cells) substantially increased in both local skin tissues (Figure 7A) and PBMCs (Figures 7B,C), compared to healthy individuals.
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FIGURE 7. Increased C5aR1 expression on pDCs from psoriasis patients. Skin tissues and PBMCs of psoriatic patients and healthy individuals were collected. (A) Immunofluorescence staining for C5aR1 expression (red) on pDCs (stained with anti-CD123) (green) in skin tissues. Nuclei (blue) were stained with Hoechst 33258. Arrows indicate cells positively stained for both C5aR1 and CD123. Scale bar = 5 μm. Right: Quantification of C5aR1+ CD123+ cells is shown. (B) C5aR1 expression on pDCs (CD123+ cells) of PBMCs from psoriatic patients and healthy individuals (n = 15/group). Representative FCM analyses of C5aR1+CD123+ cells are illustrated. Gating strategy is shown in Figure S8. (C) Percentage of C5aR1+CD123+ cells and MFI of C5aR1 expression on pDCs (CD123+ cells). Values are presented as mean ± SEM and data were obtained from at least two independent experiments. *p < 0.05; ***p < 0.001.



All these results indicating that C5a/C5aR1 signaling pathway is essential for early pDCs accumulation in local skin during the development of psoriasis.



C5aR1 Signaling Pathway Potentiates pDCs Function and Differentiation

To further investigate the role of C5aR1 signaling in pDCs functions, we isolated pDCs from splenocytes of C5aR1+/+ and C5aR1−/− mice. It was found that C5aR1 deficiency led to a significant decrease in the IMQ and R848-induced IFN-α and TNF-α secretion (Figure 8A) and in the chemoattractive capacity of pDCs, as assessed by transwell migration assay (Figure 8B). FLT3L has been reported to induce pDCs differentiation from bone marrow cells (BMs) (26, 27). To explore the effect of C5aR1 on pDCs differentiation, BMs from C5aR1+/+ and C5aR1−/− were primed with FLT3L for 10 days, and then the percentage of pDCs was determined. It was showed that the proportion of pDCs was dramatically lower in FLT3L-stimulated BMs derived from C5aR1−/− mice than those derived from C5aR1+/+ mice (Figure 8C). In accordance, treatment of BMs with recombinant mouse C5a further increased FLT3L-dependent differentiation of pDCs in vitro (Figure 8D).
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FIGURE 8. C5aR1 deficiency impaired pDCs function and differentiation in vitro. (A,B) pDCs were isolated from splenocytes of C5aR1+/+ and C5aR1−/− mice. Culture medium was used as a control. (A) Purified pDCs (1 × 106/ml) were stimulated with IMQ or R848 (10 μg/mL) in vitro for 24 hr. The levels of IFN-α and TNF-α in the culture supernatants were measured by ELISA. (B) pDCs (1 × 106/ml) in transwell plates were exposed to C5a (42 nM) for 90 min. Cells that migrated to the lower chamber were measured. The purity of isolated pDCs and IMQ-induced C5aR1 expression of isolated pDCs are shown in Figure S9. C5a levels in cultural supernatant of purified pDCs and in serum of naïve C5aR1+/+ or C5aR1−/− mice are shown in Figure S10. (C) BM cells from C5aR1+/+ and C5aR1−/− mice were stimulated with recombinant mouse FLT3L (200 ng/ml for 10 days and the frequency of pDCs was measured by FCM. Left, a representative FCM graph. Right, average percentages and MFIs of PDCA-1+ cells. (D) BM cells from C5aR1+/+ mice were stimulated with recombinant mouse FLT3L (200 ng/mL) alone or with C5a (42 nM) for 10 days, culture medium was used as a control. The frequency of pDCs was analyzed by FCM. Values are presented as mean ± SEM and data were obtained from at least three independent experiments. **p < 0.01; ***p < 0.001.



Altogether, our data demonstrate the vital role of C5a/C5aR1 signaling in pDCs differentiation and functions.




DISCUSSION

Activation of the complement system was reported during the development of psoriasis and skin lesions exhibited high levels of activated C5a fragments (18–21). In agreement with these findings, our results showed that C5aR1 expression was clearly increased in keratinocytes (epidermis and hair follicles) as well as skin infiltrating cells from both psoriatic mice and patients with psoriasis. However, the role and underlying mechanisms of the complement C5a/C5aR1 signaling pathway in the pathogenesis of psoriasis remain unclear. In the present study, we reported that C5aR1 deficiency or inhibition with C5aR1a significantly reduced psoriasis-like skin inflammation, validating the importance of the C5a/C5aR1 pathway in IMQ-induced mouse psoriatic skin lesions. Furthermore, C5a/C5aR1 signaling potentiated pDCs, monocytes and neutrophils recruitment, and pDCs differentiation and functions, which suggest a possible mechanistic contribution of C5a/C5aR1 signaling in the pathogenesis of psoriasis, that requires further investigation in the future.

Multiple studies have demonstrated that IMQ-induced expression of pro-inflammatory cytokines and chemokines, specifically TNF-α, IFN-α/γ,IL-17A, IL-22, IL-23A, MIP-1α, and MIP-2, is essential for the development of psoriatic skin lesions (2, 3, 30). Our results provided evidence that C5a/C5aR1 signaling mediated development of psoriatic skin lesions, as C5aR1-deficient mice exhibited impaired expression of these genes.

Psoriasis is a chronic skin disease mediated by IFN-α- driven T cells, characterized by local accumulation of pDCs (23). pDCs are considered to be key in the development of psoriasis because of the significant production IFN-α (23). Moreover, it was previously demonstrated that TLR7 expression of pDCs was targeted by IMQ, representing an important upstream event that initiates the psoriatic skin inflammation (35, 36). However, the mechanism of regulation of pDC accumulation in psoriatic lesions is currently unknown. In our study, we showed that C5aR1 deficiency significantly reduced IMQ-induced pDCs infiltration, implicating the C5aR1 signaling pathway in pDCs infiltration in psoriasiform inflammation. Consistent with a previous study (13), we observed significantly increased C5aR1 expression in pDCs derived from PBMCs of psoriatic patients. There was a significant reduction in the production of IFN-α and TNF-α, a cytokine critical for the initiation of psoriasis, in cells treated with IMQ and R848. In addition, the chemo-attractive capacity of pDCs derived from C5aR1-deficient mice was significantly decreased. Altogether, we demonstrate that the C5a/C5aR1 pathway is critical for pDCs functions during the development of psoriasis in mice.

FLT3Lhas been shown to be an essential physiological factor for pDCs differentiation (26, 27). In the present study, C5aR1 deficiency clearly impaired FLT3L-dependent differentiation of pDCs from BMs, whereas exogenous recombinant C5a enhanced pDCs differentiation. These results suggest an essential role for C5aR1 signaling in FLT3L-dependent pDCs development. However, additional studies are necessary to investigate the underlying mechanisms by which C5a/C5aR1 signaling potentiates pDCs differentiation.

In conclusion, our study defined and characterized the role of C5a/C5aR1 signaling in the pathogenesis of IMQ-induced psoriatic lesions. Moreover, we demonstrated for the first time the dependency of C5a/C5aR1 signaling in pDCs differentiation and function, specifically in IMQ-induced psoriatic skin inflammation. Therefore, targeting C5a/C5aR1 interaction may prove to be a novel therapeutic approach for psoriasis.
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Figure S1. Isotype control and gating strategy of C5aR1 staining. After IMQ or IL-23 treatment, lesions skin sample of mice was collected and skin cells were isolated. (A) Skin single cell suspensions were stained with isotype IgG or anti-mouse C5aR1. The gating strategy is shown. (B) Skin paraffin sections were stained with rabbit IgG isotype antibody. (C) Skin paraffin sections from IMQ-treated C5aR1−/− were stained with rabbit isotype IgG or rabbit anti-mouse C5aR1 antibody.

Figure S2. C5aR1 deficiency attenuated the parakeratosis of psoriatic skin in mice. The shaved back skin of C5aR1+/+ and C5aR1−/− mice were topically applied with IMQ for 6 days. H&E staining of mice skin sections and one representative image analysis for parakeratosis are shown. White dotted line: the location of the basal membrane. The length of parakeratosis was measured per high-power field (HPF, 200×) from 5 to 6 mice per group. Values are presented as mean ± SEM and data were obtained from at least two independent experiments. **p < 0.01.

Figure S3. C5aR1 deficiency alleviated IMQ-induced psoriatic skin inflammation in ears. C5aR1+/+ and C5aR1−/− ears were topically treated with IMQ (Vaseline cream treatment as a control) for six consecutive days (n = 5–6 per group). Ear skin tissues were collected. (A) Macroscopic phenotype of psoriasiform lesions in C5aR1+/+ and C5aR1−/− mice. (B) H&E staining of ear skin sections. Data represent three independent experiments.

Figure S4. C5aR1 antagonist treatment led to a reduction in the levels of inflammatory response genes in psoriatic skin lesions. Mouse C5aR1 antagonist (1 mg/kg) or 0.9% saline was injected via intraperitoneal cavity 2 h prior to IMQ application in C5aR1+/+ wild type mice. After six consecutive days of IMQ application, skin samples were collected and expression of inflammatory response genes were analyzed by qRT-PCR (n = 4–8). Values are presented as mean ± SEM and data were obtained from at least three independent experiments. *p < 0.05; **p < 0.01.

Figure S5. Gating strategy of pDCs staining. After IMQ treatment for indicated days, whole-skin cells were isolated from psoriatic skin lesions samples and stained with isotype IgG or anti-mouse PDCA-1 antibody.

Figure S6. C5aR1 deficiency led to decrease in neutrophils and monocytes infiltration of psoriatic skin lesions in mice. C5aR1+/+ and C5aR1−/− mice were topically treated with IMQ for indicated days. Back skin samples were obtained. Infiltrated cells of skin lesions were isolated and the percentage of neutrophils and monocytes in the infiltrated cells was measured by FCM. (A) Gating strategy. (B) Monocytes (CD11b+ cells). (C) Neutrophils (Gr-1+ cells). (n = 5–6/group). Data were obtained from at least two independent experiments. ns, no significant, *p < 0.05; **p < 0.01.

Figure S7. Increased C5aR1 expression in infiltrated skin cells in psoriatic skin lesions in mice. To induce a psoriatic animal model, IMQ was topically applied to the shaved back of wild-type (C5aR1+/+) mice for six days. Samples were collected and cells were isolated from the skin lesions. (A) Gating strategy. (B) C5aR1 expression on pDCs (PDCA-1+), monocytes (CD11b+) and neutrophils (Gr-1+) was assayed by FCM. (n = 5/group). ** p < 0.01.

Figure S8. Gating strategy of CD123 and C5aR1 staining in human PBMCs. Human PBMCs were prepared as described in methods (n = 15/group), and then stained with isotype IgG or anti-human CD123 and C5aR1 antibodies, followed by flow cytometric analysis.

Figure S9. The purity of isolated pDCs and IMQ-induced C5aR1 expression of isolated pDCs. pDCs were isolated from splenocytes of C5aR1+/+ mice. (A) The purity of isolated pDCs (PDCA-1 positive cells) was measured by FCM. (B) C5aR1 expression on pDCs after IMQ stimulation for 24 h was measured by FCM.

Figure S10. C5a levels in cultural supernatant of purified pDCs and in serum of naïve C5aR1+/+ or C5aR1−/− mice. (A) pDCs were isolated from splenocytes of C5aR1+/+ or C5aR1−/− mice and cultured in medium for 24 h. C5a levels in cell-free culture supernatant was measured by ELISA (n = 6/group). (B) C5a levels in serum from naïve C5aR1+/+ and C5aR1−/− mice measured by ELISA (n = 5/group). Values are presented as mean ± SEM and data were obtained from at least two independent experiments.
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Bullous pemphigoid (BP) is a cutaneous autoimmune disease, characterized by an inflammatory cascade leading to blister formation. Although macrophages were shown to participate in BP pathophysiology, their role in the blister formation process still needs to be investigated. We here addressed the influence of serum and blister fluid (BF) from patients with BP on the polarization status of macrophages with regards to the metalloproteinase-9 (MMP-9) expression. We demonstrated that several markers related to the alternatively activated macrophage phenotype (M2) including IL-10, TARC, arginase, TNFα, and IL-1RA were meaningfully increased in BF of patients with BP. We further showed that BF, but not serum from patients with BP, significantly induced the expression of CD163, CD206, and IL-10 in BP monocyte-derived macrophages (MDMs). Notably IL-10 was the only cytokine to be correlated to the reference clinical score, BP disease activity index (BPDAI), especially to the inflammatory BPDAI subscore evaluating urticarial and erythematous skin lesions (r = 0.57, p = 0.0004). We also found elevated levels of MMP-9 to M2-type macrophages ex vivo and highlighted the presence of CD163+ MMP-9+ macrophages histologically, at skin lesional site. Finally, we showed that methylprednisolone reduced MMP-9 levels in MDMs without modifying the other M2 markers. All together these results strongly support the presence of M2-phenotype macrophages with pro-inflammatory properties susceptible to favor blister formation in BP.
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INTRODUCTION

Bullous pemphigoid (BP) is the most common skin autoimmune subepidermal blistering disease (1, 2). The disease typically presents in the elderly with a generalized pruriginous, erythematous and bullous eruption. Biologically, BP is characterized by the binding of autoantibodies directed against two components of the hemidesmosome, BP230 and BP180 that generates an inflammatory response critical for blister formation. A pathophysiological mechanism of blister formation was established, which typically involved a variety of cellular types including eosinophils, neutrophils, lymphocytes, mast cells, and macrophages (3, 4). Mast cell activation upon immune complex binding play a major role in neutrophils recruitment, while macrophages were supposed to rather amplify the neutrophil infiltration in a mast cell-dependent fashion (5, 6). However, the role of macrophage polarization has not been taken into consideration in the pathophysiological BP process, and especially regarding the production of MMP-9, a metalloproteinase widely involved in blister formation (7).

Macrophages display a remarkable plasticity and can change their physiology in response to environmental factors with at one extremity the inflammatory or classically activated macrophage M1 phenotype and at the other, the anti-inflammatory or alternatively activated macrophage M2 phenotype (8). The M1 phenotype is classically induced by microbial products or pro-inflammatory cytokines such as IFN-γ and TNFα, whereas molecules such as IL-4, IL-13, M-CSF, immune complexes, IL-10, and glucocorticoids favor the orientation toward the M2-type macrophage phenotype. In addition, M1-type macrophages have been shown to produce high levels of pro-inflammatory molecules such as TNFα, IL-1, IL-6, IL-23, IL-12, type-I IFN, reactive nitrogen intermediate (RNI), reactive oxygen intermediate (ROI), CXCL9, CXCL10, and CXCL11 (9), whereas M2 macrophages express IL-4, IL-10, CD163, and CD206 and promote tissue regeneration and repair (10, 11). Hence, a switch in macrophage phenotype could be of importance in the pathogenesis of autoimmune and inflammatory diseases (12–14).

In line with previous reports on macrophage polarization (15, 16), the presence of immune complexes at the skin lesional site in BP should theorically favor the presence of M2 type macrophages. However, we recently showed that BP was associated with the production of IL-23 and CXCL10, two markers of the M1 macrophage phenotype (17–19), thus further questioning on the status and the role of macrophages in the early, inflammatory process leading to blister formation in BP.

We here aimed at understanding the influence of serum and blister fluids (BF) of patients with BP on macrophage polarization by analyzing the expression of several M1/M2 markers as well as the expression of MMP-9. As corticosteroids, the main treatment of BP, favor M2-macrophage polarization, we also investigated the effect of methylprednisolone on the expression of these macrophage markers and MMP-9.



METHODS


Patients and Study Design

This ancillary study is part of a main prospective, single-center study that was conducted in the Department of Dermatology at Reims University Hospital (French Referral Center for Autoimmune Bullous Diseases) between September 2013 and July 2017. Consecutive patients with newly diagnosed BP were included using the following criteria: clinical features typical of BP with presence of at least three out of four well-established criteria by Vaillant et al. (20); subepidermal blister on skin biopsy; and deposits of IgG and/or C3 in a linear pattern along the epidermal basement membrane zone by direct IF. Sera and BFs from patients were collected at time of diagnosis (V1). Serum samples from age- and sex-matched patients without inflammatory and autoimmune diseases admitted to the trauma department of the Reims University Hospital were used as controls. The investigation was conducted under the approval of the Ethic Committee of the University Hospital of Reims (CNIL authorization DR-2013-320), and all of the subjects gave their informed and written consent before participating in the study in accordance with the Helsinki Declaration.



Cell Preparation

THP-1 monocytic cell line, kindly provided by Dr. S. Hart from University of Edinburgh, UK, was cultured in RPMI 1640 medium (Life Technologies), supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 25 U/ml penicillin, and 25 U/ml streptomycin at 37°C in a humidified 5% CO2 incubator. THP-1-derived macrophages were generated as described previously (21). Briefly THP-1 cells were seeded at a concentration of 2 × 106 cells per milliliter in FBS-free medium and treated with 320 nM PMA for 24 h. To generate M1-polarized THP-1 macrophages, THP-1 cells were treated with 320 nM PMA for 6 h and then cultured with PMA plus 20 ng/ml IFN-γ and 20 ng/ml TNFα for 18 h. To generate M2-polarized THP-1 macrophages, THP-1 cells were treated with 320 nM PMA for 6 h, and then cultured with PMA plus 20 ng/ml IL10 for another 18 h. Cells and culture media were then harvested and analyzed for gene expression and MMP-9 secretion, respectively. For stimulation, THP-1 cells were treated with 320 nM PMA in FBS-free medium for 6 h and then cultured for 18 h with 320 nM PMA plus 10% BF or 10% serum from control subjects (CTR serum) or BP patients (BP serum). When mentioned methylprednisolone (Sigma) was introduced with serum at a concentration of 10 μM. Cells were then harvested and analyzed for gene expression.

Peripheral blood mononuclear cells (PBMCs) from control subjects or patients with BP were obtained by density-gradient centrifugation from EDTA-treated whole blood using a density gradient medium (Granulosep, Eurobio-Abcys). Monocytes were purified from PBMCs by positive selection using CD14 immunomagnetic beads (MACS; Miltenyi Biotech) according to manufacturer instructions. To generate monocyte-derived macrophages (MDMs), freshly isolated monocytes were cultured at a concentration of 2 × 106 cells per milliliter for 7 days in RPMI 1640 medium (Life Technologies), 2 mM glutamine, 25 U/ml penicillin, 25 U/ml streptomycin and 10% serum from control subjects or BP patients. Culture media was replaced at day 4. When stimulated, MDM were treated for 24 h with 10% BF simultaneously or not with methylprednisolone. Cells were then harvested and analyzed for gene expression.



Gene Expression Analysis

Total RNA from isolated and cultured cells was extracted using TRI-Reagent (Euromedex). Reverse transcription was performed from 1 μg of total RNA using Maxima First Strand cDNA kit with dsDNAse (Life Technologies) according to manufacturer's instructions. cxcl10, il-23, inos, tnfα, CD163, CD206, il-10, il-1ra, and mmp9 gene expressions were analyzed by quantitative real-time PCR using Platinum SYBR Green qPCR SuperMix-UDG kit (Invitrogen) on the LightCycler system (Roche Diagnostics). Relative quantification was performed using the GAPDH as a reference gene.



In situ Protein Expression Analysis

Perilesional skin biopsy specimens performed in patients with BP before introduction of any corticosteroid treatment were obtained from the Department of Anatomo-Pathology at Reims Hospital. Tissues were fixed in paraformaldehyde, embedded in paraffin, and sectioned. To visualize M2 type macrophages, immunostaining with a mouse monoclonal anti-human CD163 antibody (Clone MRQ26, Roche Diagnostics, Meylan, France) was performed by using routine methods with a biotinylated anti-mouse secondary antibody (BA-2000; Vector Laboratories, Burlingame, USA) and the ABC-peroxidase complex (Vector Laboratories) with diaminobenzidine-H2O2 used as the chromogen for detection. In order to identify cells positive for both CD163 and MMP-9, simultaneous staining was performed with mouse monoclonal anti-human CD163 antibody (Clone MRQ26, Roche Diagnostics, Meylan, France) and rabbit anti-human MMP-9 [MMP-9 (E11), Santa Cruz Biotechnologies] and followed by incubation with matched secondary antibodies: chicken anti-goat IgG Alexa Fluor 488 and chicken anti-mouse IgG Alexa Fluor 594, respectively (Invitrogen). Images were captured with confocal microscope (LSM 710; Zeiss) using Zen software.



Determination of Cytokine Levels

M1 type (TNF-α, IFN-γ) and M2 type (arginase, TARC, IL-10, IL-1RA) macrophage marker concentrations in sera and BFs were determined using the bead-based immunoassays LEGENDplex Human Macrophage/Microglia Panel and Human Th Cytokines Panel (BioLegend, San Diego, CA, USA). The assays were performed in 96-well plates following the manufacturer's instructions. For measurements a LSR Fortessa flow cytometer (BD Biosciences) was employed, and data were evaluated with the LEGENDplex™ Data Analysis software.



Zymography

The quantity of MMP-9 was determined on conditioned media by the zymography technique. Briefly, samples were electrophoresed on a 10% SDS polyacrylamide gel impregnated with 0.1% of gelatin as substrate under non-reducing conditions (22). The gels were subsequently fixed and stained with 0.25% Coomassie brilliant blue R-250 to visualize the proteolytic activity bands. Quantification was performed using the ImageJ software (National Institutes of Health, Bethesda, MD).



Statistical Analysis

Descriptive statistics such as means and SEMs were conducted for all quantitative measures. The distribution of the variables was assessed using D'Agostino and Pearson omnibus normality test. As population could not be assumed to be normal and some of the groups examined were small, we used non-parametric testing to compare populations in this study. Comparisons between two groups were performed using the exact Wilcoxon signed-rank test for paired data and the Mann-Whitney test for unpaired data. Correlations were performed using non-parametric Spearman's correlation test. The results were considered significant if p-values were 0.05 or less.




RESULTS


BF Is Associated With a M2 Macrophage Cytokine Profile in BP

First, we measured the concentration of several markers associated with macrophage polarization both in sera and BFs collected from patients with BP at time of diagnosis and before treatment and in control sera (Figure 1). The concentrations of TNF-α but not IFN-γ, both used as M1 type macrophage markers (Figure 1A), and of IL-10, IL-1RA, arginase used as M2 type macrophage markers (Figure 1B) showed significant increase in BFs compared with their concentrations in both control and BP patient sera. Concentrations of TARC, another M2 marker, were significantly increased in BF compared with control sera but not with BP sera. Notably, no variation was evidenced in the serum of BP patients with respect to control sera (Figures 1A,B).
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FIGURE 1. Detection of macrophage-associated cytokines in serum and blister fluid (BF) of BP patients. The concentrations of a panel of M1-type (A) and M2-type (B) macrophage markers were measured in serum from control subjects (Control sera, n = 8) and in serum (BP sera, n = 12) and BF (n = 40) from patients with BP at time of diagnosis using the bead-based immunoassays LEGENDplex Human Macrophage/Microglia Panel and Human Th Cytokines Panel. Non-parametric unpaired Mann–Whitney's test was used to compare populations (*p < 0.05; **p < 0.01; ***p < 0.001).





BF Rather Favored M2 Type Than M1 Type Macrophage Phenotype

To investigate whether those expressions were related to macrophages, we next tested the effects of BF from BP patients on the expression of M1 and M2 macrophage markers by the macrophages derived from PMA-induced THP-1 monocytic cells (Figure 2). Among the M1-associated markers, a significant increase in iNOS expression was observed upon BF stimulation (p < 0.05), whereas a decrease for IL-23 mRNA expression (p < 0.01) and no variation in CXCL10 and TNFα mRNA expression were evidenced (Figure 2A). Analysis of the M2-associated markers showed that BF stimulation induced an increase in CD163, CD206, and IL-10 (p < 0.01, p < 0.01, and p < 0.05, respectively), but a decrease in IL-1RA expression (p < 0.001), suggesting that BF rather favored M2 type than M1 type macrophage phenotype (Figure 2B). We also used the PMA-induced THP-1 macrophages to investigate whether BP serum could favor either an M1 or an M2 phenotype (Figures 3A,B). Compared with control serum, short term stimulation with BP serum of PMA-induced THP-1 macrophages increased CXCL10 and TNFα expression (p < 0.01 and p < 0.05, respectively) and decreased the expression of IL-23, IL-1RA, and CD206 (p < 0.05; Figure 3A). Such variations were not observed when macrophages were differentiated from monocytes (MdM) isolated from control or BP patients through a longer period (7 days) in presence of serum (Figures 3C,D). Based on these results, we next investigated whether the differentiation of BP monocyte into macrophage upon serum stimulation affected the effects of BF on the expression of macrophage markers (Figure 4). Stimulation of BP-MdM with BF significantly increased TNFα, CD163, CD206, and IL-10 (p < 0.05, p < 0.01, p < 0.01, and p < 0.01, respectively) but not CXCL10 expression (Figures 4A,B).
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FIGURE 2. Blister fluid (BF) from patients with BP affected the expression of M1/M2-type macrophage markers in THP-1 derived macrophages. M1-type (A) and M2-type (B) macrophage marker expressions were analyzed by real-time qPCR in THP-1 derived macrophage unstimulated (NS) or stimulated with BF (BF) from patients with BP. A paired T-Test was performed for statistics (*p < 0.05; **p < 0.01; ***p < 0.001).
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FIGURE 3. Regulation of M1-type and M2-type macrophage marker expression in THP-1- and monocyte-derived macrophages. M1-type (A,C) and M2-type (B,D) macrophage marker expressions were analyzed by real-time qPCR in CTR or BP serum-stimulated macrophages originated either from PMA-derived THP-1 cells (A,B) or from CTR or BP monocytes differentiated with their autologous serum for 7 days (C,D). The error bars denote the mean ± SEM. Non-parametric unpaired Mann–Whitney's test was used to compare populations (*p < 0.05; **p < 0.01; nd, not detected).
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FIGURE 4. BF essentially increased the expression of M2-type macrophage markers in BP monocyte-derived macrophages. M1-type (A) and M2-type (B) macrophage marker expressions were analyzed by real-time qPCR in macrophages issued from BP monocytes differentiated for 7 days with the autologous serum collected at diagnosis (V1) and stimulated with BF for 24 h (V1 + BF). Non-parametric paired Wilcoxon's test was used to compare populations (ns, not significant; *p < 0.05; **p < 0.01).





M2 Type Macrophage Profile Was Associated With Disease Activity in BP

Within the BF, IL-10 concentrations were correlated to those of arginase (Figure 5A, r = 0.41, p = 0.0086). Also, IL-10 was the only cytokine among all cytokines tested in Figure 1 to be related to the clinical activity score. Indeed IL-10 concentrations in the BF were correlated with disease activity measured by the total BPDAI score (Figure 5B, r = 0.45, p = 0.006), and especially with the inflammatory BPDAI subscore associated with urticarial and erythematous plaques (Figure 5C, r = 0.57, p = 0.0004), but not with the subscore bound to skin lesions (Figure 5D, r = 0.21, p = 0.23).
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FIGURE 5. The M2-type macrophage marker IL-10 was related to BP disease activity. (A) Correlation between levels of IL-10 and the M2-type macrophage marker Arginase in blister fluid of patients with BP at diagnosis was analyzed using the nonparametric Spearman's correlation test. (B–D) Correlations between total BPDAI score (B), blister/erosion (C), and erythema (D) BPDAI subscores and IL-10 levels measured in BF were analyzed using the non-parametric Spearman's correlation test (n = 35).





BF Increased the Production of MMP-9 by M2 Type Macrophages in BP

To investigate how a M2 type macrophage profile could be associated with disease activity, we analyzed the influence of macrophage polarization on their capacity to produce the protease MMP-9 (Figure 6). To that purpose, PMA-induced THP-1 macrophages were further polarized into M1 and M2 type macrophages with classical stimuli such as IFN-γ and IL-10, respectively. M1 polarization resulted in significant decrease of MMP-9 expression and secretion, whereas this protease was still strongly produced by M2-differentiated THP-1 macrophages (Figures 6A,B). Stimulation with serum and BF also resulted in sustained MMP-9 expression by THP-1 differentiated macrophages (Figure 6C). No differences were noticed between BP serum and control serum on MMP-9 expression both in differentiated THP-1 and in MdM (Figures 6C,D). However, stimulation with BF further increased MMP-9 expression in MdM originated from patients with BP (Figure 6E, p < 0.05). Immunohistochemistry studies of skin biopsy specimens of BP revealed a substantial number of CD163+ macrophages at lesional site, with double-positive cells CD163+ MMP-9+ in the blister cavity (Figure 6F).
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FIGURE 6. Polarization of BP-MdM influenced their capacity to produce the protease MMP-9. MMP-9 secretion (A) and MMP-9 mRNA expression (B) were analyzed, respectively, by gelatin zymography and real-time qPCR in M0, M1 (+IFNγ), and M2 (+IL-10) THP-1 derived macrophages. The error bars denote the mean ± SEM. Paired Student's T-Test was used for statistics (n = 3; *p < 0.05; **p < 0.01). (C–E) MMP-9 mRNA expression was analyzed by real-time qPCR in both THP-derived (C) and BP monocyte-derived macrophages (D,E) stimulated with either control serum, BP serum or blister fluid from BP patient. The error bars denote the mean ± SEM. Nonparametric unpaired Mann-Whitney's test was used for statistical analysis of (C,D) (n = 8 and n = 5, respectively). Nonparametric paired Wilcoxon's test was used to statically analyze (E) (n = 8; *p < 0.05). (F,G) Punch biopsies of lesional skin from patients with BP were subjected to CD163 immuno-staining alone (F) or double immunofluorescence staining for MMP-9 (red) and CD163 (green) (G) with Hoescht counterstain (blue). Negative CTR, negative control where primary antibodies were not added. White islets show lower magnification images of blister area and orange line designed the dermo-epidermal junction. The boxes in white islets match to the area where the high magnification image has been taken.





Corticosteroids Inhibited the Capacity of M2-macrophages to Produce MMP-9

Finally, treatment with methylprednisolone reduced MMP-9 expression from BP-derived MdM, while enhancing the expression of both M2 type makers CD163 and CD206 (Figure 7), therefore restoring their tissue regeneration and repair profile.
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FIGURE 7. Treatment by methylprednisolone decreased MMP-9 expression and favored M2-type macrophage markers. MMP-9 (A) and M2-type macrophage markers CD163 (B) and CD206 (C) mRNA expressions were analyzed by real-time qPCR in BP MdM treated (MP) or not (NS) with 10 μM methylprednisolone. The error bars denote the mean ± SEM. Nonparametric paired Wilcoxon's test was used (*p < 0.05).






DISCUSSION

In this study, we evidenced that macrophage polarization in BP is modified when cells encounter factors present in the BF. Surprisingly, at the site of lesion, macrophages displayed an alternatively activated (M2)-like phenotype and also a high expression level of MMP-9, therefore questioning on the role of macrophages in BP pathophysiology.

Polarization toward M2-type macrophages was dictated at site of lesion in BP. Indeed BFs alone or following serum-induced macrophage differentiation, enhanced the expression of CD163 and CD206 in THP-1-derived macrophages and BP-MdM, respectively, supporting a recent study showing in situ the presence of M2-type macrophages in the area of BP skin lesion (6). This is also in line with a polarization toward the M2-phenotype induced by immune complexes and complement components present in the BFs of BP patients (15, 16, 23). It has to be noticed that serum has been shown to influence monocyte maturation and differentiation toward macrophage (24, 25). In line with our recent publication showing that CXCL10 was increased in the blood and in the skin of patients with BP (19), we here demonstrated that serum from BP patients increased CXCL10 expression in THP-1-derived macrophages. However, the increase in CXCL10, but not of the other polarization markers with BP patient serum vs. control serum rather suggests that serum initiates macrophage activation than polarization. Recent works established that THP-1 cells can respond to the polarization protocols used for primary macrophages, and can either match or diverge from what is seen in human peripheral-blood MdMs, then clarifying the discrepancies observed in our study (26, 27). In our study, such differences may be linked to the time of stimulation. Indeed, the THP-1 derived macrophages present the advantages to investigate serum acute effects, whereas patients derived macrophages rather show the steady state reached after long term stimulation. Thus, altogether, our results suggest that in BP macrophage polarization arise in two steps. First macrophages differentiate from monocytes. In BP, those macrophages rather display an activated state than a polarization profile. Then, macrophage M2 polarization occurs when reaching the skin lesional site.

In the initial phase of inflammatory diseases, macrophages are frequently associated with the classically activated M1 phenotype, whereas M2 macrophages are generated in the later phase and are associated with the resolution of inflammation and with the repair process (28). However, in asthma and in allergy, excessive M2 macrophages may increase Th2 cell recruitment, eosinophils infiltration and mucus secretion, and result in airway hyper-responsiveness (13, 29). Our results are of interest as they show that during the active phase of the BP, molecules within the BF orientate macrophages toward an anti-inflammatory M2-like phenotype, which may later influence the skin regeneration process characterized by an absence of scarring in BP. However, this also questioned on the role of macrophages in blister formation. Indeed, it had been previously shown through a mouse BP model that macrophages rather amplified the inflammatory response and blister formation by enhancing neutrophil infiltration in a mast cell-dependent fashion (5).

To conciliate these opposed aspects of the M2-macrophages in BP, we also evaluated the inflammatory status of such polarized macrophages. The pro-inflammatory cytokine TNF-α and IL-10, initially described as immuno-modulatory, were increased in BF-stimulated BP MdMs, in accordance with previous works that showed higher concentrations of both cytokines in BF (30–32). Notably IL-10 displays both pro-and anti-inflammatory effects during immune response, and especially, IL-10 enhances IgE-mediated mast cell responses (33), a pathway which fits with a local pruritic type-2 orientated inflammatory reaction in BP (34). Accordingly we showed that IL-10 concentration was correlated with the activity of the disease, specifically with the inflammatory BPDAI score. In BP, IL-10 may be produced by several cell type of which Th-2 or B-regulatory cells for instances. Then, IL-10 could favor M2-macrophage polarization, and therefore lead to further IL-10 production by M2-macrophages at the skin lesional site. In contrast, IL-23 expression was not induced in BF-stimulated BP MdMs suggesting that the increased level of IL-23 previously observed in the BFs of BP patients (17) cannot be attributed to macrophages. All together these results indicate that M2-type macrophages in BP could increase inflammatory cell recruitment and could participate to the inflammatory cascade observed in BP.

Besides cytokines, elevated levels both of secretion and expression of the metalloproteinase MMP-9 were also associated with M2-type macrophages in BP. Of note, this high level of expression was consecutive to the stimulation with autologous BP serum, and further enhanced in presence of BFs. Noteworthy, by mean of the THP-1 cell line, we reproduced results from previous studies that established a positive correlation between macrophage-released MMP-9 and M2-type polarization (35–37). Indeed, we showed here that macrophage differentiation is already associated with high level of MMP-9, and that M2-macrophage polarization may further enhance MMP-9 production, in contrast to M1 polarization. Therefore, according to the level of MMP-9 observed in BF-stimulated BP MdMs and in setting with the expression of the cytokines described above, we confirm that macrophages rather display a M2-type than a pro-inflammatory M1-type phenotype in BP. Furthermore, such M2-polarization may accentuate the MMP-9 local production initiated by other immune infiltrated cells, and subsequently amplify the local inflammatory process leading to blister formation.

Although the role of macrophages still needs further investigation, our study raises the question of both M2 macrophage polarization and of the associated increase in MMP-9 in the pathophysiological process of BP. Indeed, the protease MMP-9 has been shown as a key molecule for blister formation and any increase in its production is thought to feed the auto-inflammatory and auto-immune processes thereof (7). In contrast, MMP-9 inhibition in patients with BP treated by corticosteroids over a period of 6–9 months, and occasionally even longer, suggests that MMP-9 inhibition does not alter the scarless regeneration process in BP. Furthermore, we here demonstrated that inhibition of MMP-9 production by methylprednisolone was not associated with a switch toward a M1 macrophage phenotype, but instead reinforced their M2-type phenotype promoting tissue regeneration and repair (10, 11) (Figure 8). Then, in the initial inflammatory phase following auto-antibody binding, macrophage recruitment may interact with mast cell to further activate the inflammatory process as previously demonstrated (5). Meanwhile, those macrophages release MMP-9, therefore further increasing the local protease load. Such MMP-9 production may be further elicited by IL-10 produced by other infiltrated and resident immune cells gathered at the skin lesional site, therefore leading to an auto-amplification loop and to disease extent. Under treatment, such pro-inflammatory cell cooperation is inhibited reducing the pro-inflammatory cytokine and proteases release, and subsequently disease activity.
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FIGURE 8. BF-induced M2-type macrophages in the auto-inflammatory response associated to BP. Bullous pemphigoid is characterized by the production of autoantibodies against two proteins of the hemidesmosome structure, BP180 and BP230. The binding of BP autoantibodies ① onto their target initiates the activation of the complement pathway ② which then provokes the release of chemokines and cytokines by mast cells ③. These pro-inflammatory molecules trigger subsequent recruitment of inflammatory cells at the dermal-epidermal junction ④. Inflammatory key mediators secreted by these latter cells induce an overexpression of proteases, such as the matrix-metalloproteinases-9 (MMP9) and the neutrophil elastase, which are involved in extracellular matrix (ECM) degradation and blister formation ⑤. We here further demonstrated the ability of blister fluid to induce M2-type macrophages at site of skin lesion by increasing CD163, CD206, and IL-10 expression. BF-induced M2-type macrophages also show pro-inflammatory function by releasing MMP-9 and then participating to pathophysiological process of BP. Under corticotherapy the auto-amplification process associated to pro-inflammatory cell interaction is dismantled. Indeed, steps ③, ④, and ⑤ are inhibited. In addition, we showed that inhibition of MMP-9 production by methylprednisolone was not associated with a switch toward a M1 macrophage phenotype, but instead reinforced their M2-type phenotype promoting tissue regeneration and repair.



Controlling the amount of MMP-9 locally produced during the active phase of BP disease is clinically of prime importance as MMP-9 along with human elastase are the two main proteases involved in blister formation. In the blood circulation of BP patients, monocytes produce a large amount of MMP-9 (19), which may facilitate their migration into the skin. MMP-9 is secreted in a precursor form (proMMP-9), which must be converted to an active form to exhibit its pathological activity in local lesions. Thus, cytokines such as IL-10 and TNFα may act as a feed forward mechanism creating an auto-amplification loop favoring both M2 polarization and MMP-9 secretion. Other cytokines such as IL-17, CXCL10 released at the site of lesion may further participate to MMP-9 production and activation (17, 19). However, although the use of biologics is of major interest in treatment of autoimmune and auto-inflammatory diseases nowadays, targeting one cytokine or another requires a full understanding of the pathology. Indeed, several case reports highlighted the occurrence of autoimmune bullous skin diseases under anti-TNF therapy (38–42). Based on our results, further preclinical studies are still required to determine whether IL-10 or anti-IL-10 could demonstrate sufficient anti-inflammatory activity in the treatment of BP to warrant further study in a clinical trial.
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Introduction: Systemic lupus erythematosus (SLE) is a chronic autoimmune disease that is characterized by the production of autoantibodies specific for components of the cell nucleus and that causes damage to body tissues and organs. The pathogenesis of SLE remains unclear, with numerous studies pointing to a combination of genetic and environmental factors. A critical stage in SLE development is cell necrosis, in which undegraded chromatin and nucleoproteins are released into the blood, resulting in circulating cell-free DNA and serum nucleoproteins that trigger anti-dsDNA autoantibody production. This systematic literature review aimed to examine whether SLE stems from a DNA degradation and elimination defect.

Materials and Methods: An advanced literature search was conducted in PubMed using the following keywords: [(“SLE” OR “Systemic Lupus Erythematosus” OR “Lupus”)] AND [(“DNA” OR “DNA Degradation”)] AND [(“Defect Elimination”)]. More articles were obtained from the references of the identified articles and basic Google searches. Twenty-five peer-reviewed articles published within the past 10 years (2007–2018) were included for review.

Results: The findings of each study are summarized in Tables 1, 2.

Discussion and Conclusion: The etiopathogenesis of SLE remains controversial, which limits therapeutic inventions for this disease. However, SLE is a DNA degradation and elimination disorder caused by uncleared histones and nuclear material that leak into the extracellular space and form cell-free DNA, triggering an immune response that destroys tissues and organs. Under normal conditions, apoptosis allows DNA and other nuclear material to be efficiently cleared through degradation and additional complex mechanisms such that this material does not trigger the immune system to produce nuclear autoantibodies.

Keywords: SLE, DNA-degradation, DNA-elimination, SLE-Systemic Lupus Nephritis, DNA-anti DNA


INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoimmune disorder characterized by the production of antinuclear antibodies (ANAs) specific for nuclear antigens originating from uncleared apoptotic cells. The disease affects several organs of the body. Globally, ~5 million people suffer from SLE, which has no cure to date (1). Evidence from previous studies shows that environmentally induced defects and genetic abnormalities in immune cells, mutations in regulatory components involved in cellular apoptosis and defects in mechanisms of cellular debris clearance are key contributors to SLE pathogenesis (2). More precise evidence from genome-wide studies shows that SLE patients have mutations in the three prime repair exonuclease 1 (TREX1), autophagy-related 5 (ATG5), RAD518, and deoxyribonuclease I (DNASE1) genes, which are involved in the degradation of DNA, cell apoptosis and the elimination of cellular debris (3).

Abnormalities in cell death processes have been implicated in the production of nuclear autoantigens, which result in a systemic autoimmune response if imperfectly cleared. This effect has been observed in SLE and many other chronic inflammatory diseases (4). These cell death processes include apoptosis, necrosis (primary and secondary), NETosis (a neutrophil-specific type of cell death), autophagy, necroptosis, and pyroptosis (5). Through a complex series of events, the production of autoantigens stimulates the immune system to produce autoantibodies that combine with uncleared cellular debris in the blood or tissues, leading to the formation of immune complexes (ICs). When dendritic cells, macrophages, and phagocytes clear ICs from the blood, proinflammatory cytokines are secreted, which subsequently leads to inflammation (4). The continued production of antibodies due to uncleared tissue debris in the blood and tissues results in perpetual inflammation and tissue damage, a characteristic of SLE (4).

Mitochondria hyperpolarization, ROS production, lysosomal membrane disintegration, organelle and cellular swelling, and plasma membrane rupture characterize necrotic cell death, which is often regarded as inflammatory since the loss of plasma membrane integrity stimulates the release of autoantigens and damage-associated molecular patterns (DAMPs), which act as chemoattractants for inflammatory cells (5).

Conversely, deoxyribonucleic acid (DNA) is an essential molecule for life; it carries hereditary information and is necessary for all organisms (6). Various events can trigger the degradation of DNA into nucleotides by DNase. Apoptosis is a classic example of such an event. This process has been well-known for years, but recent developments show that improper DNA degradation can result in various diseases, such as autoinflammation, cancer, and cataracts (7). SLE is characterized by the production of ANAs, which are autoantibodies specific for a variety of nuclear autoantigens. Anti-dsDNA autoantibodies are among the ANAs used to diagnose SLE (8). Normally, dsDNA is present in the nucleus and mitochondria, where it is shielded from recognition by the immune system. DNase I destroys DNA in the extracellular space, whereas DNAse II and III degrade endosomal and cytoplasmic DNA. Defective cell apoptosis, NETosis, and elimination processes result in elevated levels of cell-free dsDNA (cfDNA) in SLE patients (8). Therefore, understanding the complex pathways and processes involved in the formation of autoantigens and autoantibodies can help in the diagnosis and treatment of various diseases, such as cancer and SLE. Furthermore, these defects can be prevented effectively if proper DNA degradation is facilitated through extrinsic factors, such as drugs. In this paper, we review the connection between SLE and defective DNA degradation.



MATERIALS AND METHODS

An advanced literature search was conducted to retrieve the most relevant articles from the evidence base. Additional methods of identifying relevant literature were also employed, including looking up sources in the reference lists of other research reports, manual searching of relevant journals, and searching by author.

The advanced search was done using PubMed only because PubMed features top resources in chemicals and bioassays, DNA and RNA, and genes and expression, among other topics. Boolean connectors (“AND” and “OR”) were used to connect keywords in the search boxes of PubMed. The following search terms were used: [(“SLE” OR “Systemic Lupus Erythematosus” OR “Lupus”)] AND [(“DNA” OR “DNA Degradation”)] AND [(“Defect Elimination”)]. When the search terms were applied, 2,728 results were retrieved, including 1,047 articles published within the last 10 years. Only articles with free full texts were selected (490 articles). After screening the relevance of these articles using the titles, 42 articles were selected. The selected articles were then emailed to the researcher directly from PubMed, and their abstracts were further screened for relevance; 23 articles were retrieved and included in this review.

However, before implementing the advanced search strategy, a basic Google search was conducted as a prescreen search, which yielded 144,000 results when the following keywords were used: “Systemic Lupus Erythematosus,” “SLE,” “DNA degradation,” and “Defect elimination.” Four articles were retrieved, of which two were excluded; one of the excluded articles discussed how circulating free DNA may signal SLE severity and be used to monitor therapy (9), and the other article was excluded because it was outdated despite being relevant (10). Regarding the articles that were retrieved and included, one was about the relationship between the presence of SLE and the failure of DNA degradation (11), whereas the other was about the important role of neutrophil extracellular traps (NETs) in SLE (12). Therefore, 25 articles were included in this review.



RESULTS

Twenty-five articles were retrieved for review by using the above search strategy (see Table 1). Figure 1 shows a PRISMA diagram of the search strategy described above.



Table 1. Retrieved articles selected for review.
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FIGURE 1. PRISMA diagram of the search strategy.




Findings

This subsection will summarize the findings of each study; the findings will then be coded and categorized in the Discussion section. Tables 1, 2 summarize the retrieved studies considered in the discussion.



Table 2. Findings from each study.
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Several studies have been conducted in this field, with the most recent study reporting that NF-κB-inducing kinase (NIK) inhibition can improve outcomes in patients with SLE (35). Much remains unknown about SLE, and more studies are needed to explore more accurate and reliable ways of diagnosing and treating SLE. The following section of this paper will discuss these findings in the context of whether SLE is a DNA degradation defect.




DISCUSSION


Defective Cell Death and cfDNA

Programmed cell death, termed apoptosis, is essential for homeostasis during both development and aging. Under normal conditions, apoptotic cells are engulfed into lysosomes within phagocytes and destroyed; this process occurs without inflammation (36). Many studies have maintained that SLE originates from the defective clearance of apoptotic remnants and NETs from the circulation and tissues (37–41). Thus, there is a consensus that SLE begins to develop when the clearance of dying cells is impaired. The clearance of cellular debris involves many ligands and receptors, and there must be sufficient bridging molecules between phagocytes and dying cells (42). This process is closely controlled and very intricate, but some studies have elucidated the details (43–45). Understanding this complex process has therapeutic potential, mainly in the timely prevention of SLE (45). Dying cells that are not quickly and efficiently removed go through secondary necrosis and subsequently burst, releasing nuclear material upon loss of an intact cell membrane (44).

The impaired clearance of apoptotic cells in SLE is due to their failed recognition by phagocytes because (a) the phagocytes are smaller (4), (b) the phagocytes have diminished and delayed phagocytic activity (46), (c) the phagocytes have reduced adherence (47), or (d) the differentiation of phagocytes from CD34-positive hematopoietic stem cells is reduced (48–50). Therefore, professional and non-professional phagocytes in patients with SLE have reduced phagocytic activity and are thus unable to clear NETs, and apoptosis remains incomplete (51).

During NETosis, NETs are generated by neutrophils upon pathogen stimulation to kill invading pathogens (40, 44). Cellular and nuclear components, including dsDNA, histones, neutrophil elastase, and myeloperoxidase, are released during NETosis. Proinflammatory components, including tumor necrosis factor (TNF)-α, interleukin (IL)-17, IL-8, and interferon (IFN)-γ, also trigger the production of NETs (13). Additionally, low-density granulocytes among peripheral blood mononuclear cells in SLE patients have been shown to form NETs (13). The formed NETs are normally degraded by DNase I, which hydrolyzes dsDNA through its endonuclease activity, thus breaking down chromatin during apoptosis (13).

Incomplete degradation of NETs by DNase I results in the accumulation of the remaining NETs, which react with other proteins to form complexes that are involved in autoimmune SLE (9, 12–14, 35). Elevated levels of undegraded residual NETs are the major source of serum dsDNA, also called circulating cfDNA, in SLE patients (51). The clearance of NETs entirely depends on an efficient and active DNase I enzyme. Defective DNase I leads to undegraded chromatin, which is positively related to SLE disease activity (9, 12, 51). The presence of mitochondrial DNA (mtDNA) in NETs and its positive correlation with plasmacytoid dendritic cells (PDCs) and type 1 IFN-α imply that SLE is a disorder of defective DNA clearance. Studies have shown that NETs in SLE patients activate PDCs and the IFN pathway, triggering the production of autoantigens (14). Therefore, defective DNA degradation leads to defective chromatin breakdown and is thus etiopathogenically involved in SLE development.

NIK usually engages non-canonical NF-κB to signal downstream of several TNF family members, including TWEAK, BAF, OX40, and CD40, which are involved in SLE pathogenesis (15). In addition to type I IFN and Toll-like receptor (TLR), numerous members of the TNF receptor superfamily (TNFRSF) are involved in SLE pathophysiology. CD40 and B cell-activating factor (BAFF) are essential for B cell survival and differentiation into autoantibody-generating plasma cells. CD40 ligand (CD40L) blockade showed promise in initial clinical trials of lupus, although therapeutic development was halted because of thrombotic side effects. In contrast, blockade of BAFF via belimumab is moderately effective and is currently the only new approved treatment for lupus (15).



T Cell Activation and Defective DNA Degradation

Autoantigens that trigger the production of autoantibodies in SLE originate from cell death by apoptosis and NETosis. Dying cells usually undergo morphological changes, such as DNA fragmentation, shrinking, and blebbing of the plasma membrane; the nuclear autoantigens that are targeted in SLE are usually stored in these plasma membrane blebs (52). On the other hand, NETosis results in rupture of the plasma membrane, releasing the nuclear autoantigens that are targeted in SLE (53). These autoantigens resulting from apoptosis and NETosis trigger the production of antibodies that bind uncleared apoptotic material to form ICs. The mechanism through which these autoantibodies are produced is well-documented; T cells trigger B cells to differentiate, proliferate, and finally mature. Then, the T cells stimulate class switching of B cells to produce different classes of autoantibodies (16, 54). Due to alterations in T cells that modulate the production of autoantibodies specific for lupus autoantigens by B cells, lupus T cells have been categorized as abnormal (54).

Lupus has also been shown to be associated with reduced expression of DNA cytosine-5-methyltransferases, which have hypomethylation activity that might be responsible for the production of autoreactive antibodies. Figure 2 gives an overview about the most important key-elements in the pathophysiology involved in systemic lupus erythematosus.
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FIGURE 2. Self-dsDNA released during cell death plays an important role in the pathogenesis of SLE.



DNA methylation is essential for marking chromatin accessibility and regulating gene expression (55). DNA methylation involves the addition of a methyl group at the 5th carbon of cytosine residues in CG dinucleotides, and this process is usually involved in cell differentiation, X-chromosome inactivation, imprinting, and the suppression of transcriptional noise and parasitic DNA. Abnormalities in DNA methylation pathways have pathological consequences. For example, de novo mutation of the DNA methyltransferase DNMT3B leads to immunodeficiency-centromeric instability-facial anomalies syndrome (ICF syndrome). Complete DNMT1 deficiency is incompatible with life. Moreover, acquired defects in DNA methylation are related to diseases, including autoimmunity and cancer (55).

DNA methylation is principally a transcriptionally repressive epigenetic mark that renders chromatin inaccessible and promotes gene silencing through transcriptional repression; these events occur through different mechanisms, including the recruitment of methylcytosine binding domain-containing proteins that successively recruit histone deacetylases, which promote chromatin condensation (55).

Pbx1 is a member of the TALE family of homeodomain-containing transcription factors that regulates the DNA binding of Hox proteins. Pbx1 plays an essential role during organogenesis and development by integrating several signals via interactions with various partners, including Prep1 TALE proteins and Meis, that control chromatin remodeling and co-activator access. During immune system development, Pbx1 is vital for maintaining hematopoietic stem cell self-renewal and limiting myeloid maturation to preserve the differentiation ability of lymphoid progenitors. The absence of Pbx1 in embryonic stem cells leads to the failure to produce common lymphoid progenitors, the absence of NK and B cells, and the development of impaired T cells (16). In addition, Pbx1 regulates chromatin accessibility to various genes and is conserved between humans and mice. The Pbx1-d dominant-negative isoform is more commonly expressed in CD4+ T cells from lupus patients than in those from healthy controls. Pbx1-d is related to autoreactive T cell production in mice with the Sle1a1 lupus vulnerability locus (56).

Dual-specificity protein phosphatase 23 (DUSP23) activates the IFN and IL pathways via dephosphorylation (17), and these pathways are responsible for the formation of NETs, which are sources of cfDNA (17, 18, 57). DUSP3, DUSP22, and VH1 participate in both the IL and IFN signaling pathways mainly by dephosphorylating signal transducer and activator of transcription (STAT) proteins (37, 38). High IFN-α activity is frequently detected in sera from SLE patients (39). Moreover, patients with SLE exhibit a particular mRNA expression profile of IFN-dependent genes in leucocytes known as the IFN signature (17, 40, 41).

The presence of hypomethylated DNA in SLE patients implies that the DNA will not be degraded; hence, SLE is a defective DNA degradation disorder. Additionally, simultaneously high levels of anti-dsDNA, anti-nucleosome, and anti-histone antibodies in serum suggest that defective DNA degradation marks the genesis of SLE (19) and can indicate severe nephropathy in SLE. In summary, these findings improve our understanding of the role of T cells in SLE (20). During SLE pathogenesis, autoreactive T cells trigger the differentiation, proliferation, and maturation of B cells, thus supporting the formation of autoantibodies. Moreover, attenuating T cells normally alleviates the manifestations of autoimmune diseases, such as clearing pathogenic autoreactive T cells in SLE.



Interferons and Defective DNA Degradation

The presence of pathogens, including lupus autoantigens, stimulates host cells to make and release a group of signaling proteins (cytokines) called IFNs through complex processes. There are three types of IFNs, namely, alpha, beta, and gamma IFNs. Gamma IFNs are known for the expansion of macrophages and inducing the class II major histocompatibility complex (MHC). Anti-IFN-γ autoantibodies are associated with amplified disease activity in patients with SLE (21). IFN-γ is commonly referred to as a type II IFN, whereas IFN-α and IFN-β are referred to as type I IFNs, a subtype of cytokines that help regulate the immune system.

Type I IFNs generated during a viral infection trigger the production of MCP-1, which is responsible for inducing the migration of inflammatory monocytes to the inflammation site. After recruitment, inflammatory monocytes are triggered by type I IFNs to generate IL-18, which then signals via IL-18R expressed by NK cells to induce the production of IFN-γ.

Abundant autoantibody production and IC formation cause tissue damage; hence, SLE is regarded as a B cell disorder. Conversely, the significance of helper T cells in inducing B cell immunity was identified based on defective CD3ζ function or expression. Reduced CD3ζ-chain expression has been identified in cancer patients and those with autoimmune illnesses. In contrast, decreased CD3ζ-chain levels are maintained during the course of SLE in most patients (22).

Moreover, IFN regulatory factor 5 (IRF5) plays a crucial role in the stimulation of type I IFNs, TNF-α, and the proinflammatory cytokines IL-6 and IL-12. It is also involved in adaptive and innate immunity. The first identified single-nucleotide polymorphism (SNP) in IRF5, Rs2004640, is closely related to the high expression of several IRF5 isoforms and is a valuable genetic risk factor for SLE (23).

Gene expression studies have identified hypomethylated upregulated genes and hypermethylated downregulated genes in SLE patients, indicating that DNA methylation plays a role in SLE development (24). Differentially expressed genes (differential gene co-expression) in SLE are involved in the IFN and TLR signaling pathways (24). The transcriptional repressor growth factor independence 1 (Gfi1) plays a critical role in myeloid cell regulation, as well as in the prevention of unprompted lupus autoimmunity, mainly by negatively regulating TLR7 signaling (58).

Before therapy with Gfi1, SLE mice showed high levels of serum autoantibodies specific for DNA and RNA, which are indicative of defective nucleic acid degradation in SLE. Hence, IFNs are involved in the etiopathogenesis of SLE by stimulating the formation of NETs, the main sources of cfDNA, and exploring their mechanisms of involvement has therapeutic potential (58).



The Role of DNA Degradation in SLE

Suurmond et al. (59) maintained that studying genetic risk alleles can improve our understanding of failed tolerance mechanisms for DNA-reactive B cells and B cell alterations in SLE. Understanding the complexity of interactions between immune disturbance in SLE and epigenetic mechanisms is a potential way to explore new therapeutic targets (60). In particular, the digestion of chromatin in apoptotic cell microparticles (25) marks a tolerance mechanism for SLE. The absence of DNASE1L3, a DNA degrading enzyme, results in the production of anti-dsDNA antibodies specific for serum dsDNA; hence, defective DNA degradation is associated with SLE (25). When this process reaches a point at which autoantibodies are produced because of defective clearance of NETs and apoptotic remnants, the person is said to have global loss of self-tolerance (25). This is the point at which impaired DNA degradation plays a role in the etiopathogenesis of SLE.

Nuclear autoantigens (e.g., antigens specific for DNA and histones) (61) and proteins from the cytoplasm of neutrophils (62) play a role in the etiopathogenesis of SLE when cellular material containing these components leaks to the extracellular space through apoptosis or NETosis, hence exposing these factors to the immune system. Histones, which are a group of chromatin proteins that are abundant in NETs and apoptotic blebs, are modified through various processes, such as methylation (63), acetylation (64), ubiquitination (65), and poly-ADP ribosylation (66), during apoptosis, and NETosis. When modified histones are exposed to the immune system in the extracellular space, they are recognized as foreign and dangerous by receptors of the innate immune system, such as TLRs. Therefore, the H4/PK assay is usually a reliable and simple test that is valuable for the differential diagnosis and evaluation of symptomatic activity in SLE patients (26).

On the other hand, DNA methylation, an epigenetic mechanism for controlling gene expression (67), plays a significant role in the etiopathogenesis of SLE. Abnormal DNA methylation in immune-related cells is associated with SLE and can be detected in unfractionated white blood cells, which has diagnostic implications (27). This abnormal DNA methylation in immune-related cells involves altered DNA methylation of cytokine genes, which makes the chromatin inaccessible for destruction (60).

Moreover, SLE is associated with decreased DNA methyltransferase mRNA expression levels (18), which is the exact mechanism through which abnormal DNA methylation occurs in immune-related cells. Therefore, DNA hypomethylation of immune-related cells plays a key role in the etiopathogenesis of SLE; however, little is known about hypermethylation in SLE.

Only one study examined the role of CD3Z (a T cell surface glycoprotein and component of the T cell antigen receptor) hypermethylation in SLE, and it was determined that this modification is a potential risk factor associated with severe SLE manifestations (28).

Hypermethylation of CD3Z could be an environmentally induced epigenetic modification (22). In particular, CD3Z hypermethylation could provide an important mechanism for CD3ζ-chain downregulation in SLE T cells. Furthermore, CD3Z DNA hypermethylation was connected to more severe clinical signs in persons with SLE; thus, CD3Z hypermethylation is a marker of disease severity (22).



Other Factors Related to Defective DNA Degradation

Many other factors have recently been associated with the etiopathogenesis, diagnosis, and treatment of SLE. There is extensive evidence for the association of IFNs and ILs with SLE; however, little is known about the role of TNFs (additional cytokines) in the etiopathogenesis of SLE. Variants of TNF ligand superfamily member 13B (TNFSF13B) are associated with defective DNA degradation in SLE disease development. Elevated serum levels of TNFSF13B correlate with serum dsDNA antigen levels, suggesting that TNF is associated with abnormal DNA degradation in SLE patients (28).

Moreover, recent studies have shown that some types of drugs can treat or contribute to the etiopathogenesis of SLE. Rituximab, which has proved efficacious in the treatment of diffuse alveolar hemorrhage in SLE, can cause IgM hypogammaglobulinemia, which can be predicted by lower baseline serum IgM levels and sequential therapy with mycophenolate mofetil (MMF) (29). This finding shows that high SLE disease activity is associated with dsDNA antigens in serum, suggesting defective DNA degradation. Early treatment with hydroxychloroquine can curb the development of endothelial dysfunction in SLE patients (30). Bortezomib, an anticancer drug, increases proinflammatory cytokine levels in mice, hence worsening SLE (31). Aconitine, a C19 norditerpenoid alkaloid, can inhibit disease progression and ameliorate pathologic lesions of SLE (32). This alkaloid, which is the key active component of Aconitum, has immunomodulatory properties and may be valuable for treating autoimmune diseases such as SLE (32).

TREX1 frame-shift mutations, such as V235fs and D272fs, trigger autoantibodies chiefly against non-nuclear antigens. Thus, patients who have such mutations are possibly ANA negative. High serum ANA levels are very rare among patients who have retinal vasculopathy with cerebral leukodystrophy (RVCL). Thus, diseases associated with such mutations may be under- or misdiagnosed. The oligosaccharyltransferase (OST) inhibitor aclacinomycin effectively suppressed the production of autoantibodies, confirming the possible therapeutic value of such medicines for treating phenotypes associated with the V235fs mutation. Moreover, the D272fs and V235fs mutations usually affect the DNase-independent roles of TREX1 and trigger serologic autoimmunity, which likely contributes to the development of autoimmune disease (33, 34).

In addition, IFN-α expression is positively related to IRF5 expression. Childhood-onset SLE normally follows a more aggressive course, with higher mortality and morbidity and a greater occurrence of serological and immunological abnormalities, than does adult-onset SLE, perhaps implicating dissimilar mechanisms in both clusters. Nonetheless, IRF5 plays an important role in childhood-onset SLE pathogenesis. Sp1 can increase IRF5 promoter activity and mRNA expression. Sp1 expression is increased in childhood-onset SLE and is positively related to IRF5 levels; thus, high Sp1 expression might contribute to high IRF5 levels, and the subsequent high IFN-α levels are a fundamental feature of SLE pathology (68).



DNase Defects Have Been Correlated to Lupus Erythematosus

DNase I, an endonuclease, is usually secreted to cleave extracellular DNA to tetranucleotides with 3′ hydroxyl DNA ends and 5′ monophosphate (68). Moreover, during apoptosis, DNase I is the specific endonuclease that facilitates chromatin breakdown. Together with the plasminogen system, DNase I enables prompt and efficient chromatin breakdown through the instantaneous degradation of DNA and DNA-binding proteins (68).

DNase I mutations have been associated with a familiar form of SLE (69).

DNase II is vital for self-dsDNA clearance in lysosomes to circumvent an immune response. Moreover, DNase II knockout is usually embryonically lethal in mice due to uncontrolled inflammation, whereas cGAS deletion in DNase II-deficient mice salvages this lethal phenotype. DNASEII defects are associated with autoinflammtion, but however have so far not been linked to the classical lupus phenotype.

TREX1, also known as DNase III, is a DNA exonuclease that engages in cytoplasmic dsDNA and ssDNA clearance. Loss-of-function mutations of TREX1 result in the accumulation of self-DNA and autoimmune diseases, such as SLE. Mutations in DNase III/TREX1 have also been associated with a familiar form of lupus erythematosus (70–72).

TREX1-deficient mice display markedly reduced survival due to unprompted inflammatory myocarditis, increased circulatory failure and cardiomyopathy Trex1 prevents the cell-intrinsic initiation of autoimmunity in the mice model of TREX1-deficient mice (73–76).

Depletion of STING, IRF3, cGAS, or IFN-I receptor in TREX1-deficient mice protects against autoimmune disorders and death, indicating that cGAS–STING–IRF3 axis-regulated IFN-I production is responsible for autoimmune disorder development in TREX1-deficient mice. Nevertheless, in STING-deficient lupus mice, serum cytokine levels, autoantibody production, and lymphoid hypertrophy increase significantly in comparison to STING-adequate littermates.

Mutations leading to STING activation cause autoinflammation and can lead to an inflammatory vascular and pulmonary syndrome (77) and has also been linked to a familiar form of lupus erythematosus (78, 79).

But on the other hand STING deficiency can also lead to autoimmunity mediated by enhanced TLR activation in lupus prone mice (80). In this case STING potently suppresses inflammation in a model of SLE. This controversial behavior points out the complexity of regulation and is important to be considered for the development of targeted therapies directed against STING.

ANAs are considered the serological characteristic of SLE. These antibodies often bind various nuclear antigens, including DNA, histones, non-histone proteins and protein complexes with RNA and DNA. Due to the frequent manifestation of ANA abnormalities in SLE, ANA analysis is a vital element of clinical assessments and determinations of suitability for clinical tests or the use of particular therapies (34).

DNase I, an endonuclease, is usually secreted to cleave extracellular DNA to tetranucleotides with 3′ hydroxyl DNA ends and 5′ monophosphate (68). Moreover, during apoptosis, DNase I is the specific endonuclease that facilitates chromatin breakdown. Together with the plasminogen system, DNase I enables prompt and efficient chromatin breakdown by the instantaneous degradation of DNA and DNA-binding proteins (68).

Self-dsDNA is involved in SLE pathogenesis; these molecules are normally cleared in apoptosis, necrosis and NETs, but these processes are defective in SLE patients, thereby triggering the production of autoantibodies through unknown mechanisms. In addition, anti-dsDNA antibodies are formed by autoreactive B cells and autoreactive T cells. dsDNA ICs and autoantibodies stimulate robust IFN-I production via several intercellular DNA sensors, primarily in PDCs and phagocytes (81).




CONCLUSION

The etiopathogenesis of SLE is still controversial, and there are limited therapeutic inventions for this disease. However, this paper has demonstrated that SLE is a DNA degradation disorder. In normal apoptosis, DNA and other nucleic materials are efficiently cleared through degradation and other complex mechanisms, blocking the formation of nuclear autoantigens. Autoantibodies produced against cfDNA are responsible for tissue and organ damage in SLE patients.
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The impressive potential of biologics has been demonstrated in psoriasis, hidradenitis suppurativa, and urticaria. Numerous biologicals are entering the field for a restricted number of skin disorders. Off-label use of biologics in other recalcitrant skin diseases has increased. Mounting data point to the potential of already existing biologics acting on the IL-17/IL-23 pathway in skin disorders with epidermal hyperkeratosis (e.g., pityriasis rubra pilaris), acneiform inflammation (e.g., hidradenitis suppurativa), and loss of mucosal integrity (e.g., aphthosis). TNF-α blockers are also effective in the latter conditions but seem of particular value in granulomatous (e.g., granuloma annulare) and neutrophilic disorders (e.g., pyoderma gangrenosum). Failure of IL-17 blockade in skin diseases resulting from immune-mediated cell destruction (e.g., alopecia areata and vitiligo) illustrates its limited involvement in Th1-dependent skin immunology. Overall, disappointing results of TNF-α blockers in alopecia areata and vitiligo point to the same conclusion although promising results in toxic epidermal necrolysis suggest TNF-α exerts at least some in vivo Th1-related activities. Acting on both the Th1 and Th17 pathway, ustekinumab has a rather broad potential with interesting results in lupus and alopecia areata. The efficacy of omalizumab in bullous pemphigoid has revealed an IgE-mediated recruitment of eosinophils leading to bullae formation. Reconsidering reimbursement criteria for less common but severe diseases seems appropriate if substantial evidence is available (e.g., pityriasis rubra pilaris). For other disorders, investigator- and industry-initiated randomized clinical trials should be stimulated. They are likely to improve patient outcome and advance our understanding of challenging skin disorders.
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INTRODUCTION

A large number of dermatological disorders is mediated by a deregulated skin immune response. In the last 2 decades, biologics have revolutionized the traditional approach by achieving unprecedented results with limited adverse events. Unfortunately, their use is restricted to a very small number of diseases (psoriasis, urticaria, and hidradenitis suppurativa). The promise of a targeted approach triggers clinicians to test these drugs in recalcitrant disorders despite their off-label status. More than 100 articles have been published on the off-label use of biologics. This is in obvious contrast with the limited number of prospective randomized trials that have been carried out. In this review we summarize the evidence of the currently available biologics targeting IL-1, IL-12/IL-23, IL-17, IL-23, TNF-α, CD20, and IgE in different “off-label” skin conditions (Supplementary Table S1).



DISORDERS BASED ON TARGETED IMMUNE-BASED CELL DESTRUCTION: ALOPECIA AREATA AND VITILIGO

Given the role of TNF-α in the Th1 response, it made sense to test TNF-α inhibitors in alopecia areata and vitiligo. Nonetheless, adalimumab fails to induce hair regrowth in most alopecia areata patients (1). Several cases have been published mentioning de novo development of alopecia areata due to TNF-α blockers (2, 3). However, some successful cases have also been reported (4). The risk of vitiligo is significantly increased in patients receiving this class of biologics [hazard ratio: 1.99 (95% confidence interval: 1.06–3.75)] (5). Overall, repigmentation using TNF-α blockers is limited in vitiligo and this approach was considered to be ineffective (6). Nonetheless, TNF-α inhibitors can be useful to halt disease progression in active vitiligo (7). No data on the combination of TNF-α inhibitors and phototherapy are available.

Increased IL-17 levels and Th17 lymphocytes have been observed in the skin and blood of patients with alopecia areata and vitiligo (8, 9). Unfortunately, most alopecia areata patients did not show any response to secukinumab, an anti-IL17 monoclonal antibody (10). The same result was observed in our trial using secukinumab in progressive vitiligo which showed that 7/8 patients developed new skin depigmentations leading to an early halt of further recruitment. In subsequent experiments, we showed that Th17.1 cells rather than Th17 cells are increased in active vitiligo (11). Th17.1 lymphocytes are a subgroup of Th17 cells gradually differentiating into non-classical Th1 cells. IL-12 and IL-23 (in combination with low TGF-β) are the main cytokines driving Th17 > Th1 polarization. In that regard, ustekinumab, a combined anti-IL12/23 monoclonal antibody, might represent an attractive treatment option. Despite some reports mentioning new onset vitiligo and alopecia areata during ustekinumab, cases showing repigmentation have been published (12). In alopecia areata, some impressive cases of hair regrowth following the initiation of ustekinumab illustrate the interesting potential of this biologic (13, 14). Increased serum levels of IL-23 have been found in vitiligo although no clinical data are available for IL-23 blockers (15).



ACNEIFORM DISORDERS WITH NEUTROPHILS: HIDRADENITIS SUPPURATIVA AND ACNE CONGLOBATA

The introduction of TNF-α blockers in the therapeutic arsenal of hidradenitis suppurativa has increased the scientific interest for this disorder. The improvement of abscesses and pustules with beneficial effects on the quality of life are clear although treatment failure is more common compared to psoriasis (16).

IL-17 is considered to be an important factor in the detrimental inflammatory responses in HS. Case reports and a small pilot trial mention clear improvement in HS patients receiving secukinumab (17, 18). In contrast, an ex vivo study on lesional skin samples showed a more pronounced decrease in pro-inflammatory cytokine production and antimicrobial peptides with TNF-α inhibitors compared to IL-17 inhibition (19). Treatment with ustekinumab leads to moderate-marked responses in 82% of HS patients (20). In a retrospective analysis, guselkumab showed improvement in 8/11 (73%) of HS patients (21, 22).

In a small randomized controlled trial (RCT) (10:10), anakinra—a recombinant IL-1 receptor antagonist—displayed promising results with a 67% decreased activity score compared to 20% in the placebo arm (23). Nonetheless, some HS patients fail to improve with both anakinra and canakinumab (= monoclonal antibody against IL-1β) (24, 25). Up till now, large RCTs are missing.

Acne conglobata can be a disfiguring disease with limited treatment options in case of failure of systemic retinoids. Sand and Thomsen reported benefit from TNF-α inhibitors in 64% (7/11) of patients with severe refractory acne conglobata (26). Propionibacterium acnes stimulates keratinocytes to produce IL-1α and TNF-α. Additionally, peripheral blood mononuclear cells (PBMCs) of acne patients stimulated with P. acnes produce increased amounts of TNF-α and IL-8 pointing to the central role of TNF-α in this condition (27). P. acnes also promotes Th17 and Th17.1 responses (28) although no data have been published on the efficacy of IL-17 blockers or ustekinumab.



SYSTEMIC DISORDERS: LUPUS AND DERMATOMYOSITIS

A phase II RCT of patients with active systemic lupus erythematosus (SLE) demonstrated that the addition of ustekinumab to standard care resulted in an improved efficacy (29). After 6 months, a Systemic Lupus Erythematosus Responder Index (SRI)-4 response was achieved in 62% of ustekinumab treated patients compared to 33% in the placebo group. Although some patients have been reported to exhibit lupus-like cutaneous disorders following ustekinumab, several successfully treated cases of subacute and discoid cutaneous lupus can be found in literature with ustekinumab (30–32). Regarding TNF-α blockers, lupus is a well-known adverse event which can display diverse presentation patterns (33).

Rituximab showed promising results in open-label studies but failed to reach the primary endpoints in 2 RCTs (34, 35). However, some confounding factors such as concomitant immunosuppressive medication and problems in study design (e.g., outcome measures with limited sensitivity) might have played a role. Nonetheless, cutaneous lesions of SLE showed beneficial results in a retrospective study. At 6 months, 76% of patients (n = 50) showed improvement in mucocutaneous lesions with 40% complete responses. The response to rituximab in subacute cutaneous lupus erythematosus and chronic cutaneous lupus erythematosus seems more variable (36).

Omalizumab was tested in a small RCT (n = 15) which enrolled SLE patients with increased levels of IgE anti-dsDNA, anti-Sm or anti-SSA autoantibodies. A significant improvement in Systemic Lupus Erythematosus Disease Activity Index 2000 (SLEDAI-2k) scores was found at 16 weeks although the difference was lower than the clinically minimal important change (37).

A similar pattern emerges with anti-TNF-α antibodies in dermatomyositis which can develop during therapy. Nonetheless, an RCT demonstrated that infliximab can be of value in a subset of patients despite failure to reach the endpoints after 16 weeks (38).

In a retrospective series of patients with refractory idiopathic inflammatory myopathies (including antisynthetase syndrome, dermatomyositis and polymyositis) rituximab resulted in a significantly decreased dependency on glucocorticoids and favorable clinical responses (39).

Abnormal IL-1 receptor antagonist production has been observed in dermatomyositis and polymyositis. 4/15 (36.4%) patients with dermatomyositis or polymyositis improved with anakinra (40).



APHTHOSIS (AND BEHCET'S SYNDROME)

Anti-TNF-α inhibitors were useful in resistant cases of recurrent aphthous stomatitis. Adalimumab, etanercept and infliximab have all shown good efficacy. Complete responses have been documented in approximately two-thirds of patients treated with adalimumab (41). Adalimumab is also effective to reduce other manifestations of Behcet's syndrome including the resolution of venous thrombosis (42).

Secukinumab showed benefit in five patients with Behcet's syndrome (and concomitant ankylosing spondylitis or psoriatic arthritis) refractory to conventional treatment and anti-TNF-α therapy. Improvement of active mucocutaneous manifestations was evident. Especially the rapid resolution of oral ulcerations was remarkable (43). Different studies have confirmed the involvement of IL-17 in the pathogenesis. Ustekinumab was also effective in a small prospective study of 14 patients. After 12 weeks, complete response was seen in 64%, partial response in 21% with 14% non-responders (44).

IL-1 antagonism (Anakinra) is mainly tested on uveitis in Behcet's syndrome although a small pilot study has investigated the effect on the mucocutaneous complaints. In five of six patients the severity and number of ulcers improved with two cases of complete response (45).



NEUTROPHILIC DISORDERS: PYODERMA GANGRENOSUM (PG)

Infliximab is the only biologic with an RCT for classic PG showing improvement in 20/29 patients (46). Etanercept and adalimumab have variable efficacy in small studies. Paradoxical new onset PG has also been linked to TNF-α inhibitors. Beneficial results have been ascribed to ustekinumab in case reports (47). This is in line with the role of the IL-17/23 pathway in neutrophil migration (48). A retrospective study found complete responses for infliximab in 63.6% (n = 33), for adalimumab in 57.1% (n = 28), for etanercept in 71.4% (n = 7) and for ustekinumab in 66.6% (n = 9) of patients. These results were all superior to corticosteroids (48.8%; n = 78) (49). Anakinra and canakinumab lead to variable outcomes (50, 51).

Occurrence of Sweet syndrome is possible during anti-TNF-α treatment although it can also be effective in pre-existing Sweet syndrome (52, 53). Some isolated cases responded to IL-1 inhibition (anakinra) (54, 55). Neutrophilic dermatoses associated with auto-inflammatory disorders (e.g., Schnitzler syndrome, Muckle-Wells syndrome) respond well to IL-1 inhibitors (56).



BULLOUS DISORDERS: BULLOUS PEMPHIGOID (BP) AND OTHER BULLOUS DISEASES

Remarkable improvements have been seen for omalizumab in BP. A systematic review found 22 reported cases with 84% complete responses. Anti-BP180 IgE antibodies correlate with disease activity in BP supporting their pathogenic relevance (57). IgE autoantibodies against BP180 and BP230 were found in, respectively 21/36 (58.3%) and 18/36 (50%) BP sera (58). The favorable safety profile of omalizumab makes it an attractive treatment option for BP (59).

Rituximab (anti-CD20) also led to 85% complete responses in BP (in 62 patients). Rituximab was associated with lower recurrence rates and a longer disease-free period compared to omalizumab (60). Patients that first did not respond to omalizumab but improved using rituximab (61), but also cases with improvement on omalizumab after failure to rituximab have been published.

Development of BP using anti-TNF-α treatment can occur sporadically although this link remains controversial. Both for ustekinumab and secukinumab cases of successful treatment of BP and new onset BP during treatment have been described (62–65). IL-17 production by innate immune cells, especially neutrophils, is characteristic in lesional BP skin. IL-17 upregulates matrix-metalloproteinase-9 and neutrophil elastase expression which are involved in blister formation (66). Elevated serum concentrations of IL-23 were confirmed in BP patients and rising levels were associated with disease relapse. This pathway could therefore be potentially interesting in BP (66).

Besides pemphigus, rituximab has been administered successfully in other autoimmune bullous diseases. In a retrospective cohort, mucous membrane pemphigoid (n = 14) exhibited disease control in 85.7% (partial response: 64.3%, complete response: 28.6%) (67). Similarly, some encouraging data have been obtained in ocular cicatricial pemphigoid (68). A meta-analysis showed that rituximab is also a promising option in epidermolysis bullosa acquisita (69).



PSORIASIFORM DISORDERS: PITYRIASIS RUBRA PILARIS

Off-label use of biologics has been extensively performed in PRP given its high clinical and pathogenic similarity with psoriasis. Anti-TNF-α, anti-IL-17 and anti-IL-12/23 treatments are all effective with marked to complete responses ranging around 50–78%. Partial responses were seen in 11–25% of patients and lack of response in 11–25% (70). Infliximab exhibited superior results compared to adalimumab while ustekinumab is currently most widely used for this disorder. Recent case series on IL-17 inhibition (secukinumab and ixekizumab) show a fast clearance and limited risk of recurrence after therapy withdrawal (71, 72). Nonetheless, treatment response is difficult to predict due to the heterogeneity of the disease (73). Both cases with progression using IL-17 inhibition that subsequently improved using ustekinumab (74) as a patient with limited response to ustekinumab who benefited from secukinumab, have been published (73).



GRANULOMATOUS DISORDERS: GRANULOMA ANNULARE

The role of TNF-α producing macrophages in granuloma formation points to a key role of this cytokine in granuloma annulare. A summary of published cases showed that 20/26 patients with granuloma annulare responded to anti-TNF-α treatment (75). Overall, these data support a high efficacy of TNF-α inhibitors in granuloma annulare although well-designed RCTs are missing. Nonetheless, granuloma annulare has also been reported as a side effect of biologics including adalimumab, infliximab and etanercept but also during treatment with secukinumab (76–78).



MASTOCYTOSIS

Given its excellent efficacy in urticaria, the use of omalizumab in other mast cell mediated diseases such as mastocytosis looks promising. Most published cases report excellent efficacy on systemic symptoms (e.g., gastrointestinal problems, pruritus). Some interesting patients with resolution of cutaneous lesions have been observed (79, 80). A multicenter RCT with 7 patients receiving omalizumab and 9 placebo was conducted. After 6 months, improvement in French Association for the Initiatives of Research on Mastocyte and Mastocytosis (AFIRMM) score was higher in the omalizumab group (52–26 vs. 104–102) although significance was not reached (81).



TOXIC EPIDERMAL NECROLYSIS

Being one of the most life-threatening skin disorders, treatment of toxic epidermal necrolysis is extremely important. TNF-α has been identified in the blister fluid and serum of TEN patients (82). Most evidence is gathered from case series and case reports. Nonetheless, the majority of cases show excellent responses with improved outcomes compared to the expected mortality (83). An interesting case series of 10 patients with excellent outcome using etanercept was published (84). Adequate screening for infections is necessary given the high prevalence of soft tissue infections (S. aureus, P. aeruginosa, K. pneumoniae) (83). An RCT comparing etanercept (n = 48) with corticosteroids (n = 43) showed a lower mortality rate after etanercept (8.3%) compared to predicted outcome (17.7%). The difference with the corticosteroid group (16.3%) was not significant although the time for complete skin healing was lower (85). Nonetheless, more than 50 cases have been described developing TEN despite concurrent treatment with TNF-α blockers.



LICHEN PLANUS

Lichenoid drug eruptions are a well-known side effect of TNF-α blockade (86). Cutaneous and oral lichen planus, lichen planopilaris and lichen striatus have all developed in patients receiving anti-TNF- α treatment. Nonetheless, in some cases of extensive lichen planus adalimumab showed improvement and isolated cases of oral lichen planus and nail lichen planus improved using etanercept (87–89). Despite some promising reports, rituximab failed to show efficacy in a small trial with five consecutive patients with erosive lichen planus (90). Data on other biologics are very limited.



DISCUSSION

Several promising results have been obtained by the off-label use of biologics and by pilot trials (Table 1, Figure 1) although disappointing results can be equally important to clarify the underlying pathogenic pathways. Failure of both TNF-α inhibitors and IL-17A-blockers in alopecia areata and vitiligo limits the involvement of these cytokines in the immune-mediated destruction of skin cells (10, 11). However, the apparent efficacy of TNF-α inhibitors in toxic epidermal necrolysis and occasional cases of alopecia areata and vitiligo suggest that the role of TNF-α is more complex (4, 7, 91). Alopecia areata and vitiligo remain biologic orphan diseases although some exciting cases have been published showing hair regrowth after initiation of ustekinumab (13, 14).



Table 1. Biologics and their efficacy in off-label skin diseases.
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FIGURE 1. Summary of the involved cytokines in cutaneous disorders (Crossed interleukins: trials were conducted but failed). Mucosal ulceration involves a wide range of cytokines and therefore biologics inhibiting different pathways (IL-1, TNF-α, and IL-17/23) result in improvement. Pityriasis rubra pilaris has a psoriasis-like pathophysiology with a TNF-α stimulated production of IL-23 by dendritic cells. This results in the release of IL-17. Bullous pemphigoid is an antibody-mediated disorder where both inhibition of B lymphocytes (e.g., rituximab) as binding of IgE-antibodies with omalizumab is efficacious. The pathophysiology of lupus is complex with a possible driving role for IL-12 and IL-23. Mixed results for inhibition of B-lymphocytes with rituximab were obtained. TNF-α inhibitors are associated with drug-induced lupus. In neutrophilic pustular disorders (pyoderma gangrenosum, acne, hidradenitis), the IL-17 pathway seems crucial with beneficial results if cytokines of this pathway are targeted (IL-17, IL-23, and TNF-α). In alopecia areata and vitiligo, antibodies against TNF-α and IL-17 were disappointing. Some evidence exists for a role of ustekinumab (IL-12/23) in alopecia areata. TNF-α and IL-12/23 can be targeted in granuloma annulare.



Promising early data concerning the blockage of the IL-23/IL17 pathway in HS confirm that this pathway is an important initiator of a suppurative neutrophilic inflammation (19, 20, 22, 92). The benefit of blocking IL-17 in aphthosis is in agreement with its defensive capacities against mucosal invasion of pathogens and its protective actions to maintain epithelial barrier integrity.

The results of the phase II trial of ustekinumab in lupus could be a major breakthrough although phase III trials have to be awaited. Increased IL-12 and IL-23 levels have been reported in SLE patients and genetic research links the IL-12 pathway with an increased susceptibility for SLE (29). In general, interferon is considered the main driving factor in lupus. In contrast, the efficacy of ustekinumab was independent of interferon levels (29, 31, 32).

One of the most remarkable findings was undoubtedly the impressive resolution of bullae in BP following the administration of anti-IgE antibodies (59, 59, 60, 93, 94). This confirms the pathogenic role of anti-IgE antibodies which seem actively involved in the development of bullae. Mice injected with IgE autoantibodies from BP patients in grafted human skin developed erythema and infiltration of eosinophils in the skin and ultimately histological dermal-epidermal separation (95). Further studies on omalizumab in bullous pemphigoid seem of particular value given its efficacy and improved safety profile compared to the alternative options.

While current biologics cover mainly the Th17 pathway, strong inhibition of important Th1 cytokines such as IFN-γ is not (yet) available leading to disappointing results in vitiligo and alopecia areata. Dupilumab, a monoclonal antibody directed against IL-4 and IL-13, developed for atopic dermatitis interferes with key cytokines in the Th2 pathway and offers new possibilities for off-label use. Case reports of good response to different types of chronic itch including prurigo nodularis, uremic pruritus and genital pruritus illustrate the interesting potential of dupilumab (96–99). New development of alopecia areata has been observed during treatment with dupilumab (100–102). Nonetheless, patients with both atopic dermatitis and alopecia areata treated with dupilumab have repeatedly demonstrated hair regrowth (103–105). Furthermore, some isolated cases were published with beneficial results in bullous pemphigoid (106), eosinophilic annular erythema (107), and papuloerythroderma of Ofuji (108).

Biologics have been linked to the occasional development of alopecia areata, vitiligo, lupus, dermatomyositis and bullous diseases. However, as we have learned from TNF-α antagonists in psoriasis, this finding does not exclude their efficacy. Increased serum or lesional levels of specific interleukins do not ensure the efficacy of the corresponding biologic. As seen in alopecia areata and vitiligo, numerous studies documented increased TNF-α and IL-17 levels while the inhibition of both cytokines failed in these disorders (10, 11). Unfortunately, the lack of convincing mouse models for most dermatologic disorders limits the evidence that can be obtained before conducting a clinical trial.

Getting biologics approved and reimbursed for these new indications is another challenge. Weighing economic implications vs. health improvement will remain a difficult balance in the next decades. The rise of biosimilars may improve access to off-label use in disorders which are unlikely to be of economic interest due to their rare incidence or limited patients with severe disease requiring biologics (109). An increased appreciation and funding of investigator-initiated clinical trials seem of particular relevance to explore the full capacity of biologics.
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The massive infiltration of lymphocytes into the skin is a hallmark of numerous human skin disorders. By co-culturing murine keratinocytes with splenic T cells we demonstrate here that T cells affect and control the synthesis and secretion of chemokines by keratinocytes. While pre-activated CD8+T cells induce the synthesis of CXCL9 and CXCL10 in keratinocytes and keep in check the synthesis of CXCL1, CXCL5, and CCL20, keratinocytes dampen the synthesis of CCL3 and CCL4 in pre-activated CD8+T cells. One key molecule is IFN-γ that is synthesized by CD8+T cells under the control of NFATc1 and NFATc2. CD8+T cells deficient for both NFAT factors are unable to induce CXCL9 and CXCL10 expression. In addition, CD8+T cells induced numerous type I IFN-inducible “defense genes” in keratinocytes encoding the PD1 and CD40 ligands, TNF-α and caspase-1. The enhanced expression of type I IFN-inducible genes resembles the gene expression pattern at the dermal/epidermal interface in lichen planus, an inflammatory T lymphocyte-driven skin disease, in which we detected the expression of CXCL10 in keratinocytes in close vicinity to the infiltration front of T cells. These data reflect the multifaceted interplay of lymphocytes with keratinocytes at the molecular level.
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INTRODUCTION

Interactions between keratinocytes and leukocytes play a decisive role in the development of numerous skin diseases. Chemotactic chemokines attract leukocytes to the skin and direct them to the sites of inflammation, infections, and wounds (1, 2). Keratinocytes synthesize a restricted set of chemokines whose synthesis is amplified by numerous stimuli, including type I IFNs, IFN-γ, TNF-α, and others that, to a large part, are produced by lymphocytes and other cells. In addition, the infiltration of lymphocytes into the skin induces a pattern of chemokines that are either synthesized at very low amounts or not at all by keratinocytes under homeostatic conditions (3). Although there have been numerous attempts to elucidate the role of individual chemokines in the generation of skin diseases, our current knowledge on the interplay of the immune system with the skin and the function of the chemokine network in skin physiology and pathology is far from clear.

There are ~50 chemokines and 20 chemokine receptors (4) that, in addition to control leukocyte traffic (5), play an important role in the differentiation and function of lymphocytes during immune reactions. Both in bone marrow and thymus the development of lymphoid cells is guided by the interaction of chemokines with their receptors (6, 7). In periphery, due to the expression of chemokine receptor CCR7, memory T cells have been classified into CCR7+ central memory TCM cells that are enriched in lymph nodes and tonsils, and CCR7− effector memory TEM cells that are enriched in non-lymphoid organs (8). Several chemokine receptors including CCR4, CCR8, and CCR10 have been described to direct T cells to the inflamed skin and orchestrate T cell-keratinocyte interactions (9, 10).

The differentiation of keratinocytes in the epidermis, the first barrier of the organism against the environment, is a fine-tuned process that is disturbed under pathological conditions. Keratinocytes of the stratum basale proliferate, detach and migrate to the stratum spinosum and stratum granulosum and finally differentiate to corneocytes of the stratum corneum. Under physiological conditions this process takes 1 week in mice and 4 weeks in humans (11). The cells of the stratum basale are in close contact with the basement membrane and the dermis in which the majority of skin lymphocytes patrol. In skin disorders there is often a massive infiltration of lymphocytes into the dermis and, less frequently, into the epidermis. Infiltrating lymphocytes affect the proliferation of keratinocytes and disturb their differentiation to corneocytes. Lichenoid dermatoses such as cutaneous lupus erythematosus and lichen planus (12) are prototypic skin disorders that are characterized by a massive infiltration of cytotoxic lymphocytes and the “liquefaction degeneration” of the basal layer of the epidermis. Those infiltrating lymphocytes show a high expression of the chemokine receptor CXCR3, the common receptor of the chemokines CXCL9, CXCL10, and CXCL11. Due to their massive IFN-γ production, infiltrating T cells induce the synthesis of CXCL9 and CXCL10 in keratinocytes that, on the other hand, perpetuate and accelerate the further infiltration of activated T cells to the skin (13–15).

To elucidate the molecular events that orchestrate the interplay between keratinocytes and skin-infiltrating CD8+T cells we co-cultivated both types of cells and determined their chemokine profile. While similar to other authors (3) we detected a strong induction of the chemokines CXCL9 and CXCL10 in keratinocytes by IFN-γ, we observed that CCL3 and CCL4, which are expressed by cytotoxic T cells under the control of NFAT factors, are inhibited. On the other hand, CXCL1, CXCL5, and CCL20 expressed by keratinocytes are kept in check by T cell-derived IFN-γ. The massive induction of CXCL9 and CXCL10 is linked to the expression of NFATc1 and NFATc2 since CD8+T cells deficient for these NFATs were unable to stimulate both chemokines. In lichen planus patients who show a massive T cell infiltration into the skin we detected the expression of CXCL10 in keratinocytes near the invasion front. In addition to chemokines, the co-culture of CD8+T cells with keratinocytes resulted in the expression of a number of type I IFN-inducible “survival molecules” by keratinocytes such as the PD1 and CD40 ligands, TNF-α and caspase 1 that affect the fate of keratinocytes.



MATERIALS AND METHODS


Mice, Isolation and Culture of Cells

Eight to twelve weeks old C57/B6, sex-, and age-matched mice were used in the experiments. Transgenic mice expressing NFATc1-bio protein as well as the Nfatc1flx/flx x Cd4-cre and Nfatc2−/− mouse lines have been described previously (16). NFAT DKO mice were generated by crossing of Nfatc1flx/flx x Cd4-cre and Nfatc2−/− mice. Primary murine keratinocytes were either isolated from tails of adult mice or from newborn mice according to Lichti et al. (17) with slight modifications. Both mouse tails and newborn mice were disinfected using 7.5% povidone-iodine solution followed by extensive washes in 70% ethanol and distilled water. Upon preparation of skin, skin pieces were incubated overnight in dispase solution at 4°C followed by a short digestion in trypsin and incubation for 6 h in S-MEM (Gibco) medium containing 1.3 mM Ca++. After 6 h, cells were replenished with keratinocyte SFM medium containing 0.06 mM Ca++ (Gibco) for further culture. Since porcine trypsin kills murine keratinocytes, all cell culture divisions were performed with TrypsinLE (Gibco; # 12605-010). Keratinocyte cultures were treated with murine IL-1α (Preprotech 211-11A; 30 ng/ml), murine TNF-α (Preprotech 315-01A; 30 ng/ml), or murine IL-25 (Biolegend 587302; 2 μg/ml) for 1 and 3 d. To some cultures, neutralizing Abs directed against IFN-γ (Biolegend 505702; 5 μg/ml) or 100 ng/ml CsA were added.

All co-cultures of keratinocytes with CD8+T cells were performed at least 3 times in duplicate. Splenic T cells were isolated using mouse CD8 microbeads kit (Miltenyi Biotech, #130-049-401) according to the manufacturer's instructions and cultured in X-VIVO™ 15 medium (Lonza, BE02-060F). Cells were pre-activated by αCD3/CD28 (5 μg CD3ε, clone 73.51, BD Pharmingen) and CD28 (2 μg, clone 145-2C1, BD Pharmingen), diluted in 1 ml PBS for coating. The same number or 2-fold more pre-activated T cells were co-cultured for 1 or 3 d with freshly prepared keratinocytes. Due to the strong differentiation effect of Ca++-containing X-VIVO medium on primary keratinocytes, all co-cultures contained 4 parts SFM and 1 part X-VIVO medium.



Transcriptome Analysis by Next Generation Sequencing (NGS)

Keratinocytes, either cultured alone, or after co-culture with CD8+ T cells, were deep-frozen in liquid nitrogen. Their RNA was extracted using Qiagen's RNeasy plus mini kit. The quantity of RNA was assessed using a Qubit 2.0 fluorometer, the quality of RNA was determined on a Bioanalyzer 2100 using a RNA 6000 nano chip. RNA-Seq libraries for NGS were prepared using 20 ng total RNA (RIN>8) and the NEBnext ultra II RNA Library Prep kit following the manufacturer's instructions. Barcoded RNA-Seq libraries were onboard clustered using HiSeq Rapid SR Cluster Kit v2 using 8 p. m. and 59 bps were sequenced on an Illumina HiSeq2500 using a HiSeq Rapid SBS kit v2. Sequencing raw data were further processed using the software CLC Genomics workbench (v7.5.1 with CLC's default settings for RNA-Seq analysis). Reads were aligned to the GRCm38 genome. For the pathway enrichment analysis (shown in Table 1 and Supplementary Table 1) the GORILLA (gene ontology enrichment analysis and visualization) tool was used (18).



Table 1. Compilation of the first top 10 pathways that were changed in murine keratinocytes upon co-culture with pre-activated CD8+ T cells for 1 d.
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The data of NGS assays have been deposited in the GEO database (GSE131905).



Immunohistochemistry

All specimens were obtained from the archive of paraffin-embedded diagnostic tissues of the Department of Dermatology at the University Hospital of Würzburg, Germany, and were used in accordance to the guidelines of the local ethics committee. Anonymized sections were prepared from formalin-fixed, paraffin-embedded skin biopsies from lichen planus patients. Immunohistochemical stains were performed using mAb specific for CD8 (clone SP-16, dilution 1:50, Invitrogen), NFATc1 (clone 7A6, dilution 1:100, BD Pharmingen), NFATc2 (clone D43B1, dilution 1:200, Cell signaling), CXCL9 (MIG, dilution 1:15, R&D systems), or CXCL10 (Polyclonal, clone 33036, Dilution 1:15, R&D Systems) following the manufacturer's instructions. The stained slides were captured with confocal microscope (Zeiss) or a Nikon Ti motorized stage fluorescence microscope at the magnifications indicated. The absolute numbers of keratinocytes expressing CXCL10 were determined using ImageJ.



Enzyme-Linked Immunosorbent Assay (ELISA)

The concentration of IFN-γ in the culture supernatants was determined using commercially available mouse IFN-γ ELISA kits (88-7314-88, Invitrogen). Each sample was analyzed in duplicate following the manufacturer's instructions.



Chemokine Secretion Assay

For chemokine measurements, we used the LEGENDplex™ Mouse Proinflammatory Chemokine Panel (BioLegend) kit according to the manufacturer's instructions. This is a multiple fluorescence-encoded bead-based assay allowing the simultaneous detection of 13 different chemokines by flow cytometry.



Statistical Analysis

Statistical analyses were performed using GraphPad (Prism) software, version 6.0. Data were presented as mean ± SEM. Unpaired t-test was performed to evaluate the statistical significance. Statistical significances are indicated (***p < 0.001, **p < 0.005, and *p < 0.05).




RESULTS


Secretion of Chemokines by Primary Murine Keratinocytes ex vivo

To determine the effect of lymphocytes on the secretion of chemokines by keratinocytes, we isolated primary keratinocytes from the tails of adult mice, and from newborn mice and cultured them in serum-free SFM keratinocyte medium (Gibco) supplemented with 0.06 mM Ca++. Under these conditions, which resemble those of the stratum basale, the keratinocytes rapidly formed a lawn of cobblestone-like cells. However, upon co-culture with splenic CD8+ or CD4+ T cells activated by αCD3/CD28 Abs for 1 d (or upon stimulation of keratinocytes with IL-1α, TNF-α, or IL-25) the tight layer of keratinocytes showed numerous holes in which T cells assembled (Supplementary Figures 1A–C). After 1 day of co-culture, no measurable differences were observed in cell viability and cell proliferation, as compared to individual cell cultures (Supplementary Figure 1D and data not shown). After one and 3 days of co-culture, the supernatant of cultures was collected to determine the secretion of 13 chemokines using a fluorescence-encoded bead-based assay (BioLegend). In addition, transcriptional changes of keratinocytes induced in the co-cultures were measured in NGS assays. Keratinocytes from adult or newborn mice cultured in vitro for 1 or 3 d secrete a restricted set of chemokines, mainly CXCL1 and CCL2, and very low amounts of CXCL5 (Figure 1, lanes 1, 9, and Supplementary Figure 2). Stimulation of adult keratinocytes with IL-1α and TNF-α enhanced CXCL1 and CCL2 secretion. Co-cultures of keratinocytes with pre-activated T cells resulted in an increase of CXCL5 secretion and also in the appearance of newly induced chemokines such as CCL3, CCL4, CXCL9 and CXCL10 (Figure 1, lanes 5-6 and 13-14), which remained unaffected by adding CsA to the co-cultures (Figure 1, lanes 8/16).
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FIGURE 1. Chemokine secretion of murine keratinocytes ex vivo. 105 keratinocytes cultured for 7 d in vitro were seeded in 12-well plates. They were cultivated alone (columns 1–4 and 9–12) or together with 105 splenic CD4+ or CD8+T cells pre-activated for 1 d by αCD3/CD28 Abs (columns 5–8 and 13–16) for another day. Keratinocytes remained unstimulated or were stimulated by IL-1α and/or TNF-α (30 ng/ml each), CsA (100 ng/ml), or IL-25 (2 μg/ml) as indicated. In the assays 7 and 15, 5 μg/ml of an Ab neutralizing IFN-γ was added. The supernatants of cultures were harvested and chemokine secretion was measured using a fluorescence-encoded bead-based assay (BioLegend), *p < 0.05, **p < 0.005, ***p < 0.001.



The pattern of chemokines secreted by keratinocytes from the skin of newborn mice overlapped with that of adult tail keratinocytes but differed in detail. Remarkably, the stimuli that enhanced chemokine production diverged conspicuously between both types of keratinocytes. While IL-1α, TNF-α, and IL-25 affected mildly—or not at all—the chemokine production of adult tail keratinocytes, these stimuli strongly affected the secretion of CXCL5 and CCL20 by keratinocytes from newborn mice. Adding IL-1α and TNF-α to keratinocytes from newborn mice resulted in a 100 fold increase of CXCL5 and somewhat weaker of CCL20 secretion upon culture for 3 d (Supplementary Figure 2).



CD8+T Cells Control Chemokine Secretion of Keratinocytes

In the co-cultures of T cells with keratinocytes, the same number (ratio 1:1) or 2-fold more CD8+T cells (i.e., ratio 2:1) pre-activated for 1 d by αCD3/CD28 Abs in X-vivo-medium were added. Since keratinocytes were maintained in serum-free keratinocyte medium this resulted in a 4:1 mix of keratinocyte: X-vivo media, respectively, and, thereby, in a drop of Ca++ in culture medium and subsequent silencing of numerous Ca++-dependent genes.

The secretion of CXCL1 and CCL2 chemokines remained either unaffected or was slightly decreased while that of CXCL5 and CCL20 was increased upon co-culture with CD8+T cells (Figures 1, 2). This is especially the case in wild type and NFATc1-ko CD8+T cells. T cells from mice double ko (DKO) for NFATc1 and NFATc2 remained “neutral” with respect to CXCL1 and CCL20 secretion and enhanced slightly the expression of CXCL5 when compared to wild type and NFATc1-ko CD8+T cells (Figure 2). Since DKO CD8+T cells are prone to apoptosis one may speculate that pro-apoptotic signals emerged from those cells to increase the secretion of pro-inflammatory chemokine CXCL5 (19) by keratinocytes.
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FIGURE 2. Secretion of chemokines CXCL1, CXCL5 and CCL20 by keratinocytes alone or upon co-culture with CD8+T cells. Keratinocytes cultured for 7 d in vitro and splenic CD8+ T cells pre-activated by αCD3/CD28 Ab for 1 d were either cultured alone or together in 6-well plates for 1 or 3 d as indicated and their chemokine secretion measured.



The secretion of CCL3 and CCL4 by CD8+T cells was strongly suppressed upon co-culture with keratinocytes or upon culture in SFM medium (Figure 3A). This silencing effect was also reflected at the transcriptional level. The strong transcription of Ccl3 and Ccl4 genes in pre-activated CD8+T cells was almost abolished upon culture of T cells in SFM/X-vivo (4:1) medium, without or with co-culture with keratinocytes whereas that of the Ccl5 gene remained unaffected (Figure 3B). This is due to the defect of NFAT activity in low Ca++ medium. In activated cytotoxic T cells the promoters of Ccl3 and Ccl4 genes – but not of the Ccl5 gene—are bound by NFATc1 (Figure 3C) and, therefore, are excellent targets for NFATc1 in cytotoxic T cells (16).
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FIGURE 3. Silencing of CCL3 and CCL4 secretion in keratinocyte medium. (A) Secretion of chemokines CCL3 and CCL4 by keratinocytes, CD8+T cells, or co-cultures of both. Keratinocytes cultured for 7 d in vitro and splenic CD8+ T cells pre-activated by αCD3/CD28 Ab for 1 d were either cultured alone or together in 6-well plates for 1 or 3 d as indicated and their chemokine secretion was measured. (B) Suppression of Ccl3 and Ccl4, but not of Ccl5 transcription upon culture of pre-activated CD8+T cells for 1 d in keratinocyte/X-vivo medium (4:1) alone (column 2) or in the presence of keratinocytes (column 3). Column 1 shows the RNA levels of genes in pre-activated CD8+T cells cultured in X-vivo medium for 1 d. (C) Binding of NFATc1-bio protein to the promoters of murine Ccl3 and Ccl4 genes in activated cytotoxic T cells. Results of ChIP seq assays (16). Splenic CD8+T cells from transgenic mice expressing NFATc1-bio proteins were stimulated by T+I for 5 h. Their chromatin was cross-linked by 4% formaldehyde-treatment of cells in vitro, followed by shearing of chromatin and binding to streptavidin beads. After the release of DNA from cross-linked chromatin complexes, DNA was sequenced in NGS assays (16, 20), *p < 0.05, **p < 0.005, ***p < 0.001.





CXCL9 and CXCL10 Are Strongly Induced in Keratinocytes by IFN-γ at the Transcriptional Level

CXCL9 and CXCL10 were neither secreted by untreated keratinocytes nor by activated WT CD8+T cells. However, upon co-culture of keratinocytes with T cells pre-activated by αCD3/CD28 for 1 d a massive induction of both chemokines was observed. This was correlated with the NFAT expression of T cells, since NFAT DKO CD8+T cells were unable to induce any CXCL9 and CXCL10 secretion and NFATc2–ko CD8+T cells showed a marked drop in the induction of both chemokines. In contrast, in three out of five co-culture assays NFATc1-ko cells did not show any restriction in chemokine induction whereas in two assays a decrease was detected (Figures 4A,B and Supplementary Figure 3A). A strong induction of CXCL9 and CXCL10 chemokines was also observed in keratinocytes after culture for 1 d with “T cell-conditioned medium,” i.e., with X-VIVO medium in which CD8+T cells were activated for 1 d by αCD3/CD28, whereas a poor induction was observed using conditioned medium from NFAT DKO CD8+T cells (Supplementary Figure 3B). The differences in chemokine induction could be explained by marked differences in IFN-γ secretion between NFAT DKO, NFATc1-ko, and NFATc2-ko CD8+T cells. While DKO CD8+T cells did not synthesize any IFN-γ, NFATc2-ko showed a strong, and NFATc1-ko cells a more moderate decrease in IFN-γ secretion before and after co-culture (Figures 4A,B). Along with the suppressive effect of Abs directed against IFN-γ on CXCL9 and CXCL10 secretion (Figure 1 and Supplementary Figure 2), these data indicate that IFN-γ produced by CD8+T cells stimulates keratinocytes to secrete CXCL9 and CXCL10.
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FIGURE 4. Induction of CXCL9, CXCL10 and IFN-γ secretion in keratinocytes upon co-culture with CD8+T cells. (A,B) Secretion of chemokines CXCL9 and CXCL10 and of IFN-γ by keratinocytes and CD8+T cells. Keratinocytes cultured for 7 d in vitro and splenic CD8+ T cells pre-activated by αCD3/CD28 Ab for 1 d were either cultured alone or together in 6-well plates for another 1 or 3 d as indicated and their chemokine and IFN-γ secretion measured. In (A) the incubation of NFAT-DKO T cells was included, in (B) the incubation of NFATc2-ko instead of DKO T cells. (C) Induction of Cxcl9 and Cxcl10 transcription in keratinocytes that were cultured alone (column 1) or together with the same number of pre-activated CD8+ T cells for 1 d (column 2). In the co-culture, the CD8+ T cells were washed off, and the RNA levels of keratinocytes were determined in NGS assays, *p < 0.05, **p < 0.005, ***p < 0.001.



NGS assays of the transcriptome of keratinocytes from WT mice before and after co-culture with T cells for 1 d demonstrated that the induction of CXCL9 and CXCL10 secretion occurs at the transcriptional level. In cultured murine keratinocytes, 8440 genes were expressed in 5 and more RPKM, and 503 genes were changed 2.5 fold and more in their expression level between keratinocytes without or upon co-culture with T cells. When these 503 genes were analyzed using the GORILLA (gene ontology enrichment analysis and visualization) tool, among the most prominent 10 gene sets, 9 corresponded to genes controlling response and defense mechanisms (Table 1). While the top 2 pathways comprise genes induced in the interferon-beta response, including the genes encoding the transcription factors IRF1 and STAT1, the other pathways are characterized by further response genes, including the Cxcl9 and Cxcl10 genes (Supplementary Table 1). Upon co-culture for 1 d, the RNA levels of the Cxcl9 gene increased more than 100 fold, and that of the Cxcl10 gene approximately 10 fold (Figure 4C). A 2–5 fold increase was detected for the two genes encoding STAT1 and STAT2. A similar increase was observed for the Cd274 gene encoding PD1 ligand and the Tnf and Cd40lg genes (Supplementary Figure 3C) that defend keratinocytes against T cell-mediated killing.

It is worth mentioning that within the gene sets of the top 10 pathways induced in keratinocytes by T cells the overwhelming majority of genes corresponded to genes induced by type I interferons. In addition to the genes encoding the transcription factors STAT1, STAT2, IRF1, IRF7 and IRF8, these include the Casp1 and Gsdmd genes that code for caspase-1 and gasdermin D—prominent inducers of pyroptosis and membrane pore formation (21)—and numerous genes coding for guanylate binding proteins, Tap transporters and proteasome subunits. All these genes are compiled in the Supplementary Table 1.



Local CXCL10 Induction in Keratinocytes From Lichen Planus Patients

Finally, we wanted to see whether our in vitro/ex vivo findings on the interplay between murine CD8+T cells and keratinocytes are of relevance for human skin disorders. To this end, we selected lichen planus (LP) as model disease. LP is a T cell mediated inflammatory disease that is characterized by the massive infiltration of T lymphocytes, the destruction of the basal epidermal layer and the induction of numerous genes with a typical IFN signature (12, 13, 22). These include the chemokine Cxcl9 and Cxcl10 genes as typical molecular LP markers that distinguish lichenoid tissue reactions from atopic dermatitis and psoriasis (12). In our co-stains of LP skin sections using Abs directed against CXCL10, CD8, CD4, and pan-keratin (or Krt14) we detected a strong expression of CXCL10 in keratinocytes located mostly at the edge of elongated epidermal ridges closely surrounded by infiltrating T cells. In contrast, infiltrating CD8+ and CD4+T cells showed rather a very weak staining with the CXCL10 Ab (Figure 5 and Supplementary Figures 4, 5). For quantification of CXCL10-expressing keratinocytes we counted positive cells in each immunofluorescence stain of 10 patients and compared results with healthy skin (Figure 5).
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FIGURE 5. Enumeration of selectively accentuated CXCL10+ keratinocytes in lichen planus patients. Representative immunofluorescence stainings for CXCL10, CD8, and pan-cytokeratin (Pan-Kera) in (A) lichen planus (LP) and (B) healthy skin (HS). Rectangle marks position of blow-up (right side). (C) CXCL10+ cells were counted in at least 3 high power fields (HPF)/patient (n = 10) and compared to HS. Confocal microscopy, 40x magnification.



The immunofluorescence stains with two Abs directed against CXCL9 did not show a distinct expression of CXCL9 in keratinocyte at the keratinocyte/T cell border but a broad, more diffuse expression in the invading cells, including CD4+T lymphocytes and other cells (Figure 6).
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FIGURE 6. Expression of CXCL9 in the skin of a lichen planus patient. Skin sections were stained with Abs directed against CXCL9, NFATc1, and CD4 and co-stained with DAPI as indicated. Immunofluorescence microscopy, 40x magnification.



The data on the role of NFAT factors in CXCL9 and CXCL10 induction prompted us to speculate that in lichenoid tissue reactions the nuclear expression of NFATs might be a further molecular sign of infiltrating T cells. However, in all immunofluorescence stains of such skin sections we were unable to detect any clear-cut nuclear NFATc1 or NFATc2 localization in infiltrating CD8+ and CD4+ T cells, but a prominent cytosolic expression of both NFAT factors (Supplementary Figures 6A,B).




DISCUSSION

The experimental data presented here extend a large body of published results on the interplay between epidermal keratinocytes and T lymphocytes (23, 24). Employing co-culture experiments and analyzing supernatants (“conditioned medium”) of activated CD8+T cells we demonstrated that T lymphocytes modulate the chemokine synthesis of keratinocytes, including the IFN-γ-mediated induction of CXCL9 and CXCL10 chemokines. In addition, we detected the induction of a large set of type I IFN-inducible genes in keratinocytes. Similar changes in gene expression have been described in the skin of lichen planus patients (13) in which we detected the distinct expression of CXCL10 in keratinocytes near the border to invading T cells.

Compared to the situation in vivo, there are limitations of our co-culture system. The infiltration of lymphocytes into the skin and the attack of the stratum basale are a feature of many skin diseases. In our co-cultures, keratinocytes of stratum basale were exclusively propagated and studied. Therefore, the attack of pre-activated T cells and the “liquefaction degeneration” of the basal layer of the epidermis by cytotoxic lymphocytes might reflect certain pathological situations in vivo, such as in the skin of patients suffering from lichen planus.

The massive changes in keratinocyte gene expression induced by T cells suggest the existence of a fine-tuned balance between keratinocytes and T lymphocytes that is disturbed in numerous skin diseases. This might be due to metabolic changes in primary keratinocytes which, like activated CD8+T cells (16), exhibit a high glycolysis rate (own unpublished data). Our data indicate that CXCL9 and CXCL10 are induced by IFN-γ secreted by T cells. Both chemokines attract (autoreactive) T cells expressing CXCR3, the common receptor for CXCL9, CXCL10 and CXCL11 (4), to the skin (25, 26). Albeit the co-culture system does not reflect the complex cellular interplay between keratinocytes, T cells, macrophages, dendritic cells, and others in human skin diseases, it contributes to the understanding of T cells/keratinocytes interactions. In LP patients, this “feed-back” mechanism leads to a “flood” of invading T lymphocytes into the dermis, the liquefaction degeneration of the basal epidermal layer and the interference with keratinocyte differentiation (27). Surprisingly, unlike CXCL10 we were unable to detect a distinct expression of CXCL9 in keratinocytes of LP patients, in spite of the comparable induction of CXCL9 and CXCL10 secretion by murine keratinocytes upon co-culture with CD8+T cells. However, a similar dichotomy in the expression of CXCL9 and CXCL10 (and CXCL11) has been described before for different human skin disorders. In those studies CXCL10 and CXCL11 were found to be predominantly expressed in basal keratinocytes whereas CXCL9 expression was predominantly localized in dermal infiltrates (15, 28).

It should be noted here that CXCR3 is not a skin-specific chemokine receptor but attracts immune cells to sites of IFN-γ-mediated inflammation (3). CXCR3 is not only expressed on activated T cells but also on dendritic cells, natural killer cells, fibroblasts, smooth muscle, and epithelial cells (25, 29). Accordingly, the expression of CXCR3 and its activation by chemokine ligands has been associated not only with numerous skin diseases but also with other disorders, such as arthritis, type 1 diabetes (30, 31), and allograft rejections including the rejection of heterotopic heart allografts (32, 33). These findings underline the importance of CXCL9/CXCL10 signals in the control of (auto-) immunity and have been exploited in immune therapies against tumors (3, 34) in which CXCR3 is strongly expressed (35, 36).

Apart from CXCL9 and CXCL10, the induction of genes encoding caspase-1 and gasdermin D are additional steps in the T cell-mediated “killing program” of keratinocytes. Caspase-1 is an inflammatory response initiator that cleaves other proteins, including the pyroptosis inducer gasdermin D (21). However, keratinocytes are also able to fight back, as it is shown by the induction of the Cd274 gene coding for the PD1 ligand, which—through its binding to PD-1 on activated T cells—dampens T cell activity (37, 38). Most of these genes are induced via type I IFN pathways. This is demonstrated by the induction of Irf genes Irf1, Irf7, and Irf8, and of Stat factors STAT1 and STAT2 that are induced by type I IFNs (Supplementary Table 1).

The decrease in expression of Ccl3 and Ccl4 genes in pre-activated CD8+T cells that we observed upon culture of T cells in Ca++-poor SFM/X-vivo medium might be of relevance for the fate of T cells infiltrating the skin. In the basal layer of the epidermis extracellular Ca++ concentrations are very low and facilitate the proliferation of keratinocytes whereas increasing Ca++ supports keratinocyte differentiation (39, 40). Therefore, one may speculate that under physiological conditions invading T cells that need Ca++ for full activity are inhibited. This is reflected in the suppression of numerous Ca++-dependent genes in our assays, including Ccl3, Ccl4, Ifn-γ, and further NFAT-dependent genes.

The need for T cell activation and the inability of NFAT DKO T cells to induce CXCL9 and CXCL10 indicate that the IFN-γ-mediated induction of both chemokines is linked to NFAT activity in T cells. In activated CD8+ T cells and, in vivo, in cytotoxic T cells the synthesis of IFN-γ is under the control of the NFAT factors NFATc1 and NFATc2. In CTLs, inactivation of NFATc1 led to a complete loss of IFN-γ induction upon TPA+ionomycin treatment whereas NFATc2 inactivation exerted a milder defect, leading to a reduction of ~60% (16). Therefore, we expected to see a strong defect in CXCL9 and CXCL10 induction by NFATc1-ko, but not NFATc2-ko T cells. However, the opposite was observed. The strong decrease in IFN-γ production by NFATc2-ko CD8+T cells suggests that under the chosen experimental conditions, i.e., 1 day activation of splenic CD8+T cells by αCD3/CD28 (followed by co-culture with keratinocytes for 1 d), NFATc2—and not NFATc1—is the most prominent NFAT factor to stimulate IFN-γ expression in murine CD8+T cells. It remains to be shown whether this is also true for skin-infiltating T cells in human skin diseases.
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Tyrosine kinases relay signals from diverse leukocyte antigen receptors, innate immune receptors, and cytokine receptors, and therefore mediate the recruitment and activation of various leukocyte populations. Non-receptor tyrosine kinases of the Jak, Src, Syk, and Btk families play major roles in various immune-mediated disorders, and small-molecule tyrosine kinase inhibitors are emerging novel therapeutics in a number of those diseases. Autoimmune and inflammatory skin diseases represent a broad spectrum of immune-mediated diseases. Genetic and pharmacological studies in humans and mice support the role of tyrosine kinases in several inflammatory skin diseases. Atopic dermatitis and psoriasis are characterized by an inflammatory microenvironment which activates cytokine receptors coupled to the Jak-Stat signaling pathway. Jak kinases are also implicated in alopecia areata and vitiligo, skin disorders mediated by cytotoxic T lymphocytes. Genetic studies indicate a critical role for Src-family kinases and Syk in animal models of autoantibody-mediated blistering skin diseases. Here, we review the various tyrosine kinase signaling pathways and their role in various autoimmune and inflammatory skin diseases. Special emphasis will be placed on identification of potential therapeutic targets, as well as on ongoing preclinical and clinical studies for the treatment of inflammatory skin diseases by small-molecule tyrosine kinase inhibitors.
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INTRODUCTION

Tyrosine kinases are intracellular enzymes mediating tyrosine phosphorylation of downstream molecules. They play a critical role in signal transduction by various cell surface receptors including, among others, growth factor receptors, adhesion receptors, immunoreceptors, and cytokine receptors. Given their role in multiple signaling processes and disease pathogenesis, tyrosine kinases have emerged as excellent therapeutic targets for the targeted therapy of various diseases. Indeed, small molecule tyrosine kinase inhibitors became important contributors to the pharmacological control of a diverse array of diseases including various malignant processes and immune-mediated diseases such as autoimmune and inflammatory conditions (1).

Inflammatory joint diseases such as rheumatoid arthritis have been in the focus of the development of tyrosine kinase inhibitors for therapeutic purposes within the area of immune mediated diseases (2). This has culminated in the regulatory approval of Jak inhibitors for the treatment of rheumatoid arthritis and certain related disease states (3). Besides inflammatory arthritis, inflammatory skin diseases are another major group of diseases with a major pathogenetic component of various immune cells and immunological pathways. Several lines of evidence indicate the contribution of various tyrosine kinases to the development and progression of diverse inflammatory skin diseases. Those issues suggest that tyrosine kinase inhibitors may provide therapeutic benefit in inflammatory skin diseases.

In this review article, we summarize our current knowledge and understanding of the role of tyrosine kinases in autoimmune and inflammatory skin diseases. We first provide an overview of the various receptor and non-receptor tyrosine kinases and their role in immunological and inflammatory processes. We then summarize the role of the various tyrosine kinases in specific autoimmune or inflammatory skin diseases. Special emphasis is placed on genetic studies in mice and humans indicating a role for tyrosine kinase pathways in inflammatory skin diseases, as well as the preclinical and clinical development of tyrosine kinases inhibitors for the targeted pharmacological therapy of those diseases.



SIGNAL TRANSDUCTION BY TYROSINE KINASES


Non-receptor Tyrosine Kinases

Non-receptor tyrosine kinases are intracellular tyrosine kinases without a direct role in sensing extracellular cues. Nevertheless, these tyrosine kinases are often coupled to various cell surface receptors and are intimately involved in the transmission of extracellular signals to downstream intracellular signaling pathways and cellular effector functions.

There are a total of 10 different non-receptor tyrosine kinase families. Of those, we will discuss Janus kinases (also known as Jak-family kinases), Src-family kinases, and the Syk tyrosine kinase, as well as members of the Btk kinase family.

Janus Kinase Family

The Janus kinase family consists of four members: Jak1, Jak2, Jak3, and Tyk2. While Jak1, Jak2, and Tyk2 are ubiquitously expressed, the expression of Jak3 is limited to the hematopoietic compartment.

These kinases are primarily involved in the signal transduction of various cytokine receptors which are grouped into type I (extracellular WSXWS sequence present; e.g., IL-2, IL-6, GH, EPO, G-CSF, and GM-CSF receptors) and type II (no extracellular WSXWS sequence; e.g., IFN-α, IFN-β, and IL-10 receptors) cytokine receptors. Since Jak-coupled cytokine receptors act as dimers, Jak family kinase activity is also mediated by involving two Jak-family kinases. In most cases, the two cooperating kinases are different (“heterodimers,” although they do not form a firm dimer), although Jak2 can also cooperate with another Jak2 molecule (“homodimer”). Upon ligand binding, the conformational changes of the receptor and/or ligand-induced dimerization promotes Jak activation, which leads to autophosphorylation of tyrosine residues of the kinase itself, further augmenting its kinase activity. Jaks then phosphorylate the receptor chains, allowing the recruitment of various signal transducer and activator of transcription (Stat) transcription factors. Stat molecules are then also phosphorylated by Jak kinases, leading to dimerization and translocation to the nucleus where they activate or repress gene expression and influence epigenetic alterations (Figure 1). These basic signaling principles are conserved across the diverse array of different biological functions of the Jak-Stat signaling pathway.
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FIGURE 1. Tyrosine kinases and their signaling pathways. Type I and type II cytokine receptors utilize Janus kinases for the initiation of downstream signaling. Type I cytokine receptor superfamily shares a common amino acid motif WSXWS. Within this family receptors containing the common γ chain (γc) recognize IL-2, IL-4, and IL-13 among others utilizing Jak1 and Jak3. Cytokines including IL-3 and IL-6 are also recognized by type I cytokine receptors acting through Jak1/Jak2 heterodimers or Jak2 homodimers, respectively. The type II cytokine receptor family includes receptors activated by interferons (IFNs) and the IL-10 family utilizing heterodimers of Jak1 along with Jak2 or Tyk2. Ligand binding leads to Jak activation resulting in phosphorylation of the receptor and downstream signal transducers and activators known as Stats mediating transcriptional changes (more information in the text). Src-family kinases and Syk are involved in several immune cell signaling pathways like immunoreceptor, integrin and C-type lectin signaling. Upon ligand binding, activation of Src-family kinases leads to the phosphorylation of tyrosine residues in immunoreceptor tyrosine-based activation motifs (ITAMs), that can be part of a transmembrane adaptor molecule like in case of B cell receptor (BCR), FcεRI, and certain FcγRs and C-type lectins, or of the receptor chain itself like in FcγRIIa in humans. Syk is recruited to the dually phosphorylated ITAMs and becomes activated resulting in the recruitment and activation of various further adapter proteins promoting downstream signaling. Receptor tyrosine kinases, for example EGFR and VEGFR have intrinsic tyrosine kinase activity leading to auto-and transphosphorylation of the receptor chains upon ligand binding. Recruitment of several adaptors and effector molecules through SH2 and phosphotyrosine binding domains mediate downstream signaling.



Despite the complex and promiscuous nature of receptor association of the different Jak family kinases, human inherited traits and mouse genetic studies have revealed several critical functions of the different Jak kinases. Jak1 is essential for the signaling through type II cytokine receptors (such as IFN receptors), as well as through receptors that utilize the common γ-chain (γc) or the shared gp130 subunit. Jak1 deficiency in mice leads to defective lymphoid development and neurological defects resulting in perinatal lethality without disturbing other hemopoietic lineages (4). Signaling downstream of type II IFNs and receptors with shared gp130 subunit also require Jak2 (besides Jak1), whereas, Jak2 mediated signaling is not required for lymphoid development. IL-3 receptor and several hormone-like receptors (EPO, TPO, GH, PRL) signal through Jak2 alone. Deletion of Jak2 leads to embryonic lethality due to failure of definitive erythropoiesis in mice, likely due to the role of Jak2 in signaling by cytokine receptors involved in the regulation of hematopoiesis and, especially, erythropoiesis (5, 6). Jak3 expression is essentially limited to hematopoietic cells and it is known that it constitutively and exclusively binds to γc-containing receptors including IL-2 and IL-4 receptors. Jak3 mutation in humans leads to severe combined immunodeficiency (7, 8) and studies using Jak3−/− mice further confirmed the critical role of Jak3 in lymphoid development (9, 10). Tyk2 is important in IL-12 and IL-23-mediated T cell responses and IFN signaling (11, 12). Tyk2−/− mice are viable but susceptible to infections, and macrophages fail to respond to LPS both in vitro and in vivo (13, 14).

Given their central role in cytokine signaling it is not surprising that Jaks have a role in several immune mediated diseases involving autoimmunity, transplant rejection, and malignancies. Therefore, pharmacological targeting of Jaks was plausible and Jak inhibitors have been extensively studied in several clinical studies. A critical aspect of Jak inhibitors is their selectivity profile for the different Jak family kinases which determines the spectrum of their biological effects. Table 1 provides a list and the selectivity profile of currently available Jak inhibitors based on cell-free assays. The mechanism of action of those drugs is competitive binding to the ATP binding site of the kinase domain therefore inhibiting phosphorylation and activation of Jaks, except for the case of PF6615600 and BMS986165 (15). PF6615600 mediates a covalent, irreversible Jak3 inhibition through a non-conserved Cys residue in the ATP binding pocket, whereas BMS986165 binds to the pseudokinase domain of Tyk2 (15). First generation Jak inhibitors (tofacitinib, ruxolitinib, baricitinib, and oclacitinib) tend to be less selective among the Jak family kinases due to structural similarities in the ATP binding site of different Jaks, whereas more selective inhibitors were developed during later stages of drug development. Discrepancies between biochemical and cellular potencies of Jak inhibitors have been reported, potentially due to the dominant role of one Jak over another in certain cytokine signaling pathways (16).



Table 1. Jak inhibitors and their selectivity profile.
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The most studied Jak inhibitor is tofacitinib, which ameliorated autoimmune arthritides in various animal models (17–20) and proved to be effective in several phase II and III studies in the treatment of rheumatoid arthritis, leading to regulatory approval by both the FDA and EMA (2, 21). Jak inhibitors are also currently under investigation in other immune mediated diseases like inflammatory bowel disease, transplant rejection, and multiple dermatological disorders. Excellent reviews about the current state of Jak inhibitors and ongoing clinical trials have been published recently (3, 15, 22).

Src-Family Kinases and the Syk Tyrosine Kinase

The Src kinase family includes nine members (including Hck, Fgr, Lyn, and Lck) which are involved in many signaling pathways in immune cells including immunoreceptor as well as integrin signaling. Src-family kinase activity is regulated by tyrosine phosphorylation and Src homology 2 and 3 (SH2 and SH3) mediated protein-protein interactions with partner proteins containing phosphotyrosine or proline-rich motifs, respectively. Src-family kinases are ubiquitously expressed, although different cells express different family members. Within the immune system, T cells express Lck and Fyn, B cells express Fyn, Lyn, and Blk, and myeloid cells express Hck, Fgr, and Lyn (23). Spleen tyrosine kinase (Syk) is a tandem SH2 domain-containing enzyme acting mostly downstream of Src-family kinases. Syk is expressed in most hematopoietic lineage cells except for T-cells (and, partially, NK-cells) where a closely related kinase, ZAP-70 is expressed and performs a similar function (24).

Immunoreceptors such as B cell receptors (BCR), T cell receptors (TCR), and various activating Fc receptors of innate immune cells are physically associated with transmembrane adapter proteins carrying immunoreceptor tyrosine-based activation motifs (ITAMs). Ligand-receptor interaction results in the enzymatic activation of Src-family kinases phosphorylating the ITAM motifs in the receptor subunits (24). Dually phosphorylated ITAMs are recognized by the tandem SH2 domains of Syk (or ZAP-70 in T cells and NK cells), leading to the recruitment and activation of various further adapter proteins and the activation of several downstream signaling pathways leading to cellular responses (Figure 1). Leukocyte integrin “outside-in” signaling also requires Src family kinases and Syk, resulting in adhesion-induced activation of immune cells (24–28). Some inhibitory receptors containing immunoreceptor tyrosine-based inhibitory motifs (ITIMs) also act through Src-family kinases (mostly Lyn), resulting in phosphatase activation and downmodulating of activating signals.

T cell development requires TCR-based signaling and Src-family kinases, particularly Lck. In case of B lymphocytes, Lyn kinase has primary role in BCR signaling. Paradoxically, B cell-specific deletion of Lyn not only results in the expected defects in B cell development, but also leads to autoimmunity (29). Myeloid cells primarily express Hck, Fgr, and Lyn which have a critical but overlapping role in the activation of neutrophils and macrophages through Fcγ receptors, as well as through β1 and β2 integrins. A prominent feature of Src-family kinases is a significant functional overlap between individual family members. Therefore, in contrast to Jak kinases, individual Src-family kinases are not essential for a given response and complete inhibition of a signaling pathway often requires combinational deletion of multiple kinases in myeloid cells. FcγR mediated phagocytosis is slowed in macrophages lacking Hck, Fgr, and Lyn (30). Adhesion-induced activation is also abrogated in neutrophils lacking Hck, Fgr, and Lyn including oxidative burst, degranulation, and cell spreading (28). Their role has also been shown in chemokine and cytokine responses (31). Moreover, Hck−/−Lyn−/−Fgr−/− triple knockout but not single or double knockout animals were completely protected from autoantibody induced arthritis due to the defective generation of inflammatory environment without affecting the intrinsic migratory capacity of myeloid cells (32).

Currently available Src-family inhibitors have limited selectivity, also inhibiting various other tyrosine kinases such as c-Kit, EGFR, or Abl (summarized in Table 2). Those inhibitors are often used in cancer therapy based on their effects on kinases other than Src-family kinases. As an example, dasatinib and bosutinib are potent multi-target inhibitors of Abl, Kit, and several members of the Src kinase family. Beside their therapeutic use in hematological malignancies, they have been found to be relevant in inflammatory conditions as well both in vitro and in vivo in immune-mediated experimental models (48–51).



Table 2. Inhibitors of the Src-family and Syk.
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Syk and ZAP-70 are also essential for the development of mature B and T cells, respectively (24, 52, 53). Syk deficiency leads to perinatal lethality due to defective separation of lymphoid and blood vessels (54). In the myeloid compartment, Syk is a key protein mediating Fc receptor and integrin mediated signaling and also mediates downstream signaling of C-type lectins like Dectin-1 recognizing fungal antigens (55, 56). Deficiency of the Syk kinase produces profound defects in neutrophil/macrophage integrin signaling and responses to immune complexes, resulting in significantly reduced stimulation of respiratory burst, degranulation and cell spreading (57–59). Syk-deficient bone marrow chimeras proved to be completely protected from autoantibody-induced arthritis that is due to enzymes specifically expressed in neutrophils (60–62). The partially selective Syk inhibitor fostamatinib showed clinical benefit in rheumatoid arthritis patients (63) and has been also investigated in other autoimmune and allergic diseases but considerable adverse events possibly due to its poor selectivity profile led to the suspension of further investigations in RA. New and more specific Syk inhibitors have been developed in the past few years (summarized in Table 2) that show promising results in this regard according to in vitro results, animal models of autoimmune arthritis and phase I clinical trials (41, 43, 44, 64).

Cerdulatinib and gusacitinib represent dual inhibitors of Syk and Jak kinases and cerdulatinib demonstrated efficacy in experimental arthritis (65). The concept that dual inhibition may result in a stronger therapeutic response is favorable, however it can also represent a limitation by the increased risk of toxicity.

Bruton's Tyrosine Kinase

Bruton's tyrosine kinase (Btk) is involved in the development and activation of B cells through BCR and Toll-like receptor (TLR) signaling (66). Patients with loss-of-function mutations in the Btk gene suffer from immunodeficiency due to the absence of mature B cells and immunoglobulins (67, 68). Similarly, deficiency of Btk in mice results in an impaired differentiation of B cells (69). In addition, transgenic mice that overexpress human Btk display systemic autoimmune response with spontaneous germinal center formation, increased cytokine production (IFNγ and IL-6) and anti-nuclear autoantibodies (ANAs) (70). Btk and other members of the Btk family like Tec kinase are also expressed in myeloid cells regulating maturation and effector function (71). Btk inhibitors interacting with the ATP binding site have been developed and proved to be effective in several systemic autoimmune mouse models like arthritis and lupus models (72, 73).



Receptor Tyrosine Kinases

Receptor tyrosine kinases represent a large family of receptors recognizing various hormones, cytokines, and growth factors (74). They form dimeric combinations upon ligand binding resulting in auto- and transphosphorylation and the recruitment and activation of effectors containing SH2 and phosphotyrosine binding domains, leading to multiple downstream signaling (Figure 1).

EGFR and its related receptors, PDGFRs, VEGF receptors and their intact signaling are essential for normal embryonic development and adult tissue homeostasis including cell survival, proliferation, adhesion and migration. Their deregulation has been associated with many human diseases, including immune-mediated disorders and cancer. Targeted therapy by receptor tyrosine kinase inhibitors revolutionized cancer therapy (75). VEGF receptors mediate angiogenesis and lymphangiogenesis during the inflammation process regulating immune cell recruitment and resolution of inflammation.




TYROSINE KINASES IN INFLAMMATORY SKIN DISEASES


Atopic Dermatitis

Atopic dermatitis (AD) is the most common inflammatory skin disease. A TH2 dominated immune response is essential in the pathogenesis causing eczematous dermatitis with intense pruritus accompanied by elevated serum concentrations of IgE. AD is commonly associated with other TH2 mediated allergic diseases called the “atopic-allergic march” (76).

Pathogenesis—Pivotal Role of Barrier Disruption and Subsequent TSLP Production

The fundamental lesion is currently thought to be an impaired barrier function that can be due to disrupted expression of essential barrier proteins like filaggrin (77, 78). Subsequent increased penetration of cutaneous and environmental antigens leads to the production of keratinocyte-derived cytokines including thymic stromal lymphopoietin (TSLP). TSLP is thought to be a critical factor driving the pathogenesis of atopic diseases. TSLP receptor is widely expressed in cells that contribute to AD (dendritic cells, T cells, B cells, mast cells, eosinophils, epithelial cells, and sensory neurons) utilizing the Jak-Stat pathway in humans. However, interestingly, it seems that murine TSLP receptor activates Stats by the Btk-family kinase Tec without the involvement of Janus kinases (79). Tamoxifen-induced keratinocyte-specific TSLP-deficient mice displayed drastically reduced allergic skin inflammation in a tape-stripping- and ovalbumin-induced AD model accompanied by the impairment of TH2 response and allergen-induced sensitization (80). In contrast, overexpression of TSLP in keratinocytes triggered massive itching behavior together with the development of AD-like dermatitis (81). Therefore, intradermal TSLP injection is often used to induce AD-like dermatitis in mice. Wilson et al. showed that it triggers itch sensation within minutes independently from the presence of adaptive immunity or mast cells (82). They also showed that TSLP receptors are present in sensory neurons innervating the skin and TSLP-evoked neuronal activation was responsible for itch sensation.

TH2 Mediated Allergic Responses—Key Role of TH2 Cytokines in AD

The importance of the TH2 pathway is further supported by the observation that transgenic mice overexpressing the TH2 cytokines IL-4 or IL-13 spontaneously develop skin inflammation that is frequently used as an animal model for AD (83). IL-4 and IL-13 are recognized by the type I cytokine receptor (IL-4 receptor) containing the γc subunit that signals through Jak1 and Jak3. Besides regulating IgE production in B cells and promoting the differentiation of TH2 lymphocytes, the IL4 receptor is also constitutively expressed by keratinocytes. Stimulation of IL-4 receptors leads to cytokine and chemokine production and downregulation of genes involved in keratinocyte differentiation (such as filaggrin) in vitro. This suggests that IL-4 receptor signaling in keratinocytes can further contribute to barrier impairment and inflammation in AD (84–87). Moreover, type 2 cytokines are also capable of activating sensory neurons directly depending on IL-4 receptor and Jak signaling, thus contributing to the development of chronic itch in AD (88). Dupilumab, a monoclonal antibody against the α subunit of the IL-4 receptors that blocks signaling from both IL-4 and IL-13 was effective in phase III studies (89, 90) and it was the first biologic agent approved by the FDA and EMA in the treatment of adults with moderate-to-severe atopic dermatitis (91).

Contribution of IgE-Mediated Signaling to the Allergic Response in AD

Elevated IgE levels and IgE autoreactivity were also suggested to contribute to the development and severity of AD. Beside mast cells and basophils, significant FcεRI expression has been shown in professional antigen presenting cells in atopic skin lesions. FcεRIs crosslinked with IgE are expected to use ITAM-dependent pathways including Src-family kinases and Syk to facilitate degranulation, internalization of allergens and antigen presentation promoting TH2 immunity (92).

Chronic Phase—Transition Into TH1-Type Inflammation

TH1 and IFNγ-mediated responses are thought to dominate the chronic phase of the disease (83). Animal models of hapten-, or allergen-induced contact dermatitis resemble pathogenetic features of both acute and chronic AD involving the disruption of the barrier as a primary event followed by sensitization, inflammation, increased epidermal proliferation, and changes in keratinocyte-differentiation (83).

The Jak-Stat Pathway in Preclinical Studies

The above mentioned pathogenetic features strongly suggest the role of the Jak-Stat pathway in AD (Figure 2). Accordingly, Yasuda et al. showed that gain of function mutation in Jak1 resulted in a spontaneous dermatitis phenotype (93). Generation of bone marrow chimeras revealed that Jak1 expression in non-hematopoietic cells was responsible for the development of dermatitis, but Jak1 acting in immune cells exacerbated the dermatitis symptoms and disease severity. They claimed that a possible molecular mechanism behind these findings was that hyperactivation of Jak1 pathway in epidermal keratinocytes resulted in a skin barrier defect due to the overexpression of serine proteases (93). The Jak3 inhibitor tofacitinib reduced ear-swelling and scratching behavior in an allergen-induced dermatitis model, especially upon topical application (94). Inhibition of Jak1 and Jak2 by topically applied ruxolitinib or momelotinib successfully decreased inflammation in a hapten-induced hypersensitivity model as well as in TSLP-induced dermatitis in mice together with the down-regulation of mRNA expression of IL-4, IL-5, IFNγ, and TSLP in the skin (95, 96). Oral administration of delgocitinib (JTE-052) efficiently reduced inflammation in a murine model of hapten-induced hypersensitivity. Moreover, delgocitinib inhibited proliferation and activation of T cells, but did not affect the number of DCs migrated to the draining lymph node during the sensitization phase (97). Delgocitinib was even found to be superior to conventional therapeutic agents like cyclosporine or tacrolimus ointment in hapten- and in TSLP-induced murine dermatitis models with respect to ear thickness, microscopic phenotype, inflammatory cytokine production, and serum IgE level (98). Another study suggested that delgocitinib might directly enhance keratinocyte differentiation in vitro (87). Delgocitinib treatment increased the expression of filaggrin and loricrin, genes that are known to be involved in keratinocyte differentiation, in primary human keratinocytes. In addition, IL-4 receptor-mediated downregulation of these genes was reversed upon delgocitinib treatment. Transepidermal water loss was also reduced upon delgocitinib treatment in vivo in a murine dry skin model which does not induce immune cell infiltration, indicating that Jak inhibition can improve skin barrier function independently of affecting immune cell activation (87). Taken together, the Jak-Stat pathway seems to be a central component of AD development, mediating multiple aspects of the pathogenesis such as type II cytokine signaling and TSLP-mediated inflammation, itching, keratinocyte disruption, and barrier impairment together with IFNγ-driven responses in the chronic phase. These findings strongly suggest a therapeutic utility of Jak inhibitors in human AD.
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FIGURE 2. Tyrosine kinases in the development of atopic dermatitis. Barrier impairment is one of the initial steps in the pathogenesis of atopic dermatitis which leads to the production of TSLP by keratinocytes that activates dendritic cells in a Jak1/Jak2 dependent manner in the skin. Proinflammatory mediators produced by dendritic cells and keratinocytes drive the activation and differentiation of CD4+ T cells toward the TH2 phenotype. Activated TH2 cells produce several cytokines including IL-4 and IL-13 which promote isotype switch and IgE production in B cells acting through receptors with the common γ chain (γc) utilizing the Jak1/Jak3 heterodimer. Additionally, intact B cell receptor (BCR) signaling involving Src-family kinases (SFK) and Syk is essential for normal B cell development. Downstream effector cells like mast cells recognize IgE through FcεRI in a Src-family and Syk dependent manner leading to degranulation and the production of proinflammatory mediators contributing to the development of atopic dermatitis. There are several feedback loops and shortcuts in this pathway facilitating inflammation utilizing tyrosine kinases. TH2 cytokines also promote the activation of keratinocytes and effector immune cells like mast cells requiring intact Jak signaling. Activation of mast cells through IL-3R/Jak2/Stat5 pathway was also found to be important in allergen-induced dermatitis in mice. Furthermore, TSLP and TH2 cytokines acting through a Jak dependent manner in sensory neurons were found to mediate pruritus in atopic dermatitis in addition to mast cell-derived compounds such as histamine.



Jak Inhibitors in Clinical Trials

Given the substantial interest toward Jak inhibitors, a large amount of data is available from case reports, retrospective studies and open-label studies in the field of treatment of inflammatory skin diseases. In this review we are focusing on randomized, placebo-controlled phase II-III clinical trials that meet the standards of accepted evidence-based medicine (Table 3).



Table 3. Phase II and III clinical trials studying Jak inhibitors in atopic dermatitis.
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Both topical tofacitinib and ruxolitinib treatment significantly improved skin inflammation and pruritus in AD patients in phase II studies (99, 100). In addition, the TRuE-AD phase III clinical trial has just started with the aim of assessing the efficacy of topical ruxolitinib treatment with long-term safety extension period in a larger cohort (101). Studies evaluating efficacy and safety of novel, more selective Jak inhibitors have also shown promising results. Patients treated with baricitinib in combination with topical corticosteroids achieved greater reduction in disease severity than corticosteroids alone (102). In another phase III trial, baricitinib as a monotherapy met its primary endpoint in AD patients (103). Per os abrocitinib and upadacitinib also significantly improved the Eczema Area and Severity Index and reduced pruritus compared to placebo [NCT02780167, (104), respectively]. Emerging number of studies are currently recruiting patients to evaluate efficacy and long-term safety up to 2 years in AD patients (Table 3).



Psoriasis
 
IL-23 Is Crucial to Activate IL-17-Mediated Effector Responses

Psoriasis is a common chronic inflammatory skin disease characterized by epidermal hyperplasia and parakeratosis together with the accumulation of inflammatory cells in the dermis, clinically causing red scaly papules and plaques. Activation of the IL-23/IL-17 axis plays a pivotal role in the pathogenesis of the disease (Figure 3). Resident immune cells such as dendritic cells and macrophages are considered to be initially activated through Toll like receptors that lead to the production of cytokines including IL-23 and TNFα that are known to be critical for IL-17 production in human psoriatic skin (105, 106). In fact, intradermal injection of IL-23 alone results in a skin pathology that strongly mimics human disease and is therefore commonly used as an animal model of psoriasis (107). IL-23 is known to induce the differentiation of TH17 cells that are considered as a major source of IL-17 in humans (106). However, activated dermal γδ T cells were also implicated as major IL-17-producing cells upon IL-23 stimulation in mouse models of psoriasis (108). IL-17 and IL-22 (another TH17 cytokine) then act as effectors inducing keratinocyte proliferation and hyperkeratosis. They also enhance the production of inflammatory cytokines and chemokines (including IL-1β, CCL20, and IL-8) by keratinocytes, leading to recruitment of other effector cells like neutrophils, further contributing to tissue damage and establishing the inflammatory milieu (109).
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FIGURE 3. Tyrosine kinases in the IL-23/IL-17 axis during psoriasis pathogenesis. IL-23 is a key mediator driving psoriasis pathogenesis. It is expressed by dendritic cells upon their activation through Toll-like receptors (TLR) and Dectin-1, the latter one utilizing Syk. IL-23 promotes the differentiation of CD4+ T cells and γδT cells as well toward TH17 and γδT17, respectively via a Jak2/Tyk2-Stat3-mediated pathway and also induces the expression of IL-17. TCR activation in γδ T cells was also proposed to be important for mediating IL-17 production and psoriatic skin lesions, utilizing Syk and probably the PI3K/Akt pathway. In addition to TH17 and γδT17 cells, other sources of IL-17 include neutrophils, mast cells, and innate lymphoid cells. IL-17 then acts as an effector acting mainly on keratinocytes mediating hyperproliferation, parakeratosis, and production of several inflammatory chemokines and cytokines like IL-1β, IL-8, and CCL20.



Jak-Stat Signaling in Psoriasis

A number of novel biological therapies (including monoclonal antibodies against IL-23, IL-17, and IL-17R) have been approved for the treatment of psoriasis in the last few years (110). IL-23 receptors rely on Jak2/Tyk2 heterodimer-mediated signaling, implicating their role in the pathogenesis of the disease. Several genes of Jak-Stat signaling pathway have also shown to be associated with psoriasis (111). This was further supported by a genetic approach showing that Tyk2-deficient mice had significantly reduced ear swelling and epidermal hyperplasia upon injection with IL-23. In addition, infiltration of various leukocytes (including different T cell subsets, neutrophils, and macrophages) and the production of the pro-inflammatory cytokines IL-17 and IL-22 were also impaired in the absence of Tyk2 (112). Downstream signaling components like Stat3, a key factor in TH17 differentiation, was also found to be upregulated in human psoriatic lesions (113). Sano et al. showed that constitutive expression of Stat3 in keratinocytes resulted in a dermatitis phenotype closely resembling psoriasis (113). Epidermal hyperplasia, parakeratosis and dermal infiltration of immune cells occurred upon tape stripping or wounding of the skin, and in some mice, it occurred even spontaneously. The development of psoriatic lesions in these mice required both hyperactive Stat3 in keratinocytes and activated T cells in the dermis. Furthermore, inhibition of Stat3 with decoy oligonucleotides successfully inhibited disease development and even reversed disease severity showing that Stat3 may be an important regulator of genes in keratinocytes in the development of psoriasis cooperating with T cells (113).

Jak Inhibitors in the Treatment of Psoriasis

Pharmacological inhibition of the Jak-Stat pathway showed promising results in murine models of psoriasis reducing disease pathology, keratinocyte-activation, and proinflammatory cytokine levels (95, 98, 114). In addition, a number of clinical trials investigate the effect of different Jak inhibitors in psoriasis (Table 4). Short-term oral tofacitinib therapy resulted in significant clinical improvement in patients with moderate-to-severe plaque psoriasis (116) along with reducing epidermal thickness, DC and T cell numbers and the expression of psoriasis-related genes in the lesional skin (115). Several additional phase III studies were completed evaluating the long-term safety and efficacy of the treatment. Oral administration of tofacitinib was non-inferior to parenteral etanercept indicating that tofacitinib may provide a more convenient therapeutic option (117). Tofacitinib also demonstrated sustained efficacy in patients with psoriasis through up to 52 months and was well-tolerated with an acceptable safety profile detailed later (118, 121, 122, 130). In a 56-week withdrawal and retreatment study, patients who received continuous treatment maintained a response more effectively, however, 60% of patients who relapsed upon tofacitinib withdrawal recaptured a response with tofacitinib (119).



Table 4. Phase II and III clinical trials studying Jak inhibitors in psoriasis.
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Topical treatment provides an excellent opportunity to overcome possible systemic adverse effects. Tofacitinib ointment also showed greater efficacy compared to vehicle at week 8, but failed to be superior to placebo at week 12 in a phase IIb study (123). Topical ruxolitinib was found to be well-tolerated, safe, and efficacious in short-term treatment in a smaller cohort of patients (124).

Oral treatment of novel, more selective inhibitors also improved symptoms and were well-tolerated in patients with psoriasis in phase II trials (125–127, 129). Since IL-12/IL-23-mediated signaling relies on Jak2/Tyk2 heterodimers, specific inhibition of these kinases may provide further improvement in psoriasis patients. Due to the critical role of Jak2 in hemopoietic development, inhibition of Tyk2 seem to be plausible in the treatment of psoriatic patients. Indeed, BMS986165 showed promising results in a 12-week phase II trial enrolling 267 patients (128) and a phase III study is currently recruiting patients to compare oral BMS986165 treatment to placebo and currently available treatment apremilast (NCT03624127 and NCT03611751).

Syk Tyrosine Kinase in IL-17-Mediated Inflammation

Little is known about the role of Syk in psoriasis. The pattern recognition receptor Dectin-1 was implicated in the disease process, suggesting that recognition of fungal antigens in a Syk and CARD9 dependent manner promotes the maturation of DCs and their ability to induce IL-17 production by TH17 cells (55). In addition, another source of IL-17 is γδ T cells, which utilize Syk as a dominant proximal kinase of the γδ TCR signaling pathway. Furthermore, skin inflammation was ameliorated in mice lacking the adaptor molecule RhoH that recruits Syk to the TCR in imiquimod-induced psoriasis model (131). These findings suggest that Syk may contribute to IL-17 production, but its actual relevance in case of psoriasis needs further investigation.

Role of Growth Factor Receptors in AD and Psoriasis

EGF receptor family members in keratinocytes facilitate epidermal differentiation and plays a crucial role in wound healing as well as in carcinogenesis. Though epidermal hyperplasia is a hallmark of both AD and psoriasis, the contribution of EGF receptor signaling to inflammatory skin disorders is poorly understood. Psoriatic lesions are known to overexpress EGFR and ligands like amphiregulin. Transgenic overexpression of amphiregulin in either basal or suprabasal epidermis causes severe psoriasis-like hyperplasia and skin inflammation in mice (132, 133). In line with that, neutralizing antibodies against amphiregulin reduce epidermal thickness of human psoriatic lesions transplanted onto mice with severe combined immunodeficiency (134). However, mice lacking another EGFR ligand epiregulin develop severe chronic dermatitis showing complicated modulating role of EGFR signaling pathways in the epidermis (135). Mice lacking epidermal EGFR spontaneously develop skin inflammation, decreased host defense and deficient skin barrier function (136). Proinflammatory cytokines such as IFNγ was also suggested to transactivate EGFR leading to the downregulation of the expression of chemokines like CCL2, CCL5, and CXCL10. In line with that, EGFR inhibition resulted in the aggravation of allergic contact dermatitis in mice by enhanced chemokine production of keratinocytes, promoting subsequent leukocyte recruitment (137). In contrast, IL-8 gene expression is actively induced by the EGFR ligands in keratinocytes (135, 137). In turn, IL-8 could contribute to activating the metalloprotease-dependent release of EGFR ligands by acting on its specific receptor in cancer cells (138), indicating the possibility of a positive feedback loop both for epidermal hyperplasia and neutrophil accumulation.

It is also well-known that EGFR inhibitor therapy in malignancies often causes inflammatory or toxic effects on the skin, and such side effects even act as strong predictors of good response to treatment (139).

Psoriasis and atopic dermatitis are both characterized by altered angiogenesis and lymphangiogenesis (140). Hyperplastic hyperpermeable dermal blood vessels can be detected in psoriatic skin lesions and transgenic delivery of VEGF to the skin results in a profound inflammatory skin condition resembling psoriasis (141) while topical application of VEGFR inhibitor successfully prevented disease development in the mouse model of psoriasis (142). Interestingly, stimulation of lymphangiogenesis by VEGFR-3 or via administration of its ligand VEGF-C inhibited inflammatory cell infiltration by oxazolone-induced skin inflammation (143, 144). This indicates that blood vessels contribute to the development of inflammatory environment by helping inflammatory cell infiltration while lymphatic vessels may limit skin inflammation by helping their elimination. Thus, selectivity can be especially important upon targeting VEGFRs in malignancies.



Alopecia Areata and Vitiligo

Both alopecia areata and vitiligo are characterized by IFNγ producing autoreactive cytotoxic T lymphocytes that attack hair follicles and melanocytes, respectively.

Alopecia areata (AA) is the main cause of non-scarring hair loss most commonly occurring in the scalp. The upregulation of several Jak-Stat pathway components downstream of γ-chain containing cytokines (which are known to promote the activity and survival of IFNγ-producing cytotoxic T cells) was detected in AA skin both from humans and mice. In a mouse model of AA, systemic administration of Jak inhibitors successfully prevented the development of disease. Moreover, both systemic and topical administration was able to reverse established disease and even promoted hair regrowth (145). Gene expression and immunofluorescent studies from mouse skin showed that expression and activity of the Jak-Stat pathway is dynamically changing during the hair follicle cycle. Moreover, Jak inhibition promoted the entry into the hair cycle and subsequent hair regrowth by activating hair follicle stem cells in healthy mice and also in lymphocyte-deficient mouse strains (146). This dual effect further justifies the investigation of Jak inhibitors in the treatment of AA. Some open label phase II clinical studies showed that Jak inhibitor treatment resulted in significant hair regrowth and improvement of AA in patients with better response if administered orally instead of topical formulations. Hair loss typically reoccurred after discontinuation of therapy within months (147–149). There are several active randomized, double-blind, placebo-controlled phase II clinical trials on the efficacy and safety of topical and oral Jak inhibitors in AA (Table 5), promising further insight into these issues in the near future.



Table 5. Phase II and III clinical trials studying Jak inhibitors in alopecia areata and vitiligo.
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In case of vitiligo cytotoxic T cell-mediated melanocyte destruction causes depigmentation leading to the occurrence of white spots throughout the body surface of patients. IFNγ produced by activated melanocyte-specific cytotoxic T lymphocytes is strongly implicated in the disease pathogenesis by promoting further T cell accumulation in the skin through IFNγ-dependent chemokines like CXCL10 (150). In addition, IFNγ was found to directly induce melanocyte senescence and apoptosis of primary human melanocytes which could be attenuated by siRNA against Jak2 and Stat1, but not Jak1. IFNγ treatment also resulted in the accumulation of reactive oxygen species and the production of proinflammatory cytokines like IL-6 which are considered as important contributing factors facilitating a vitiligo-prone environment in the skin (151).

Given the multiple role of IFNγ in vitiligo, inhibition of the Jak-Stat pathway may represent a promising therapeutic strategy. Beside some case reports and retrospective studies showing benefits of Jak inhibitors treating vitiligo patients (152, 153), so far only one open label phase II proof of concept pilot trial has been completed. This showed that topical ruxolitinib treatment provided significant repigmentation in facial vitiligo in a small cohort of patients (154). A randomized double-blind, dose-ranging, placebo-controlled phase II trial is now ongoing for evaluating the efficacy of ruxolitinib cream in vitiligo (NCT03099304). Another randomized controlled phase IIb trial is currently recruiting patients for evaluating per os treatment with novel selective Jak inhibitors (NCT03715829, also see in Table 5).

An additional important aspect of AA and vitiligo is that these diseases mostly cause cosmetic concern with emotional problems. Therefore, analyzing the safety and benefit profile of potential treatments is extremely important and Jak inhibitors should be very carefully tested in this regard.



Pemphigus

Pemphigus vulgaris and foliaceus are severe autoimmune blistering skin diseases with autoantibodies that are directed against the desmosomal cadherins, mainly desmoglein 3 (Dsg3) and Dsg1. These are required for the proper intercellular adhesion of keratinocytes and autoantibody deposition results in flaccid blister formation within the epidermis affecting mucous membranes and skin. Pemphigus vulgaris (PV) can be life threatening causing significant loss of the physical barrier. Application of artificial barriers like ointments can improve barrier function but there is an unmet need for definitive treatment.

Given the central role of Btk and Syk in B cell development and activation, these kinases may promote pathogenic antibody production in pemphigus. An inhibitor of Btk is under current evaluation in an open-label phase II clinical trial in pemphigus (NCT02704429) moreover, a randomized, double-blind placebo-controlled phase III study is already recruiting patients (NCT03762265).

IgG4 is the major subclass of autoantibodies in pemphigus and it is known to have limited ability to activate complement. Accordingly, acantholysis in pemphigus has been demonstrated to be independent from complement and Fc receptors (155, 156). Anti-Dsg3 IgG was able to directly induce the destruction of desmosomes by steric hindrance, promoting the internalization of Dsg3 (157, 158) and interfering with desmosome turnover (159). Recently it has been shown that Dsg3 transcription is negatively regulated by Stat3 in keratinocytes and corticosteroid treatment upregulates Dsg3 expression by inhibiting Stat3 through a yet unknown mechanism possibly involving Jaks (160). Those results suggest that specific inhibition of the Jak-Stat3 pathway may also be beneficial without the known adverse effects of steroids. TH2 cytokines like IL-4, IL-9, and IL-21, that utilize Jak-family kinases are known to contribute to the induction and regulation of autoantibody production in pemphigus (161, 162) therefore Jak inhibitors also serve as a potential treatment, but preclinical or clinical studies are yet to be done (163).

Binding of pathogenic IgG can also trigger outside-in signaling in keratinocytes eliciting acantholysis and apoptosis. Moreover, autoantibody binding also promoted secretion of inflammatory cytokines from keratinocytes, which may augment the pathogenic autoimmune response (164). However, the precise molecular mechanism is at present unclear. Several downstream mediators were implicated involving activation of EGFR-mediated signaling and focal adhesion kinase in keratinocytes (165–169). In a recent report, Src family kinases were implicated in autoantibody-mediated desmosome disassembly (170). Src phosphorylation was induced in keratinocytes upon in vitro antibody treatment obtained from PV patients. Loss of cell cohesion caused by anti-Dsg3 antibody was abolished upon Src inhibition by PP2 both in vitro and in vivo in a neonatal mouse model. However, inhibition of Src was not protective in some cases against PV-Ig-induced loss-of-keratinocyte-cohesion in keratinocyte monolayer, nor in intact human skin (170). These results underlie the need for further investigations of keratinocyte signaling in pemphigus pathogenesis.



Pemphigoid Diseases

Pemphigoid diseases are characterized by autoantibody production against distinct components of the dermal-epidermal junction leading to dermal-epidermal separation and tense blister formation (171).

Bullous pemphigoid (BP) is the most prevalent autoimmune bullous disease. Antibody formation directed against key hemidesmosomal components BP180 (also called type XVII collagen), and/or BP230 results in subepidermal blistering phenotype. Urticarial plaques and pruritus are also present in most of the cases which is a unique symptom among the pemphigoid group. Epidermolysis bullosa acquisita (EBA) is a very rare disease characterized by autoantibodies directed against type VII collagen (C7), the key anchoring fibril in the upper dermis, also causing subepidermal blister formation (172).

Essential Role of Antibody-Deposition in Pemphigoid Diseases

Antibody deposition to the basement membrane is the key feature in the pathogenesis, demonstrated by the fact that passive transfer of either anti-BP180 or anti-C7 antibodies isolated either from human patients or generated against human or murine antigens result in a severe blistering phenotype in mice (173–176). These approaches became useful experimental models to investigate the effector phase of autoantibody-mediated pemphigoid diseases. Several studies showed that deposition of antibodies are followed by the activation of the complement system and the recruitment of neutrophils mediating tissue damage and blister formation (177–181). Eosinophils and mast cells are also considered as contributors of blister formation by producing mediators facilitating further neutrophil recruitment and tissue damage (182–184). However, there are controversies in the literature especially regarding the role of mast cells (185). It has been proposed that autoantibodies can also directly affect epidermal cell—extracellular matrix integrity (186–188) and can trigger morphological and functional changes in keratinocytes (189) including IL-6 and IL-8 production (190) which can promote the recruitment of neutrophils (Figure 4).
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FIGURE 4. Antibody-mediated signaling in pemphigoid diseases. Pemphigoid diseases are characterized by autoantibody production against components of the dermal-epidermal junction (DEJ) like BP180 and BP230 in case of bullous pemphigoid, or against type VII collagen in patients with epidermolysis bullosa acquisita (Structure of the DEJ with special attention to the above-mentioned autoantigens is shown on the upper right panel). Autoantibody deposition along the DEJ results in the activation of the complement system (indicated with green dots) and initiation of keratinocyte-responses involving IL-6 and IL-8 production. This leads to recruitment of innate effector cells like neutrophils, eosinophils, and mast cells. Recognition of deposited immune complexes through Fc receptors utilizing Src-family kinases (SFK), Syk, and CARD9 is critical for the development of pemphigoid diseases, as shown by genetic studies using transgenic animals (see more detail in the text). Immune complex-mediated activation of effectors leads to the release of reactive oxygen species, proteases, and the production of proinflammatory mediators culminating into blister formation.



Pathways Mediating Immune-Complex Recognition and Leukocyte Migration

Signaling through complement receptors and recognition of deposited immune complexes by neutrophils through activating Fcγ receptors was essential for blister formation both in vitro using human cryosections and in in vivo mouse models (191–193). FcεRI signaling in mast cells, eosinophils and basophils have also been implicated in immune complex recognition because IgE isotypes of autoantibodies can also be detected in many patients in addition to IgG (194, 195). Actual pathogenetic relevance of IgE and FcεRI was further supported by the fact that omalizumab treatment was able to reduce the number of blisters and itching in BP patients (196). However, the role of other potential participants, namely β2 integrins, which are known to be involved in the migration of neutrophils to the inflamed area, is not entirely clear. Mac-1-deficient neonatal mice developed impaired neutrophil infiltration and were resistant to blister formation after 24 h of a single anti-BP180 treatment (197). In contrast, another study in the experimental model of EBA induced by repeated anti-C7 injections found that the absence of Mac-1 led to an even exacerbated disease phenotype (198). Therefore, further experiments are needed to reveal the role of β2 integrins in pemphigoid diseases.

Src-Family Kinases and Syk in Pemphigoid Diseases

Fc receptor-mediated signaling is strongly dependent of intracellular tyrosine kinases like Src-family kinases and Syk (24, 25). Given the central role of immune complex recognition by Fc receptors of resident and recruited innate immune cells, Src-family kinases and Syk may have an important role in the development of pemphigoid diseases. Indeed, triple knockout mice lacking Hck, Fgr, and Lyn, three Src-family kinases expressed in the myeloid compartment, were completely protected in an autoantibody induced model of EBA (32). Neutrophils lacking Hck, Fgr, and Lyn also failed to produce superoxide in response to C7-containing immune complexes (199), which has been shown to be important in mediating tissue damage in the skin (200). The Syk tyrosine kinase, which is recruited to ITAM sequences phosphorylated by Src-family kinases, was also found indispensable for the effector phase of the disease (199, 201). Analysis of Syk-deficient bone marrow chimeras revealed that Syk deficiency completely protected mice from anti-C7 antibody-induced skin disease and abrogated the accumulation of key cytokines and chemokines, as well as the infiltration of leukocytes, at the site of inflammation (199). Moreover, Syk deficient neutrophils failed to release CXCL2 or leukotriene B4 upon activation by immobilized C7-anti-C7 immune complexes in vitro. Integrin signaling also acts through Src kinases and Syk, however, in vivo migratory capacity either of Syk deficient or Src-family triple knockout neutrophils remained unaffected (199). Furthermore, neutrophil-specific expression of the CARD9 adaptor protein was also found to contribute to the development of the disease, as complete or neutrophil-specific CARD9 deletion partially protected mice from anti-C7 antibody-induced skin inflammation, likely due to CARD9-dependent regulation of neutrophil gene expression changes (202).

Taken together, Fc receptors and β2 integrins signal through Src-family kinases and Syk which are indispensable for immune-complex and adhesion-induced activation of effector cells (neutrophils, macrophages and, possibly, eosinophils and mast cells) without affecting their intrinsic migratory capacity. Src and Syk kinases are also responsible for the amplification of the inflammation process through the release of mediators that recruit neutrophils and/or directly damage dermal-epidermal junction in experimental pemphigoid models like proteases and superoxide. Therefore, these non-receptor tyrosine kinases may be good candidates for therapeutic intervention in the future, even though the development of specific inhibitors has yet to be solved.

Presence of Jaks in Pemphigoid Diseases

Several proinflammatory cytokine levels are elevated in blister fluid of BP patients such as IL-1β, IL-4, IL-6, IL-8, and TSLP (172, 203–205), and many of them act through the Jak-Stat pathway. In line with that, the expression of Jak-Stat proteins was found to be also elevated in skin lesions of BP patients (206). A meeting abstract discussed that pharmacological inhibition of Jak2 impaired the induction of EBA by antibody transfer and had therapeutic effects too in immunization-induced EBA model (207). However, there are no clinical studies using Jak inhibitors in pemphigoid diseases. A case report has been published about successfully treating a BP patient with anti-IL-4 antibody (208). The low number of clinical studies in general with novel therapeutic options is possibly due to the fact that BP usually affects elderly patients, therefore one should very carefully balance risk-benefit ratio in case of novel systemic treatments with special attention to inflammation and carcinogenesis.



Systemic Lupus Erythematosus

Almost all patients with systemic lupus erythematosus (SLE) develop lupus-specific cutaneous symptoms at some point in the disease course. There are also patients with cutaneous lupus that do not meet other diagnostic criteria for SLE. SLE is characterized by autoreactive B cells and autoantibody formation which proposes the role for Syk and Btk, non-receptor tyrosine kinases mediating BCR signaling, in disease development. The partially selective Syk inhibitor fostamatinib prevented the development of skin disease and significantly reduced established skin disease in lupus-prone mice (209). In addition, Btk inhibiton significantly attenuated the lupus-associated cutaneous disease phenotypes in mice (210). Systemic inflammatory conditions mediated by secretion of proinflammatory cytokines that act through Jaks is also important in SLE cutaneous manifestations (211–215). Indeed, Jak inhibition by ruxolitinib prevented the development of cutaneous lupus lesions in lupus-prone mice (216). However, baricitinib failed to improve skin manifestations in systemic lupus patients in a phase II trial, despite the fact that the overall systemic symptoms were effectively reduced by the drug (217).



Neutrophilic Dermatoses

Neutrophilic dermatoses represent a group of disorders characterized by massive neutrophil infiltration in the skin without evidence of infection. Signs of systemic inflammation often accompanies skin pathology and they are often associated with malignancies and autoimmune diseases like RA and inflammatory bowel diseases. Interestingly, autoinflammatory diseases share various common features with neutrophilic dermatoses suggesting some similarities in the pathogenesis (218). Since an excellent review has been currently published about mechanisms of inflammation in neutrophil dermatoses (219), here we are focusing on evidence about the importance of tyrosine kinases.

Abnormalities in neutrophil function is obviously implicated in the pathogenesis. The SH2 domain-containing tyrosine phosphatase SHP-1 is essential for inhibiting proinflammatory signal transduction and loss-of-function mutation of SHP-1 in mice causes severe cutaneous inflammation resembling human neutrophilic dermatoses. Kanneganti and her group showed that IL-1α signaling through IL-1R and adaptor protein Myd88 drives inflammation in this model where tyrosine phosphorylation of Myd88 is counterregulated by SHP-1 and Syk (220). Dysfunction of SHP-1 leads to the release of Syk from inhibition resulting in excessive expression of proinflammatory mediators and other effector molecules. Downstream of Syk, the CARD9 adaptor protein was also found to be a key mediator in cutaneous inflammation in the aforementioned model (221).

Cytokine dysregulation are considered as contributing factors to the development of the disease. Elevation of serum G-CSF was detected in patients with active disease of unknown origin (222), moreover, G-CSF is a common cause of drug-induced neutrophilic dermatosis (223). G-CSFR signals through Jak2 suggesting a possible role of Jak2 creating cytokine dysregulation. In addition, increased expression of IFNγ was also described in patients and rare genetic autoinflammatory diseases characterized by high IFNγ production also represent neutrophilic dermatosis where Jak inhibitor therapy significantly improved symptoms in some cases (224).




ADVERSE EVENTS DURING JAK INHIBITOR TREATMENT IN INFLAMMATORY DISEASES

Safety information from long-term studies of Jak inhibitor treatment are limited due to the novelty of these drugs. Most data are available from RA patients (225), but there is slowly emerging information from patients with skin inflammation and several long-term safety-assessing trials are currently recruiting patients (Tables 3–5).

Safety profile is considered generally acceptable, infections and laboratory abnormalities can be observed as major adverse events (226). The increased risk of infections was similar to that observed by the use of biologics, with the exception of higher risk for varicella zoster infection which should be taken into consideration. Cytopenias, mostly anemia and neutropenia relatively often occur likely due to Jak2 inhibition but rarely severe. Elevated serum cholesterol level has been also mentioned in patients treated with Jak inhibitors (227). It was usually sustained after the first few months and was controllable by statin therapy. Among less frequent adverse events thromboembolism was documented, however most patients already suffer from increased risk due to chronic systemic inflammation which further complicates the picture (228). One of the most serious concerns is the possibility of the development of malignancies upon long-term Jak inhibitor treatment. Current studies have not shown higher risk (225), but longer follow-up is needed to properly address this matter.

Taken together, Jak inhibitor treatment has not higher risk than biologics overall. However, skin diseases often present as less severe but chronic symptoms where risk/benefit ratio should be carefully considered upon choosing appropriate treatment. Nevertheless, the possibility of topical application represents an excellent opportunity which deserve further elaboration.



CONCLUSION AND FUTURE DIRECTIONS

The highly effective treatment of various malignancies by tyrosine kinase inhibitors and the regulatory approval of Jak inhibitors for the targeted therapy of rheumatoid arthritis has generated major interest in the therapeutic targeting of other diseases, including inflammatory skin diseases, by tyrosine kinase inhibitors. Besides the most extensively studied Jak inhibitors, compounds targeting other kinases such as Syk, Src-family kinases, or Btk are also expected to emerge as new therapeutics for inflammatory dermatitis. The more and more detailed understanding of individual kinase family members and the development of novel inhibitors with more specifically tailored specificities toward individual kinases are expected to lead to more refined therapies driving the field toward personalized targeted therapeutic approaches. Skin diseases also provide unique opportunities for the development of novel small molecule therapeutics, mostly through the opportunity of topical application without systemic side effects. On the other hand, the cosmetic aspects of skin diseases and the role of skin and mucous membranes as critical barriers between the internal and external environment also present substantial challenges during the development of novel therapeutics. Taken together, the scientific community may expect exciting major advances in the field of understanding and targeting tyrosine kinases in inflammatory skin diseases in the coming years.
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Bullous pemphigoid (BP) is an autoimmune blistering skin disease characterized by an autoimmune response to type XVII collagen (BP180). The generation of anti-BP180-NC16A IgG autoantibodies is considered to be central to the pathogenesis of BP, in part due to the close correlation between serum concentration and disease activity. However, ~60% of BP patients also generate IgG autoantibodies against LAD-1, the soluble 120 kDa ectodomain of BP180. Whilst the pathogenic significance of anti-LAD-1 IgG remains unclear, it may be sufficient to precipitate the development of BP, even in the absence of anti-BP180-NC16A IgG, based on several case reports in Japanese patients. There is increasing recognition that immune-checkpoint inhibitors may trigger and/or exacerbate BP as an immune-related adverse event (irAE). Until now, all of these cases have been associated with the induction of anti-BP180-NC16A IgG. Here, we report the case of a female Caucasian patient who developed BP during treatment with the programmed cell death protein 1 (PD-1) inhibitor nivolumab. Intriguingly, the patient exclusively generated anti-LAD-1 IgG, suggesting that anti-LAD-1 IgG was responsible for the development of her autoimmune blistering dermatosis. This is the first such case documented in a non-Japanese patient, thus, lending further support to the pathogenic relevance of anti-LAD-1 IgG in BP.
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INTRODUCTION

Nivolumab, an immune checkpoint inhibitor, is an IgG4 antibody which antagonizes the programmed cell death protein 1 (PD-1) receptor (1) and was licensed by the FDA in 2014 for the treatment of metastatic melanoma (1). It has subsequently been approved for the treatment of a wide variety of malignant tumors, including small and non-small cell lung cancer, head and neck cancer, urothelial tract cancer, Hodgkin's lymphoma, hepatocellular, and renal cell carcinoma (2). As with other checkpoint inhibitors, the major side-effects are termed “immune-related adverse events” (irAEs) and present with organ-specific tissue inflammation (1). In fact, up to 42% of patients receiving nivolumab develop cutaneous irAEs (1), ranging from itch to maculopapular, lichenoid, eczematous, granulomatous, or erythema multiforme-like skin changes (3, 4).

There is now increasing evidence that checkpoint inhibition can also result, in rare cases, in the development of blistering skin diseases; clinically and immunopathologically indistinguishable from bullous pemphigoid (BP) (5–14) and associated with the development of tense blisters and erosions on erythematous skin. Histologically, these lesions are characterized by subepidermal clefts and immunofluorescence reveals linear deposition of IgG and C3 at the dermal-epidermal junction (DEJ). In most cases, circulating IgG autoantibodies, directed to the NC16A domain of the hemidesmosomal protein BP180 (type XVII collagen), are detectable in the serum. The presence of these antibodies supports the clinical observation that checkpoint inhibitors can trigger BP.

The immunodominant autoantigen in spontaneous BP is BP180-NC16A with anti-BP180-NC16A IgG detectable in the serum of ~90% of patients with BP (15–17). In addition, 60–70% of patients with BP also produce IgG autoantibodies against the intracellular hemidesmosomal plaque protein BP230 (15). Approximately 60% of these patients also generate antibodies targeting the 120 kDa soluble ectodomain (LAD-1) of BP180 (18, 19), but the significance of these antibodies in the aetiopathogenesis of BP remains uncertain (20).

Interestingly, evidence from Japanese patients suggests that BP may develop in the presence of anti-LAD-1 IgG antibodies alone (21–24). Here, we present a case of BP which developed during treatment with nivolumab, in which anti-LAD-1 IgG antibodies alone were detectable. To our knowledge, this is the first case of checkpoint inhibitor-induced BP in a Caucasian associated with the production of anti-LAD-1 but absence of anti-BP180 NC16A IgG antibodies.



CASE PRESENTATION

In 2009, a 69-year-old female was diagnosed with a superficial spreading melanoma (Clark level IV; 0.83 mm Breslow thickness; pT1b N3b M1a) of the right lower leg. The melanoma was surgically removed with a 1 cm safety margin. Six years later, in May 2015, the patient developed a subcutaneous in-transit metastasis on her right upper leg. The lesion was surgically excised and simultaneously a complete right inguinal lymph node dissection was performed. In October 2015, new inguinal, para-aortal, and iliac lymph node metastases, as well as new in-transit metastases, were radiologically detected. An immunotherapy with nivolumab (3 mg/kg) every 2 weeks was initiated based on the extent of the loco-regional disease. There was a rapid clinical response, with CT imaging evidencing a regression of the lymph node metastases by early February 2016 and only residual metastases remaining by April 2016.

Prior to the diagnosis of melanoma, the patient had been otherwise fit with no significant co-morbidities. After 11 cycles of nivolumab, the patient developed thyroid peroxidase (TPO) autoantibodies, heralding the development of an immune-mediated thyroiditis which ultimately required substitution therapy with thyroxine. Concurrently, the patient developed small vesicles and pustules on the medial aspects of her palms and soles (Figure 1). Despite the application of topical corticosteroids (methylprednisolone cream) both the number and size of these lesions increased (Figure 2A). The patient also developed lichenoid papules and plaques on the legs and buttocks (Figure 2B). Given the clinical suspicion of an autoimmune blistering disorder, a diagnostic work-up including skin biopsies and serological testing was completed. Direct immunofluorescence (IF) microscopy of perilesional skin demonstrated linear, n-serrated disposition of IgG antibodies and C3 along the DEJ. There was no deposition of IgA autoantibodies.
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FIGURE 1. Initial clinical presentation of the cutaneous irAE with vesicles and pustules on the volar skin and the soles.
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FIGURE 2. Progression of skin lesions with (A) blisters and erosions affecting the lower arms and dorsal hands and (B) lichenoid papules on the buttocks and thighs.



In line with these findings, serum IgG antibodies were detected by indirect IF microscopy on both monkey esophagus and human salt-split skin (Figure 3A). IgA autoantibodies were not detectable. IgG was specifically deposited at the epidermal basement membrane zone on monkey esophagus and on the epidermal side of salt-split skin at a titer of 1:80. Interestingly, serum analysis for anti-BP180-NC16A and anti-BP230 IgG was negative using commercially available ELISA kits (EUROIMMUN, Lübeck, Germany). Therefore, the serum was subsequently examined for the presence of anti-LAD-1 IgG antibodies by immunoblot, using concentrated supernatant of cultured keratinocytes as the antigen, and revealed the presence of autoantibodies in the serum (Figure 3B).
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FIGURE 3. Routine laboratory diagnostic with (A) deposition of IgG (indicated by arrows) at the epidermal side of human split skin, and (B) detection of anti-LAD IgG autoantibodies by immunoblot on concentrated supernatant of cultured keratinocytes. The arrow indicates the signal identified as LAD-1.



Histopathologically, lesional skin exhibited a moderate, predominantly lymphohistiocytic dermal. Taken together, the clinical presentation and laboratory findings were consistent with the diagnosis of BP. The immune checkpoint therapy was discontinued after a total of 15 treatment cycles. Combined systemic (oral prednisolone, 50 mg per day; dapsone, 125 mg per day) and topical treatment (clobetasol propionate, twice daily on the entire integument) was initiated. The patient responded slowly to treatment with new blister formation ceasing after 4 weeks of treatment. The lichenoid papules also resolved slowly. The patient continued to suffer from severe pruritus, particularly on the feet, and developed vitiligo.



DISCUSSION

Cutaneous irAEs are the most common side effects of checkpoint inhibitors and can present with a range of skin manifestations; most frequently a non-specific dermatitis. However, our case suggests that in addition to increasing T-lymphocyte activation, the use of checkpoint inhibitors may also be associated with the development of highly specific, B cell-driven autoimmune responses. In fact, the growing number of case reports describing the emergence of anti-BP180 NC16A IgG autoantibodies in patients undergoing checkpoint therapy, the antibody most commonly responsible for the development of autoimmune blistering skin disease, supports this hypothesis. In our patient, however, the administration of nivolumab was associated with the induction of anti-LAD-1 IgG and the emergence of skin changes clinically and immunopathologically indistinguishable from BP. Anti-BP180 NC16A IgG was not detectable and neither was anti-BP230 IgG. With respect to the latter, we must draw our conclusions with the caveat that the ELISA kit used to determine anti-B230 IgG levels can only detect antibodies directed to the C-terminal end of the protein. Hence, we cannot exclude that antibodies against other epitopes of BP230 were generated in our patient and might have contributed to the eruption of BP.

Therefore, given that cutaneous irAEs may initially present with widespread pruritus and non-specific skin changes, patients should be closely monitored for the development of widespread urticarial, eczematous, and blistering skin lesions. Indeed, there should be a high index of suspicion that such patients have begun to develop, or will go on to develop, immunotherapy mediated-BP. Consequently, there should be a low threshold for obtaining a skin biopsy in patients with skin changes, particularly blistering lesions during checkpoint therapy, to determine whether linear deposition of IgG at the DEJ is present. Secondly, in addition to circulating anti-BP180 NC16A IgG antibodies, the presence of anti-LAD-1 IgG autoantibodies should also be determined.

Our case illustrates that merely determining circulating anti-BP180 NC16A IgG levels may not be sufficient to reliably diagnose checkpoint inhibitor mediated BP. Currently, whether some patients with checkpoint inhibitor-induced BP produce both anti-BP180 NC16A IgG and anti-LAD-1 IgG, as reported for a subset of spontaneous BP, is unknown. In this case, the determination of both anti-BP180 NC16A IgG and anti-LAD-1 IgG levels for diagnostic and disease monitoring purposes would be necessary.

Understanding the mechanisms through which checkpoint inhibitors induce BP may shed new light on the pathogenesis of spontaneous BP. For instance, our case supports the notion that anti-LAD-1 IgG alone is sufficient to induce skin blisters and erosions of significant severity. Intriguingly, most recently, a retrospective study in Japanese BP patients found that among those cases of BP, serologically negative for anti-BP180 NC16A IgG, 71% were positive for anti-LAD-1 IgG (17). This suggests that anti-LAD-1 IgG may be pathogenically more significant and more common than previously recognized. In line with previous studies, reporting that cases of BP missing anti-BP180 NC16A IgG autoantibodies tend to exhibit a lower degree of severity with respect to skin inflammation (25), in our case inflammation was on the milder than the average BP patient both on the clinical and the histopathological level.

As a consequence, anti-LAD-1 IgG should be assayed more frequently in the diagnostic workup of suspected cases of BP, particularly in the context of treatment with immune checkpoint inhibitors and when anti-BP180 NC16A IgG autoantibodies are not detectable.

Future studies should examine the extent to which the production of specific antibodies in BP (anti-BP180 NC16A IgG and/or anti-LAD-1 IgG) may actually affect treatment response, because there is first evidence that the emergence of cutaneous irAEs, particularly of vitiligo, may be associated with a better response to checkpoint inhibitor treatment (26). Furthermore, PD-1 activation may actually present a novel therapeutic strategy to suppress flares of BP, which could be investigated in future studies.
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Recent studies suggest an important role of immunoglobulin E (IgE) as an alternative pathogenic pathway in the development of bullous pemphigoid (BP), as the most frequent subepidermal blistering disease of the skin Use of IgE targeted therapies, such as omalizumab, has been shown promising in recent studies. The aim of this study was to assess the effect of omalizumab on FcεRI and IgE expression on circulating basophils and on lesional intradermal cells in BP to generate insight into the immunological effects of omalizumab in BP. We report two cases of BP patients treated with omalizumab. Efficacy of treatment was assessed clinically 4 months after initiation of the therapy. Lesional and non-lesional skin biopsies where taken before and 4 weeks after initiation of omalizumab therapy. In addition, FcεRI expression on circulating cells and IgE levels in serum and in the skin samples, as well as anti-BP180 and anti-BP230 in serum and eosinophils and basophils counts in blood were assessed before and during treatment. Both patients showed a marked improvement after 4 months, with no adverse effects. Down-regulation of FcεRI, IgE in lesional skin and on circulating basophils were observed in parallel with clinical improvement. The current case study supports the role of omalizumab in the treatment of a subset of BP patients. Our observations suggest that omalizumab represents a valuable therapeutic option in the management of BP patients. Its efficacy might be related to reduction in FcεRI+ and IgE+ basophils and intradermal cells.

Keywords: bullous pemphigoid, FcεRI, IgE, omalizumab, skin


INTRODUCTION

Bullous pemphigoid (BP) is a blistering antibody-mediated autoimmune skin disease. BP is associated with tissue-bound and circulating autoantibodies directed against two hemidesmosomal proteins, BP180 (also called BPAG2, type XVII collagen) and/or BP230 (also called BPAG1-e) (1, 2). For many decades, studies examining the pathogenic mechanisms of BP autoantibodies focused solely on IgG (3). In recent years, presence of IgE antibodies against the basement membrane zone components, elevated serum IgE and BP180-specific IgE in BP sera suggested that IgE has a role in BP pathogenesis (1–14). As a result, humanized monoclonal antibody directed to IgE, omalizumab, an approved treatment for severe asthma and chronic spontaneous urticaria, might represent an alternative drug for BP. Although the clinical effectiveness of omalizumab in treatment of BP has been already demonstrated (1, 2, 12, 15–18), the exact mechanism of action remains elusive. Furthermore, current data suggest that only a subset of BP patients respond favorably to omalizumab treatment. However, biomarkers to identify the subset of BP that profits from anti-IgE treatment have yet to be identified (19). In chronic spontaneous urticaria, changes in serum IgE levels and in FcεRI expression on basophils post anti-IgE therapy have been linked to therapy success. We aimed therefore in this study to assess the effect of omalizumab on FcεRI and IgE expression on circulating basophils and on lesional intradermal cells in BP to generate insight into the immunological effects of omalizumab in BP.



REPORT OF THE CASES

Two patients with severe recalcitrant BP treated with omalizumab at Department of Dermatology, Bern University Hospital were included after informed consent. Both patients have suffered from intense pruritus since long time. The previous standard local and systemic therapies could not improve their complaints.

Efficacy of treatment was assessed clinically 4 months after initiation of the therapy. Lesional and non-lesional skin biopsies where taken before and 4 weeks after initiation of omalizumab therapy. In addition, FcεRI expression on circulating cells and IgE levels in serum and in the skin samples, as well as anti-BP180 and -BP230 in serum, eosinophils and basophils counts in blood were assessed before and during treatment, as discussed before (20, 21).

After 4 months of therapy (300 mg subcutaneously every 4 weeks), the patients were clinically disease-free and the pruritus subsided completely. The patients did not report any adverse events (Table 1, Figure 1).



Table 1. Patients characteristics.
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FIGURE 1. Clinical evaluation before (left), 10 days after (middle) and 4 months after the therapy in the first patient.



The eosinophils, basophils and IgE level in serum were variably affected and differed between the two patients. The BP-180/230 level decreased also slightly in our patients under Therapy. However, levels of FcεRI on circulating basophils decreased dramatically. Furthermore, a significant reduction of IgE+ and FcεRI+ cells in dermis were observed in the immunohistochemistry stainings after 4 weeks of omalizumab treatment (Figures 2, 3). To investigate the cellular source of FcεRI-carrying cells, we performed double immunofluorescence in lesional skin for markers of mast cells (tryptase) and antigen presenting cells (CD163) together with FcεRI staining. Both mast cells and APCs were found to express FcεRI in lesional skin (Figure 3).
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FIGURE 2. Despite therapy with omalizumab the eosinophils and basophils increased during therapy in the second patient. IgE level in serum did not also decrease. However, serum level of FcεRI decreased dramatically.
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FIGURE 3. (A,B) Significant reduction of IgE+ and FcεRI+ cells in dermis in the immunohistochemistry stainings of the patients after 4 weeks of omalizumab treatment. (C) Both mast cells and APCs were found to express FcεRI in lesional skin (arrows show double positive cells).





DISCUSSION

Our study in two patients with therapy-resistant BP in which omalizumab was used as rescue therapy has assessed the impact of omalizumab on levels of eosinophils, basophils, and IgE in the circulation, on FcεRI expression on circulating basophils, and on lesional expression of IgE and FcεRI in skin biopsy samples. Our observations suggest that changes in lesional IgE and FcεRI expression might be useful to distinguish the subset of BP patients who benefit from omalizumab therapy.

Frequent detection of high levels of IgE autoantibodies against BP180 and BP230, increased serum levels of IgE and the reported beneficial effect of anti-IgE therapy in small case series support the idea that IgE autoantibodies are involved in BP pathogenesis (1, 2, 5, 10, 12, 15–18, 22–24). However, the pathogenicity of IgE autoantibody in BP remains unclear (25). It is thought that IgE autoantibodies directed against the extracellular domain 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 (2, 12, 26). In addition, binding of specific IgE autoantibodies to the ectodomain of BP180 on basal keratinocytes may lead to internalization of BP180 and thereby contribute to cell-substrate dysadesion and blister formation (2, 12, 16).

Recent studies found that high serum levels of IgE correlate with disease severity in BP. In our two cases, however, there was no reduction of serum IgE levels 4 months after omalizumab therapy compared to baseline, despite clinical remission. It is conceivable that omalizumab, although it did not reduce the total IgE serum levels in our patients, is able to sequester free IgE and prevent its binding to its high-affinity IgE receptor, FcεRI (7, 27, 28). This process has been proposed to then down-regulate the expression of FcεRI on mast cells and basophils as well as antigen-presenting cells (7). In addition to its ability to neutralize the free IgE, omalizumab causes dissociation of IgE from the IgE-FcεRI complex (27, 28). IgE-free FcεRI is unstable and is then internalized for degradation. By this means, the activation of mast cells and basophils is reduced (7, 27–29). In line with these hypotheses, we found a sharp decrease of FcεRI expression on circulating basophils and a strong reduction of FcεRI+ cells in the skin of both patients after 4 weeks of omalizumab treatment (Figures 2, 3). These events might consequently lead to local depletion of IgE, as reflected by a strong reduction of IgE+ cells in dermis of both our patients after 4 weeks of omalizumab treatment. Interestingly, Metz et al. showed in a similar study that clinical efficacy of omalizumab in chronic spontaneous urticaria is associated with decreases in FcεRI+ cells and IgE+ cells in lesional and non-lesional skin (dermis) of patients (to levels seen in healthy subjects) (30).

BP180 and BP230 ELISAs are highly sensitive methods for the diagnosis of BP, in particular BP180 ELISA, is a sensitive tool for monitoring disease activity (31–33). However, in our patients no decrease in the level of specific IgG BP180 and BP230 autoantibodies was observed after 4 months, despite marked clinical improvement. In line with this observation, Balakirski et al. reported no changes in circulating autoantibodies within 6 months after the treatment with omalizumab (16). Similarly, Yu et al. noticed only gradual decline in the level of these antibodies in 6 BP patients treated with omalizumab (23). It is thus possible that in a subset of BP patients, disease activity is not entirely driven by BP180/230-specific IgG antibodies but that IgE autoantibodies also substantially contribute to disease. It is tempting to speculate that these BP patients might represent the subset most likely to respond to anti-IgE treatment. Further studies are needed to investigate this hypothesis. Peripheral eosinophilia has been reported in 50–70% of BP patients (3, 22, 34–37). de Graauw et al. demonstrated that IL-5-activated eosinophils directly contribute to BP blister formation in the presence of BP autoantibodies. Dermal–epidermal separation by IL-5-activated eosinophils depends on adhesion and Fcγ receptor activation, requires elevated reactive oxygen species production, degranulation and involves eosinophil extracellular trap formation (38). It has recently been shown that peripheral eosinophilia correlated with the overall disease activity and the extent of erosions and blisters (3). Interestingly, our second patient did not have an elevated eosinophil count before treatment but showed rapid clinical improvement suggesting that peripheral eosinophilia might not serve as biomarker for response to omalizumab. In contrast, it has been claimed that asthma patients with a higher baseline peripheral eosinophil count show a better clinical outcome after omalizumab (39). To what extent the mechanisms of action of omalizumab is shared between BP, allergic asthma, and chronic spontaneous urticaria remains to be elucidated.

Our findings support the idea that IgE autoantibodies contribute to tissue damage. Prospective, randomized controlled trials are necessary to confirm that omalizumab represents a new treatment option for BP. However, the current literature suggests that only a subset of patients responds to omalizumab therapy. Therefore, it is paramount to identify biomarkers that predict the best treatment for the individual BP patient. Biomarker development typically relies on a solid understanding of the pathomechanisms at play. In this context, the exact mechanisms by which IgE contributes to pathogenesis in BP is not completely clear. Our data now suggests that optimal clinical responses to anti-IgE treatment in BP might be associated with dissociation of the IgE-FcεRI complex, consecutive down-regulation of FcεRI expression, and finally a decrease in lesional IgE-bearing immune cells. These observations provide novel insight into the immunomodulatory effects at the tissue level of anti-IgE treatment in BP and lay an important basis for future studies.
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Autoimmune bullous dermatoses (AIBD) encompass a variety of organ-specific autoimmune diseases that manifest with cutaneous and/or mucosal blisters and erosions. They are characterized by autoantibodies targeting structural proteins of the skin, which are responsible for the intercellular contact between epidermal keratinocytes and for adhesion of the basal keratinocytes to the dermis. The autoantibodies disrupt the adhesive functions, leading to splitting and blister formation. In pemphigus diseases, blisters form intraepidermally, whereas in all other disease types they occur subepidermally. Early identification of autoimmune bullous dermatoses is crucial for both treatment and prognosis, particularly as regards tumor-associated disease entities. The diagnosis is based on clinical symptoms, histopathology, direct immunofluorescence to detect antibody/complement deposits, and the determination of circulating autoantibodies. The identification of various target antigens has paved the way for the recent development of numerous specific autoantibody tests. In particular, optimized designer antigens and multiplex test formats for indirect immunofluorescence and ELISA have enhanced and refined the laboratory analysis, enabling highly efficient serodiagnosis and follow-up. This review elaborates on the current standards in the serological diagnostics for autoimmune bullous dermatoses.
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INTRODUCTION

Autoimmune bullous dermatoses (AIBD) are associated with autoantibodies that bind to structural proteins in the skin and mucous membranes, which are components of desmosomes (e.g., desmogleins, desmocollins, plakins) and hemidesmosomes (e.g., BP180, BP230, plectin, α6β4 integrin, laminin 332, laminin γ1, type VII collagen) [Figure 1, (1)]. These autoimmune reactions interfere with intercellular connections and anchoring mechanisms within the epidermis and dermal-epidermal junction, leading to the separation of skin layers and the formation of blisters and/or erosions (2, 3). The most important AIBD types and corresponding target antigens are summarized in Table 1.


[image: image]

FIGURE 1. Schematic presentation of human skin, depicting the targets of autoantibodies in autoimmune bullous dermatoses, reproduced from Gosink and Schlumberger, MEDLAB Magazine 2016 (1) with permission of MEDLAB Magazine. Top circle: antigenic structural components of desmosomes, which interconnect the cytoskeletons of neighboring keratinocytes in the epidermis. Bottom circle: antigenic structural components of hemidesmosomes, which anchor the cells of the epidermal stratum basale in the underlying basal lamina at the dermal-epidermal junction.





Table 1. Autoantibody specificities in autoimmune bullous dermatoses.
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Intraepidermal Blistering Diseases

In pemphigus diseases, the autoimmune system targets primarily the cadherin-type transmembrane adhesion molecules desmoglein (Dsg) 1 and 3. Desmogleins, together with desmocollins, provide cohesion between epidermal keratinocytes, and are linked intracellularly to the intermediate filament network via different types of plakins (Figure 1). In response to autoantibody binding, cell metabolism, intracellular signaling and desmosome structure are subject to alterations that cause the loss of cell-to-cell adhesion (acantholysis) and intra-epidermal split formation, resulting in flaccid blisters and erosions in the skin and/or mucous membranes (4, 5).

The clinical phenotype of pemphigus (i.e., the site of blister formation) is determined by the underlying antibody profile and the normal tissue distribution of Dsg1 and Dsg3. Dsg1 is predominantly expressed on the surface of the epidermis, whereas Dsg3 accumulates mainly in deeper epidermal layers and in the mucous membranes. As pemphigus foliaceus (PF) is associated only with IgG autoantibodies against Dsg1, blistering is confined to the upper skin, while there is no apparent mucosal involvement. In pemphigus vulgaris (PV), Dsg3 is the major autoantigen, but 50–60% of patients have additional autoantibodies to Dsg1. PV manifests as three different subtypes (2): [i] in mucosal-dominant PV, antibodies are restricted to Dsg3 and induce blisters in deep layers of the oral mucosa; [ii] patients with mucocutaneous PV exhibit reactivity against both Dsg1 and Dsg3 and show involvement of the epidermis in addition to the mucous membranes; [iii] the cutaneous PV type is less frequent and associated with blistering in deep epidermal layers owing to anti-Dsg1 and pathogenically weak anti-Dsg3. In contrast to PF, acantholysis takes place in the lower skin layers (2, 6–11). PV is the most frequent intraepidermal AIBD, accounting for 80% of all pemphigus cases and, for the most part, affecting middle-aged and elderly persons.

In patients with PV, numerous autoantibodies have been identified that target other structural and metabolic proteins, such as desmocollins (Dsc) 1 and 3, muscarinic and nicotinic acetylcholine receptors, mitochondrial antigens, thyroid peroxidase, hSPCA1, plakophilin 3, plakoglobin, and E-cadherin. Studies on the pathogenic role of some of these non-Dsg autoantibodies suggest that they synergistically complement the classic effects of anti-Dsg autoantibodies in the complex process of pemphigus pathogenesis (12–15).

IgA pemphigus (also referred to as “intercellular IgA dermatosis”) (16, 17) has been found in association with serum IgA reactivity against desmosomal cadherins, i.e., Dsc1, Dsc2, Dsc3, Dsg1, and Dsg3 (18–21).

Paraneoplastic pemphigus is a life-threatening form of pemphigus that is associated with a neoplasm (e.g., non-Hodgkin's lymphoma, chronic lymphocytic leukemia, Castleman tumor, thymoma, sarcoma, Waldenstrom's macroglobulinemia) (22). Pathogenesis is based on a combination of humoral and cellular autoimmune responses (23). Circulating autoantibodies are directed against multiple antigens, including predominantly plakins (envoplakin, periplakin, desmoplakin I, desmoplakin II, epiplakin, plectin, BP230), but also cadherins (Dsg3, Dsg1, Dsc1, Dsc2, Dsc3), α2-macroblobulin-like 1 (24–34). Due to their high specificity (91–100%), anti-envoplakin autoantibodies are considered an important diagnostic marker for paraneoplastic pemphigus (35–38).

In addition, the pemphigus group includes several (atypical) variants, such as pemphigus vegetans (39), pemphigus erythematosus (40, 41), pemphigus herpetiformis (42), endemic pemphigus (fogo selvage etc.) (43), and drug-induced pemphigus (44, 45).



Subepidermal Blistering Diseases

The heterogenous group of pemphigoid diseases is characterized by subepidermal blister formation, which can occur in the skin and mucous membranes (3). Circulating autoantibodies target components of the dermal-epidermal junction (Figure 1) (46). As the targeted hemidesmosomal proteins and structural filaments provide contact between the epidermal cells and the basement membrane, the autoimmune reactions cause the epidermis to peel away from the underlying dermis.

Bullous pemphigoid (BP) is the most common AIBD and occurs primarily in the elderly (onset in the late 70s) (47). It manifests with tense, bulging blisters on inflamed or non-inflamed skin, while mucous membranes are rarely affected. Patient serum contains IgG targeting mainly the hemidesmosomal proteins BP180 and BP230. BP180 is a transmembrane glycoprotein whose major immunogenic epitopes are located in the extracellular 16th non-collagenous domain (BP180-NC16A) (48). Due to their high prevalence, anti-BP180 autoantibodies represent the most important serological marker for BP. BP230 is a cytoplasmic protein which interacts with BP180. Its globular C-terminal domain mediates the attachment of keratin filaments to the hemidesmosomal plaque and contains the majority of immunoreactive sequences (49). Anti-BP230 positivity occurs in a subset of anti-BP180 negative BP patients, making it an important additional marker (50–54). Many BP sera also exhibit reactivity against antigenic sites outside the immunodominant domains of BP180 and BP230, which should be addressed in those BP patients unreactive with the immunodominant domains (<10%) (52, 55).

Pemphigoid gestationis is a manifestation of BP occurring in pregnant women and in puerperium, presenting with urticarial plaques and/or tense blisters. BP180-NC16A is the main target (90%) of autoantibodies in patients with pemphigoid gestationis, while anti-BP230 reactivity is less prevalent (56, 57).

The serological hallmark in linear IgA dermatosis is anti-basement membrane reactivity of class IgA autoantibodies recognizing the 120 kDa ectodomain fragment of BP180, referred to as linear IgA disease antigen 1 (LAD-1) and a derivative thereof (linear IgA bullous disease antigen of 97 kDa, LABD97) (58–61). A small proportion of sera recognizes BP180-NC16A or BP230 (62–64).

Mucous membrane pemphigoid affects one or more mucous membranes (e.g., oral, ocular, genital, anal) and may also involve the skin. Patients exhibit low-titer IgG/IgA autoantibodies directed against components of the basement membrane zone, with BP180 and laminin 332 presenting the two major targets (65). Anti-BP180 reactivity is not only directed against the NC16A domain, but also against C-terminal extracellular epitopes (66–69). The identification of anti-laminin 332 positive patients is vitally important as they have an increased relative risk for cancer, with malignancies occurring in about 25–30% of cases (70–73). Furthermore, patients with mucous membrane pemphigoid may exhibit increased IgG/IgA against BP230 (74, 75) or α6β4 integrin, the latter indicating the presence of ocular lesions (76, 77).

In anti-laminin γ1/p200 pemphigoid, tense blisters can be found on erythematosus or normal skin, with a high tendency to affect acral surfaces (78, 79). The associated autoantibodies target a 200-kDa basement membrane protein, referred to as laminin γ1 (80, 81).

Lichen planus pemphigoides emerges with bullous skin lesions in conjunction with lichen planus. Compared to BP, this disease has a much lower incidence, affects younger patients (onset 40–50 years), is usually less severe and arises mainly on the limbs (82). Serum reactivity is preferentially directed against C-terminal epitopes in the immunodominant NC16A domain of BP180 (83, 84).

Epidermolysis bullosa acquisita (EBA) is a rare, subepidermal blistering disease that can occur at any age. Patients suffer from chronic inflammation, blistering and scarring of the skin and mucous membranes. (85, 86). A characteristic feature is the presence of autoantibodies directed against type VII collagen, the main constituent of anchoring fibrils at the dermal-epidermal junction, with the major antigenic epitopes located within the amino-terminal non-collagenous domain (NC1) (87–90).

Dermatitis herpetiformis (Duhring's disease) is the cutaneous manifestation of coeliac disease (sprue, gluten-sensitive enteropathy), affecting about 10% of coeliac patients. It is characterized by blisters forming in deeper (subepidermal) layers of the skin, while the mucous membranes do not show any blistering. The targets of circulating IgA antibodies are epidermal/tissue transglutaminase, endomysium, and deamidated gliadin (91–95). Since the underlying gluten-sensitive enteropathy is frequently associated with selective IgA deficiency, the additional determination of class IgG antibodies can be diagnostically indicated (96).




DIAGNOSTIC APPROACH

The diagnosis of AIBD is detailed in recent publications (97–104). Commonly recommended approaches are based on several pillars that cover symptomatic evaluation and laboratory tests.

Firstly, the clinical characteristics have to be determined, including patient history, physical examination, and assessment of the disease activity (105).

Secondly, histopathology is performed on lesional skin or mucosal biopsy. Although of limited diagnostic value, the observation of intra-/subepidermal cleavage and inflammatory infiltrates can give a first information for differentiation between pemphigus and pemphigoid diseases.

Thirdly, direct immunofluorescence (DIF) microscopy using cryosections of perilesional biopsy specimens is performed to detect tissue-bound autoantibodies. This method is still the diagnostic gold standard, with a sensitivity in the range of 82–91% and a specificity of 98% (106–110), but it provides only limited information on the target antigens. DIF microscopy narrows down the diagnosis according to the deposited Ig subclass and binding pattern (103). For example, intercellular deposition of IgG and/or C3 in the epidermis is characteristic of PV, PF, and paraneoplastic pemphigus. By contrast, linear binding of IgG and/or C3 at the dermal-epidermal junction can be found in pemphigoid diseases, with further differentiation options based on the serration pattern (u-serration vs. n-serration) (103, 111). Granular IgA deposits along the basement membrane zone and at the dermal papillae tips are observed in dermatitis herpetiformis.

The fourth pillar addresses the serological detection and differentiation of circulating autoantibodies. Serology has the advantage of being minimally invasive, which is particularly helpful in cases where biopsy specimens cannot be obtained (children, uncooperative adults). In many cases, serological testing may even suffice to establish the diagnosis in conjunction with a compatible clinical picture (112). Serum analysis relies on indirect immunofluorescence (IIF) microscopy using native tissue sections and recombinant proteins as substrates. Recombinant antigens are also applied in immunoblot or immunoprecipitation analyses and in enzyme-linked immunosorbent assays (ELISA), the latter having additional relevance to the monitoring of disease activity. Conventionally, the serological diagnosis of AIBD follows a multi-step approach that is based on initial IIF screening using one or two tissue substrates, followed by individual antigen-specific assays (ELISA, immunoblot) that correspond to the clinical suspicion and the IIF screening results. Meanwhile, alternative approaches for highly efficient and expeditious testing are available utilizing multiparametric analysis tools (113, 114). In clinical practice, routine serological results should be interpreted with care, taking into consideration the possibility of discrepancies between IIF and ELISA or negative serology in biopsy-proven patients. Assay results may even be positive in cases without other laboratory or clinical evidence of pemphigus (109, 115). Such inconsistent findings complicate decision-making, bearing the risk of misdiagnosis. Where available, alternative serological methods (e.g., keratinocyte binding assay) may provide additional information to ascertain or rule out a diagnosis, especially when no biopsy is available (115).

Early diagnosis and differentiation of AIBD is crucial for the initiation of an appropriate treatment. In most AIBD entities (e.g., BP, linear IgA disease, anti-laminin γ1/p200 pemphigoid), systemic corticosteroids in combination with further immunosuppressants/-modulants are sufficient to induce clinical remission, whereas treatment of pemphigus remains challenging as reflected by a mortality of 8–42% in mucocutaneous PV (116). However, prognosis has improved due to the development of new therapy options, including immunoadsorption, intravenous immunoglobulins, and anti-CD20 monoclonal antibodies (2, 112, 116–124). In paraneoplastic pemphigus and anti-laminin 332 mucous membrane pemphigoid, the disease prognosis may be unfavorable due to associated neoplasia in 100% and in up to 30% of cases, respectively (73, 125).



SEROLOGICAL SCREENING USING TISSUE SUBSTRATES IN IIF

IIF microscopy using tissue substrates has traditionally been performed as a standard method for the detection of autoantibodies in AIBD. Due to their high sensitivity, these substrates have priority for screening purposes. However, they do not allow definite determination of the autoantibodies' specificity (e.g., differentiation between anti-Dsg1 and anti-Dsg3).


Esophagus

Esophagus from monkey or guinea pig is a highly sensitive substrate. Two characteristic immunofluorescence patterns can be differentiated on this tissue. [i] Pemphigus-specific autoantibodies result in a honeycomb-like fluorescence of the intercellular substance in the stratum spinosum. These autoantibodies are directed against prickle cell desmosomes, reacting with surface antigens of keratinocytes (Figure 2A). [ii] A fine linear staining between the stratum basale and the connective tissue is caused by anti-basement membrane zone autoantibodies, which are associated with pemphigoid diseases or EBA (Figure 2B).
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FIGURE 2. Indirect immunofluorescence staining of different tissue substrates in autoimmune bullous dermatoses. (A,B) Monkey esophagus, (C,D) monkey salt-split skin, (E) rat urinary bladder and (F) monkey liver. Graphics and annotations on the right indicate the staining patterns and possible underlying reactivities, reproduced and modified from Euroimmun customer leaflet, with permission of Euroimmun, Germany.



When pemphigus serum is applied, monkey esophagus yields a sensitivity of 81–100% and a specificity of 89–100%, making it the optimal substrate in the screening for intercellular antibodies in suspected cases of PV and PF (113, 126–132). This substrate has often been reported to be more sensitive for PV than for PF as monkey esophagus is a mucosal tissue with high expression of Dsg3, the major target in PV, in contrast to lower Dsg1 expression (132). The predictive value of a negative test result is highly reliable to exclude the diagnosis of pemphigus, and false-positive results (intercellular staining of non-pemphigus sera) is not associated with an increased risk of developing pemphigus subsequently (132). In BP, 68–73% of cases were reported positive for anti-basement zone antibodies, at a specificity of 97% (51, 106, 133). It should be taken into account that antibodies against blood group antigens A and B may lead to unspecific desmosome fluorescence on monkey esophagus, potentially leading to false positive results. As this interference may account for up to 10% of healthy blood donors, adsorption reagents should be applied in suspected cases (e.g., blocking with soluble A/B antigens or with red blood cells from an AB-positive donor) (134).



Salt-Split Skin

Skin, in which partial dermal-epidermal splitting is induced by incubation with a 1 M NaCl solution, presents the IIF substrate of choice when screening for autoantibodies in subepidermal AIBD (135, 136). It is optimally suited for the detection of anti-basement membrane zone autoantibodies, as reflected by a reported sensitivity of 73–96% and a specificity of 97% (106, 108, 133, 137). In addition, it allows the differentiation between autoantibodies with different antigenic binding properties. Anti-BP180, anti-BP230, and anti-α6β4 integrin stain the epidermal side of the artificial split (blister roof), as detectable in BP, pemphigoid gestationis, linear IgA dermatosis, and anti-BP180-type mucous membrane pemphigoid (Figure 2C). In contrast, anti-type VII collagen, anti-laminin 332, and anti-laminin γ1 bind along the dermal side of the split (blister floor), pointing toward EBA, anti-laminin-332-type mucous membrane pemphigoid, and anti-laminin γ1/p200 pemphigoid, respectively (Figure 2D) (100, 138).



Urinary Bladder

In suspected cases of paraneoplastic pemphigus, IIF on rat (or monkey) urinary bladder is performed to detect autoantibodies against plakins and to distinguish paraneoplastic pemphigus from other pemphigus diseases. As envoplakin, periplakin, and desmoplakins (but not Dsg1 and Dsg3) are highly expressed in bladder tissue, and owing to the high specificity of this substrate (74% sensitivity, 99–100% specificity), positive IgG reactivity with the urothelium is considered a diagnostic indication of paraneoplastic pemphigus (38, 139) (Figure 2E). However, negative IIF on bladder does not exclude the diagnosis of paraneoplastic pemphigus and should entail other serological techniques (36, 38).



Liver

Tissue sections of primate liver are best suited to visualize autoantibodies (IgA) against endomysium in dermatitis herpetiformis. Positive reactivity is indicated by a fluorescent filamentous lining of the intralobular sinusoids (140) (Figure 2F).




ANTIGEN-SPECIFIC SEROLOGICAL ASSAYS

The identification of the autoantibodies' target antigens can be accomplished using monospecific IIF, ELISA and/or immunoblot tests. For this purpose, many antigenic substrates have been made available by means of recombinant expression systems. By selecting only immunoreactive epitopes and deleting domains that cause unspecific reactions, the sensitivity and specificity of the resulting assay can often be improved (141). For example, a recombinant tetramer of the immunodominant NC16A domain of BP180, termed BP180-NC16A-4X, was designed to multiply the number of antibody binding sites per molecule, thereby optimizing the immunoreactivity and diagnostic efficiency in BP serology. A second example concerns a gliadin-analogous fusion peptide (GAF-3X), which contains three repetitive modified copies of formerly described peptides recognized by autoantibodies in most patients with coeliac disease and dermatitis herpetiformis (142). After expression and purification from Escherichia coli, those two antigens were applied in IIF and ELISA (142–145).


Recombinant Monospecific Substrates in IIF

Compared to classic tissue sections that contain a multitude of different antigens and sometimes require specialist knowledge for reliable interpretation, recombinant substrates considerably simplify IIF evaluation and may allow a prima vista differentiation between AIBD-associated diseases. Recombinant IIF assays are based on BIOCHIP technology (Euroimmun, Lübeck, Germany), in which the substrates are coated onto millimeter-sized BIOCHIPs and arranged on the reaction fields of microscope slides. The slides are incubated using the Titerplane technique, which provides parallel incubation of multiple samples under standardized, identical conditions (146). Two types of recombinant IIF substrates can be distinguished:

In the first case, the target antigen is expressed in the human cell line HEK293, which provides authentic conformational folding and post-translational modification (141, 147). Since transfected and mock-transfected control cells are coated onto the BIOCHIPs side by side, it is straightforward to distinguish true-positive sera containing antigen-specific antibodies (smooth to fine granular cytosolic fluorescence only in the subset of transfected cells) from sera reacting against other cell components (nuclear or cytoplasmic staining of all cells). Available recombinant cell-based substrates for AIBD serology include Dsg1, Dsg3, BP230, and type VII collagen (Figures 3A–D) (144, 149).
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FIGURE 3. Detection and differentiation of autoantibodies in autoimmune bullous dermatoses using monospecific substrates for BIOCHIP-based indirect immunofluorescence, reproduced (in part) from Gosink and Schlumberger, MEDLAB Magazine 2016 (1) and from Gosink, MEDLAB Magazine 2013 (148) with permission of MEDLAB Magazine. (A–D) Substrates based on human embryonic kidney (HEK293) cells expressing recombinant immunodominant antigen domains: (A) Dsg1 (ectodomain), (B) Dsg3 (ectodomain), (C) BP230gC (globular C-terminal domain), (D) type VII collagen (NC1 domain). (E,F) Substrates generated by spotting purified recombinant protein: (E) BP180-NC16A-4X (tetrameric NC16A domain), (F) GAF-3X (trimeric deamidated gliadin-analogous fusion peptide).



In the second case, purified recombinant antigens (e.g., BP180-NC16A-4X and GAF-3X) are coated directly onto the BIOCHIPs. If a positive serum sample is applied, the antigenic areas will fluoresce in a particular pattern (e.g., diamonds or circles) against a dark background (Figures 3E,F).



Multiparametric BIOCHIP Mosaics in IIF

The recombinant monospecific IIF substrates can be analyzed side by side with classic tissue sections in standardized BIOCHIP mosaics (Euroimmun; Figure 4). The combination of different substrates in the same test field allows autoantibody screening and confirmatory discrimination to be carried out in a single incubation, thus facilitating differential diagnosis among the various types of AIBD. Particularly in diagnostically difficult cases, this multiparametric technique is cost- and time-effective compared to the conventional multi-step approach (113, 150).
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FIGURE 4. BIOCHIP mosaics for simultaneous screening and monospecific confirmation of autoantibodies using indirect immunofluorescence, modified from Gosink, MEDLAB Magazine 2013 (148) with permission of MEDLAB Magazine. (A) “Dermatology Mosaic 7” (six substrates per reaction field). (B) “Dermatology Mosaic 11” (11 substrates per reaction field for extended analysis including paraneoplastic pemphigus and dermatitis herpetiformis). As indicated, the BIOCHIPs are coated with tissue sections (monkey esophagus, salt-split skin, liver, rat urinary bladder), HEK293 cells expressing recombinant antigens (Dsg1, Dsg3, BP230gC), or spots of purified recombinant antigen (BP180-NC16A-4X, GAF-3X). *HEp-2 and mock-transfected HEK293 cells serve as negative control substrates.



Several studies have been performed on the diagnostic performance of the mosaic-based IIF technique. Cumulative findings indicate that this method is highly sensitive and specific for pemphigus and BP (150–152). For example, monkey esophagus yielded sensitivities of 83–100% (PV), 98% (PF), and 69% (mixed pemphigus panel), with specificities in the range of 89–100%. Anti-Dsg1 was detectable with a sensitivity of 19–52% (PV), 90% (PF), and 38% (mixed pemphigus panel) and a specificity of ≥99%. The sensitivity of anti-Dsg3 detection amounted to 98–100% (PV) and 87% (mixed pemphigus panel), with specificities ranging from 97 to 100% (113, 152–154). In BP, basement membrane zone staining on esophagus and/or salt-split skin provided a sensitivity and specificity of 50–99 and 77–100%, respectively. The sensitivity and specificity for anti-BP180 detection were reported to be 83–100 and 97–100%, respectively, and for anti-BP230 detection 30–67 and 97–100%, respectively (113, 144, 152, 154, 155). van Beek et al. (113) compared the performance of the “Dermatology Mosaic 7” (Figure 4A) with the conventional multi-step procedure (156). Between both approaches, high diagnostic agreement (94%, kappa 0.88–0.97) was observed. In <5% of the cases, final diagnosis could only be made by using the appropriate assays within the multi-step approach, because additional substrates would have to be added to the standard IIF mosaic for these rare disorders. Meanwhile, however, further mosaics adjusted to the diagnosis of particular AIBD types have been evaluated, including the detection of [i] anti-BP180 in pemphigus gestationis (100% sensitivity, 100% specificity) (157), [ii] anti-type VII collagen NC1 in EBA (92% sensitivity, 100% specificity) (149), [iii] anti-laminin 332 in mucous membrane pemphigoid (77–84% sensitivity, 100% specificity) (72), and [iv] anti-Dsc in atypical pemphigus variants (158). Tampoia et al. compared the concordance between results obtained by mosaic-based IIF vs. ELISA (MBL/Euroimmun) and found excellent agreements for the determination of anti-Dsg3 (kappa 0.97–1.00) and anti-BP180 (kappa 0.94–0.90) (154). Özkesici et al. reported correlations between mosaic-based IIF and ELISA (Euroimmun) of 85% (anti-Dsg1), 94% (anti-Dsg3), and 98% (anti-BP180) (152).



Enzyme-Linked Immunosorbent Assays

ELISA systems based on recombinant target antigens are widely available and increasingly applied in the serological diagnosis of AIBD. They are used to confirm and differentiate autoantibody specificities, supporting the diagnostic attribution of AIBD subtypes. Moreover, ELISA allow quantitative measurement of antibody levels, enabling disease and therapy monitoring, as described below. In most cases, ELISA are sufficient to support the diagnosis and cheaper than other complex techniques. Further advantages include standardization, objective data, easy handling, automated processing, high throughput, and (for most parameters) commercial availability.

Commercial ELISA systems (MBL, Euroimmun) are available for the detection of autoantibodies against Dsg1 and Dsg3 in pemphigus (147, 159) and against envoplakin in paraneoplastic pemphigus (36). In pemphigoid diseases, commercial ELISA (MBL, Euroimmun) include BP180 (143, 160), BP230 (50, 54), and type VII collagen (149, 161). Importantly, the highest detection rate among BP patients is achieved by combining the ELISA results for anti-BP180 and anti-BP230 (87–100%), reflecting a diagnostic added value compared to mere anti-BP180 testing (50–54). Therefore, in cases with clinically suspected cases of BP, where anti-BP180 testing is negative, it is recommended to analyze serum reactivity against BP230 (97). Moreover, ELISA for the detection of autoantibodies against deamidated gliadin and transglutaminase (92) are available, supporting the diagnosis of dermatitis herpetiformis. Besides, less standardized in-house ELISA systems are applied in specialized laboratories, including rare parameters, such as anti-laminin γ1 (162), anti-desmocollin (20, 33), anti-laminin 332 (71, 163), and anti-BP180 (various forms) (52, 164). The diagnostic performance of commercial and in-house ELISA systems has been examined in numerous studies (Table 2) and discussed in reviews by Tampoia et al. (190) and Horvath et al. (165).



Table 2. Performance characteristics of reported ELISA systems for the detection of autoantibodies in autoimmune bullous dermatoses.
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Although being highly sensitive and specific, ELISA may produce positive results without clinical or other laboratory evidence.



Multiparametric ELISA

In order to further improve and accelerate the routine serological diagnosis of AIBD, two profile ELISA systems have been developed that enable multiparametric antigen-specific testing for autoantibodies in adjacent wells of a microplate. By simultaneous processing of the diagnostically most relevant antigens, multiplex ELISA offer an alternative to IIF as serological first-line approach and to a multi-step single testing strategy.

Horvath et al. analyzed the diagnostic performance of the MESACUP Anti-Skin Profile (MBL), which covers five target antigens: Dsg1, Dsg3, BP180, BP230, and type VII collagen. They reported a 88% concordance with data obtained from the respective individual ELISA systems (MBL), resulting in sensitivities of 92% (anti-Dsg1, PF), 93% (anti-Dsg3, PV), 66% (anti-BP180, BP), 62% (anti-BP230, BP), and 81% (anti-type VII collagen, EBA), and specificities of 98–100% (165).

Van Beek et al. validated the Dermatology Profile ELISA (Euroimmun), comprising the same five parameters plus additional envoplakin. They demonstrated sensitivities of 95% (anti-Dsg1, PF), 100% (anti-Dsg3, PV), 95% (anti-BP180, BP), 60% (anti-BP230, BP), 93% (anti-type VII collagen, EBA), and 86% (anti-envoplakin, paraneoplastic pemphigus), and specificities in the range of 97–100% (114). These performance characteristics were also similar to those obtained with the individual ELISA (Euroimmun) (36, 54, 143, 147, 149). Comparison of the Dermatology Profile to the conventional multi-step approach yielded concordant results in 87%. Incongruent results were attributed to the lack of IgA detection and reactivity against antigens not included in the profile ELISA (114).



Immunoblotting

Immunoblotting and immunoprecipitation help to determine rather rare autoantibodies (e.g., anti-laminin γ1, anti-laminin 332, anti-LAD-1, anti-α6β4 integrin, anti-desmoplakin, anti-type VII collagen) and are based on recombinant proteins or cell extracts (e.g., epidermis, dermis, cultured keratinocytes) (28, 69, 80, 191–193). These tests, however, are time-consuming and available only as in-house assays in specialized laboratories. They allow for highly specific autoantibody detection, but have proven inadequate for targets with mainly conformational epitopes, such as Dsg1 and Dsg3 (127, 141, 194–196). Immunoblotting for anti-Dsg is thus not recommended in the diagnosis of PF/PV (97). In contrast, there are patients suspected of having pemphigoid disease who show positive DIF results in the absence of autoantibody reactivity by commercial ELISA systems. In such cases, immunoblotting using antigenic fragments outside the immunodominant domains may provide diagnostically relevant information on the autoantibodies' target.




IMMUNOLOGICAL MONITORING

Autoantibodies in several AIBD entities are directly pathogenic (4, 197–205). Their titers correlate with the disease activity over time, as reported for anti-Dsg1, anti-Dsg3 (147, 159, 166, 170, 206–209), anti-BP180 (51, 52, 143, 160, 210–214), and anti-type VII collagen (161, 183, 184, 215). By contrast, anti-BP230 reactivity appears not to fluctuate with changes in the clinical course of BP patients or only in a small subset of cases (50–52).

IIF evaluation is subjective and produces only semiquantitative data, based on serial serum dilutions, with titers depending on the type of substrate due to variable antigen expression levels. As opposed to this, ELISA provide objective and quantitative scores, which tend to reflect the disease activity better than IIF titers (130, 160). Therefore, ELISA testing is routinely used in many laboratories for the monitoring of disease activity. However, the relationship is not always perfect as there are cases of active disease with negative ELISA results and vice versa, as well as cases where antibody levels do not fluctuate in correlation with clinical activity (116, 209).

As an adjunct to the paramount clinical assessment, the follow-up of autoantibody titers has relevance for disease monitoring and can be helpful in therapeutic decisions, such as adjusting the dose of immunosuppressants. For example, when lesions have healed, decreasing or undetectable autoantibody levels may indicate dosage reduction or omission, respectively. In addition, relapses may be anticipated by the detection of increased autoantibody levels (99). However, the clinical judgement and the above-mentioned imperfections of the assays should always be taken into consideration (97, 116).



PREDICTIVE BIOMARKERS FOR DISEASE PROGRESSION

Several molecules involved in, e.g., autoimmune and inflammatory responses in AIBD have recently been identified as potential biomarkers for disease development and outcome. The measurement of these biomarkers could help to adapt the duration and intensity of treatment in order to prevent the occurrence of relapses. The relevance of stratifying patients at risk of relapse, preferably at initiation of treatment, is reflected by a rate of about 30% of clinical relapses within the first year of treatment in patients with BP (216).

In BP patients, the value of monitoring anti-BP180 autoantibodies as a potential risk factor for relapse has been demonstrated. It was found that anti-BP180 IgG levels are significantly higher at baseline in patients who experience a relapse compared to non-relapse cases, whereas no such association was observed for anti-BP230 IgG, serum IgE, and peripheral eosinophils (217, 218). A multicenter prospective study demonstrated that the decrease in anti-BP180 titers during the first 60 days of treatment is lower in patients with relapse than in patients with ongoing remission. In addition, high anti-BP180 levels at day 150 provide high sensitivity for a relapse between days 150–360 of treatment (219). Cai et al. confirmed that increasing anti-BP180 IgG titers are associated with a decreasing remission rate (220). Along with anti-BP180, the detection of autoantibodies against type VII collagen may help to stratify BP patients based on the observation that about 40% of relapsing cases display positive and increasing anti-type VII collagen serum levels at the time of relapse (221).

In addition, the follow-up of molecules involved in inflammatory mechanisms can contribute to the prediction of BP outcome. Amongst others, this pertains to serum concentrations of the cytokines interleukin 17 (IL-17) and IL-23. The former shows significant decreases in patients with ongoing remission as well as constantly elevated levels prior to relapse, whereas the latter increases in early treatment stages in patients who later relapse (222). Similarly, an increased release of the chemokine CXCL10 favors BP relapse within the first year of treatment (223). These three inflammatory biomarkers all upregulate the secretion by leukocytes of matrix-metalloproteinase-9 (MMP-9), which was shown to decrease over time upon remission and to remain elevated in patients who relapse. Consequently, the follow-up of protease MMP-9 expression is regarded as another promising tool for the prediction of relapse in BP (222, 223). Also the serum concentrations of eosinophil cationic protein (ECP), as a measure of eosinophil activation, may help to predict a relapse as indicated by the absence of ECP alterations under treatment (224).

Moreover, an increased expression of the glucocorticoid receptor-beta in skin epithelial cells was suggested to be predictive of reduced treatment efficacy and increased risk of BP relapse (225). The presence of extensive disease (more than ten new blisters daily) at baseline and of neurological conditions associated with BP (e.g., dementia) may also play a role in the prediction of BP outcome (219).

In patients with PV, anti-Dsg3 positivity and, to a lesser extent, positive DIF results are predictors of relapse (226). Positivity for anti-Dsg1 and anti-Dsg3 was shown to provide high predictive values for the occurrence of relapses following treatment (209, 227). In addition, B-cell repopulation and low CD4+ T-cell count are associated with relapses in patients with pemphigus (227).

Altogether, this relatively new field warrants further investigation and holds the potential to benefit both clinicians and patients. In particular, to link cytokine/chemokine variations to clinical practice, large prospective studies will have to confirm the findings to date.



PERSPECTIVES

Accurate diagnosis and discrimination of the different AIBD forms is crucial for therapeutic decisions and prognosis. Owing to highly sensitive and specific assays, it is estimated that a serological diagnosis can be made in about 90% of patients, subject to clinical expression (99, 112). Both the increasingly aging population and the constantly improved diagnostics cause a steady growth in the incidence of AIBD. In Germany, the annual incidence doubled within a decade, meanwhile amounting to about 25–30 cases per million inhabitants (112, 228). Hence, the continuous development and application of serological assays for known and yet unknown parameters will play a crucial role in the future. Patient management will further benefit from ongoing basic research on pathophysiological mechanisms and from clinical trials on forthcoming treatment options (229). For example, there is a growing number of data regarding the potential pathogenic role of IgE class autoantibodies in BP and the option of anti-IgE treatment (230–233).
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The traditional diagnostic gold standard for inflammatory skin lesions of unclear etiology is dermato-histopathology. As this approach requires an invasive skin biopsy, biopsy processing and analysis by specialized histologists, it is a resource intensive approach requiring trained healthcare professionals. In many health care settings access to this diagnostic approach can be difficult and outside emergency cases will usually take several weeks. This scenario leads to delayed or inappropriate treatment given to patients. With dramatically increased sensitivity of a range of analysis systems including mass spectrometry, high sensitivity, multiplex ELISA based systems and PCR approaches we are now able to “measure” samples with unprecedented sensitivity and accuracy. Other important developments include the long-term monitoring of parameters using microneedle approaches and the improvement in imaging systems such as optical coherence tomography. In this review we will focus on recent achievements regarding measurements from non-invasive sampling, in particular from plucked hair and skin tape-strips which seem well suited for the diagnosis of lupus erythematosus and psoriatic inflammation, respectively. While these approaches will not replace clinical observation—they can contribute to improved subgroup diagnosis, stratified therapeutic approaches and have great potential for providing molecular and mechanistic insight in to inflammatory skin diseases.
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INTRODUCTION

Traditionally, the diagnosis of autoimmune and inflammatory skin diseases relies on the visual assessment by experienced dermatologists as well as dermato-histopathology. Descriptive diagnosis of skin biopsies is normally based on conventional histological staining but may also include direct immunofluorescence for the detection of antibody and complement deposits. Depending on the underlying disease, blood results in particular regarding circulating auto-antibodies directed against structural epidermal components (pemphigus, pemphigoid) or anti-nuclear antibodies can give certainty regarding the underlying disease. However, as blood focused diagnostics can often be negative for cutaneous disease manifesting, key information must often be derived from analysis of skin tissue itself.

So why are changes or additions to the established diagnostic approach for inflammatory skin disease required? There are a number of reasons. Firstly, due to the non-systemic nature of many skin diseases, reliable serum biomarkers may simply be non-existent or unreliable. Secondly, the use of skin biopsies as a diagnostic tool is an invasive procedure and not always readily available in many health systems or local situations. Skin biopsies require specialized, trained health care professionals, laboratory and histology staff (dermatohistopathologists) and the time to perform biopsies in addition to the wait for result reporting, can in clinical reality often be weeks. Furthermore, as many primary health care settings lack access to specialist dermatology care, approaches suitable for general practitioners (GP) would be very welcome to support diagnostic pathways.

Apart from costs, time and staff availability, an important issue comes from the recognized need and ambition to move forward in the field of stratified medicine (also referred to as personalized medicine, precision medicine). This approach aims to recognize sub-types of diseases outside the traditional morphology based categories, allowing optimized treatment choices and thus preventing the current “trial and error” approach to identify which treatment actually works best for which patient. For this to become a reality for a wide range of patients, researchers, and clinicians need to start thinking of alternatives to conventional approaches and embrace new molecular analysis tools, parameters not traditionally included in dermatology diagnosis, and easy, non-invasive approaches. Ideally, these approaches would not require highly-trained specialists to perform and analyse results, results would be available within the first presentation of the patient (“point-of-care” diagnostic) and would allow repeated diagnostic assessment over time.

While confirming the diagnosis of cutaneous lupus erythematosus (LE) can be challenging due to the wide variety of possible lesion morphologies, the diagnosis of psoriasis is usually directed by pathognomonic clinical presentation. So why is there a need to additional approaches regarding psoriatic inflammation? Diagnostic challenges occur for lesions which do not fall into the typical plaque type psoriasis or display minimal pathology; however, they are important to diagnose due to the existence of co-morbidities such as psoriatic arthritis and cardiovascular disease. Lesions in certain anatomical locations such as palmoplantar, retro-auricular, outer ear canal and scalp can also be challenging for both GP and trained dermatologists, and in particular skin fold lesions can often be misdiagnosed as fungal infection and treated without success with anti-fungals.

In this review we endeavor to give an overview of existing non-invasive techniques and highlight major recent advances demonstrating their potential as next generation diagnostics and as powerful tools to provide cellular and molecular insights in to inflammatory skin diseases.



IMAGING

Recent developments in imaging and imagining analysis techniques have added to our ability to assess real time changes in the skin. The most widely used imaging technique in standard care dermatology for suspicious and/or pigmented lesions is dermatoscopy. Dermatoscopy standards are developed by the international dermatoscopy society (dermoscopy-ids.org) and the approach has also been successfully used to support diagnosis of inflammatory skin conditions [for review: (1–3)]. Dermatoscopy needs training, although machine learning based analysis tools are successfully being developed in particular for cancerous lesions, and is usually performed in dermatology settings.

While this review does not specifically focus on imaging techniques, the following innovative approaches have to be mentioned, although they do require significant financial investments. A recent development, not yet introduced into clinical settings is Raster Scanning Optoacoustic Mesoscopy (RSOM) (4). This technique also termend photoacoustic mesoscopy is based on ultra-broadband (10–180 MHz) detection, achieves tissue resolution of 4 μm axially and 20 μm laterally and importantly can visualize vascular patterns in dermal skin compartments. A number of studies have collected images from human skin including eczema, psoriasis and nail fold changes in scleroderma capillaries (4, 5). This imaging approach can distinguish between intra- and subepidermal morphology features typical for eczema or psoriasis lesions (5).

By contrast, optical coherence tomography (OCT), which can deliver similar morphology information [detailed comparison of OCT vs. RSOM is given in (4)], has been used in a wide range of skin lesions, in particular in neoplastic ones to assess invasiveness and depth of the tumor. OCT uses light to capture sub-micrometer resolution and creates three-dimensional images from upper skin layers. The method is based on low-coherence interferometry employing near-infrared light. The use of relatively long wavelength light allows it to penetrate 1–2 mm into the tissue. This method generates detailed 3D data on skin surface roughness, tissue density, and vascular network in addition to non-invasive measurement of architectural features such as epidermal thickness. This technology is already being utilized as a biomarker for scleroderma and systemic sclerosis (6–8), preclinical diagnosis of palmar hyperkeratosis (9) and to evaluate wound re-epithelialization (10).

In psoriasis, OCT can detect all common psoriasis nail changes including leukonychia/white spots, pitting/localized surface irregularities, diffuse surface waving, onycholysis, and subungual hyperkeratosis (11). Studies evaluating psoriatic plaque vascular morphology are also beginning to surface, although are currently limited by low cohort numbers (12, 13).

In cutaneous LE, OCT has been shown to correlate with histological features of disease including hyperkeratosis, epidermal atrophy, and edema (14). More recently available higher resolution OCT has also been found to be of value for the diagnosis of autoimmune blistering skin diseases. However, to date—this technique is considered auxiliary to skin biopsies in this disease group (15, 16) and larger trials are not available yet.

Unfortunately, at present, costly hardware, expertise and time required to analyzed skin lesions is likely to limit the use of OCT to the research setting and specialist clinics.

Microcirculatory abnormalities are found in many inflammatory skin diseases. High Resolution Laser Doppler imaging (LDI) is a single-probe, non-invasive imaging method that can quantify total local microcirculatory blood perfusion, including capillaries, arterioles, venules, and shunting vessels. Similarly to ultrasound, it is based on the Doppler effect. Briefly, when low-level light is directed onto the skin, a fraction of this light penetrates the skin and interacts with both the static tissue and the moving red blood cells (RBCs). The light that is reflected from this static tissue remains unchanged in wavelength. The light that is scattered from the moving RBCs undergoes a change in wavelength. This backscattered light is then collected by the photodetector of LDI system to provide a signal or reading that is proportional to the speed and density of the moving RBCs (17). Alteration in peripheral blood flow (as measured by LDI) has been shown to correlate with inflammation in skin psoriasis (18). More recently, our group showed that in cutaneous LE, LDI showed better correlation with histology than clinical assessment using the local Cutaneous LE Disease Area and Severity Index (CLASI) or a physician's visual analog scale (19).



FUNCTIONAL SKIN TESTING


Trans-Epidermal Water Loss

Trans-epidermal water loss (TEWL) is a validated measure of skin epidermal permeability barrier function, measured with a non-invasive Tewameter® probe (20, 21). Evaporation of water from the skin occurs as part of normal skin metabolism. As barrier function is disrupted, water loss increases. TEWL measures the density gradient of the water evaporation from the skin, expressed as evaporation rate (g/h/m2). In addition to resting TEWL, epidermal function can be assessed by measuring TEWL recovery over time following barrier disruption by repeated tape stripping (20).

Although atopic eczema is best recognized for its barrier defects clinical and molecular evidence suggest that barrier defects play a role in psoriatic disease pathogenesis (22–25). Further, experimental skin barrier disruption leads to several psoriasis-like features including epidermal hyperproliferation, production of pro-inflammatory cytokines, increased inflammatory infiltrate, elevated vascular endothelial growth factor and consequently, increased vascularization (26–29). Conversely, glucocorticoid/corticosteroid therapy reverses many of these features to restore normal barrier function (23, 30). Glucocorticoids also help to maintain the barrier function by directly promoting keratinocyte differentiation pathways (31, 32) which result in a paradoxical improvement in barrier function (33). Interestingly, a recent transcriptomic study found a >90% deficit in expression of the glucocorticoid-activating enzyme 11β-hydroxysteroid dehydrogenase type 1 in psoriatic plaques (34) which has also recently been shown to modulate epidermal barrier integrity (35).

Several small clinical studies have employed TEWL as a measure of treatment efficacy in psoriasis (36–40). However, the use of TEWL as a diagnostic tool has not been studied in detail due to a lack of specificity, as other skin conditions such as eczema also present with impaired epidermal barrier function (41, 42). A recent study by Ye et al. used TEWL to demonstrate differences in barrier recovery between stable and progressive forms of psoriasis in uninvolved skin sites (43). Further studies in larger cohorts are required to fully assess the auxiliary value of TEWL as a non-invasive diagnostic or disease activity measure in psoriasis.

TEWL is mainly examined in diseases with epidermal involvement. Thus, LE which shows inflammatory activity around the basement membrane area may not show significant changes in TEWL but this is currently unexplored.



Skin Elasticity

Skin elasticity is typically measured by a non-invasive Cutometer® probe (or similar method) which utilizes negative pressure to aspirate a small section of skin. The distance the skin travels is affected by its elastic properties and this is recorded as a series of parameters (44). This has been utilized to measure elasticity in skin disorders characterized by stiffness such as scleroderma and systemic sclerosis (45–47).

A limited number of studies have assessed changes in skin elasticity in psoriasis. Differences in total elastic and plastic deformation were found between psoriasis, dermatitis, and lichen planus patients and within patient groups compared to uninvolved sites, with psoriasis exhibiting the greatest superficial stiffness (48). This could be partly due to psoriasis exhibiting a relatively greater epidermal hyperproliferation and lower hydration than dermatitis and lichen planus (48, 49).

As with TEWL, changes in elasticity were also detected between uninvolved sites in patients with psoriasis and skin from healthy volunteers (50).

Skin elasticity in LE has not been studied in detail but reports indicate differential elastic fiber staining compared to lichen planopilaris which is challenging to distinguish clinically in the later stages (51), suggesting this non-invasive method merits further investigation in LE.

However, the lack of molecular information obtained through this method and variability caused by factors such as age, sun-exposure, anatomical location, and ethnicity are likely to prevent this method being widely used for personalized diagnostics.




EPIDERMAL SAMPLING


Non-invasive Sampling of Skin Epithelium via Tape Stripping

Non-invasive sampling of skin epithelium via tape stripping uses adhesive tapes to “strip” the superficial layers of the skin, peeling of layers tape by tape. This method has been widely used over the last decade in research settings; however with increased sensitivity of detection methods and the given ease of sampling—this approach becomes more interesting for clinical diagnostic pathways.

Different types of tapes are available, the most widely used being the acrylic-based (D-Squame discs−1.4 cm diameter, CuDerm, Dallas, TX, USA or 2.2 cm diameter, Monaderm, Monaco), and synthetic rubber-based tapes (Adhesive Research, Glen Rock, PA) but other tapes, such as Barrier (Mölnlycke, Allerod, Denmark) and cellophane tapes (Nichiban Co, Tokyo, Japan) are also utilized. Tapes are placed on the skin with gentle pressure for 2–10 s, and then removed with a quick movement. D-squame pressure applicator (Monaderm) can be used to standardize pressure (225 g/cm2). It has been shown that due to the stronger adhesion of corneocytes toward the stratum granulosum, the protein content of tapes decreases in parallel with the increase of tape number/depth of penetration (52, 53). Studies examining the depth of skin removed by tape stripping techniques indicate that in case of healthy skin, depending on anatomical location, at least 30 consecutive tapes are needed to remove the stratum corneum (SC) via D-Squame tapes (54, 55). We have confirmed these results by applying 50 sequential half cut D-Squame discs to a healthy skin area. Simultaneous visualization of the taped and non-taped area was performed with OCT imaging, examining the skin surface roughness and epidermal thickness (Figure 1).
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FIGURE 1. Imaging of a 4 mm volar skin surface area of a healthy forearm with optical coherence tomography (OCT) after application of 50 tape stripes on the right side of the area reveals smoothening of the skin roughness. OCT imaging confirms that sampling of healthy skin remains at the level of the cornified layer and doesn't penetrate deeper than the uppermost layer of the epidermis.



Sample collection can be followed by mRNA or protein isolation from pooled tapes. The composition of buffers for protein extraction differ, however most contain Triton-X100 and protease inhibitor cocktails. Sonication steps can be applied in order to improve the yield of extracted protein.

Skin-taping requires no special preparation of the skin and no anesthetic. In the authors view the largest advantage of tape stripping is that it allows for direct sampling of the pathologically involved skin (lesional skin). In contrast to biopsies, which are not a preferred option in pediatric settings and at certain anatomical sites due to their invasiveness and potential for scar formation, tape stripping can be repeatedly performed at any anatomical site, independent of age and location (56–58).

A potential disadvantage of tape stripping lies in the difficulty of sampling standardization. Quantity and quality of sampled skin may differ not only between individuals, but also intra-individually due to differences in epidermal thickness, skin hydration and intercellular adherence (52, 59–62). A study on RNA yield when sampling healthy skin at different locations demonstrated considerable inter- as well as intra-individual variations (mean RNA mass = 11 ng ± 3.6 from the forearm, and = 91 ng ± 31 from the back, when using 12 consecutive tapes). The authors indicated that rather than corneocytes, other associated cells (specialized keratinocytes, components of adnexal structures) are the main source of RNA recovered by tapes. In addition, a variable distribution in the normal baseline mRNA expression of pro-inflammatory IL-8 and TNFα was demonstrated, which could contribute to differences in disease specific anatomical predilection sites. The study highlights that despite the distinct epidermal characteristics at different sites, mRNA expression can be internally normalized to combined housekeeping gene expression levels, as they are relatively uniformly distributed (63).

Healthy skin sampling is limited to the stratum corneum (SC), however this is often not the case in pathologically involved skin, where inflammation influences not only the morphology [hyperproliferative epidermis with thickened SC in psoriasis vs. reduced SC thickness with increased corneocyte cohesion in acute eczema compared to healthy and non-lesional skin (64)], but also the cellular composition within the epidermis, barrier defects at the level of tight junctions and the basement membrane, thus allowing “leakiness” of serum components into the epidermal compartment. Therefore, the authors believe, that the term “stratum corneum sampling/harvesting” should be avoided when referring to tape stripping in diseased skin, as one cannot be certain which layers of the epidermis are collected. Moreover, additional variations can result from different sampling techniques (e.g., applied pressure, duration, the dynamic of tape removal, precise reapplication at the same site) (61, 65, 66).

Studies focusing on transcriptomic profiling of lesional and non-lesional skin material obtained by non-invasive tape stripping are limited in number. In an early study Morhenn et al. used 20 subsequent acrylic based tapes describing distinct RNA cytokine profiles in allergic and irritant contact dermatitis using ribonuclease protection assay (67). Follow up work by Wong et al. demonstrated that the application of four rubber based tapes is sufficient to obtain adequate amount of RNA, suitable for RT-PCR and amplification for microarray analysis. However, the yield of RNA from healthy skin is low compared to inflamed skin (68). To date, only one study focusing on the “taped” mRNA profile in psoriasis showed an upregulation of TNFα, IFNγ, KRT-16, CD2, IL-23A, IL-12B, and VEGF in psoriatic lesions (69). Interestingly, this study found stronger expression of five of these mRNA levels in tape stripping material compared to punch biopsy material from adjacent sites. This highlights that although tape-striping does not sample the deeper layers of the skin, it may have an advantage in detecting epithelial diagnostic biomarkers in diseases with epidermal involvement.

However, overall there are noteworthy limitations for the use of skin tape-strip sampling for transcriptomic analysis as the quantity and quality of RNA obtained is suboptimal. This is due to the skin surface being particularly rich in RNAases and due to the fact that RNA degradation is a natural process of skin differentiation as cells mature into corneocytes. This makes the method prone to false negative results. A recent study by Dyjack et al. (70) reported an ~40% failure rate in RNA isolation from non-lesional atopic dermatitis (AD) tape samples, compared to the 86% isolation success rate from lesional AD skin. Of interest, transcriptome (RNAseq)—proteome (LC-MS/MS) correlation based on full thickness skin biopsy material from lesional and non-lesional psoriatic skin demonstrated an only modest correlation (71). A clear advantage of focusing on protein detection in diagnostic approaches is their stability and the ease to measure their concentration in a timely manner.

Recent evidence suggests that protein sampling of the epidermis via tape stripping is a surprisingly efficient method to detect and study a range of mediators, from structural proteins to antimicrobial peptides, chemokines, and cytokines contributing to disease pathomechanisms, using traditional ELISA, western blot and Multiplex bead-based technologies where available. Furthermore, studies analyzing protein extracts from tape stripping with highly sensitive mass spectrometry (MS) techniques are emerging as an unbiased approach to examine disease entities not only from the perspective of disease subtype diagnosis, but importantly the detection of differentially expressed proteins can also provide potential mechanistic insight into the initiation and maintenance of these inflammatory diseases.

One of the most comprehensive tape stripping studies focusing on healthy vs. psoriatic skin identified 140 proteins expressed in lesional psoriatic skin by combining tape sampling and MS analysis (72). Compared to healthy, significant upregulation of 20 proteins were found, amongst them proteins playing role in keratinocyte differentiation, antimicrobial activity, cell-cell and cell-matrix interactions, protease inhibition and in signaling pathways (FABP5, fatty acid-binding protein; CALML5, calmodulin-like protein 5; NGAL, neutrophil gelatinase-associated lipocalin, elafin, S100A7 “psoriasin,” α-enolase, galectin-7 (members of the serpin family, 14-3-3-protein sigma). Zn-α-2-glycoprotein was the only protein found to be downregulated in lesional vs. healthy samples. Although promising, many of the mediators found upregulated in psoriatic lesional tape samples compared to healthy have also been described to be also upregulated in tape harvested lesional AD skin, such as galectin-7, Serpin and S100 family members, FABP5 and α-enolase (73–76). Galectin-7 expressed in the SC has been previously studied as an indicator of skin barrier disruption in eczema (77), and serpin B3 has been highlighted as a potential biomarker for atopic inflammation (73, 78), although serpin family members seem to play a pathophysiological role in psoriatic inflammation as well (79, 80).

Additionally, Mehul et al. (72) were able to quantify known pathophysiological chemokines in psoriatic tape samples, including CXCR3 ligands (CXCL10, CXCL11) which are involved in the chemotaxis of IFNγ expressing lymphocytes) and CCL20 which acts on CCR6+ IL-17 producing leukocytes (72, 81, 82). Tape sampling of psoriatic skin also detects strong expression of the neutrophil chemoattractants CXCL1 (GROα) and CXCL8 (IL-8) (72, 83). This is in line with the neutrophilic infiltrate known to characterize psoriatic skin lesions (84, 85). Unlike in protein extracts from full thickness biopsies, CXCL1 was also detectable in non-lesional tape samples (72). The same study found low expression but detectable levels of IL-17 pathway cytokines including IL12p40 subunit which is part of both IL-12 and IL-23, IL17A, and IL17F in psoriatic lesional tape samples. According to the authors' experience, in contrast to epidermal chemokines, detection of lymphokines in tape stripped samples from lesional skin is not very reliable probably due to disease activity dependent differences in lymphocyte infiltration into the upper skin layers.

There are a number of studies focusing on atopic inflammation vs. healthy skin which identified elevated CCL17 (TARC) and TSLP in tape harvested material with correlations to disease severity (86, 87). However, none of the mentioned investigations directly compared lesional skin from different diseases which leaves interpretation on whether detected molecules are disease specific or just general inflammation markers open to discussion.

We have recently (88) compared tape harvested proteins expressed in psoriatic and atopic eczema inflammation with comparable lesion scores (e.g., local inflammatory intensity), non-lesional and healthy skin. The study identified increase expression of IL-36γ, a pro-inflammatory IL-1 family member, as a surprisingly robust biomarker for psoriatic inflammation. These results are in line with previous research which showed significantly enhanced IL-36γ mRNA expression in psoriasis biopsy material compared to healthy skin and recognized IL-36γ as an important cytokine in the pathogenesis of psoriatic inflammation (89–91). Other previously described markers including CCL20, CXCL1, and CXCL8, were also strongly increased in lesional psoriatic samples compared to eczema but were not as reliable as IL-36γ in discriminating the two entities.

Lesional psoriatic skin is well described to overexpress antimicrobial peptides (AMPs) in the outermost layers of the skin. Thus, non-invasive surface sampling is ideally suited study their expression in different conditions. AMPs measured via tape stripping (92, 93) but also “washing fluid” (94, 95) obtained from the skin surface confirmed significantly higher expression levels of hBD2 in both lesional psoriatic and eczematous skin compared to healthy controls. To date, there is no published tape stripping data regarding hBD3 expression in psoriasis, although increased secretion of hBD3 and RNase7 have been shown in non-lesional AD compared to healthy skin (96). Markedly elevated S100 family members (S100A7, S100A8, S100A9) expression which contribute to antimicrobial defense but are also an indicator of inflammation at epithelial surfaces, have been reported in psoriatic lesional SC (72). Identification of fecal calprotectin (formed by a heteromeric complex of two subunits, S100A8 and S100A9) is currently used as a routine non-invasive diagnostic tool to distinguish inflammatory bowel disease (IBD) from irritable bowel syndrome, to follow up disease activity and predict disease relapse (97).

All skin diseases showing epidermal inflammation present with some degree of pruritus, which is well recognized to be a complex phenomenon. Neuropeptides which can impact on release of histamine, vasoactive mediators and pro-inflammatory cytokines and play a role in itch. Keratinocytes are the main source of the neurotrophic nerve growth factor (NGF), a regulator of sensory nerves innervating the skin and which can induce lymphocyte activation and keratinocyte proliferation (98, 99). NGF has been recognized to be upregulated in both atopic and psoriatic lesional skin, and correlates positively with the severity of itch (100, 101). A study focusing on AD has shown that NGF is measurable in tape collected samples, and that its levels correlate with disease and itch severity and are found reduced following treatment (102). IL-31 also called the “pruritic cytokine”—which is currently targeted by biologics approach in clinical studies—can be successfully measured in psoriatic lesional SC (72).

Metabolomics is an exciting newly emerging field. Recent data using skin and serum samples suggest that perturbations in the glycolysis and amino acid metabolic pathways may play an important role in the pathogenesis of psoriasis (103, 104). So far there is a lack of studies combining tape stripping with examining metabolomics data, although this could represent a valuable future approach.



Other Approaches for Epidermal Sampling

Other approaches for epidermal sampling include—as mentioned above—washing buffer approaches which seems to be particularly suitable to monitor the in vivo secretion of AMP (94, 95).

Epidermal material can also be obtained by scraping of the skin surface with a surgical blade. For psoriasis lesions, this approach allows detection of chemokines, growth factors including VEGF and IL-1 family members (104). However, this sampling methods seems difficult to standardize.

Suction blister (105) has been successfully used in research settings to allow protein measurement of interstitial fluid from lesional skin—however this approach seems less suitable for clinical practice as it is time intense and requires special setups and training. A promising approach suitable for point of care diagnostic is the analysis of interstitial fluid by means of microneedle patches (106). This approach is being used for continuous glucose monitoring and drug bioavailability. This method has not yet been applied to inflammatory skin conditions.




HAIR FOLLICLE ANALYSIS

Hair follicles are generally referred to as an “appendage” located in the skin (107, 108). Hair biologists however consider the hair follicle an “end organ,” with its own complex microenvironment (109). The hair producing segment of the hair follicle is constantly being renewed from a stem cell pool (110–112). The hair follicle is mainly composed of keratinocytes that make up the hair shaft as well as the inner and outer root sheaths. The hair follicle also has a specialized mesenchymal population referred to as dermal papilla (DP) (112) which play a role in regulating the activities of keratinocytes in forming a follicle and hair shaft. The hair follicle stages include anagen (active growth), catagen (degeneration of the lower follicle), telogen (quiescence), and then regeneration (108, 112).

The bulge region of the hair follicle is located in an area of the outer root sheath just beneath the sebaceous gland and is believed to be the reservoir for epidermal stem cells in the hair follicle (113). This region shows features of an immunologically privileged (IP) site (114). Some of the critical features indicating collapse of immune privilege, which goes along with inflammatory alopecia conditions, is the expression of MCH I and other related molecules, downregulation of CK15, E-cadherin and increased expression of genes associated with epithelial-mesenchymal transition, such as vimentin, fibronectin, and SLUG (115).


Cutaneous Lupus

Cutaneous lupus can present as an organ specific disease localized only to the skin or can occur as a manifestation of a systemic disease (116). The subtype of CLE that results in permanent scarring is the chronic discoid LE (CDLE) (117). CDLE lesions appear frequently on the scalp, with resultant permanent scar and irreversible hair loss (118, 119). The pathogenesis of CDLE involves accumulation of apoptotic materials, resulting in secondary necrosis and the activation of the interferon (IFN) pathway by nucleic materials, leading to inflammation and the recruitment of cytotoxic, IFNγ-producing CD8+ T cells. The recruitment of the cells to the bulge region of the hair follicles coupled with collapse of immune privilege ultimately leads to permanent hair loss and atrophic scarring (120). A key feature in LE is high expression of IFN and IFN stimulated genes (ISGs), such as myxovirus protein A (Mx1), IFN inducible protein 6 (IFI6), guanylate binding protein 1 (GBP-1), CXCL9, and CXCL10 (121–123). In addition to high IFN expression, IFN-induced expression of MHC I and MHC I pathway-related molecule, such as beta 2 microglobulin (β2M) has been reported in ex vivo human scalp skin culture (124, 125). IFNs have anti-proliferative properties on skin cells (126) and this may explain the reduced proliferation and neovascularization reported in CDLE cells and tissues, and may be major contributors to the scarring outcome (127).

The current gold standard for diagnosis of connective tissue disease manifesting at the skin organ which includes LE is dermato-immunohistopatholog and key features for LE include interface dermatitis i.e., deposition of inflammatory cells at the dermo-epidermal junction, basal cell vacuolization, keratinocytes apoptosis, lymphohistiocytic infiltration around appendages and vessels, mucin deposition, basement membrane thickening, and follicular plugging (128, 129). An important differential diagnosis for LE of the scalp is Lichen planopilaris (LPP) which also presents as interface dermatitis in dermatohistopathology and can be difficult to distinguish in some cases. As with LE, current knowledge suggests that scarring in LPP is due to CD8+ T-cell driven attack on the epidermal stem cells of the hair follicles due to collapse of immune privilege (114).

Scalp dermatoscopy can be a useful addition to the diagnostic portfolio in dermatology settings (130). The hair follicle epithelium has been recognized as a valuable tissue for diagnostic purposes. The group of Blume-Peytavi has demonstrated the diagnostic potential of hair follicles obtained by hair plucking or cyanoacrylate surface stripping in androgenic alopecia and seborrheic dermatitis conditions (131–133).

Since the hair follicle is the main target in CDLE, we used 3–5 plucked anagen hair follicles as a non-invasive diagnostic approach (134). We found increased expression of ISGs that are known to play important role in the pathogenesis of the disease (121). Interestingly, we also found increased expression of β2M. Both of these findings have also been made for LPP by Harries et al. (114) who used laser capture microdissection of scalp biopsy to gain hair follicle specific information (114). Of interest, regarding diagnostic difficulties for CDLE vs. LPP lesion, significant contribution of complement activation identifies LE lesions. In our analysis of plucked hair follicle derived epithelium, we found increased expression of C3 in lesional LE in comparison to non-lesional, psoriatic, and healthy hair follicles.

Of interest, despite the hair follicles not being specifically involved in type 2 diabetes, the use of hair follicles as an alternative means of diagnosing the disease has been suggested (135). This hypothesis is hinged on the prolonged shortage of oxygen supply to the hair follicles in hyperglycaemic patients thus leading to hair follicles damage, sparseness of hair, or decreased hair growth speed (136).

Based on our experience, patients are highly acceptant of hair follicle plucking (in our setup 5–10 hairs) for diagnostic or research purposes and are also happy for repeated sampling e.g., to ascertain therapeutic responses. In addition, hair follicle collection does not require specialist training.




CONCLUSION

The need to include analysis of tissue specific responses in precision medicine approaches has been recognized. Table 1 gives an overview including advantages and limitations of the main approaches discussed in this review. Dermatoscopy and functional skin testing are useful to support diagnostic processes but their use seem to be limited to specialized dermatology department and training is needed for correct use and interpretation.



Table 1. Characteristics of non-invasive diagnostic approaches.
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As highlighted in this review, novel imaging techniques have great potential to allow non-invasive diagnostic by visualizing changes in the epidermal down to the vessel compartment. Access to imaging devices such as OCT and RSOM are however limited to specialized centers due to high costs.

By contrast, epidermal sampling by tape stripping and for the scalp by hair follicle plucking do not need specific training, are easy and fast to perform, suitable for point of care approaches and can give molecular information beyond morphology changes. This could significantly help with disease subgroup identification and importantly provide a molecular understanding of the inflammatory processes behind these diseases and highlight novel targets for future therapeutics. Thus, protein biomarkers detectable with non-invasive epidermal/hair follicle sampling has the potential to direct treatment pathways, follow up disease progression and therapeutic response.

It remains to be demonstrated in well planned prospective studies which compare standard of care diagnostic with the here discussed non-invasive diagnostic approaches if suitable protein biomarker algorithm can be developed with high enough sensitivity and specificity for a range of inflammatory skin conditions to replace current biopsy approaches. Another previously discussed (137) outcome of such studies could be that approaches such as tape stripping cannot fully replace dermatohistopathology but could prove to be of significant support for treatment decision pathways either in primary care setting (e.g., inverse psoriasis vs. fungal infection; palmoplantar eczema vs. psoriasis), in secondary care dermatology (e.g., predicting response to therapy) or in other disciplines such as rheumatology (e.g., supporting the diagnosis of psoriatic arthritis). The potential of epidermal sampling to be developed into a point-of-care test for specific diagnostic problems is given by the ease of sampling. Larger trials and development of robust biomarker algorithms are needed to fully appreciate the value epidermal sampling could have in routine care settings.
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Uncontrolled inflammation is a leading cause of many clinically relevant diseases. Current therapeutic strategies focus mainly on immunosuppression rather than on the mechanisms of inflammatory resolution. Glucocorticoids (GCs) are still the most widely used anti-inflammatory drugs. GCs affect most immune cells but there is growing evidence for cell type specific mechanisms. Different subtypes of monocytes and macrophages play a pivotal role both in generation as well as resolution of inflammation. Activation of these cells by microbial products or endogenous danger signals results in production of pro-inflammatory mediators and initiation of an inflammatory response. GCs efficiently inhibit these processes by down-regulating pro-inflammatory mediators from macrophages and monocytes. On the other hand, GCs act on “naïve” monocytes and macrophages and induce anti-inflammatory mediators and differentiation of anti-inflammatory phenotypes. GC-induced anti-inflammatory monocytes have an increased ability to migrate toward inflammatory stimuli. They remove endo- and exogenous danger signals by an increased phagocytic capacity, produce anti-inflammatory mediators and limit T-cell activation. Thus, GCs limit amplification of inflammation by repressing pro-inflammatory macrophage activation and additionally induce anti-inflammatory monocyte and macrophage populations actively promoting resolution of inflammation. Further investigation of these mechanisms should lead to the development of novel therapeutic strategies to modulate undesirable inflammation with fewer side effects via induction of inflammatory resolution rather than non-specific immunosuppression.
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INTRODUCTION

Despite the development of many new drugs in the last decades, glucocorticoids (GCs) are still the most widely used anti-inflammatory agents in clinical medicine (1, 2). In dermatology they are indispensable to achieving rapid disease control, especially in severe autoimmune skin disorders like pemphigus vulgaris (3, 4). The use of GCs, however, is severely limited by deleterious side-effects when taken over prolonged periods of time (1, 2) Thus, in order to develop more specific anti-inflammatory strategies there is ongoing work to decipher the molecular mechanisms of GC action on immune cells.

GCs penetrate the plasma membrane due to their lipophilic structure and bind to the cytosolic GC-receptor (GR) which is localized in the cytoplasm in a multi-protein chaperone complex (Figure 1, 1). The GC/GR complex is then transported to the nucleus in a tightly regulated process involving conformational changes, chaperons and importins (5, 6) (Figure 1, 2). In the nucleus it can bind as a homodimer to GC response elements (GREs) in the promoter regions of GC-responsive genes. Binding to positive GREs results in increased gene transcription of the target genes, a process known as “transactivation” (Figure 1, 3). Binding to negative GREs on the other hand can result in suppression of target gene transcription (Figure 1, 4). Moreover, the monomeric GC/GR complex can inhibit gene transcription independent from DNA binding by direct interaction with other transcription factors like nuclear factor-κB (NF-κB) and activator protein-1 (AP-1)—or nuclear coactivators. These protein-protein interactions are known as tethering (Figure 1, 5). Finally, the GC/GR complex can interact with DNA (by binding to a GRE) simultaneously with another transcription factor, which is known as composite binding which may have activating or repressing effects (1, 7–9) (Figure 1, 6).
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FIGURE 1. Molecular mechanisms of GC action in monocytes and macrophages. Overview of molecular mechanisms involved in regulation of gene expression by GCs in monocytes or macrophages. Specific mechanisms are discussed in the text (numbers 1–15). P, phosphorylation; Ac, acetylation; A, adenosin; U, ubiquitination; TTP, tristetraprolin; ROS, reactive oxygene species.



GCs act on nearly every cell of the immune system but the functional aspects of GCs differ by cell type as recently systematically confirmed in the human system (10). While GCs exhibit mainly inhibitory effects on cells of the adaptive immune system, especially on T-cells (1, 7), the effects of GCs on cells of the innate immune system are more complex. In this review we focus on GCs effects on monocytes and macrophages.

Monocytes and macrophages are a central part of the innate immune system.

They play a pivotal role in the generation of inflammatory mediators and regulation of innate and adaptive immune responses, but also contribute to resolution of inflammation, not only by producing anti-inflammatory cytokines but also by removal of pro-inflammatory pathogens, cellular debris and apoptotic cells (11–14). Thus, dysfunction of monocytes and macrophages is critically involved in the pathophysiology of severe inflammatory and autoimmune skin diseases (15–18). Specific interference with pro-inflammatory cytokines produced by monocytes and macrophages and their selective modulation by therapeutic drugs has generally revolutionized anti-inflammatory treatment strategies during the last decades (19, 20).

Blood monocytes precursors originate in the bone marrow. They enter the circulation and are present in the blood until they migrate into tissues where they can differentiate into macrophages and dendritic cells.

The development and origin of tissue macrophages has been initially thought to be dependent on these circulating monocytes. However, this long-held belief has been revised in the recent years (21). It is now widely accepted that different waves during embryonic development contribute to the tissue macrophages. The first macrophages develop from primitive macrophage progenitors in the yolk sac (YS) and give rise to microglia (22). The second wave of precursors seeding the tissues during development originate from multipotent erythro-myeloid progenitors (EMP) in the yolk sac. Most tissue macrophages are derived from these EMP. In contrast, dermal, heart, and intestinal macrophages are first seeded by embryonic liver-derived progenitors but quickly after birth they are replaced by monocytes derived from hematopoietic stem cells (23). Tissue resident macrophages show proliferative potential and self-renewal capacity and can maintain their population integrity without, or with only minimal, input from bone marrow-derived cells. The latter ones can contribute to the macrophage pool in inflammatory infiltrates and can replace tissue resident macrophages of embryonic origin e.g., after severe inflammation (24).

Tissue resident macrophages show tissue-specific functionality and adaptation to the environment. The specialization of tissue-resident macrophages and their specific gene expression profile is regulated through specific transcription factors (TFs) that finally define macrophage diversity (24, 25).

Another hallmark of macrophages is their plasticity of response phenotypes. Even during homeostasis macrophages are not in the resting state but are rather activated by microenvironmental stimuli to fulfill their function during homeostasis (26). Upon contact with pathogens macrophages express pro-inflammatory cytokines and develop an antimicrobial response. Macrophage activation is associated with profound transcriptional reprogramming (11, 27).

These data were usually generated from in vitro experiments using different macrophage populations. For a better comparability it is important to specify the macrophage origin. Thus, in this manuscript we refer to “murine macrophages” when cells were derived from culture of bone marrow cells in the presence of M-CSF in vitro. Whenever other macrophages (e.g., peritoneal macrophages) were studied, we specified this accordingly. In the human system macrophages are usually generated by in vitro culture of blood monocytes. When other macrophages were analyzed, this is also specified.

Depending on their stage of differentiation and on the mechanisms of activation distinct macrophage activation patterns with both pro- and anti-inflammatory functions have been described (11, 12, 28).

The classical activation of macrophages is achieved by stimulation with interferon γ (IFNγ) followed by exposure to a microbial trigger like lipopolysaccharide (LPS) and results in a pro-inflammatory phenotype. Stimulation of murine macrophages with IFNγ in the absence of a second trigger, however, results in an anti-inflammatory phenotype (29). Functionally, different types of alternatively activated macrophages are generated by exposure to triggers like IL-4 and IL-13, IL-10, or immune complexes. These macrophages, in contrast to classically activated, are particularly involved in anti-parasite responses, allergic reactions, resolution of inflammation, and tissue remodeling (11, 12, 30).

However, it was recently discovered that macrophages respond to different triggers, not only with a diverse phenotype, but can also switch from one phenotype to the other enabling them to respond to temporally and spatially dynamic activation signals (26). Thus, the above outlined dichotomous concept of macrophage polarization toward pro-inflammatory or alternative activation has been modified to a multidimensional model of macrophage activation consisting of several distinct macrophage activation programs (26, 27). Each of them is driven by specific transcriptional regulators determining a stimulus-specific gene expression pattern associated with their respective macrophage activation programs. Thus, macrophages integrate signals derived during development and signals form their environment which dictate their programing, activation, and phenotype, as well as cellular function (25–27).

Functionally and phenotypically different subpopulations or activation programs have also been demonstrated at the stage of circulating monocytes (13, 14, 31–35). In humans three different monocyte subsets can be distinguished by the differential expression of CD14 and CD16 (35). CD14+CD16− monocytes, referred to as “classical” (or previously “inflammatory”) monocytes make up 80–90% of monocytes in human blood and during infection are rapidly recruited to sites of inflammation. The CD14lowCD16+ “non-classical” monocytes are also called patrolling monocytes, are mobile in nature and contribute to the maintenance of endothelial integrity by patrolling the endothelium in search of injury. Intermediate CD14+CD16+ monocytes may develop into non-classical monocytes and had shown a high antigen presenting capacity (13). Similar subtypes have been identified in mice (31, 32, 34).

GCs are long known to act on human and murine monocytes and their successor cells (36) and there is growing evidence that they do not only influence short time mediator release but are also involved in differentiation processes resulting in an anti-inflammatory phenotype (37).

The pleiotropic effects of GCs on macrophages and monocytes including both GR-mediated repression and induction of gene transcription as well as “non-genomic” effects will be discussed in the following paragraphs.



GC-MEDIATED INHIBITION OF PRO-INFLAMMATORY MEDIATOR RELEASE

Inflammation is associated with the increased expression of many cytokines and other pro-inflammatory mediators. They are important for the recruitment of immune cells but can also cause severe damage in the case of uncontrolled inflammation. Monocytes and macrophages are among the most effective producers of pro-inflammatory mediators and GCs are the most powerful agents capable of limiting overwhelming and sustained inflammation. In fact, GCs inhibit the transcription of several pro-inflammatory cytokines produced by human monocytes and macrophages including IL-1β, IL-6, IL-12, TNFα, or GM-CSF and down-regulate the expression of chemokines like IL-8, RANTES, and MCP-1 (1, 38–40). GCs inhibit the synthesis of several inflammatory mediators implicated in inflammation through an inhibitory effect on enzyme production. The inducible form of nitric oxide synthase (iNOS), upregulated by pro-inflammatory cytokines, is a target of GCs in a murine macrophage cell line (J774) (41). GCs also inhibit induction of the gene coding for COX-2 in rat alveolar macrophages (42). Thus, the inhibition of pro-inflammatory mediator production from monocytes and macrophages represent a major anti-inflammatory mechanism of GCs.

The crucial importance of GC action on monocytes and macrophages for the anti-inflammatory effects of GCs in vivo has been elegantly demonstrated using mice with a myeloid specific depletion of the GR (GRLysM−Cre mice) targeting monocytes, macrophages and also granulocytes. In these mice, the inhibitory effect of GCs on allergic contact dermatitis during the challenge phase was completely abolished while T-cell and keratinocyte specific GR depletions had no apparent effect (43). In wild-type animals GCs were very efficient in inhibiting macrophage and granulocyte infiltration during the second phase of the challenge response while leukocyte infiltration was not affected in GRLysM−Cre mice. GRLysM−Cre mice also demonstrated an augmentation of lethality during LPS-induced septic shock which correlated with increased expression of pro-inflammatory cytokines like TNFα, IL-6 (44), and especially IL-1β (45). These findings clearly argue for macrophages as targets for the protective role of endogenous GCs released during septic shock. Recently, it was also demonstrated that resolution of dextran sulfate sodium (DSS)-induced colitis was impaired in GRLysM−Cre mice. Increased numbers of macrophages were present in colon infiltrates of GRLysM−Cre and increased levels of IL-6 and decreased IL-10 concentrations were detected (46), which provides further evidence for macrophages and monocytes as important targets of the anti-inflammatory effects of GCs in vivo.


Genomic Actions

The inhibitory effect of GCs on the synthesis of pro-inflammatory mediators in monocytes and macrophages both in vitro and in vivo is known for a long time and has been frequently confirmed in different species (9, 47). The direct physical inhibition of transcription factors like NF-κB and AP1 by the GC/GR complex (“transrepression”) has been proposed as the dominant mechanism for this inhibition (Figure 1, 5).

Consequently, selective GC receptor agonists (SEGRAs) which are capable of protein-protein interactions but not of DNA-binding (transactivation) have been developed (9) and have been demonstrated to be efficient in several disease models like irritant contact dermatitis in mice (48), carrageenan- and adjuvant induced arthritis (49) and experimental autoimmune neuritis in rats (50).

The importance of transrepression mechanisms in vivo was demonstrated in a series of elegant experiments performed in mice with a point mutation of the GC receptor which strongly impairs the ability to form receptor dimers and thus to bind to DNA (GRdim mice) (47). GRE dependent induction of genes involved in gluconeogenesis is abolished in these mice while transrepression of AP-1 and NF-κB is preserved. Irritant contact dermatitis induced by phorbol esters could be suppressed by GCs in GRdim mice (51). In murine peritoneal macrophages a preserved capacity of GCs to inhibit LPS-induced expression of TNFα, IL-1β, and COX-2 was observed (51). This argues for transrepression as an important mechanism for suppressing acute inflammatory responses of macrophages.

Ogawa et al. (52) analyzed the global expression pattern of genes induced by pro-inflammatory stimuli (LPS as toll like receptor (TLR) 4 ligand, as well as agonists of TLR3 and TLR9) in thioglycolate-induced murine macrophages and determined the effect of GCs on their expression. About half of the LPS induced genes were sensitive for GCs, highlighting the impressive capacity of GCs to inhibit pro-inflammatory gene expression. Disruption of p65/interferon regulatory factor (IRF)3 complexes by direct interaction of p65 with the GR seems to be the dominant mechanism for this repression (52) (Figure 1, 5). Moreover, peroxisome proliferator-activated receptor γ (PPARγ), which is one of the GC target genes in monocytes and macrophages, additionally represses overlapping but functionally distinct genes by p65/IRF3-independent mechanisms in murine ER-Hoxb8-immortalized bone marrow-derived macrophages (53). GC sensitivity was both ligand as well as gene specific, demonstrated by overlapping as well as specific inhibition patterns using other TLR agonists.

Even more complexity was added to the picture by the discovery that the GR is acetylated after GC binding and that this acetylation (Figure 1, 7) is important for GR-mediated transactivation of gene expression in murine alveolar macrophages (54). Deacetylation of the GR by histone deacetylase (HDAC) 2 on the other hand was demonstrated to be important for transrepression of p65-NF-κB activity and GM-CSF production in LPS-stimulated human alveolar macrophages. Correspondingly, a reduction in HDAC2 activity in alveolar macrophages from smokers correlated with an insensitivity to GC-mediated suppression of pro-inflammatory gene expression in these cells (55).

Moreover, transrepression of the gene transcription by GCs also involves HDAC2-mediated deacetylation of histone 4 residues, for instance, the genes coding for IL-8 or GM-CSF in a monocytic cell line (U937) or human alveolar macrophages (55, 56). Inhibition of LPS-induced NO production and iNOS expression by GCs—previously shown to involve inhibition of iNOS mRNA stability (57)—was also demonstrated to depend on HDAC activity in murine J774 macrophages (58).

Interestingly SAP30, a protein involved in stabilizing a complex which recruits HDACs to certain transcription factors was up-regulated both on the mRNA as well as on the protein level in human monocytes treated with GCs (59). This could represent a new mechanism which links GC action to deacetylation of histones or other proteins. However, inhibition of LPS-induced gene expression by GCs was independent from nuclear receptor corepressor 1 (NcoR), which represents the central part of an HDAC recruitment complex in thioglycolate-induced murine peritoneal macrophages (52). Thus, more research is needed to define the complex mechanisms by which acetylation of histones and other proteins contributes to GC action on monocytes and macrophages.

In summary, inhibition of the gene expression program induced by TLR agonists, especially by the TLR4 agonist LPS and other pro-inflammatory stimuli, is certainly an important mechanism which crucially contributes to the acute anti-inflammatory effects of GCs in many clinical settings.

There is, however, an ongoing discussion regarding the mechanisms involved in suppression of pro-inflammatory mediator production by GCs. There is accumulating evidence that transrepression of pro-inflammatory genes is only in part responsible for these effects.

In GRdim mice some genes (like MKP-1) are still induced, thus a contribution of GC-induced gene transcription to the observed GC effects in the GRdim mice cannot be excluded (44, 60). Moreover, in contrast to irritant contact dermatitis GCs mediated the suppression of allergic contact dermatitis is abolished in GRdim mice (43). Since suppression of allergic contact dermatitis is also abolished in mice fully lacking a functional GR in myeloid cells, but not in mice with a specific deletion of the GR in T-cells, GR-dependent induction of gene-expression in macrophages seems to be important for mediating GC effects in allergic contact dermatitis (43).

The contribution of transrepression vs. other mechanisms could be gene specific as evidenced by the fact that LPS-induced expression of TNF-α, IL-6, and COX-2 but not of IL-1β, MCP-1, MIP-2, and IP-10 in macrophages was efficiently inhibited by GC treatment in GRdim mice (51).

Further support for the view that the transactivation-transrepression scheme may be simplified comes from data showing that GR independent effects of some SEGRAs exist in murine macrophages (61) and data on SEGRA efficacy in clinical studies are scarce (62).

Moreover, in addition to down-regulation of pro-inflammatory mediator transcription, increased instability of the mRNAs encoding these factors can also result in reduced expression of pro-inflammatory proteins. mRNA-destabilizing factors can be induced by GR dependent gene-transcription in human monocytes (63).

In conclusion, the inhibition of pro-inflammatory mediator release depends on both transrepression, transactivation of inhibitory mechanism, and additional mechanisms like mRNA destabilization. Recently, some molecular mechanisms involved in regulating transrepression vs. transactivation have been discovered. The GR corepressor GR-interacting protein-1 (GRIP), known to be involved in GR-mediated tethering of AP1/NF-κB binding sides in macrophages, was discovered to be also crucial for GR-mediated transcription of anti-inflammatory genes. At least in murine macrophages, the last function requires phosphorylation of GRIP by CDK9 kinase while transrepression is independent from phosphorylation (64) (Figure 1, 8).



Non-genomic Actions

Some of the effects of GCs are clearly too fast to be related to genomic actions (8). Non-genomic actions can be either receptor independent (unspecific intercalation in plasma membranes) or receptor dependent [mediated by the cytosolic GR or by a membrane bound GR (mGR)]. GCs have been described to inhibit superoxide production and phagocytosis by thioglycolate-induced and resting murine peritoneal macrophages in a receptor independent way (65, 66) (Figure 1, 9). However, there is also growing evidence for receptor dependent non-genomic GC actions, for some of which the molecular mechanism has been discovered. In murine thioglycolate-elicited peritoneal macrophages the GC/GR complex suppresses TLR9-induced cytokine production. This occurs due to the inhibition of the ubiquitination of IL1-R-associated kinase-1 (IRAK-1) by direct physical interaction between IRAK-1 and the GC/GR complex. This effect was rapid (30 min), independent from gene-transcription, and did not occur in the presence of the GR antagonist RU486. The inhibitory effect was also specific for TLR9-mediated signaling (67) (Figure 1, 10).

In human monocytes high sensitive immune-fluorescence staining has identified mGRs, which may be responsible for the rapid effects of glucocorticoids on these cells (68) (Figure 1, 11). The mGR is most likely derived from the same gene as the cytosolic GR and is up-regulated by LPS stimulation in monocytes (68) and down-regulated by GCs (69). The number of mGR positive monocytes is increased in autoimmune diseases like systemic lupus erythematodes (69) and rheumatoid arthritis where the number of mGR positive monocytes correlates with disease activity (68). However, the contribution of non-genomic effects to the overall anti-inflammatory properties of GCs in vivo remains to be elucidated.




INDUCTION OF ANTI-INFLAMMATORY MEDIATORS

It becomes increasingly evident that GCs exert some of their anti-inflammatory functions in monocytes and macrophages by actively inducing synthesis of anti-inflammatory mediators (37). In naïve human monocytes genome wide expression screening revealed that GC mediated induction of gene expression including a significant number of anti-inflammatory genes was much more pronounced than suppressive effects on monocyte gene expression (59).



ANNEXIN A1

Annexin A1, earlier described as lipocortin-1, is the longest known anti-inflammatory mediator which is increased in monocytes and macrophages after GC treatment. Annexin A1 gene deficient mice show enhanced inflammatory responses and a reduced response to GCs in vivo and annexin A1 is able to mimic many aspects of GC action (70). Since annexin A1 is induced in monocytes and macrophages by GCs and also acts on these cells, annexin-A1 may be an autocrine modulator of GC action. Interestingly annexin A1 alone, similar to GCs—increases phagocytic uptake of apoptotic cells by murine and human macrophages and annexin A1-deficient murine macrophages are defective in phagocytosis (71, 72). In murine primary peritoneal macrophages GC-mediated suppression of LPS-induced IL-6 and TNFα- secretion was dependent on annexin A1 expression and mediated via expression of GC-induced leucine zipper (GILZ) (73). Annexin A1 also induces GILZ expression in macrophages from the pleural cavity in vivo (74) but GILZ expression is not mandatory for anti-inflammatory effects of annexin A1 during resolution of LPS-induced inflammation in vivo (74). The global gene expression profile of human monocytes treated with the anti-inflammatory N-terminal region of annexin A1 (75) revealed some similarities to the GC-induced expression profile in human monocytes (59) like down-regulation of CCR2 and up-regulation of amphiregulin but no major overlap, demonstrating that the exact contribution of annexin A1 induction to GC action on monocytes and macrophages still has to be determined.



IL-10

IL-10 is an anti-inflammatory cytokine which is induced by GCs in human monocytes and murine primary peritoneal macrophages and B-cells but not in T-cells (10, 76, 77). The effects of GCs on B-cells, which are important cells in autoimmunity but not the focus of this overview, are generally poorly understood. Apart from activating effects like induction of IL-10 production also inhibitory effects e.g., on immunoglobulin production and induction of B-cell apoptosis have been reported (1).

In human monocytes and murine primary peritoneal and bone marrow macrophages the effects of GCs on IL-10 production depend on state of differentiation, the presence of a co-stimulatory factor like LPS, regulation of the GR by GCs and on GC concentration (77, 78). In addition, up-regulation of IL-10 depends on p38 MAPK activity. In murine macrophages GCs suppress p38 MAPK activity by inducing MKP-1 which is further induced by IL-10. Thus, induction of IL-10 by GCs is regulated in a very complex manner (60, 79).

IL-10 acts on human monocytes and represses pro-inflammatory cytokine production while inducing anti-inflammatory mediators including GILZ, IL-1ra, and CD163 (80, 81). A comparison of the GC and IL-10-induced genome wide expression profile in human monocytes however reveals no significant overlap and in contrast to GCs IL-10 did not increase phagocytic or migratory capacity of monocytes. Thus, GC action on human monocytes cannot be mimicked by action of IL-10 (59, 80, 82). However, IL-10 has a synergistic effect on GC-induced protection from apoptosis in human monocytes (82). IL-10 and GCs induce clearly distinct gene expression profiles in human macrophages as well (30).



CD163

CD163 is a scavenger receptor expressed exclusively on the monocytes and macrophages-lineage and is considered a marker for alternatively activated macrophages. CD163 expression can be up-regulated by GCs, IL-10, and IL-6 in human monocytes and macrophages (83–85). The treatment of humans with a single dose of GCs resulted in fast and sustained up-regulation of CD163 expression on peripheral blood monocytes in vivo (86). CD163 is cleaved from the plasma membrane and is found in high amounts in human serum in several inflammatory conditions (87) including systemic sclerosis (88). CD163 is a high affinity receptor for hemoglobin-haptoglobin (Hb-Hp) complexes (89). The clearance of pro-inflammatory Hp-Hb complexes by CD163 not only contributes to the recycling of iron but is also important for resolution of inflammation. Engagement of the Hb-Hp complexes with CD163 on human macrophages induces the secretion of IL-10, which then itself can induce the expression of CD163 (90). The heme metabolites carbon monoxide (CO) and biliverdin/bilirubin have a cytoprotective activity and exhibit direct anti-inflammatory activity, respectively (91). Thus, clearance of Hb-Hp represents a very important anti-inflammatory mechanism exhibited via CD163 (89, 92). Recently a binding of damage associated molecular pattern (DAMP) proteins like HMGB-1 to Hp, and the subsequent clearance of this complex by CD163 receptor on human macrophages and degradation by heme oxygenase-1 (HO-1) has been reported. In turn, the activation of HO-1 leads to secretion of IL-10 from human macrophages thereby inducing anti-inflammatory pathways (93). Moreover, CD163 was shown to be involved in the adherence of human monocytes to endothelium, as well as in inhibition of lymphocyte proliferation in vitro (94, 95). Soluble CD163 inversely correlated with the number of activated T-lymphocytes in inflammatory exudates of patients suffering from rheumathoid arthritis (96). Thus, besides a role in resolution of inflammation CD163 may also affect initial steps of an adaptive immune response.

Targeting GCs to CD163 expressing macrophages represents a novel treatment strategy to circumvent GC mediated side effects and successfully attenuated fructose-induced liver inflammation in mice (97).



INDUCTION OF MEDIATORS INHIBITING PRO-INFLAMMATORY SIGNAL TRANSDUCTION PATHWAYS

Up-regulation of the NF-κB inhibitor IκBα has been described as the first mechanism involving active GC-dependent gene transcription to inhibit NF-κB activity in a human monocytic cell-line (THP-1) (98). However, other mechanisms, which are more important for GC-mediated NF-κB inhibition, have been reported in the meantime. GCs up-regulate GILZ expression in human monocytes and macrophages and in thioglycolate-elicited murine peritoneal macrophages (81). GILZ is a leucine zipper containing protein which lacks DNA binding activity but is able to bind to NF-κB and suppresses NF-κB-mediated activation of gene transcription in human macrophages (81, 99). Thus, this pathway comprises an alternative mechanism for GC mediated NF-κB inhibition which depends on active gene transcription and is independent from direct GR/NF-κB interactions (Figure 1, 12).

Mitogen-activated protein (MAP)-kinase cascades (Extracellular-signal Regulated Kinases (ERK)1/2, c-Jun N-terminal kinases (JNK) and p38 MAP-kinase pathways) are critically involved in signal transduction during activation of human monocytes by microbial stimuli like LPS (100). MAP kinase phosphatase 1 (MKP-1) [also known as Dual specificity protein phosphatase (DUSP)] inactivates MAP-kinases and, thereby, inhibits activation of monocytes and macrophages in humans and mice. MKP-1 is up-regulated by pro-inflammatory stimuli and forms an important negative feedback loop to limit MAP-kinase signaling and pro-inflammatory mediator release (60, 101). MKP-1 is also up-regulated in thioglycolate-elicited peritoneal and bone marrow murine macrophages by GC treatment (44, 60). In MKP-1−/− mice GC-mediated suppression of pro-inflammatory genes like IL-1β, TNFα, and COX-2 was markedly reduced and the inhibitory effect of GCs on zymosan-induced inflammation was abrogated (60). Mechanistically MKP-1 was shown to be involved in abrogation of the stabilizing effect of p38 MAPK on mRNAs coding for pro-inflammatory cytokines. In murine macrophages the regulation of the phosphorylation status of the mRNA destabilizing protein tristetraprolin seems to be a particularly important for this effect (102) (Figure 1, 13).

Bhattacharyy et al. (44) demonstrated a reduced survival rate in macrophage specific GR receptor knockout mice during LPS-induced septic shock. This effect was due to reduced up-regulation of MKP-1 by endogenous GCs and successive reduced MKP-1-mediated inactivation of p38 MAPK, since treatment of mice with a p38 MAPK inhibitor protected mice from LPS induced septic shock.

Thus, up-regulation of MKP-1 is another mechanism by which GCs inhibit pro-inflammatory mediator release by transactivation of gene transcription rather than by transrepression mechanisms.



OTHER ANTI-INFLAMMATORY MEDIATORS INDUCED IN MONOCYTES OR MACROPHAGES BY GCs

The soluble decoy receptor for IL-1, IL-1R II inactivates IL-1 signals and has repeatedly been described to be up-regulated in human monocytes by GC treatment (59, 103). However, GCs also suppress the LPS-induced synthesis of the soluble IL-1 receptor antagonist in human monocytes (104). Thus, while GCs, at least in high concentrations, are usually effective in inflammatory disorders associated with increased IL-1 signaling like pustular psoriasis, Schnitzlers syndrome or adult onset Stills disease, the effects of GCs on IL-1 signaling in vivo have to be further evaluated. GCs have also been reported to induce synthesis of thymosin β 4 sulfoxide by human monocytes, which promotes wound healing and inhibits neutrophil migration in vitro and in carrageenan-induced inflammation in vivo (105).

Amelioration of acute lung injury by glucocorticoids in mice was shown to be mediated by induction of sphingosine kinase (SphK)1 in macrophages (106). The induction of SphK1 resulted in increased levels of sphingosine 1-phosphate, which enhanced barrier function of the lung endothelium by binding to sphingosine 1 receptor type 1 on endothelial cells (106).

ADAMTS2 (a disintegrin and metalloproteinase with thrombospondin motifs), a secreted metalloproteinase involved in wound repair, was reported to be specifically up-regulated in GC-treated human monocytes and may thus contribute to a GC-induced pro-resolution phenotype (107). Genome wide expression profiling identified other anti-inflammatory mediators which were up-regulated by GC treatment of human monocytes including adenosine receptor 3a and formyl peptide receptor (59). Similarly, a systematic analysis of mouse and human macrophages identified a robust induction of gene expression and a set of anti-inflammatory mediators (like Fkbp5, MKP-1, Tsc22d3, Per1) which were induced both in humans and mice (108). In summary, up-regulation of anti-inflammatory mediators in monocytic cells is an important global mechanism of GC action.



GCs EFFECTS ON PHAGOCYTOSIS

A hallmark of inflammatory resolution is the safe disposal of cellular debris and especially of apoptotic granulocytes. The uptake and subsequent removal of granulocytes by monocyte derived macrophages is called efferocytosis and is crucial for protecting tissues from exposure to inflammatory contents of dying cells (70, 109). Moreover, in contrast to other phagocytic processes, ingestion of apoptotic cells results in production of anti-inflammatory mediators like TGFβ or IL-10 and inhibition of pro-inflammatory mediator release, which further supports resolution of inflammation (110). It becomes increasingly evident that GCs are important regulators of this process. GCs increase the phagocytic capacity of human macrophages to engulf apoptotic cells (111, 112). This was associated with a loss of actin-containing podosome structures, reduced p130 Cas expression, loss of paxillin/pyk2 phosphorylation, and high levels of active Rac (112).

Interestingly endogenous GCs also seem to be involved in the augmentation of phagocytosis of apoptotic cells. Macrophages have been shown to express 11β-hydroxysteroid dehydrogenase, an enzyme responsible for conversion of inactive 11-dehydrocorticosterone in active GCs. Genetic depletion of the enzyme in mice was associated with delayed clearance of apoptotic neutrophils by different types of macrophages (113).

There is good evidence that the phagocytosis promoting capacity of GCs is due to GC-induced protein expression. Increased uptake of apoptotic granulocytes by GC-treated murine and human macrophages and human monocytes is mediated partly by GC-induced protein annexin A1 or milk-fat globule EGF factor 8 acting as opsonins binding phosphatidylserine or other molecules on apoptotic cells (71, 72, 114). Complement opsonization plays an important role in phagocytosis of apoptotic cells by the innate immune system. Interestingly, GCs have been demonstrated to induce production of phagocytosis promoting C1q by human monocytes and different rat macrophage populations (59, 115). A deficiency in uptake of apoptotic cells is seen in systemic lupus erythematosus (SLE) which has been linked to a reduced capacity of monocytes from SLE patients to produce C1q (116). This indicates a pathophysiological relevance of C1q produced by monocytes as well as generally C1q production in resolution of inflammation.

GC-regulated genes involved in promoting phagocytosis of apoptotic granulocytes include CD163 (84), MFGE8, and proto-oncogene tyrosine-protein kinase MER (MerTK) in human monocytes (59, 114). A role of MerTK in mediating GC-regulated induction of phagocytosis in human macrophages has been demonstrated using blocking antibodies and gene-silencing (117, 118). The scavenger receptor stabilin-1 has also been demonstrated to be increased upon GC treatment in human macrophages (119).

While GCs were shown to impair phagocytosis of adherent-invasive Escherichia (E) coli bacteria in a human monocytic cell-line (THP-1) (120) there are numerous reports demonstrating that in primary cells GCs not only increase the capacity for phagocytic uptake of apoptotic granulocytes but rather induce a general pro-phagocytic phenotype.

GC treated human monocytes and macrophages display an increased uptake of latex beads (59, 121) as well as an enhanced non-phlogistic uptake of myelin and Staphylococcus (S) aureus (122) and E. coli bacteria (shown in sheep monocytes) (121, 123).

GC-induced CD163 has been reported as an innate immune sensor for certain bacteria in human monocytes (E. coli, S. aureus) (124). Further studies demonstrated that soluble CD163 can directly bind to fibronectin bound to the staphylococcal surface and this enhances phagocytosis and also killing of bacteria while preventing human monocytes from overwhelming inflammatory response during staphylococcal infections (125, 126). GC-mediated induction of efferocytosis by lung macrophages in mice was also associated with increased uptake of Streptococcus pneumoniae but reduced bactericidal functions of these cells (127).

In conclusion, GC-treated monocytes are able to limit tissue damage due to a general higher capacity for efferocytosis and phagocytosis of pro-inflammatory stimuli, like microbial agents, particles and cellular debris, a process that has to be tightly controlled in vivo to ensure both effective antimicrobial responses and resolution of inflammation.



GC EFFECTS ON ANTIGEN PRESENTATION AND T-CELL ACTIVATION

Monocytes and macrophages are able to actively participate in the induction of adaptive immune responses. They can present antigens to T cells and trigger polarized Th-cell responses (128–130) GC treatment of murine macrophages results in down-regulation of MHC class II expression (131). This phenomenon is also observed in vivo. Deactivation of circulating human monocytes is associated with loss of surface HLA-DR during sepsis and this correlates with high cortisol level (132). Moreover, expression of co-stimulatory molecules necessary for effective T cell stimulation—B7.1 and B7.2—is down-regulated by GCs which, in addition to altered cytokine production, contributes to diminished antigen presenting capacity of GC-treated human monocytes (133). Thus, GCs effectively reduce the capacity of monocytes to induce effector T-cell activation. In addition, GC-treated murine bone marrow monocytes also inhibited anti-CD3/CD28-induced proliferation of CD4+ and CD8+ T-cells in vitro and inhibited CD4+ T-cell-induced colitis in a therapeutic setting (134). The later was associated with a reduction of IFNγ and IL-17 secretion of effector T-cells restimulated ex vivo and induction of clusters of CD15+ Treg in colonic mucosa.

In vitro repetitive stimulation of naïve T-cells by GC-treated murine bone marrow monocytes resulted in generation of T-reg (134). GC-treated murine macrophages also stimulated T-reg differentiation in vitro which could be responsible for GC-mediated attenuation of acute lung injury (78) and together with GM-CSF in enhanced allo cardiac graft survival (135). This indicates that GC-treated monocytes have the dual ability to inhibit inflammation induced by effector T-cells and simultaneously induce tolerance by induction of T-reg. The interaction between GCs, monocytes/macrophages and T-cells may be even more complex, as in certain conditions (patients with rheumatoid arthritis) the presence of monocytes inhibits GC-mediated apoptosis of effector T-cells (136).



GC EFFECTS ON MONOCYTE ADHESION AND MIGRATION

The GC treatment of human monocytes results in alterations of the cytoskeleton and decreased adherence to plastic surfaces (59, 112). Alterations of the cytoskeleton are not only important for adherence but also influence cell migration. An inhibitory effect of GCs on the migration of human monocytes in response to oxidized beta-very low density lipoprotein has been reported (137). In vivo GCs inhibited zymosan-induced extravasation of murine monocytes and macrophages which was partly dependent on annexin-1 expression (138) as well as MKP-1 expression (60). GCs also inhibited primary peritoneal macrophage migration into carrageenan-induced inflammation in mice (139).

However, GCs were also able to stimulate expression of chemokine receptors on human monocytes like the monocyte chemokine receptor CXCR4 (140). Moreover, GCs induced undirected cell migration (chemokinesis) as well as in vitro migration of human monocyte toward some chemotactic stimuli like fMLP (59) or C5a (141). Up-regulation of the fMLP receptor was shown to contribute to fMLP-induced chemotaxis of human monocytes (59). GCs were able to induce cell migration in murine ER-Hoxb8-immortalized bone marrow-derived macrophages lacking PPARγ, but not in control macrophages (53).

The different effects of GC treatment on monocyte and macrophage migration could be due to a differential activation of the analyzed cells. Thus, GCs may inhibit migration of pro-inflammatory activated monocytes while they may increase both differentiation of an anti-inflammatory monocyte subtype from naïve monocytes and their migration into inflamed tissue during resolution of inflammation (37). Experimental data from mice support this hypothesis. Indeed, GC-mediated attenuation of acute lung injury in mice was associated with reduced numbers of classical but increased numbers of alternatively activated macrophages in the lungs (78). Similarly, long-term treatment of mice with GCs was associated with increased infiltration of macrophages with an anti-inflammatory phenotype in adipose tissues (142).



ACTION OF GCs ON SURVIVAL, PROGRAMMED CELL DEATH, AND DIFFERENTIATION OF ANTI-INFLAMMATORY MACROPHAGES

Generally, at least in humans, monocytes are relatively short living cells, which die spontaneously in the absence of appropriate stimuli (143). Thus, their differentiation into macrophages and dendritic cells closely depends on the presence of appropriate survival signals. Pro-inflammatory factors like LPS or cytokines like IL-1β and TNFα are known to enhance the survival of pro-inflammatory monocytes (143) while much less is known about the molecular mechanisms promoting survival of anti-inflammatory monocytes.

There are conflicting results regarding the effects of GCs on monocyte/macrophage apoptosis. GCs have been reported to induce apoptosis in human monocytes after prolonged culture with low amounts of serum (144, 145). Suppression of IL-1β, which is required for monocyte survival and ligation of CD95 were reported to be involved in this effect. GCs also promoted apoptosis in LPS-stimulated rat alveolar macrophages (146).

Since no GC-induced apoptosis of human monocytes or macrophages was observed by others (59, 77, 112) the pro-apoptotic effects seem to be dependent on specific culture conditions and especially the activation status of the cells analyzed. GC treatment was able to antagonize biphosphonate-induced apoptosis in specialized murine macrophages (osteoclasts) (147). In pro-inflammatory human monocytes induced by GM-CSF, but not in M-CSF treated cells, GC treatment induced apoptosis via inhibition of ERK1/2 activity. Downregulation of ERK1/2 activity was associated with reduced activity of the p90 ribosomal-S6 kinase, reduced phosphorylation of Bcl-2-Antagonist of Cell Death (Bad) and increased caspase-3 activity which resulted in apoptosis (148) (Figure 1, 14). In a genome-wide expression screening of naïve human monocytes GCs were found to induce anti-apoptotic factors, like enzymes responsible for glutathione synthesis, while inhibiting expression of pro-apoptotic mediators (59). Consequently, GC-treated human monocytes were found to be protected from staurosporine-induced apoptosis which correlated with increased glutathione levels in GC-treated cells. The molecular mechanisms involved in protection from apoptosis in GC-treated human monocytes comprised activation of the ERK/MAPK kinase pathway induced by ligand binding to the adenosine A3 receptor (A3AR) following up-regulation of this receptor by GCs (149). Increased ERK1/2 signaling resulted in lower susceptibility to apoptosis accompanied by inhibition of caspase activity and induction of c-Myc–dependent anti-apoptotic genes (149) (Figure 1, 15).

In vivo, monocytopenia has been reported after GC treatment (150) in mice. However, more recent data indicate rather complex effects of GCs on monocytes in peripheral blood. In patients with uveitis, GC treatment was associated with increased numbers of CD14++CD16+ intermediate monocytes (151). However, in healthy donors, GCs increased levels of circulating human monocytes in general while depleting a subpopulation characterized by CD16 expression (152). Thus, the effect of GCs on the survival of different monocyte and macrophage subpopulations (e.g., CD16+ monocytes) in vivo warrants further detailed investigation. In vitro, it can be concluded that in humans GCs are able to protect naïve monocytes from apoptosis and thereby favor differentiation into an anti-inflammatory monocyte subtype while they induce apoptosis in pro-inflammatory activated monocytes via similar molecular pathways involving ERK1/2 (148, 149).



THE ACTION OF GCs ON MONOCYTES AND MACROPHAGES DEPENDS ON DIFFERENTIATION AS WELL AS ACTIVATION STATUS OF THESE CELLS

As described in detail above, GCs have both suppressive as well as enhancing effects on monocytes and macrophages. For an integrated view of GC action on these cells it is first of all important to keep effects on macrophages and monocytes apart. Moreover, in the recent years it has become evident that monocytes are no uniform precursor cells of macrophages and dendritic cells but display a substantial functional heterogeneity (153). Stimulation of monocytes with microbial TLR ligands results in pro-inflammatory mediator production, similar to macrophage activation, and this process is generally inhibited by GCs (Figure 2). However, there are marked differences regarding GC action on monocytes and macrophages. A recent systematic comparison of the effects of GCs on human monocytes vs. macrophages revealed that the transcriptome response differed in magnitude between both cell types. While 4 h GC treatment regulated 1,035 mRNAs in monocytes only 165 were regulated in macrophages (63). The majority of genes regulated in monocytes were involved in cell differentiation.
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FIGURE 2. GC effects on monocyte activation and differentiation. GCs inhibit activation of monocytes by microbial products like LPS but also induce differentiation of an anti-inflammatory monocyte phenotype which produces anti-inflammatory mediators, is protected from apoptosis and shows increased migratory and phagocytic capacities. ROS, reactive oxygene species; NO, nitric oxide; IL-1 RII, IL-1 decoy receptor; FRP, formyl peptide receptor; FPR-L1, formyl peptide receptor like 1.



In agreement with these data, prolonged GC treatment of unstimulated human blood (59) or murine (154) bone marrow monocytes resulted in differentiation of cells with pro-resolution and anti-inflammatory phenotype characterized by expression of the scavenger receptor CD163 (Figure 2).

In the murine system, GC-induced bone marrow monocytes were systematically compared with the previously described peripheral blood monocyte subsets and represent a distinct subset characterized by a unique signature of cell-surface proteins (154). However, murine GC-induced monocytes show similarities to the so-called myeloid derived suppressor cells (MDSCs), indicating their involvement in not only innate but also adaptive immune functions (154). Indeed, murine GC-induced monocytes inhibited effector T-cell activation and induced regulatory T-cells in vitro and in vivo (134).

In human monocytes GC treatment induced expression of the monocyte subset marker CD16 in vitro (82, 151). Accordingly, GC treatment was associated with an increased proportion of CD14++CD16+ cells in vivo. An enhanced expression of CD163 (known to be robustly induced by GCs), however, was found both in CD16+ and CD16− monocytes (151). Other cell surface markers and gene products were similarly expressed in CD14++CD16+ monocytes isolated from patients with and without GC therapy. Thus, the relation between GC-induced monocytes and peripheral blood monocyte subsets remains enigmatic. From a functional viewpoint, human GC-induced monocytes were protected from apoptosis in vitro and therefore this population could represent a long living functional phenotype in vivo which may be important for termination of inflammatory responses and induction of resolution of inflammation (37, 59) (Figure 2).

Concerning contrasting effects of GCs on macrophages, the activation and differentiation status of these cells is in our opinion the most important factor determining differential effects of GCs (Figure 3). Mostly, suppressive effects of GCs were studied in the context of classical activation, e.g., microbial stimulation of macrophages in the presence or absence of INFγ. However, it was long known that in macrophages not stimulated by pro-inflammatory mediators, GCs can also induce gene expression including anti-inflammatory proteins like IL-10 or annexin A1. With respect to the global transcriptional response it was recently shown that GC treatment was associated with an induction rather than repression of genes in both human and murine macrophages (108), indicating that GCs rather induce an active expression pattern than repress naïve macrophages. Indeed many “alternative” faces of macrophage activation have been discovered (11, 12, 30, 155) (Figure 3).
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FIGURE 3. GC effects on macrophage activation and differentiation. GCs inhibit classical activation of macrophages. When acting on naïve macrophages GCs induce a specific and characteristic phenotype with anti-inflammatory properties. GC actions on other forms of alternative activation of macrophages (IL-4/IL-13, immune complexes (IC) or adenosine receptor ligands) are currently unknown. NO, nitric oxide; IL-1 RII, IL-1 decoy receptor.



The treatment of “naïve” macrophages with IL-4 or IL-13 results in alternative macrophage activation, in contrast to classical activation achieved by IFNγ and LPS. Alternatively activated human macrophages up-regulate MHCII expression but inhibit rather than induce T-cell proliferation (156). IL-4 or IL-13 stimulated macrophages up-regulate mannose receptor, which stimulates endocytosis and antigen uptake and are involved in resolution of inflammation, wound healing and angiogenesis (11, 12, 155). It is now generally accepted that GC treatment also induces partly overlapping response patterns compared to alternative macrophage activation with IL-4 and IL-13 both in rodents and humans like increased expression of the mannose receptor (157) or CD163 (94). In addition, alternative pathways of macrophage activation have been also described for immune complexes and TLR agonists as well as adenosine A2 receptor ligands and TLR agonists.

However, these different phenotypes most likely represent functional plasticity rather than distinct differentiation subsets of macrophages (12). As outlined in the introduction the rigid system of macrophage polarization toward classical or alternative is being replaced by a multidimensional model of macrophage activation. Thus, instead of activated phenotypes it is preferable to understand the plasticity of macrophage responses to different stimuli as distinct macrophage activation programs (26, 27). Recently, the functional and transcriptional action of different alternative activation stimuli including GCs on human macrophage activation was systematically compared and the results confirm an even broader diversity of macrophage polarization than depicted in Figure 3 (30). In contrast to other alternatively activated macrophages, GC-generated human macrophages are very effective in phagocytic uptake of apoptotic cells. Thus, while GCs inhibit classical activation of macrophages, they show different effects on unstimulated macrophages and generate a specific anti-inflammatory macrophage subtype which seems to be important for the resolution of inflammation by uptake of apoptotic granulocytes and production of anti-inflammatory cytokines like TGFβ and IL-10 (12) (Figure 3). The physiological importance GC-induced alternative macrophage activation for resolution of inflammation and tissue repair is highlighted by the finding that mice which lack the GR in macrophages show increased mortality and deregulation of tissue repair in an experimental cardiac infarct model (158).

Even more physiological heterogeneity in the response of macrophages to GCs is possible, since many distinct tissue resident macrophages with different embryogenic origins have been characterized (21–25, 159). Up to now there is only very sparse information on GC effects on distinct tissue resident macrophages. Few data exist for alveolar macrophages: In mice, GC-mediated attenuation of acute lung injury was associated with increased pulmonal numbers of macrophages with an alternatively activated phenotype (78). In rats, GCs inhibited COX-2 expression and promoted apoptosis of LPS-activated alveolar macrophages (42, 146). In humans, GCs were able to suppress LPS-induced secretion of IL-6, TNFα, and CXCL8 in lung macrophages but no differences in GC susceptibility between healthy controls, smokers and patients with chronic obstructive pulmonary disease were found (160).



CONCLUSION

As discussed in the last chapter, GCs can suppress or enhance functional properties of monocytes and macrophages. Moreover, there is clear evidence for distinct GC effects depending on the cell type (monocytes or macrophages and their subtypes in peripheral blood or tissues) or the activation status of these cells.

Therefore, regarding GC effects on monocytes and macrophages in vivo, it is obvious that models focused on specific molecular GC mechanisms like transrepression of pro-inflammatory mediators or induction of anti-inflammatory mediators are not sufficiently suited. However, despite the complexity of described GC effects on monocytes and macrophages an integrated view of the GC mode of action on monocytes and macrophages is possible when the physiological course of inflammatory responses in vivo is considered.

Thus, we propose the following model for differential GC action on monocytes and macrophages which is depicted in Figures 2, 3. During initiation of inflammation GCs inhibit activation of macrophages and also monocytes by microbial products or endogenous danger signals. This mechanism should be especially important within inflamed tissue.

However, in order to achieve resolution of inflammation more is needed than mere suppression of inflammation. Indeed, it has been demonstrated that resolution of inflammation does not occur passively but is rather an active and highly coordinated process (70, 109). Simultaneosuly to inhibition of monocyte and macrophage pro-inflammatory activation GCs could act on “naïve” monocytes and induce differentiation of a long-lived pro-resolution phenotype. These GC-induced monocytes can migrate toward inflamed tissues and fulfill important functions in resolution of inflammation. GC-induced monocytes could differentiate into macrophages after tissue entry or could represent a unique stable differentiation status. While the fate of GC-treated monocytes in inflamed tissue is currently unknown, it is obvious that they share functionally similarities with GC-induced macrophages. Like these macrophages, GC-treated monocytes show increased phagocytic capacity for apoptotic cells and secrete anti-inflammatory and pro-resolution mediators. Thus, endogenous GCs, either released systemically during inflammation or generated locally from inactive precursors by action of 17-β-hydroxysteroid dehydrogenase (113), represent an important mechanism by which the amplification phase of inflammation is shifted toward resolution of inflammation. This contributes to protection from overwhelming inflammation and prevents establishment of chronic inflammatory processes.

Similarly, GC therapy could have a dual mode of action with inhibition of pro-inflammatory macrophage and monocyte activation and simultaneously inducing resolution of inflammation via action on naïve monocytes and macrophages. The latter would involve generation of long-living GC-induced monocytes which may be relevant for prolonged anti-inflammatory effects of GC treatment in vivo.

Further investigation of these mechanisms could lead to the development of novel therapeutic strategies to modulate undesirable inflammation in autoimmune disorders, including those of the skin, with fewer side effects via induction of inflammatory resolution rather than immunosuppression.
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Bullous Pemphigoid (BP) is a skin autoimmune blistering disease characterized by immune-mediated degradation of the dermo-epidermal junction and release of a large number of inflammatory cytokines. Interleukin-1β (IL-1β) is a pleiotropic pro-inflammatory cytokine associated with inflammasome activation and known to be pivotal in several auto-immune and auto-inflammatory diseases. We sought to clarify the presence of inflammasome-dependent IL-1β and to investigate its role in BP. Skin biopsy specimens (n = 13), serum (n = 60), blister fluid (n = 26), and primary inflammatory cells from patients with BP were used to investigate inflammasome activation and function. We here highlighted a differential occurrence of a functional in situ inflammasome in patients with BP, biologically distinguished by IL-1β and NLRP3 expression. Clinically, elevated IL-1β levels were associated with the presence of erythema and urticarial plaques reflecting the inflammatory phase preceding blister formation. We further identified IL-17 and IL-23 as important molecules favoring IL-1β expression in monocyte-derived macrophages from BP patients. Finally, we demonstrated the ability of IL-1β to stimulate the release of the matrix metalloproteinase-9 in those macrophages, reinforcing the role of IL-1β in the auto-amplification loop of the inflammatory response associated to BP. However, whether this inflammasome is an epiphenomenon associated with BP disease or constitutes an amplification inflammatory step in certain patients still need to be determined. In the context of a precision medicine approach, our findings allowed us to delineate a subgroup of patients with BP that showed similarities with auto-inflammatory diseases. Subsequently, this opens up alternative therapeutic strategies targeting IL-1β pathway in the aim to control the early, pre-blistering inflammatory phase. Ultimately, this could also help in reducing the detrimental effects associated with high doses of corticosteroids treatment.
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INTRODUCTION

Bullous pemphigoid (BP) is the most common auto-immune blistering skin disease, clinically characterized by urticarial erythema with tense blisters, and immunologically distinguished by the presence of autoantibodies directed against two structural proteins of the dermal-epidermal junction (DEJ), BP180, and BP230. Disease progression is related to a local autoantibody-induced inflammatory response that can be characteristically subdivided into an early non-bullous urticarial/erythematous phase and a later lesional phase with blisters and erosions (1). Although it has been shown that persistent elevated titer of anti-BP180 ELISA autoantibody was a good indicator of further relapse of BP (2), we also demonstrated that variation in the inflammatory response could affect both disease activity and relapse occurrence (3–6). We here further investigated whether self-directed inflammation driven via activation of innate immune pathways could be related to the auto-inflammation concept, and therefore to the expression of a functional in situ inflammasome in BP.

The “sterile” NLRP3 inflammasome has been increasingly involved in non-infectious inflammatory responses related to autoimmune diseases (7), leading to the production of bioactive IL-1β. Indeed, IL-1ß appears to be pivotal in connecting the innate immune response and the adaptive immune responses, particularly by driving lymphocyte polarization (8–11). “Sterile,” i.e., non-infectious inflammation originates from endogenous factors including extracellular matrix (ECM) components released from tissue damage, which act as danger-associated molecular patterns (DAMPs) (12). In BP, we previously showed that elastase released in skin blisters induced BP180 fragmentation (13), and the presence of biological active peptide within the blister fluid (BF) (4). Those latter peptides were chemoattractant for neutrophils and favored the release of elastase, therefore creating an auto feedback loop (4). However, IL-1β reported concentrations in BF remain controversial (14–16) and could not be explained by IL-1β gene polymorphism in BP disease (17). Then, studies are still needed to define the molecular mechanisms leading to NLRP3 inflammasome activation and to the expression and activation of IL-1β, notably with respect to BP disease activity.

Activation of the NLRP3 inflammasome requires 2 signals: a priming signal that involves transcriptional upregulation of NLRP3 and of pro-inflammatory cytokines such as IL-1β; and an activating step that can be induced by various triggers leading to pro-caspase 1 expression and activation, and ultimately to IL-1β processing into its active form (18). Besides DAMPs, other inflammatory molecules classically associated with BP pathophysiological mechanisms, such as pro-inflammatory cytokines, complement, and reactive oxygen species (ROS) were shown to prime the NLRP3 inflammasome (19, 20). Notably, recent studies showed the implication of IL-17 in NLRP3 priming, IL-1ß release and activation through NF-kB and ROS pathways, respectively (21, 22). Besides, we previously demonstrated the presence of IL-17 in the serum of BP patients, but no direct correlation could be drawn with the extent of the disease (5). Additionally, BP autoantibodies could also participate to NLRP3 inflammasome activation, as demonstrated in monocyte/macrophages from SLE (23).

In this study we investigated in BP the concept of the inflammasome associated auto-inflammatory diseases being linked to the expression and activation of IL-1β. To that end, we measured the expression of several markers of inflammasome component, especially IL-1β and NLRP3, at the site of skin lesion and in biological fluids (serum and BFs) from patients with BP. We further assessed IL-1β clinical involvement by evaluating correlations between IL-1β levels and clinical activity of patients assessed by their BPDAI (bullous pemphigoid disease activity index). We then delineated the role of BF in regulating the auto-inflammatory response associated to BP through the involvement of several of its components including IL-17 and IL-23, as well as BP autoantibodies in NLRP3 inflammasome priming and activation. We finally evaluated the role of IL-1β in the amplification of the inflammatory response in BP.



MATERIALS AND METHODS


Study Design and Patients

This ancillary study is part of a main prospective, single-center study that was conducted in the Department of Dermatology at Reims University Hospital (French Referral Center for Autoimmune Bullous Diseases) between September 2013 and July 2017. Seventy-one consecutive patients with newly diagnosed BP were included in this ancillary study on the basis of clinical features typical of BP with the presence of at least 3 of 4 criteria by Vaillant et al. (24), subepidermal blistering on skin biopsy, and deposits of IgG, C3, or both in a linear pattern along the epidermal basement membrane zone by direct immunofluorescence (sex ratio F/H: 1,45; mean age, 81.7 years old; range, 55–98 years old). For the patients included, serum, BF and a skin biopsy specimen were collected at time of diagnosis, when possible. Clinical activity of the disease was evaluated for each patient using BPDAI score (25). The BPDAI measures separate scores for mucous membrane and skin activities, the latter evaluating separately both cutaneous urticarial/erythema (non-bullous phase) and cutaneous blisters/erosions (blistering phase). Serum samples used as controls were harvested from age- and sex-matched patients that were admitted to the Trauma Department of Reims University Hospital and that showed neither biological inflammatory syndrome (C-reactive protein levels lower than 10 mg/l) nor autoimmune diseases.



Ethics Statement

The investigation was conducted under the approval of the Ethic Committee of the University Hospital of Reims (CNIL authorization DR-2013-320), and all of the subjects gave their informed and written consent before participating in the study in accordance with the Helsinki Declaration.



Autoantibody and Cytokine Level Analysis

Anti-BP180 and anti-BP230 autoantibodies as well as IL-1β levels were measured in control and BP sera and in BF using specific commercially available enzyme-linked immunosorbent assays (ELISAs) according to the manufacturer's instructions (MBL, Nagoya, Japan and Ebiosciences, Paris, France, respectively). IL-1β levels were also detected in supernatants issued from THP-1- and BP monocyte-derived macrophages. Finally, IL-17 and IL-23 levels were analyzed in BF using U-PLEX assay (MesoScale Diagnostics, Rockville, USA). U-PLEX technology allows multiplex cytokine measurement and is based on electro-chemiluminescence detection. Briefly biotinylated capture anti-IL17 and anti-IL-23 antibodies were coupled to U-PLEX Linkers. The U-PLEX Linkers then self-assembled onto unique spots on the U-PLEX plate. After binding to the capture antibodies, detection antibodies conjugated with electro-chemiluminescent labels (MSD GOLD SULFO-TAG) bound to the analytes to complete the sandwich immunoassay. The plate was then placed into an MSD instrument where the amounts of IL-17 and IL-23 present in BF were measured.



Cell Isolation and Cell Culture

The THP-1 (Tohoku Hospital Pediatrics-1) cell line, derived from the peripheral blood of a 1 year old human male with acute monocytic leukemia (26) and kindly provided by Dr S. Hart (University of Edinburgh, Scotland, UK), was cultured in RPMI 1640 medium (Life Technologies, NY, USA) supplemented with 10% FBS, 2 mmol/L glutamine, 25 U/mL penicillin, and 25 U/mL streptomycin at 37°C in a humidified 5% CO2 incubator. For macrophage differentiation, THP-1 cells were incubated with phorbol myristate acetate (PMA) 50 nM for 68 h.

Peripheral Blood Mononuclear Cells (PBMCs) and polymorphonuclear (PMN) cells from control subjects and patients with BP were isolated using a density gradient technique from EDTA-treated whole blood (GranuloSep; Eurobio-Abcys, Courtaboeuf, France). Monocytes were then positively selected and purified from PBMCs by using CD14 immuno-magnetic beads according to the manufacturer's instructions (MACS; Miltenyi Biotec, Bergisch Gladbach, Germany). All leukocytes were cultured in RPMI 1640 medium (Life Technologies, NY, USA), 2 mmol/L glutamine, 25 U/mL penicillin, and 25 U/mL streptomycin at 378°C in a humidified 5% CO2 incubator. Monocytes were differentiated into macrophages by culturing them for 7 days in the presence of autologous serum (10%).



In vitro Inflammasome Activation Assay

In order to analyze the priming of the NLRP3 inflammasome, THP-1- and BP monocyte-derived macrophages were stimulated with either lipopolysaccharide (LPS) (1 μg/ml) (Santa Cruz Biotechnology, Dallas, USA) or BF 25% for 3 h. Priming was also induced by recombinant IL-17 or recombinant IL-23 (Bio-Techne, Lille, France) in BP monocyte-derived macrophages. For IL-17 stimulation, a concentration of 1 ng/ml was chosen to be closer to the maximal BF concentration that was measured while staying in the range of the ED50 (3–15 ng/ml). While ED50 for recombinant human IL-23 was around 0.3 ng/ml, the concentration of IL-23 used for stimulation was also 1 ng/ml to remain in the same range of concentrations than the ones used for IL-17. Cells were then harvested for NLRP3 and IL-1β gene expression analysis. Activation of the inflammasome was induced by BF 25% for 30 min in either LPS-primed THP-1- and BP monocyte-derived macrophages or LPS-primed PMN cells. Supernatant were then collected for IL-1β concentration measurement. Nigericin 20 μM (Santa Cruz Biotechnology, Dallas, USA), by acting as a potassium ionophore, was used as a positive control of inflammasome activation. Added together with either Nigericin or BF to the cells, Glibenclamide 50 μM (Santa Cruz Biotechnology, Dallas, USA) was employed as an inhibitor of inflammasome activation.



Gene Expression Analysis

Total RNA from THP-1- and BP monocyte-derived macrophages was extracted with TRI Reagent (Euromedex, Souffelweyersheim, France). Reverse transcription was performed from 1 μg of total RNA by using the Maxima First Strand cDNA kit with dsDNAse (ThermoFisher Scientific, Waltham, USA), according to the manufacturer's instructions. IL-1β (Forward primer: 5′GGATATGGAGCAACAAGTGG 3′; Reverse primer: 5′ATGTACCAGTTGGGGAACTG 3′) and NLRP3 (Forward primer: 5′CTTCTCTGATGAGGCCCAAG 3′; Reverse primer: 5′GCAGCAAACTGGAAAGGAAG 3') gene expression was analyzed by using real-time PCR with Power SYBR Green PCR Master mix (ThermoFisher Scientific, Waltham, USA) on the Stratagene Mx3005P system (Agilent Technologies, Santa Clara, USA). Relative quantification was performed with GAPDH as a reference gene.



Immunohistochemistry

Perilesional skin biopsy specimens from 13 patients with BP before the start of treatment were obtained. Tissues were fixed in paraformaldehyde, embedded in paraffin, and sectioned. Immunostaining with a mouse monoclonal anti-human NLRP3 antibody (clone Nalpy3-b, Enzo Life Sciences, Villeurbanne, France) or a mouse monoclonal anti-human CD163 antibody (Clone MRQ26, Roche Diagnostics, Meylan, France) was performed using routine methods with a biotinylated anti-mouse secondary antibody (BA-2000; Vector Laboratories, Burlingame, USA) and the ABC-peroxidase complex (Vector Laboratories, Burlingame, USA) with diaminobenzidine-H2O2 used as the chromogen for detection. In order to identify cells positive for both NLRP3 and CD163, immunohistochemistry for both markers was performed on 4 μm-thick serial BP skin section. Virtual slide images for NLRP3 and CD163 staining were taken using the VS120 Virtual Slide Microscope (Olympus France, Rungis, France). Virtual slide images corresponding to NLRP3 and CD163 staining were opened at the same time with OlyVIA software (Olympus France, Rungis, France) and synchronized for analysis.



Statistical Analysis

Descriptive statistics such as means and SEMs were conducted for all quantitative measures. The distribution of the variables was assessed using D'Agostino and Pearson omnibus normality test. As population could not be assumed to be normal and some of the groups examined were small, we used non-parametric testing to compare populations in this study. Comparisons between two groups were performed using the exact Wilcoxon signed-rank test for paired data and the Mann–Whitney test for unpaired data. Correlations were performed using non-parametric Spearman's correlation test. The results were considered significant if p-values were 0.05 or less.




RESULTS


Presence of IL-1β-Related Inflammasome in a Subgroup of Patients With Severe BP

We first looked for the presence of an in situ inflammasome in BP through the detection of NLRP3 by immunohistochemistry (IHC) on 13 BP skin biopsy specimens collected at baseline (Figures 1A–H). NLRP3 was highly expressed in 6/13 patients with BP (Figure 1C), slightly in 4/13 patients, and not detected in 3/13 patients (Figure 1B). When detected, NLRP3 was expressed by keratinocytes in the epidermis (Figure 1D). We further showed NLRP3 expression in the dermis and in the blister cavity, especially in skin resident cells (endothelial cells, fibroblasts; Figure 1E) and infiltrated inflammatory cells including PMN cells (Figure 1F) and macrophages (Figure 1G). Noteworthy, PMN cells also expressed NLRP3 in the lumen of the blood vessel at proximity of the lesion site (arrowhead in Figure 1E). Macrophages were further characterized by IHC performed on serial slides of BP skin biopsy specimen, which identified NLRP3-positive CD163+ macrophage (Figures 1G,H) among the innate immune cell population observed at the vicinity of the blister.
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FIGURE 1. NLRP3 was expressed at site of lesion in BP. Immunohistochemistry for NLRP3 was performed on skin biopsy specimen from 13 patients with BP. Representative pictures of technical negative control (with control isotype IgG), of BP skin negative for NLRP3 and of BP skin positive for NLRP3 were shown in (A–C) respectively (magnification x40). More precisely, immunohistochemistry for NLRP3 was analyzed in the epidermis (D), in the dermis (E) and in the blister cavity (F) of BP skin. To note, arrowheads indicated polymorphonuclear cells in the lumen of a blood vessel in (E) and in the blister cavity in (F). Serial staining for NLRP3 (G) and CD163 (H) was achieved in dermis and NLRP3-positive CD163+ macrophage was indicated by an arrowhead (magnification x400).



Then, we determined the level of IL-1β in biological fluids of patients with BP and of control subjects. IL-1β was not detected or found at very low levels both in sera from patients with BP (n = 60; mean: 0.046 ± 0.024 pg/mL) and in sera from control subjects (n = 28; mean: 0.178 ± 0.107 pg/mL; Figure 2A). In contrast to BP sera, IL-1β levels were significantly enhanced in BF of patients with BP (n = 26; mean: 13.17 ± 4.553 pg/ml; p < 0.001; Figure 2A). However, IL-1β expression was heterogeneously distributed with 6 out of the 26 BF in which IL-1β was not detected, while IL-1β concentrations could raise up to 100 pg/ml in other BFs (Figure 2A). IL-1β concentration in the BF was correlated with the skin erythema/urticaria activity (n = 25; r = 0.55; p = 0.0048; Figure 2D), but neither with the total BPDAI score (n = 25; r = 0.29; p = 0.15; Figure 2B), nor with the skin BPDAI subscore associated with blisters and erosions (n = 25; r = 0.11; p = 0.62; Figure 2C). In order to further demonstrate the biological activity of IL-1β, we also measured the expression of its natural receptor antagonist IL-1ra, which works as a decoy receptor to limit IL-1β –associated inflammatory process. As IL-1β secretion was not correlated to IL-1ra production in BF of patients with BP (Figure 2E), we analyzed the ratio IL-1β vs. IL-1ra. The IL-1β/IL-1ra inflammatory ratio was associated with disease activity (Figures 2F–H). Indeed, the IL-1β /IL-1ra ratio was significantly correlated both with the total BPDAI score and with the erythema/urticaria BPDAI subscore (Figures 2F–H, n = 20; r = 0.4545, p = 0.0441 and r = 0.5663, p = 0.0092, respectively), but not with the blisters/erosions BPDAI subscore (Figure 2G, n = 20, r = 0.06, p = 0.7977).
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FIGURE 2. In situ IL-1β levels were related to BP disease activity. (A) IL-1β levels were measured in biological fluids of control and BP patients using ELISA (Mann–Whitney test was used to compare populations; ns, not significant and ***p < 0.001). Correlations between total (B,F), blister/erosion (C,G), and erythema (D,H) BPDAI scores and both IL-1β (B–D) and the IL-1β/IL-1ra ratio, used as inflammatory marker (F–H), were analyzed using the non-parametric Spearman's correlation test. (E) Levels of IL-1ra, the natural antagonist of IL-1β, were measured in BF of patients with BP and correlation between IL-1β and IL-1ra was analyzed using the non-parametric Spearman's correlation test.





BF Induced “Priming” and Activation of Inflammasome in Macrophages

To investigate whether enhanced IL-1β concentrations were related to the NLRP3 inflammasome activation, we then investigated whether the BF itself could favor the expression of IL-1β in macrophages. For this purpose, we first evaluated the effects of BF on the “priming” step of the inflammasome induction by measuring both NLRP3 and IL-1β mRNA expression in 2 different models of macrophages in vitro. In both THP-1- and serum-induced CD14+ monocyte-derived macrophages stimulated with BF for 3 h, the increase of NLRP3 mRNA was associated with an increased expression of the IL-1β mRNA as demonstrated by a significant positive correlation between IL-1β and NLRP3 mRNA expressions under BF stimulation (r = 0.94, p = 0.017 and r = 0.71, p = 0.05, respectively; Figures 3A,B).
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FIGURE 3. BF of BP patients had the ability to induce “priming” and activation of NLRP3 inflammasome in macrophages. Using quantitative RT-PCR, NLRP3, and IL-1β mRNA relative expression were analyzed in both THP-derived macrophages (A) and in BP serum-induced CD14+ monocyte-derived macrophages (B) stimulated for 3 h with BF. Correlation between IL-1 and NLRP3 was then investigated using the non-parametric Spearman's correlation test. Activation of inflammasome was examined through IL-1β detection by ELISA in both THP-derived macrophages (C) and in serum-induced CD14+ monocyte-derived macrophages (D) primed with LPS for 3 h and stimulated with BF for 30 min (n = 8; Wilcoxon's test for paired data was applied for statistical analysis; *p < 0.05 and **p < 0.01). The effect of glibenclamide, a specific inhibitor of NLRP3 inflammasome, was studied on nigericin or BF-induced IL-1β secretion in LPS-primed THP-1-derived macrophages (E) (n = 7; Data are shown as the mean ± SEM; Wilcoxon's test for paired data was applied; *p < 0.05). Activation of inflammasome by BF was also examined in LPS-primed BP PMN cells through IL-1β detection by ELISA (F).



Following the investigation of the “priming” step, we investigated whether factors within the BF could also participate to the “activation” step of the inflammasome characterized by the production of active IL-1β upon CASPASE-1 activation. In both THP-1- and monocyte-derived macrophages models, BF increased IL-1β secretion in LPS-primed macrophages (Figures 3C,D). Such activation was further confirmed by use of nigericin, a specific inducer of inflammasome activation, and glibenclamide a selective inhibitor of NLRP3 inflammasome activation, respectively. Indeed, both nigericin- and BF-induced IL-1β secretion was significantly inhibited by glibenclamide in THP-1-derived macrophages (Figure 3E). In contrast, BF did not increase IL-1β secretion in PMN cells originated from BP patients and primed with LPS for 3 h before BF stimulation (Figure 3F).



IL-17 and IL-23 Had the Ability to Prime IL-1β-Related Inflammasome in BP Macrophages

Based on recent studies showing the ability of autoantibodies and cytokines such as IL-17 to induce “priming” and activation of the inflammasome, we sought correlation between immunological and biological data, such as the levels of anti-BP180 and anti-BP230 autoantibodies or pro-inflammatory cytokines IL-17 and IL-23, and levels of IL-1β in BF of patients with BP (Figures 4A–D). A positive and significant correlation was established between BF levels of IL-1β and the concentrations of both IL-17 and IL-23 in BF of patients with BP (n = 22; r = 0.42, p = 0.05 and r = 0.43, p = 0.05, respectively; Figures 4C,D).
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FIGURE 4. IL-1β levels were associated with pro-inflammatory cytokines but not autoantibodies in BF of patients with BP. Levels of anti-BP180 (A) and anti-BP230 (B) autoantibodies but also of the pro-inflammatory cytokines IL-17 (C) and IL-23 (D) were measured in BF of BP patients using ELISA before testing any correlation with IL-1β levels (non-parametric Spearman's correlation test was used for statistical analysis with n = 23 for autoantibodies and n = 22 for cytokines).



To further clarify the contribution of the IL-17/IL-23 axis to the activation of inflammasome, we first looked for correlation between IL-1β expression and the concentration of IL-17 and IL-23 measured in BFs used to stimulate BP monocyte-derived macrophages in Figure 3. Our results showed a tendency for IL-1β expression to follow the BF concentration of IL-17 but not of IL-23 (n = 6; r = 0.74, p = 0.09 and r = −0.30, p = 0.55, respectively; Figures 5A,B). We further evaluated the direct capacity of IL-17 and IL-23 to induce the NLPR3-associated inflammasome in BP monocyte-derived macrophages. Priming of the NLRP3 inflammasome by IL-17 was demonstrated in macrophages by a significant increase of the expression of both IL-1β and NLRP3 mRNAs (Figures 5C,D). In contrast, IL-23 significantly induced IL-1β but not NLRP3 mRNA expression, although an increase of NLRP3 mRNA was observed in 5 cases out of 6 (Figures 5E,F). In contrast, inflammasome activation was affected by neither IL-17 nor IL-23, as these cytokines did not enhance IL-1β protein level from LPS primed monocyte-derived macrophages (data not shown).
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FIGURE 5. IL-17 and IL-23 induced IL-1β expression in BP monocyte-derived macrophages. Correlations were tested between macrophage-expressed IL-1β and the concentrations of IL-17 (A) and IL-23 (B) measured in BFs used to prime BP monocyte-derived macrophages. IL-1β (C,E) and NLRP3 (D,F) mRNA expressions were investigated in CD14+ isolated monocytes originated from patients with BP, differentiated into macrophages in presence of BP serum for 7 days and stimulated for 3 h with IL-17 (C,D) and IL-23 (E,F) (n = 6, Wilcoxon's test for paired data was applied; *p ≤ 0.05).





IL-1β Induced MMP-9 Secretion in BP Monocyte-Derived Macrophages

Finally, to investigate the influence of NLRP3-associated IL-1β expression on disease activity of BP, we evaluated the potential role of IL-1β in matrix metalloproteinase-9 (MMP-9) release by macrophages and PMN cells. While PMN-released MMP-9 was not modified by IL-1β stimulation (Figure 6A), we showed a significant increase in MMP-9 secretion by IL-1β-stimulated monocyte-derived macrophages (Figure 6B).
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FIGURE 6. IL-1β induced MMP-9 release in BP serum-differentiated macrophages. MMP-9 release was examined by gel zymography in PMN cells (A) and BP monocyte-derived macrophages (B) stimulated with LPS or IL-1β for 24 h (n = 4; Data are shown as the mean ± SEM; paired T-Test was applied for statistical analysis; *p ≤ 0.05; **p < 0.01).






DISCUSSION

In the context of a precision medicine approach, we defined in this study a subpopulation of patients with BP that displayed resemblances with auto-inflammatory diseases. Indeed, we provided evidence for a differential expression of a functional in situ “sterile” inflammasome in patients with BP, biologically characterized by the presence of NLRP3 and IL-1β. Clinically, IL-1β associated inflammasome was related to the presence of erythema and urticarial plaques, which are representative clinical signs of the early inflammatory phase preceding blister formation. Biologically, we identified IL-17 and IL-23 as significant inflammatory mediators for inflammasome priming in BP monocyte-derived macrophages. Finally, the ability of IL-1β to induce macrophage-released MMP-9 supports its participation to the auto-amplification loop of the inflammatory response associated to BP (4).

At the active phase of the disease i.e., at time of diagnosis before treatment, IL-1β was detected at skin lesional site in BF of certain patients with BP but not in all of them, and not in the serum of BP patients. This observation is consistent with previous studies that showed the presence of IL-1β in a small series of BF but not in sera of BP patients (14, 16). Moreover, we also demonstrated a heterogeneous expression of NLRP3 in skin biopsy specimens originated from patients with BP. Corroborating IL-1β findings, some patients strongly expressed NLRP3 both in skin resident cells (keratinocytes, endothelial cells, fibroblasts) and in infiltrated innate immune cells including macrophages and PMN cells, while other showed very low or no expression of NLRP3. Notably, we observed NLRP3-positive PMN cells in the lumen of dermal blood vessels supporting the idea of an additional systemic inflammasome in BP patients that was recently demonstrated with the presence of IL-18 and NLRP3 in peripheral blood mononuclear cells (15). Altogether these results strongly suggest that NLRP3 inflammasome occurred only in certain BP patients, suggesting that either the inflammasome is an epiphenomenon involved in the amplification of the BP-related inflammatory response of the pathophysiological mechanism associated to BP, or that specific BP conditions are required. Accordingly, it was recently shown that expression of specific inflammasome gene module stratifies elderly individuals into two extreme clinical and immunological states (27): those without constitutive expression of IL-1β and the others with constitutive IL-1β that were more susceptible to age-related diseases. In addition, recent studies demonstrated the critical role of skin microbiota in the regulation of the inflammatory response in patients with atopic dermatitis or psoriasis (28). To know if such epiphenomena could have regulatory functions in the inflammasome-related BP pathophysiological mechanisms still needs further investigations and would be of great interest to better classify patients in a future precision medicine approach.

Although future investigations, notably with the use of a control group patients with autoimmune blistering disease sharing autoimmune/inflammation features such as dermatitis herpetiformis, could help to demonstrate whether inflammasome-related mechanisms are specific to BP disease or not, our results showed that such mechanisms are associated with BP activity. Indeed, IL-1β biological activity displayed a positive and significant correlation between the IL-1β levels in BF or the inflammatory ratio IL-1β/IL-1RA and the erythema/urticaria BPDAI subscore, suggesting its involvement in the early inflammatory phase. Notably, no correlation could be demonstrated either between IL-1β/IL-1ra ratio or IL-1β level and the blisters/erosions BPDAI subscore, reinforcing the significance of the “sterile” NLRP3 inflammasome in the early non-bullous urticaria/erythematous phase of the local inflammatory response. Accordingly, no erythema was observed in 2 out 3 patients that did not show NLRP3 expression in skin biopsy specimen in contrast to all NLRP3-highly positive patients that exhibited numerous erythematous plaques (data not shown). Altogether these results highlighted the importance of considering these inflammasome-related mechanisms when initially treating patients with BP. In contrast, no significant relationship could be drawn between the presence of an NLRP3 inflammasome and IL-1β at skin lesional site and the specific auto-immune response defined by anti-BP180 and anti-BP230 serum autoantibodies, suggesting that the inflammasome in BP is rather associated with an auto-inflammatory than an auto-immune process. In our study, neither BF-related IL-1β nor NLRP3 could be identified as a predictive marker of relapse in patients with BP at diagnosis (data not shown).

BF of patients with BP contains all inflammatory molecules classically associated with the priming and the activation of the “sterile” NLRP3-related inflammasome, such as DAMPs (ECM components released from tissue damage), pro-inflammatory cytokines, complement and reactive oxygen species (ROS) (12, 19–22). Indeed, while IL-1β levels did not appeared to be correlated with the blisters/erosions BPDAI subscore, we showed here that BF has the ability to induce priming and activation of an NLRP3-dependent inflammasome in monocyte-derived macrophages through the concomitant regulation of IL-1β and NLRP3 mRNA expression and its increasing effects on IL-1β secretion in LPS-primed macrophage. This was further supported by the use of glibenclamide, a specific inhibitor of NLRP3 inflammasome activation. In line with the positive and significant correlations observed between the concentrations of the pro-inflammatory cytokines IL-17 or IL-23 and IL-1β in BF, we also demonstrated an increased expression of IL-1β mRNA expression in monocyte-derived macrophages primed with BF, especially with BF in which IL-17 concentrations were elevated, and in monocyte-derived macrophages primed with IL-17 or IL-23. These results suggest that IL-1β-dependent inflammation in BP could be at least partly linked to IL-17 and IL-23 but should not overshadow that other molecules contained in BF could also be involved either directly or indirectly in the activation of an inflammasome in BP. Meanwhile, NLRP3 mRNA expression was enhanced in response to IL-17 but not in response to IL-23 suggesting that IL-1β expression could also be regulated in an inflammasome-independent manner as recently highlighted in an experimental caspase-1/11-deficient mouse model of epidermolysis bullosa acquisita (29). We already highlighted discrepancies in the effects of IL-17 and IL-23 in a recent study showing that IL-23 was a more potent inductor of NETosis than IL-17 in BP (30). Release of immunomodulatory cytokines and chemokines during this process could play a role either in favoring the auto-immunity or the auto-inflammatory processes. Besides, although IL-17 induced NLRP3, neither IL-17 nor IL-23 induce the release of IL-1β by macrophage supporting the fact that these cytokines are not directly involved in the generation of the bioactive IL-1β. Thus, these results suggest that other molecules are required to IL-1β production, maybe through the cooperation between different immune cell types or inflammatory processes.

In BP, IL-1β production could involve MMP expression. Indeed MMPs, especially MMP-9, have the ability to cleave pro-IL-1β to generate biologically active IL-1β (31). Noteworthy, both IL-17 and IL-23 were shown to increase MMP-9 production in BP (4, 5). Besides cytokines and MMPs, DAMPs and ROS have also been largely involved in NLRP3 inflammasome activation by notably favoring the NLRP3/ASC complex assembly (20). Investigation of the redox status of BF from patients with BP showed a disturbance of the redox balance toward hyperoxidative status of all BF tested (data not shown), suggesting a potential role of ROS in the activation of the inflammasome in BP. However, ROS being present in all BF do not appear as the limiting factor in the generation of bioactive IL-1β in contrast to the pro-inflammatory cytokine IL-17 that is expressed only in a subpopulation of patients with BP as previously demonstrated (5).

In the present study, IL-1β had the ability to induce MMP-9 secretion in monocyte-derived macrophages but not in PMN cells. In situ MMP-9 release could degrade matrix molecules into peptides that could feed back the inflammatory and immune responses (12). Though, together with the pro-inflammatory cytokines IL-17, IL-23 and CXCL10 that we previously demonstrated to induce MMP-9 release in several types of cells (4–6), macrophage-released IL-1β could participate to the auto-amplification loop during the auto-inflammatory response associated with BP. Since IL-1ß plays a pivotal role in the pathogenesis of auto-inflammatory diseases, targeted therapies blocking IL-1 activity by different mechanisms were shown to result in a rapid and sustained reduction of disease severity, including anakinra (IL-1 receptor antagonist), canakinumab (neutralizing monoclonal anti-IL-1β antibody) or rilonacept (soluble decoy receptor) (32). Systemic or superpotent topical corticosteroids are the main effective first-line therapies in BP, but with low selectiveness. They are essentially symptomatic and associated with numerous adverse events. In the context of the precision medicine approach, our results open up new possibilities for therapeutic strategies potentially involving the combination of lower doses of corticosteroids and biotherapies targeting IL-1β pathway or maybe even better targeting pro-inflammatory cytokines such as IL-17 and IL-23 acting upstream of IL-1β to control the auto-inflammatory like process occurring in the early phase of the blister formation in BP.
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Systemic sclerosis is a profibrotic autoimmune disease mediated by the dysregulation of extracellular matrix synthesis. Formyl peptide receptor 2 (Fpr2) is a G protein-coupled receptor that modulates inflammation and host defense by regulating the activation of inflammatory cells, such as macrophages. However, the role of Fpr2 in the development and therapy of scleroderma is still unclear. The present study was conducted to investigate the effects of Fpr2 activation in the treatment of scleroderma fibrosis. We found that intradermal administration of WKYMVm, an Fpr2-specific agonist, alleviated bleomycin-induced scleroderma fibrosis in mice and decreased dermal thickness in scleroderma skin. WKYMVm-treated scleroderma skin tissues displayed reduced numbers of myofibroblasts expressing α-smooth muscle actin, Vimentin, and phosphorylated SMAD3. WKYMVm treatment attenuated macrophage infiltration in scleroderma skin and reduced the number of M2 macrophages. The therapeutic effects of WKYMVm in scleroderma-associated fibrosis and inflammation were completely abrogated in Fpr2 knockout mice. Moreover, WKYMVm treatment reduced the serum levels of inflammatory cytokines, such as tumor necrosis factor-α, and interferon-γ, in the scleroderma model of wild-type mice but not in Fpr2 knockout mice. These results suggest that WKYMVm-induced activation of Fpr2 leads to alleviation of fibrosis by stimulating immune resolution in systemic sclerosis.
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INTRODUCTION

Systemic sclerosis or scleroderma is a multiple autoimmune and inflammatory connective tissue disease, resulting in extensive tissue fibrosis in multiple organs. Prominent skin and organ fibrosis is a hallmark feature of scleroderma and is accompanied by fibro-proliferative vasculopathy and immune dysfunction (1, 2). Activated fibroblasts or myofibroblasts, characterized by increased expression of α-smooth muscle actin (α-SMA) and Vimentin, are the key effector cells in scleroderma. Differentiation of fibroblasts into myofibroblasts increases the production of extracellular matrix components, such as collagen, with subsequent development of fibrosis (1, 3). Fibroblast recruitment and differentiation to myofibroblasts are regulated by a combination of autocrine and paracrine profibrotic mediators. Despite significant therapeutic advancements in the treatment of scleroderma, no effective therapy is currently available.

It has been reported that differentiation of tissue-resident fibroblasts to myofibroblasts is promoted by pro-inflammatory mediators which are secreted by macrophages and monocytes (4). Activated macrophages are classified into two major subtypes, M1, and M2 phenotypes (5). M1 type macrophages release pro-inflammatory cytokines, such as TNF-α, interleukin-1β, interleukin-12, and interleukin-23 during inflammation (6). Whereas, M2 macrophages, which are pro-fibrotic/anti-inflammatory, suppress inflammation, and play a key role in tissue fibrosis by secreting TGF-β (7). In fibrosis, inflammatory cytokines induce activation of M2 macrophages expressing transforming growth factor-β (TGF-β), which activate fibroblast differentiation to myofibroblasts (7–9). Accumulating evidence suggests that scleroderma is initiated by chronic inflammation, and that increased infiltration and sustained activation of immune cells are responsible for the extensive fibrosis in scleroderma (3) Moreover, it has been reported that scleroderma can be alleviated by resolution of inflammatory responses (8).

The formyl peptide receptors (FPRs), belonging to the G protein-coupled receptor family, play an important functional role in host defense and inflammation by regulating the activation of phagocytes (10). FPRs are mainly expressed in phagocytes, such as neutrophils, monocytes, and macrophages, and are also functionally expressed in different cell types, such as fibroblasts (11). Three FPRs (FPR1, FPR2/ALX, and FPR3) have been identified in humans, and Fpr1 and Fpr2 have been found in mice as counterparts to human FPR1 and FPR2, respectively, (12). An increasing body of evidence suggests that FPR2 plays a key role in immune resolution. It has been reported that FPR2 is activated by various ligands, such as pro-resolving eicosanoids (lipoxins and resolvins), and a synthetic hexapeptide, Trp-Lys-Tyr-Met-Val-D-Met-NH2 (WKYMVm). It was recently reported that three FPR receptors are overexpressed in scleroderma fibroblasts compared with that in normal fibroblasts (13, 14). Moreover, WKYMVm treatment has been shown to promote differentiation of fibroblasts to myofibroblasts and matrix deposition in vitro, suggesting a deteriorating effect of Fpr2 activation in scleroderma. However, the role of Fpr2 in the progression of scleroderma remains elusive.

In the present study, we explored the effect of the Fpr2 agonist WKYMVm on fibrosis and inflammation in the scleroderma animal model, and clarified the role of Fpr2 in WKYMVm-induced therapeutic effect on scleroderma using Fpr2 knockout mice.



MATERIALS AND METHODS


Materials

BLM was purchased from Tokyo Chemical Industry chemicals (Tokyo, Japan). The synthetic peptide, WKYMVm, was synthesized at Anygen (Kwangju, Republic of Korea), and its purity was estimated to be >98%. Anti-α-SMA antibody (ab5694) and anti-CD163 antibody (ab182422) were purchased from Abcam PLC (Cambridge, UK). Anti-CD68 antibody (MCA1957GA) was purchased from AbD Serotec (Raleigh, NC, USA). Anti-NOS2 antibody (SC-650) was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Anti-phospho-SMAD3 antibody (44-246G), Anti-Arginase-I antibody (PA5-29645), Anti-TLR2 antibody (PA5-20020) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Anti-Vimentin Antibody (MAB-2105SP), Recombinant TGF-β1 (240-B-002) protein was purchased from R&D Systems (Minneapolis, MN, USA). Mouse enzyme-linked immunosorbent assay (ELISA) kits for TNF-α (430904), and INF-γ (430804) were purchased from BioLegend (San Diego, CA, USA). QuickZyme Total Collagen Assay kit was purchased from QuickZyme Biosciences (Leiden, Netherlands).



Scleroderma Animal Model

BLM powder was dissolved in PBS buffer at a concentration of 1 mg/mL and sterilized by filtration. To establish the scleroderma animal model, C57BL6/J wild-type and Fpr2 knockout mice (6-weeks-old, weighing 22–24 g, male) were subcutaneously injected with 100 μL BLM solution (1 mg/mL) at a single location on the shaved backs (1 cm2) of mice for 6 weeks using a 27-gauge needle. The injection was carried out daily for 3 weeks to initially induce scleroderma, followed by subsequent administration of 100 μL PBS containing both BLM (1 mg/mL) and WKYMVm (1 μM) for an additional 3 weeks. As a control experiment, BLM solution without WKYMVm was injected into the scleroderma skin tissues. The therapeutic effects of WKYMVm on scleroderma were examined by histological analysis of the scleroderma skin tissues of mice.



Histological Analysis and Measurement of Total Collagen Content

For histological analysis of scleroderma tissues, animals were sacrificed, and tissue samples were excised. The skin samples were fixed in 4% paraformaldehyde overnight, and embedded in paraffin. The specimens were sectioned and stained with hematoxylin & eosin (H&E) for determination of dermal thickness, and five areas in one section were randomly selected for this purpose. For determination of the amount of collagen deposition, tissue sections were stained with Masson's Trichrome staining. The images of stained tissue sections were scanned using Axio Scan.Z1 (Carl Zeiss Microscopy, Germany) at ×100 magnification. Using Image J, dermal thickness distance between the epidermal-dermal junction and the dermal-subcutaneous fat junction was measured on H&E-stained images. Collagen density in skin specimens was quantified by using Image J analysis of Masson's Trichrome staining. Collagen deposition in scleroderma skin tissues was measured by a hydroxyproline assay kit (QuickZyme Total Collagen Assay kit) according to the manufacturer's protocol.



Immunohistochemistry

Formalin fixed, paraffin-embedded skin sections were stained with antibodies against α-SMA, Vimentin, and phospho-SMAD3 for staining of myofibroblasts. Anti-ILB4 antibody and anti-CD68 antibody were used for staining of endothelial cells and macrophages, respectively. Anti-NOS2 and anti-TLR2 antibodies were used for staining of M1 macrophages, and M2 macrophages were stained by anti-CD163, and anti-Arginase-I. The tissue specimens were then incubated with Alexa Fluor 488 goat anti-rabbit, Alexa Fluor 568 goat anti-rabbit, or Alexa Fluor 488 goat anti-rat antibody, followed by washing and mounting in Vectashield medium containing 4′,6-diamidino-2-phenylindole (DAPI) for staining of nuclei. The stained sections were visualized under a laser confocal microscope (Olympus FluoView FV1000). The numbers of α-SMA+ILB4−, Vimentin+, and Vimentin+p-SMAD3+ myofibroblasts, and the numbers of CD68+ macrophages, M1 type (CD68+NOS2+ and CD68+TLR2+), M2 type (CD68+Arginase-1+ and CD68+CD163+) macrophages were quantified in high-power field using ImageJ software. Four randomly selected microscopic fields from three serial sections in each tissue block were examined by two independent observers blinded to the experimental conditions.



ELISA Analysis

To measure the levels of inflammatory cytokines in the peripheral blood of mice, blood was collected from scleroderma and therapeutic mice by cardiac puncture using a 27G syringe and allowed to clot at 4°C overnight. Serum was collected after removal of the clot and centrifuged at 1,000 × g for 30 min in 4°C. The levels of TNF-α and INF-γ were assayed using an ELISA kit (BioLegend) according to the manufacturer's instructions. The absorbance values were measured at 450 nm by an ELISA reader and interpolated with a standard curve.



Statistical Analysis

The results of multiple observations are presented as mean ± SD. Student's two-tailed unpaired t-test was used to determine statistical significance of two groups. For multivariate data analysis, group differences were assessed with one-way or two-way ANOVA, followed by Scheffé's post hoc test.




RESULTS


WKYMVm Treatment Reduces Fibrosis in Bleomycin-Induced Scleroderma

To explore the effect of Fpr2 activation in scleroderma, we established a scleroderma murine model by subcutaneous injection of bleomycin (BLM) for 3 weeks. Subcutaneous injection of BLM alone resulted in increased dermal thickness and collagen deposition that paralleled with a reduction of subcutaneous adipose layer, which was replaced by connective tissues containing collagen. To explore the effects of Fpr2 activation on therapy of scleroderma, the BLM-induced scleroderma mice were subcutaneously co-administrated with both BLM, and WKYMVm for additional 3 weeks. Subcutaneous injection of WKYMVm significantly reduced the dermal thickness associated with BLM-induced scleroderma at 1 μM concentration (Figures 1A,B). Moreover, BLM-induced scleroderma skin exhibited excessive deposition of thick collagen fibers extending into the subdermal adipose tissue and subcutaneous injection of BLM and WKYMVm markedly alleviated skin fibrosis and collagen deposition, as demonstrated by Masson's Trichrome staining (Figures 1A,C). Consistently, the levels of hydroxyproline, which is associated with collagen as an indicator of the severity of fibrosis (15), increased in BLM-induced scleroderma skin, and administration with WKYMVm significantly reduced the BLM-increased hydroxyproline content in skin (Figure 1D). WKYMVm treatment significantly decreased the BLM-induced dermal thickness, collagen density, and hydroxyproline levels at 0.5 μM and maximally reduced those values at 1 μM concentration (Figure S1). Moreover, the BLM-induced increase of dermal- thickness and collagen deposition was time-dependently alleviated by administration of WKYMVm for additional 3 weeks (Figures 2A–D).
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FIGURE 1. Dose-dependent effects of WKYMVm treatment on tissue fibrosis in a scleroderma mice model. (A) Dose-dependent effect of WKYMVm (Wm) on BLM-induced scleroderma. The BLM-induced scleroderma mice were daily treated with the increasing dose of Wm for additional 3 weeks, and skin sections were stained using H&E and Masson's Trichrome staining kits. Dermal layer between the epidermal-dermal junction and the dermal-fat junction was indicated with an arrow on H&E-stained sections. Dermal thickness (B) and collagen density (C) were quantified from the H&E and Masson's Trichrome data, respectively. (D) Effect of Wm on the BLM-induced increase of hydroxyproline content in skin. The levels of hydroxyproline in skin specimens were determined as described in Materials and Methods section. The data are shown as the mean ± SD (n = 8 per groups). *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 2. Time-dependent effects of WKYMVm treatment on tissue fibrosis in scleroderma mice model. (A) Time dependence of WKYMVm-induced repair of scleroderma. The BLM-induced scleroderma mice were treated without (BLM) or with 1 μM Wm (BLM + Wm) for the indicated time periods. The mock-treated (PBS) and the scleroderma (BLM or BLM + Wm) skin specimens were stained using H&E and Masson's Trichrome staining kits. Dermal layer between the epidermal-dermal junction and the dermal-fat junction was indicated with an arrow on H&E-stained sections. Dermal thickness (B) and collagen density (C) were quantified from the H&E and Masson's Trichrome staining data, respectively. (D) The effects of Wm on the levels of hydroxyproline content in skin specimens were determined. Data are shown as the mean ± SD (n = 8). #p < 0.05, ##p < 0.01 vs. PBS; *p < 0.05, ***p < 0.001 vs. BLM.



It has been reported that fibroblast activation or myofibroblast differentiation plays a key role in the progression of scleroderma (1). To explore the effects of WKYMVm on myofibroblast differentiation, we performed immunostaining of the scleroderma skin specimens with antibodies against α-SMA and Vimentin, which are markers for myofibroblasts (16, 17). α-SMA is expressed in not only myofibroblasts but also blood vessels expressing ILB4, an endothelial marker. Therefore, the number of α-SMA+ILB4− cells was counted for determination of myofibroblast differentiation. BLM treatment increased the number of α-SMA+ILB4− cells, and WKYMVm treatment abrogated the BLM-induced increase of α-SMA+ILB4− cells (Figures 3A,C). Moreover, the number of Vimentin-positive myofibroblasts also increased in BLM-treated skin, and WKYMVm treatment decreased the BLM-induced increase of Vimentin-positive cells (Figures 3B,D). TGF-β-dependent SMAD3 phosphorylation has been reported to play a key role in myofibroblast differentiation during the progression of fibrotic diseases (18). Therefore, we next quantified the number of Vimentin- and p-SMAD3-double positive myofibroblasts. The number of Vimentin+p-SMAD3+ myofibroblasts increased in the BLM-induced scleroderma model, and WKYMVm treatment markedly reduced the BLM-induced increase of Vimentin+p-SMAD3+ cell number (Figures 3B,E). Consistently, BLM treatment increased the mRNA level of tissue inhibitor of metalloproteinase-1, which plays a key role in scleroderma-associated fibrosis (19), and WKYMVm treatment reduced the BLM-induced expression of tissue inhibitor of metalloproteinase-1 (Figure S2A).
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FIGURE 3. Effects of WKYMVm treatment on myofibroblast differentiation in scleroderma. (A) WKYMVm-induced inhibition of myofibroblast differentiation in scleroderma. The BLM-induced scleroderma mice were treated with or without 1 μM Wm for 3 weeks, and the mock-treated (PBS) and the scleroderma (BLM or BLM + Wm) skin specimens were immunostained with antibodies against α-SMA and ILB-4. (B) The skin specimens were stained with antibodies against Vimentin and phospho-SMAD3. Scale bar = 50 μm. The numbers of α-SMA+ILB-4− (C), Vimentin+ (D), and Vimentin+phospho-SMAD3+ (E) cells were quantified under a high-power field. Data represent mean ± SD (n = 8 per group). *p < 0.05, **p < 0.01, ***p < 0.001.



To explore whether Fpr2 activation directly regulates the differentiation of fibroblasts to α-SMA-positive myofibroblasts, we next examined the effects of WKYMVm on myofibroblast differentiation induced by TGF-β1, which is a well-known ligand that induces myofibroblast differentiation (20). TGF-β1-induced α-SMA expression in fibroblasts was not affected by treatment with WKYMVm (Figure S3), suggesting that WKYMVm does not directly inhibit TGF-β1-induced differentiation of fibroblasts to myofibroblasts. Taken together, these results suggest that WKYMVm-induced activation of Fpr2 alleviated BLM-induced dermal thickness, collagen deposition, and myofibroblast differentiation in scleroderma skin.



WKYMVm Treatment Reduces Inflammation in BLM-Induced Scleroderma

Infiltration of inflammatory cells, including macrophages, and chronic inflammation have been reported to induce fibrotic disease (3). To explore the effect of WKYMVm on scleroderma-associated infiltration and activation of inflammatory cells, we assessed the levels of macrophage infiltration into the skin in the BLM-induced scleroderma model. The number of CD68-positive macrophages increased in the BLM-induced scleroderma skin compared with that in PBS-treated control specimens; however, this effect was suppressed by WKYMVm treatment (Figures 4A–E). In fibrotic disease, remodeling/profibrotic (M2) macrophages, which express CD163 or Arginase-I, have been implicated in pulmonary fibrosis disease (3, 9). The numbers of CD68+ macrophages, CD68+NOS2+ inflammatory M1 macrophages, and CD68+Arginase-1+ M2 macrophages in skin were increased within 1 week after subcutaneous administration of BLM with earlier increase of M1 type than M2 type macrophages (Figure S4). Therefore, we quantified the numbers of M2 macrophages, which include CD68+CD163+ or CD68+Arginase-I+ populations, and M1 macrophages including CD68+NOS2+ and CD68+TLR2+ populations in scleroderma skin. The numbers of CD68+CD163+ or CD68+Arginase-I+ cells were greatly increased in BLM-induced skin, and the BLM-induced increase of M2 macrophage populations was considerably attenuated by WKYMVm treatment for additional 3 weeks (Figures 4A,B,F). Moreover, the numbers of M1 macrophages including CD68+NOS2+ and CD68+TLR2+ populations increased in BLM-induced scleroderma skin; however, the BLM-induced increase of M1 macrophage (CD68+NOS2+ and CD68+TLR2+) populations was not significantly affected by WKYMVm treatment (Figures 4C,D,G). WKYMVm treatment time-dependently decrease the number of M2 macrophages but not M1 macrophages (Figure S5).
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FIGURE 4. Effects of WKYMVm treatment on macrophage polarization and inflammation in scleroderma. The BLM-induced scleroderma mice were treated with or without Wm for 3 weeks. The mock-treated (PBS) and scleroderma (BLM or BLM+Wm) skin specimens were stained with anti-CD68 antibody together with anti-Arginase-1 (A), anti-CD163 (B), anti-TLR2 (C), or NOS2 (D) antibodies. Nuclei was stained with DAPI, and overlaid images are shown. Scale bar = 50 μm. The numbers of CD68+ macrophages (E), M2 type macrophages (F: CD68+Arginse-1+ and CD68+CD163+ cells), M1 type macrophages (G: CD68+TLR2+ and CD68+NOS2+ cells) were counted under high-power field. Data represent mean ± SD (n = 8 per group). *p < 0.05, **p < 0.01, ***p < 0.001.





The Role of Fpr2 in WKYMVm-Induced Alleviation of Scleroderma Fibrosis

To clarify the role of Fpr2 in WKYMVm-induced alleviation of scleroderma, we examined the therapeutic effects of WKYMVm on BLM-induced scleroderma in Fpr2 knockout mice. In contrast to the WKYMVm-induced decrease of fibrotic area in the scleroderma model of wild-type mice, WKYMVM treatment did not alleviate the BLM-induced dermal thickness in Fpr2 knockout mice (Figures 5A,B). Moreover, the BLM-induced deposition of thick collagen fibers in the dermal tissues was significantly reduced by WKYMVm treatment in wild type mice but not in Fpr2 knockout mice (Figures 5A,C). Consistently, the increased level of hydroxyproline in the BLM-induced scleroderma skin was not affected by WKYMVm treatment in Fpr2 KO mice, in contrast to significant decrease of hydroxyproline content in the BLM-treated skin of wild type mice (Figure 5D).
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FIGURE 5. The role of Fpr2 in WKYMVm-induced alleviation of dermal fibrosis in scleroderma. (A) Wild type and Fpr2 KO mice were daily injected with BLM for 3 weeks, followed by co-administration of BLM with or without 1 μM Wm for additional 3 weeks. Skin specimens of BLM-induced scleroderma mice were stained with H&E and Masson's trichrome stain. Scale bar = 100 μm. Dermal thickness (B) and collagen density (C) were quantified from the H&E and Masson's Trichrome data, respectively. (D) The levels of hydroxyproline content in skin specimens were determined by using a hydroxyproline assay kit. Data are shown as the mean ± SD (n = 8). *p < 0.05.



In order to confirm these results, we next explored the role of Fpr2 in WKYMVm-induced regulation of myofibroblast differentiation using Fpr2 knockout mice. In contrast to the WKYMVm-induced decrease of α-SMA+ILB4− myofibroblasts in BLM-induced scleroderma skin of wild type mice, WKYMVm treatment had no significant effect on the number of α-SMA+ILB4− myofibroblasts in the BLM-induced scleroderma skin of Fpr2 KO mice (Figures 6A,C). Furthermore, WKYMVm treatment did not reduce the numbers of Vimentin+ or Vimentin+p-SMAD3+ myofibroblasts in the scleroderma skin of Fpr2 KO mice, in contrast to the significant inhibition of those in the scleroderma skin of wild type mice (Figures 6B,D,E). These results suggest that Fpr2 mediates WKYMVm-induced reduction of myofibroblast differentiation in scleroderma.
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FIGURE 6. The role of Fpr2 activation in the myofibroblast differentiation associated with scleroderma. (A) The BLM-induced scleroderma model of wild type and Fpr2 KO mice were daily injected with or without Wm for 3 weeks, followed by staining of the skin specimens with antibodies against α-SMA and ILB-4. (B) The skin specimens were stained with antibodies against Vimentin and phospho-SMAD3. Scale bar = 50 μm. The numbers of α-SMA+ILB-4− (C), Vimentin+ (D), and Vimentin+phospho-SMAD3+ (E) cells were quantified under a high-power field. Data are shown as mean ± SD (n = 8 per group). *p < 0.05, **p < 0.01, ***p < 0.001.





The Role of Fpr2 in WKYMVm-Induced Immune Resolution in Scleroderma Mice

To explore the role of Fpr2 in WKYMVm-induced alleviation of inflammatory responses in scleroderma mice, we next quantified the number of CD68-positive macrophages in Fpr2 knockout mice. In contrast to the WKYMVm-induced inhibition of CD68-positive macrophage infiltration in the scleroderma skin of wild type mice, WKYMVm treatment had no significant impact on BLM-induced infiltration of macrophages in Fpr2 KO mice (Figures 7A–E). Moreover, WKYMVm treatment did not reduce the numbers of CD68+CD163+ or CD68+Arginase-I+ M2 macrophages in scleroderma skin of Fpr2 KO mice, in contrast to the WKYMVm-induced decrease of M2 macrophage levels in that of wild type mice (Figure 7F). Whereas, WKYMVm treatment had no significant impact on the numbers of the CD68+NOS2+ and CD68+TLR2+ M1 macrophages in not only wild type mice but also Fpr2 knockout mice (Figure 7G). These results suggest that WKYMVm-induced activation of Fpr2 led to inhibition of macrophage activation and decrease of M2 macrophages in scleroderma skin.


[image: image]

FIGURE 7. The role of Fpr2 in WKYMVm-induced decrease of M2 macrophages in scleroderma skin. The BLM-induced scleroderma skin of wild type and Fpr2 KO mice were injected with or without Wm for 3 weeks, followed by staining with anti-CD68 antibody together with anti-Arginase-1 (A), anti-CD163 (B), anti-TLR2 (C), or NOS2 (D) antibodies. Nuclei was stained with DAPI and overlaid images are shown. Scale bar = 50 μm. The numbers of CD68+ macrophages (E), M2 type macrophages (F: CD68+Arginse-1+ and CD68+CD163+ cells), M1 type macrophages (G: CD68+TLR2+ and CD68+NOS2+ cells) were counted under high-power field. Data represent mean ± SD (n = 8 per group). **p < 0.01, ***p < 0.001.



To explore the immune resolution effect of FPR activation, we measured the levels of inflammatory cytokines in the serum of BLM-induced scleroderma mice. BLM-induced scleroderma mice exhibited increased serum levels of TNF-α and INF-γ, and WKYMVm treatment alleviated the BLM-induced increase of TNF-α and INF-γ (Figures 8A,B). Consistently, BLM treatment increased the mRNA level of INF-γ in scleroderma tissues, and WKYMVm treatment reduced BLM-induced increase of INF-γ mRNA levels (Figure S2B). The WKYMVm-induced reduction of TNF-α and INF-γ levels was observed in the serum of BLM-induced scleroderma model of wild type mice, but not in Fpr2 knockout mice (Figures 8C,D). These results indicate that Fpr2 plays a key role in WKYMVm-induced immune resolution in scleroderma.
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FIGURE 8. The role of Fpr2 in WKYMVm-induced immune resolution in scleroderma. (A,B) Wm-induced inhibition of systemic inflammation in scleroderma. The BLM-induced scleroderma mice model were treated with or without Wm for 3 weeks, and the serum levels of TNF-α (A) and INF-γ (B) in the mock-treated (PBS) and the scleroderma mice (BLM or BLM+Wm) were determined by ELISA assay. (C,D) The role of Fpr2 in Wm-induced suppression of systemic inflammation in scleroderma. The BLM-induced scleroderma model of wild type and Fpr2 KO mice were daily injected with or without Wm for 3 weeks, and the serum levels of TNF-α (C), and INF-γ (D) in the scleroderma mice were quantified by ELISA analysis. Data represent mean ± SD (n = 8 per group). *p < 0.05.






DISCUSSION

In this study, we showed that WKYMVm-induced activation of Fpr2 reduced the skin fibrosis which is associated with BLM-induced scleroderma. Intradermal injection of WKYMVm decreased dermal thickness and collagen deposition in the scleroderma skin of wild type mice, whereas this therapeutic effect was completely abrogated in Fpr2 knockout mice. Fpr2 in mouse has been reported to be activated by not only WKYMVm, but also various structurally diverse ligands, including annexin A1, LL37, lipoxins, and resolvins (21). In accordance with the present study, several reports have suggested that Fpr2 activation leads to alleviation of tissue fibrosis associated with chronic inflammation. Lipoxin was shown to exhibit pro-resolution effect on inflammation and inhibit growth factor-induced fibroblast proliferation and collagen synthesis (22). Moreover, 17®-resolvin D1 ameliorated BLM-induced pulmonary fibrosis by attenuating alveolar infiltration of neutrophils and inflammatory responses (23). These results support the findings of the present study, suggesting the therapeutic role of Fpr2 activation in the treatment of scleroderma.

The pro-resolving effects of Fpr2 ligands include limiting leukocyte trafficking and activation in vitro and in vivo (24) as well as stimulating efferocytosis (25), granulocyte apoptosis (26), and leukocyte egress (27). One of the downstream Fpr2 signaling events involved in the pro-resolving effects is the suppression of calcium-sensing kinase calcium-calmodulin-dependent protein kinase and subsequent inhibition of p38 mitogen-activated protein kinase (MAPK) phosphorylation in murine bone marrow-derived cells (28, 29). Another possible mechanism associated with the Fpr2-mediated immune resolution is receptor desensitization, which plays a key role in the regulation of G protein-coupled receptor signaling and trafficking (30). Recent studies have demonstrated that FPR2 agonists, lipoxin A4 and some of ureidopropanamide derivatives, induced FPR2 internalization and desensitization (25, 31). Moreover, it has been reported that compound 43, a non-peptidyl agonist for mouse Fpr1 and Fpr2, inhibited neutrophil migration in mice by inducing cross-desensitization of CXCR2, a chemoattractant receptor (32). In addition, some FPR2 agonists including WKYMVm have been reported to induce cross-desensitization of CCR5 and CXCR4 (33, 34). Therefore, it is likely that inhibition of inflammatory signaling and desensitization of chemoattractant receptors may be play a key role in the WKYMVm-induced resolution of chronic inflammation.

Systemic scleroderma is a chronic autoimmune disease that causes systemic inflammation. In this study, we showed that BLM-induced scleroderma stimulated infiltration of CD68-positive macrophages into scleroderma skin, and the serum levels of the inflammatory cytokines, TNF-α and INF-γ, were up-regulated in the scleroderma model; however, WKYMVm treatment attenuated these effects. Accumulating evidence suggests that activation of FPR2 led to alleviation of chronic inflammatory diseases (35). In dextran sodium sulfate-treated ulcerative colitis animal model, WKYMVm administration alleviated mucosa destruction and shortened colon by decreasing production of interleukin-23, a pro-inflammatory cytokine, and TGF-β1 (36). WKYMVm treatment prevented the development of Th1 and Th17 cell responses and inhibited the production of inflammatory cytokines (37). Moreover, WKYMVm treatment attenuated hyperoxia-induced lung injury and lung inflammation in newborn mice (38). WKYMVm treatment decreased the numbers of inflammatory cells including CD68-positive macrophages and the levels of inflammatory cytokines in the lungs of hyperoxic mice. These results suggest that WKYMVm-induced activation of Fpr2 attenuates chronic inflammation and concomitant production of inflammatory cytokines.

It has been shown that WKYMVm treatment increases the expression of Fpr2 in scleroderma fibroblasts and upregulation of Fpr2 in scleroderma fibroblasts fosters the switch to myofibroblasts (13, 14). However, lipoxin A4 has been shown to inhibit TGF-β1-dependent profibrotic activity in human lung myofibroblasts (39). Furthermore, lipoxin A4 inhibited the proliferation of human lung fibroblasts induced by connective tissue growth factor (40). In our study, WKYMVm treatment led to decreased production of myofibroblasts positive for α-SMA, Vimentin, and phospho-SMAD3 through an Fpr2-dependent mechanism in the scleroderma model. However, WKYMVm treatment did not directly affect TGF-β1-induced differentiation of fibroblasts to α-SMA-positive myofibroblasts, suggesting that WKYMVm-induced activation of Fpr2 indirectly alleviates myofibroblast differentiation in the BLM-induced scleroderma model. Macrophage-derived TGF-β stimulates myofibroblasts to produce various extracellular matrix proteins and inhibitors of metalloproteases that are involved in the degradation of matrix proteins (41). Several drugs, such as tamibarotene, glycyrrhizin, and paquinimod have been reported to ameliorate BLM-induced dermal fibrosis and infiltration of macrophages by suppressing M2 polarization of macrophages in BLM-induced scleroderma model (7, 8, 42, 43). In this study, we demonstrated that WKYMVm treatment reduced the number of CD68+CD163+ or CD68+Arginase-I+ M2 macrophages in the scleroderma tissues through Fpr2-dependent mechanism. These results suggest that Fpr2 activation alleviates scleroderma by inhibiting M2 macrophage polarization and systemic levels of inflammatory cytokines in scleroderma.

In conclusion, the present study demonstrates that WKYMVm-induced Fpr2 activation relieves fibrosis by inhibiting fibroblast activation, macrophage infiltration and generation of M2 type macrophages, and inflammatory cytokine expression in BLM-induced scleroderma model. These results suggest that Fpr2 ligands including WKYMVm can be useful in the treatment of patients with scleroderma.
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Atopic dermatitis (AD), one of the most frequent inflammatory skin diseases worldwide, is believed to result from a disturbed skin barrier as well as aberrant immune reactions against per se harmless allergens. Starting mostly during childhood with a chronic, remitting relapsing course, the disease can persist into adulthood in about one fifth of patients. Immune reactions to self-proteins have been observed in AD patients already in the beginning of the Twentieth century, when human cellular extracts were shown to provoke skin lesions. However, the term “autoimmunity” has never been claimed, since AD is first and foremost an atopic disease. In contrast, this IgE-hallmarked autoreactivity was termed “autoallergy” and is ongoing discussed regarding its impact on the disease. Since severely affected patients tend to develop IgE-hypersensitivity reactions to numerous environmental allergens, the impact of immune responses to self-proteins is difficult to determine. On the other hand: any autoreactivity, irrespective of the magnitude, implicates the potential of driving the chronification of the disease while shaping the immune response. This review article revisits the observations made on autoallergy from an actual point of view and tries to approach the question whether these still point to a contribution to the disease.
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AUTOREACTIVE IGE—AN AD-SPECIFIC PHENOMENON?

First of all, autoreactivity accompanying atopy is a historical observation. The first studies date back to the 1920s, where human skin extract, injected into the skin led to visible skin inflammation (1, 2). These observations have been made long before IgE was discovered (3). In these days, disease criteria and names were not as clearly defined as today, making it somewhat speculative from today's perspective to draw precise conclusions. From what we know today, we can only speculate that in these experiments antigens of the skin dander extracts were captured by recipient's IgE, which was bound to Fc-receptors on the cell surface of mast cells or basophils. This would have led to IgE crosslinking, the release of pro-inflammatory mediators, and finally type I hypersensitivity reactions of the skin.

Serum total IgE levels are often drastically increased in atopic patients and are applied as diagnostic tools and therapeutical targets (4, 5). However, the specificity of the majority often remains unclear. By now, also several modern approaches of controlled experiments focused on the question of autoreactive IgE. Summarizing 14 studies involving 2,644 patients in total, Tang et al. finally conclude that AD is indeed associated with IgE-autoreactivity (6). In this meta-analysis the authors summarize the frequency of affected AD patients to be between 23 and 91% without finding a correlation to age, sex, or disease duration. Interestingly, two of 14 studies detected a significant correlation between IgE-autoreactivity and AD disease severity (7, 8); and in further three studies this became apparent by trend (9–11). As mentioned above, severely affected patients do indeed show strongly elevated total IgE levels, with a bouquet of allergen-sensitizations including e.g., aero-, food-, and microbial allergens. Therefore, it might seem not surprising to find IgE also against self. Nevertheless, autoreactive IgE may play a role in the pathogenicity of the disease, since compared to pollen or food allergens, self-antigens are by nature perennial and inescapable.

The 14 studies mentioned above contained different control entities including other skin autoimmune diseases as psoriasis (8, 10–12) or systemic lupus erythematosus (13), of which none had detectable autoreactive IgE toward the respective autoallergens tested. Nevertheless, autoreactive IgE can be found also in other inflammatory skin diseases [for a review see (14)]: For example, patients suffering from bullous pemphigoid are IgE-(as well as IgG- and IgA-)sensitized against the hemidesmosomal proteins BP180 (BP antigen 2) and BP230 (BP antigen 1). These and other antigens of autoimmune blistering diseases lead to destruction of skin integrity, and the mechanisms are meanwhile quite well understood (15). In systemic lupus erythematosus, patients often display autoreactive IgE to double-stranded DNA or P2 proteins. Recently, an extensive study revealed that autoreactive IgE can be found in the majority of patients with chronic spontaneous urticaria: Reporting over 30 autoreactivities, most prominently the cytokine IL-24 appears as a target for specific IgE in these patients (16). Maurer et al. summarized different studies and come to the point that autoreactive IgE is not exclusively found in AD (14), however, the large number of >140 autoallergens described in this disease up to now appears indeed to be unique (see Table 1).



Table 1. IgE-autoantigens (“autoallergens”) described in atopic dermatitis.
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THE ORIGIN OF AUTOREACTIVE IGE—A REMNANT OF THE CHILDHOOD, CROSSREACTIVITY, OR DE NOVO SENSITIZATION?

The frequent occurrence of IgE sensitization to autoallergens in patients with AD was considered as a result of tissue damage and thereby release of auto-antigens that are commonly invisible to T cells (25). Since AD starts in most cases during infancy, several studies investigated autoreactive IgE in children: In a study from 2005, Mothes et al. investigated retrospectively a cohort of 174 adult AD patients regarding the presence of auto-IgE and found 23% to be positive (10). These displayed generally stronger disease symptoms, including clinical signs and scores, increased pruritus, more often a positive history of food allergy, higher levels of total as well as aero-allergen-, food-allergen-, and microbial allergen-specific serum IgE. These patients also reported more frequently to suffer from recurrent bacterial and viral infections of the skin such as impetigo contagiosa or eczema herpeticatum. But most interestingly, an early onset of AD and manifestation of clinically symptomatic AD between the 2nd and 6th years of life was associated with auto-IgE (10). In that work, also sera from 102 children aged 1–12 suffering from AD were analyzed and the authors detected auto-IgE in a substantial subgroup. Children aged 2–13 were affected more often than 1-year-olds. Longitudinal sampling suggested a development of auto-IgE in younger years. However, this study lacks a control cohort of healthy children (10).

In adult patients, auto-IgE in healthy children aged 10–15 was measured by Kistler et al. (26). Samples were generated within the birth cohorts GINIplus and LISAplus and therefore are population-representative. The authors agree with the finding by Mothes et al. that auto-IgE is quite frequently detectable in children of that age, however, the occurrence of auto-IgE was unexpectedly decreased in children suffering from AD and allergic asthma compared to healthies. Therefore, the occurrence of auto-IgE in children appears to be a general phenomenon with so far unknown meaning, but is not a predictor regarding AD. The authors speculate that a general type-2 immune prevalence in early life may be an opposing mechanism to more harmful type-1 (auto)inflammation (26).

Autoreactive IgE antibodies have been identified by detecting interactions between self-antigens and IgE in the serum of patients. In order to define single Aspergillus allergens, Crameri et al. established an Aspergillus fumigatus phage display library and applied sera of patients with known respective sensitization (17, 18). The discovery of two autoallergens occurred subsequently by investigating sequence homology of the newly identified allergens manganese superoxide dismutase (MnSOD, later termed Asp f6) and ribosomal protein P2 (termed Asp f8) to human proteins. Both of the human homologs, MnSOD and P2 shared strong sequence similarities and subsequent IgE-immunoblotting confirmed a cross-reactivity of the IgE between human and Aspergillus proteins. While P2-specific IgE was found in around 8% of 75 AD patients investigated (18), MnSOD sensitization was observed in more than 40% of 69 AD patients tested (8). By comparing results from cDNA libraries that displayed putative allergens from the fungi Aspergillus and Malassezia, respectively, Limacher et al. came across the thioredoxins that were later termed Asp f28, Asp f29, and Mala s13 (20). Sequence homology led to the identification of the highly homologous human variant, hTrx, and those from further organisms, defining a pan-allergen family. Competetive ELISAs confirmed IgE-crossreactivity, especially between the microorganisms, but also between Malassezia and the autoallergen hTrx. Malassezia has been known for decades as a trigger factor in AD, colonizing the skin as a facultative pathogen (27). Therefore, a sensitization to Malassezia was suggested to be underlying the cross-reactivity to hTrx, although these hypotheses are difficult to prove.

In direct approaches to identify autoallergens, cDNA phage libraries were generated from human proteins. Therefore, again a crude extract from the human epithelial cell line A431 was applied (21, 28). Binding to full length recombinant and native proteins was validated after recombinant protein expression and (competitive) IgE-blotting experiments. In total, five autoallergens were identified in these fundamental studies that were termed according to the IUIS nomenclature “Homo sapiens allergen 1 to 5” (Hom s1-s5). MICU1/Hom s4-specific IgE was found in a subsequent study to cross-react to homologous proteins of different species, all bearing calcium-binding abilities, namely Phl p7 (timothy grass) and Cyp c1 (common carp) (12). Finally, 10 years ago, a comprehensive phage display approach mapped in total 140 bona fide autoallergens, while confirming 16 that had already been described (11).

In order to approach the question of clinical relevance, recombinantly produced versions of several autoallergens were successfully tested toward IgE-reactivity in patient's skin by means of prick testing [Hom s2, s3, s4, s5 (21) and the ribosomal protein P2 (18)]. While this approach underlines the clinical relevance of auto-IgE, the sensitization to autoallergens and the mechanism of cross-reactivity was further addressed in vivo. Upon sensitization with α-NAC/Hom s2, mice developed skin symptoms as well as specific crossreactive IgE and IgG antibody responses. Intradermal administration of the autoallergen led to skin symptoms in sensitized mice as well as in non-sensitized mice after passive transfer of serum of sensitized ones (29).

Regarding the specificity of allergen extract-based IgE-binding assays, one has to consider that also in healthy individuals certain irrelevant cross-reactive carbohydrate antigens bind IgE without mounting a pro-inflammatory response (25). Further, some studies assume that IgE antibodies show a strong potential of crossreactivity, binding to a wide range of epitopes (30). This implicates that identified autoreactive IgE may not be a result of an interaction between B and autoreactive T helper cells. Therefore, the T cell response to putative autoallergens has to be investigated, too, in order to draw a comprehensive picture.



AUTOREACTIVE T CELLS AS A RESULT OF CROSSREACTIVITY OR DE NOVO SENSITIZATION?

T helper cells of the Th2 subtype are capable of initiating the class switch in B cells to induce the production of antigen-specific IgE. In AD, the T cell response is together with skin barrier disturbance regarded as the central disease mechanism. T cells home to the skin in AD patients (31), and those isolated from the inflamed, lesional AD skin have been shown to react to environmental allergens (32). It has been observed that during an ongoing acute or chronic AD inflammation, skin-infiltrating T cells are mostly T helper cells. Nevertheless, CD8+ T cells are also present and furthermore, these have been described to be crucial in initiating the skin inflammation (33, 34). Regarding T cell polarizations, first of all Th2, but also Th1, Th17, and Th22 T cells have been described to contribute to the pathogenesis of AD (35). These appear to be a result of (a) the allergen, (b) the inflammatory milieu, and/or (c) the disease progression. To explain this heterogeneity, it has been proposed that the Th1-predominance in chronic AD lesions might be a result of T cell responses to non-classical allergens like autoallergens. However, analyzes of autoallergen-specific T cell responses confirm this theory only partially.

Again, the primary observations regarding autoreactive T cells in AD have been made astonishingly long ago. Hashem et al. reported 1,963 proliferation of lymphocytes after stimulation with autologous skin extracts, detected by analyzing cell shape and division (36). In these tests, two patients with severe eczema reacted stronger compared to two healthy controls and one asthmatic. The first observations by Crameri et al. on T cell reactions toward the self-antigen MnSOD were made on T cells from AD donors sensitized to fungal and human MnSOD. However, that time no control donors were compared (17). A second trial showed in a proof-of-concept approach that non-sensitized AD patients do not show T cell proliferative responses to human-, Aspergillus- or Malassezia-MnSOD (8), while in a third approach also healthy controls next to sensitized and non-sensitized AD patients were enrolled in T cell proliferation studies (37). The human ribosomal P2 protein led to T cell responses in six out of six senzitized AD individuals, but not in four non-sensitized AD or three healthy donors (18). These experiments show altogether a clear-cut cross-reactivity between human and fungal allergen homologs and further a tight correlation between IgE and T cell responses, which appears to have clinical implications in allergic diseases (38, 39).

In a laborious approach T cell clones were generated from Malassezia-sensitized AD donors, from blood as well as from APT-lesions induced by Mala s13 or Malassezia extract. These clones did cross-react to both proteins and were assigned regarding the respective cytokine production to Th1, Th2, Th17, as well as Th22 T helper cell subsets (40). Later, our group described that hTrx upregulates the Th2 cytokine IL-13 in an IgE-dependent manner and showed further an impaired upregulation of IL-10 by hTrx in specifically sensitized AD patients (41). hTrx is known to act also as an alarmin, being secreted upon cellular stress (42). This suggests that the protein is often recognized by the immune system within danger situations, which may favor sensitization. Recent studies show that hTrx as well as Mala s13 are effectively bound by pattern recognition receptors on myeloid cells, and that hTrx directly induces pro-inflammatory responses that promote the survival of Th17 cells (Roesner et al., unpublished). Both crossreactivity as well as intrinsic properties of hTrx may therefore underlie the observed cellular and humoral responses.

Regarding the autoallergens that were identified by the human protein-directed approach by Natter et al. (21), α-NAC/Hom s2 as well as MICU1/Hom s4 have been shown to evoke IFN-γ responses from peripheral blood cells of sensitized donors. These reactions were found to be stronger compared to those by the classical pollen allergen Phl p1 (12, 43). MICU1/Hom s4, however, also promoted IFN-γ in healthy individuals, suggesting that the protein might activate parts of the innate immune system. The Th1-response by α-NAC/Hom s2 was later shown to be dependent on IL-12 and mediated through TLR-2 on monocytes, also describing an effect aside from the adaptive T cell response (44). Proliferation testing of T cells from the blood of sensitized donors, however, revealed that α-NAC/Hom s2 specifically triggered skin-homing T cells in AD patients. Generating subsequently α-NAC/Hom s2-specific T cell clones, CD4+ but interestingly also CD8+ T cells were could be established. While from lesional AD skin only 10% of T cell clones were CD8+, surprisingly 61% clones generated from the circulation of sensitized donors were found to be cytotoxic T cells (45). These did secrete IFN-γ and/or IL-4 as well as occasionally IL-17 upon autologous, specific re-stimulation.

The identification of autoreactive T cells homing to / infiltrating in the skin clearly indicates that these promote the pro-inflammatory milieu in the inflammatory response in affected patients. However, relatively low numbers of participants narrow the impact of these experiments.

Deeper insights come from approaches evoking skin lesions in patients' skin. Recombinantly produced human MnSOD has been applied to patient's skin in the context of an atopy patch test (APT) (8). This test aims for the late type (type IV-like) hypersensitivity skin reaction to protein allergens in a controlled fashion (46). This positive skin reaction can therefore be seen as a proof-of-concept-observation of the clinical relevance of a given sensitization. Within the EU, only those test substances are allowed nowadays to be applied on the skin, which have been produced under GMP conditions. This production process however is often financially not profitable which explains that the APT is generally not available as a routine diagnostic tool (47, 48).

Further deciphering of the T cell reactivity to autoallergens is achieved by identifying immunodominant epitopes within the amino acid sequence. T cells recognize linear epitopes that are presented by MHC complexes of antigen presenting cells. Breaking-down the amino acid sequence into immunodominant epitopes can therefore be achieved by applying single synthetic peptides in stimulation or binding assays. Therefore, candidate peptides are often produced in an overlapping fashion, covering the complete sequence of the protein of interest. A possibility to downsize these laborious approaches is to apply prediction algorithms upfront that identify MHC-binding motifs within the primary sequence [like SYFPEITHI (49) and consensus (50)]. For hTrx and α-NAC/Hom s2 candidate T cell epitopes were presented to PBMC of sensitized donors, which led to modest but measureable T cell proliferation in sensitized donors and finally to the identification of MHC-I and MHC-II epitopes (51, 52).



ARE AUTOALLERGENS PRESENTED VIA MHC?—A DEEPER LOOK INTO THE “PEPTIDOME”

Cross-reactivity of T cells is nowadays an accepted immunological phenomenon. The specificity of the T cell is given by the highly diverse TCR, which is generated by the process of V(D)J recombination and can theoretically lead to 1017 different receptors (53, 54). However, the naïve T cell pool of a human being consists “only” of 107 to 1013 different TCR (55–57), what raises the question how these are able to cover a virtually unlimited set of pathogenic molecules (>1015 possibilities from 20 proteogenic amino acids) (58). Recent studies showed that each TCR is able to get activated by millions of different peptide/MHC complexes (58). While at least two amino acids within an epitope were considered as nearly irreplaceable since serving as anchor positions for the MHC, also these have been shown to be variable to a certain extent (59). It is believed that the high variability is not leading to a complete autoimmune-chaos, since a) not every protein is present in every tissue, and b) not every possible combination is generated by the antigen-presenting cells. The question whether a putative immunodominant epitope is presented via MHC is therefore of central interest.

Meanwhile, harnessing the power of high-throughput proteomics, T cell epitopes presented by MHC-molecules on the surface of antigen-presenting cells can be identified by mass spectrometry. These immuno assays represent beautiful but laborious as well as money-consuming approaches enabling an objective view into what T cells might react to. However, caution has to be taken since donors differ regarding the MHC molecules and every MHC has different binding abilities, leading to a patient-specific set of presented epitopes for each antigen. This is usually taken into account by enlargement of the test cohort. Epitopes discovered to be presented in different donors are of special interest, since these may represent targets for vaccination or allergen immunotherapy. To date, most of these assays have been performed on cells derived from healthy donors to get a picture of the status quo of antigen presentation (60–63); but also data on specific diseases are available (64, 65). These studies are listed within the PRoteomics IDEntifications (PRIDE) database. The consortium Human Immuno-Peptidome Project (HUPO-HIPP) intends to define experimental standards, to connect labs generating these data, and to gather available information in order to display the sequences to scientists around the world on a single platform, the SysteMHCAtlas (66). This database harbors today data from 23 experimental approaches. Data mining in this archive reveals that autoallergens are indeed frequently presented. For example regarding the autoallergen α-NAC/Hom s2, 66 presented epitopes have been identified by mass spectroscopy. Interestingly, 49 of 66 are mapped within the sequence stretch α-NAC/Hom s2181−209 VKLVMSQANVSRAKAVRALKNNSNDIVNA, which has also been found to be immunogenic in our studies on autoallergic AD patients (51). Further, these data match our own findings, that MHC-I and MHC-II epitopes overlap in this region (52). Also epitopes of DSF70, Hom s3, and Hom s4 could be identified: Table 2 lists the most commonly identified epitopes and their appearances in the assays. Epitopes of hTrx were found in at least two studies (60, 67).



Table 2. Frequently found MHC-presented epitopes of exemplary autoallergens.

[image: image]




These data support the probability of autoallergens to play a role in disease, since their epitopes are commonly presented. It appears even more compelling, that presented natural epitopes of α-NAC/Hom s2 have also been described to evoke pro-inflammatory responses in sensitized subjects.



AUTOREACTIVE T CELL RECEPTORS, A MATTER OF SPECIFICITY

MHC-multimers are further tools to investigate the question whether a certain epitope is recognized by T cells. These multimerized, labeled MHC/peptide-complexes have been shown to bind to matching T cells with strong specificity, allowing their enumeration and characterization (68). With MHC class I-multimers harboring α-NAC/Hom s2 epitopes, we observed specific staining of a subgroup of CD8+ T cells in patients that displayed detectable levels of specific IgE (51). This T cell fraction showed specific characteristics of effector/memory (TEM) of terminally differentiated effector T (TEMRA) cells, arguing for a contribution in an ongoing inflammatory process. Measuring cytokines secreted by these cells, we detected first of all IL-4, and further (but less) IFN-γ. While this phenotype, also termed Tc2, is relatively uncommon in healthy donors, it reflects the cytokine milieu in AD. Again, quality and quantity of the immune response suggest a contribution to the disease pathogenesis.

Interestingly, the binding affinity of identified peptides to the MHC-I molecules, as well as the binding avidity of the tetramer to the TCR were both observed at a rather low level (51). Based on this, it could be hypothesized that autoallergen-specific T cells do not harbor perfectly matching T cell receptors (TCR). This might indeed be the case, since those would have been eradicated during negative selection in the thymus. The only possible explanation of autoreactivity in AD, where a fully functional thymus can be assumed, is that T cells with minimal autoreactive potential escape the negative selection. Upon encounter of the autoallergen within a highly inflammatory milieu, however, the suboptimal recognition may be sufficient to mount a pro-inflammatory response against self. The expression of a low avidity TCR can be seen as a major mechanism by which autoreactive T cells escape tolerance. Different studies have demonstrated that that autoreactive T cells that are not completely eliminated by negative selection due to low avidity are quiescent under steady-state conditions in the presence of their target, but during an infection they are able to respond to the respective antigen and differentiate into effector T cells and form memory T cells (69, 70). Interestingly, these low avidity T cells in contrast to high avidity T cells appear to persist without losing their self-destructive potential (70). Szomolay described that also other TCR that recognize self-antigens may do so with low avidity: The MART-1/melan-A antigen, which is specific for the melanocyte lineage and also found in normal skin, evokes T cell reactivity, but the respective TCR could be shown to react much better to other (hypothetical) peptides (71). Contrary to that, TCR that recognize pathogen epitopes (which are not displayed during negative selection) are often perfectly suitable to the respective epitope (71). These findings match to the idea of Wooldridge et al., who describe that TCR do not recognize one single peptide epitope, but broader signatures and many different epitopes (58, 59).



CONCLUSION

Historical observations in the patients' skin argue for a pathogenic role of autoallergy in AD. A high number of IgE-reactive auto-antigens have been identified by now, what appears to be specific for AD. These bear the potential to mount an inflammatory response. For several autoantigens immune-stimulatory functions have been described, and different receptors have been shown to bind self-antigens. The limited success of anti-IgE treatment may underlie the fact that AD is strongly driven by specific T cell responses. However, a subgroup of patients may indeed benefit from this therapeutic (4, 72, 73). T cells recognizing autoallergens have been shown to be of effector subtype, to home to and infiltrate the skin. These have been observed to respond with different cytokines involving IFN-γ, IL-4, and IL-13, but also IL-17 and IL-22. Further in vitro data were generated on T cell epitopes. Although this is known to bear certain risks, recent data corroborate these findings. Difficulties in detecting the immune responses may most probably result from the fact that autoallergens do not harbor perfectly matching T cell epitopes, since such T cells are eliminated efficiently in the thymus during maturation. Nevertheless, reviewing data that are available today, there is no plausible reason to deny an impact of autoreactivity in AD.
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Inflammation is largely implicated in bullous pemphigoid (BP), the most frequent skin auto-immune blistering disease. IL-17, essentially IL-17A/F, has been involved in blister formation through regulation of protease production, and its specific serum profile within BP was related to disease outcome. However, relationships between IL-17 family ligands and receptors are quite complex with six different IL-17 isoforms, and five different receptors. We here aimed at clarifying the contribution of the IL-17 axis in BP by characterizing not only the expression of IL-17 receptor (IL-17R) members within immune cells isolated from BP patients (PMNs, n = 9; T-lymphocytes, n = 10; and monocytes, n = 10) but also the expression of IL-17 isoforms in sera (n = 83), and blister fluid (n = 31) of BP patients. We showed that at diagnosis, IL-17RA and IL-17RC expression were significantly increased in monocytes isolated from BP patients as compared to those from control subjects (p = 0.006 and p = 0.016, respectively). Notably, both IL-17RA and IL-17RC mRNA expression remained elevated in BP monocytes at time of relapse. We further demonstrated a significant increase of all IL-17 isoforms tested in BP blister fluid compared with BP serum (IL-17A, p < 0.0001; IL-17A/F, p < 0.0001; IL-17B, p = 0.0023; IL-17C, p = 0.0022; IL-17E, p < 0.0001). Among all, IL-17B was the only cytokine for which a significant decreased concentration within blister fluid was observed in BP patients with severe disease compared to patients with moderate disease (p = 0.012). We further evidenced a significant negative correlation between IL-17B levels and blister/erosion BPDAI subscore (r = −0.52, p = 0.003). We finally identified mast cells as a potential target of IL-17B in lesional skin of BP patients. In conclusion, we showed here that IL-17RA and IL-17RC expression in monocyte was associated with disease activity and evidenced in situ a negative correlation between BP disease activity and IL-17B, whose effects could be mediated by IL-17RB expressed by mast cell in BP lesional skin.
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INTRODUCTION

Bullous pemphigoid (BP) is the most frequent blistering skin disease of autoimmune origin and affects mainly the elderly (1–6). Clinical features of BP are intense pruritus associated with tense bullae, inflammatory erythematous plaques, and itching (1, 2, 6, 7). BP is characterized by the production of autoantibodies against two proteins of the hemidesmosome structure, BP180, and BP230 (8–13). The binding of BP autoantibodies onto their target induces blister formation by activating complement pathway, which triggered subsequent recruitment of inflammatory cells at the dermal–epidermal junction. Secretion of inflammatory key mediators by inflammatory cells leads up to an overexpression of proteases, such as the matrix metalloproteinase-9 (MMP-9) and the neutrophil elastase, which are involved in dermal–epidermal splitting (14–23). However, autoantibody level does not explain all clinical features of BP (24), suggesting that other regulatory mechanisms are involved in the inflammatory response associated with BP. In this line, we previously showed that IL-17 within the blister fluid (BF) of BP patients was related to MMP-9 production (25), and that specific patterns of IL-17 within the serum of BP patients were related to BP outcome (26). Moreover, anti-IL-17 therapy was revealed quite promising by using experimental murine and human-derived models of BP (27). However, these studies mostly concerned IL-17A and IL-17A/F isoforms, and to our knowledge, no study has evaluated the expression of the receptors of those cytokines yet, or the type of cells expressing those receptors in patients with BP.

IL-17 receptor family is composed of five members from IL-17RA to IL-17RE. The subunit IL-17RA is ubiquitous (28–31) and is a common co-receptor subunit for other members of the IL-17 family. IL-17RA pairs with IL-17RC to bind either IL-17A or IL-17F as covalent homodimers, but also IL-17A/IL-17F as heterodimers (32, 33). However, the association of IL-17RA with other members of the IL-17 receptor family shifts the affinity toward other members of the IL-17 family (34). Indeed, combination of IL-17RA with IL-17RB binds IL-17E as covalent homodimers (35–37). Besides, IL-17RA can also associate with IL-17RE to bind IL-17C as homodimers (38). However, the involvement of IL-17RA is not compulsory, as IL-17RB forms homodimers to target IL-17B as covalent homodimers (39). Up to now, no ligand for IL-17RD has been discovered yet. Also, the receptor of IL-17D remains unknown. In BP, IL-17A production has been mainly attributed to neutrophils, CD3+ T-lymphocytes, and mast cells (25, 27). Besides, IL-17RC expression was found increased in the skin of BP patients, whereas IL-17RA expression was unchanged (27). However, to better understand the role of IL-17 axis in BP, the pattern of IL-17 receptor isoform expression, and the cell types expressing those receptors both in the skin of BP patients and in the circulating immune blood cells need to be further investigated.

In this prospective study, we investigated the IL-17R isoform expression in immune blood cells of BP patients. We also analyzed the expression of IL-17 isoforms in the sera and in the BF of BP patients. To investigate the clinical involvement of the different IL-17 members in BP, we performed correlation studies between IL-17 concentration within the BF and the BPDAI (bullous pemphigoid disease activity index). Finally, to further delineate the role of IL-17 members in the inflammatory response within the BF associated with clinical activity of BP, we evaluated the expression of the respective IL-17 receptors at the surface of immune cells in lesional skin of patients.



MATERIALS AND METHODS


Patients and Study Design

This prospective, single-center study was conducted between September 2013 and July 2017 in the Department of Dermatology at Reims University Hospital (French Referral Center for Autoimmune Bullous Diseases), under the approval of the Ethic Committee of the University Hospital of Reims (CNIL authorization DR-2013-320). In accordance with the Helsinki Declaration, all subjects gave their informed and written consent before their inclusion in the study. Patients that were included presented blistering skin dermatosis fulfilling at least three of four clinical criteria for BP according to Vaillant et al. (40), and in lesional skin, a basal lamina continuous deposit of IgG and/or C3 is revealed by direct immunofluorescence (IF) microscopy. Exclusion criteria were administration of a specific treatment for more than 2 days, pregnancy, and expected survival shorter than 3 months. Sera and blood cells were collected at different time points: at diagnosis (D0), 360 days after the diagnosis (D360), and at the time of a relapse (if it occurred). When possible, BF was collected at diagnosis (D0). Control samples were obtained from age- and sex-matched patients admitted to the department of traumatology, and orthopedic surgery of the same hospital. Controls that were included in the study did not have any autoimmune diseases and any clinical or biological signs of inflammation.



Clinical Characteristics of BP Patients

Clinical data recorded at baseline were gender, age, and clinical activity of the disease evaluated by the Bullous Pemphigoid Disease Area Index (BPDAI) score (7). The BPDAI measures separate scores for mucous membrane and skin activities, the latter evaluating separately both cutaneous urticaria/erythema (non-bullous phase), and cutaneous blisters/erosions (blistering phase). As previously reported (41), a global BPDAI score ≥56 at baseline defined a severe disease while a global BPDAI score <56 defined a moderate disease.



Cell Isolation

Peripheral blood mononuclear cells (PBMCs) and polymorphonuclear cells (PMNs) were isolated by density-gradient centrifugation from EDTA-treated whole blood (Granulosep, Eurobio-Abcys, France). Monocytes were then purified from PBMCs by means of positive selection with CD14 immunomagnetic beads (MACS; Miltenyi Biotec, Germany), according to the manufacturer's instructions. Then, flow through was used to isolate T lymphocytes by means of negative selection with the pan T-cell Isolation Kit from Miltenyi Biotec (MACS).



IL-17R Gene Expression Analysis

Total RNA was extracted from isolated cells (3M, 5M, 7M, and 4M for monocytes, lymphocytes, PMNs, and PBMCs, respectively) using TRI-Reagent (Euromedex, Bas-Rhin, France) according to the manufacturer's protocol. cDNAs were synthetized and amplified using the Maxima First Strand cDNA kit with dsDNAse (Life Technologies), according to the manufacturer's instructions. The expression of IL-17RA, IL-17RB, IL-17RC, IL-17RD, IL-17RE, and β2-microglobulin (β2M) was analyzed by real-time quantitative PCR using the Power SYBR Green PCR Master Mix (Applied Biosystems) on the Stratagene Mx3005P (Agilent Technologies). Relative quantification was performed with β2M as a reference gene. Results were analyzed by using the MxPro QPCR software, and the fold regulation was calculated by using the 2−ΔΔCT method. Primer sequences (Eurofins) used to detect IL-17RA, IL-17RB, IL-17RC, IL-17RD, IL-17RE, and β2M are detailed in Table 1.



Table 1. Primer sequences used for amplification of IL-17R member and β2M genes by real-time quantitative PCR.
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Cytokine Measurement in Biological Fluids From BP Patients

IL-17A, IL-17A/F, IL-17B, IL-17C, and IL-17E were measured in control sera (n = 46), BP sera (n = 83), and BP BF (n = 31) using a U-PLEX assay (MesoScale Diagnostics; Rockville; USA). U-PLEX technology allows multiplex measurement of up to 10 cytokines within a single well in a volume of 50 μL. This technique is based on electro-chemiluminescence detection. Briefly biotinylated capture antibodies were coupled to U-PLEX linkers. The U-PLEX linkers then self-assembled onto unique spots on the U-PLEX plate. After binding to the capture antibodies, detection antibodies conjugated with electro-chemiluminescent labels (MSD GOLD SULFO-TAG) bound to the analytes to complete the sandwich immunoassay. The plate was then placed into an MSD instrument (SECTOR S6000 plate reader) to acquire data. Data analysis was performed by using MSD Workbench software. Limits of detection (LLOD) were 1.6 pg/ml for IL-17A, 3.0 pg/ml for IL-17A/F, 1.0 pg/ml for IL-17B, 3.0 pg/ml for IL-17C, and 0.76 pg/ml for IL-17E.



IL-17R Detection in Isolated Monocytes From BP Patients

IL-17RA and IL-17RC expression was analyzed in monocytes isolated from BP patients and control subjects by immunocytochemistry (ICC). Isolated monocytes were cytospun and fixed with paraformaldehyde 4% (VWR). The primary antibodies rabbit anti-human IL-17RA (Bioss Antibodies, bs-2606R), and rabbit anti-human IL-17RC (Bioss Antibodies, bs-2607R) were applied to the cells and incubated overnight at 4°C. Chicken anti-rabbit IgG Alexa Fluor 594 (Life technologies, A21442) was used as secondary antibodies. Nuclei were stained with Hoechst 33342 (Thermofisher, Waltham, MA).



IL-17R Detection in BP Skin Biopsy Specimen

Double IF staining were performed to analyze IL-17RA, IL-17RB, and IL-17RC expression on paraformaldehyde-fixed and paraffin-embedded lesional skin biopsy specimens from three BP patients before introduction of any treatment. All biopsies were obtained from the Pathology Department of Reims University Hospital. Briefly, after heat-induced antigen retrieval in Tris 10 mM EDTA buffer pH 9 and blocking in PBS 1×/BSA 3%, the primary antibodies rabbit anti-human IL-17RA (Bioss Antibodies, bs-2606R), rabbit anti-human IL-17RB (Gene Tex, GTX81729), rabbit anti-IL-17RC (Bioss Antibodies, bs-2607R), mouse anti-human mast cell tryptase clone AA1 (Dako, M7052), mouse anti-human CD163 (Novusbio, NB110-59935), and mouse anti-myeloperoxidase FITC (Abcam, ab11729) were applied and incubated overnight 4°C. Goat anti-mouse IgG Alexa Fluor 488 (Life technologies, A11029) and chicken anti-rabbit IgG Alexa Fluor 594 (Life Technologies, A21442) were used as secondary antibodies. Nuclei were stained with Hoechst 33342 (Thermofisher, Waltham, MA).

ICC and IF staining were visualized on an AxioObserver Z1 microscope (ZEISS) spinning disk ILAS 2 (Roper scientific). Image analysis was performed by using Metamorph software (Roper Scientific).



Statistical Analysis

Statistical significance was inferred when necessary. GraphPad Prism 5 software (GraphPad, La Jolla, CA) was used for statistical analysis. Results are presented as mean ± SEM (standard error of the mean). Normality test was performed to evaluate Gaussian's distribution of the different population tested. We used non-parametric Mann–Whitney's test to compare two independent groups and non-parametric Wilcoxon's test to compare paired groups of population; chi-square test was used to evaluate qualitative variables. Pearson's correlation test was performed to explore the relationship between continuous variables. Results were considered significant when p < 0.05.




RESULTS


Characteristics of the Studied Population

A total of 83 patients with BP were included in the study. The mean age at diagnosis was 81 years old and the sex ratio F/M was 1.9. A population of control subjects (n = 46) was used with no significant difference regarding these factors. At diagnosis, the total BPDAI score in the whole BP population was 40 ± 27 (Table 2). BP patients received superpotent topical corticosteroids as treatment, in association or not with systemic immunomodulators. Among the 83 patients included, 61 patients had a moderate BP, 22 patients a severe BP, 12 (14%) relapsed, 19 patients (24%) died, and 6 (7%) were lost during the year of follow-up. Baseline clinical characteristics of BP patient subgroups according to outcome are displayed in Table 2.



Table 2. Baseline clinical characteristics of patients with BP.
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IL-17 Receptor Family Members in Immune Circulating Cells in BP

We first investigated the expression of each IL-17 receptor family member in circulating immune cells of patients with BP. At the time of diagnosis, circulating immune cells issued from BP patients or control subjects showed differential expression profile of each IL-17 receptor member. Indeed, whereas PMN cells mainly expressed IL-17RA mRNA (Figure 1A), lymphocytes expressed all IL-17 receptor members, except IL-17RD (data not shown), both in patients with BP and in control subjects (Figure 1B). In addition, in both lymphocytes and PMNs, no statistical differences could be observed at diagnosis between cells originated from BP patients and cells issued from control subjects. In contrast, a significant increase of IL-17RA, and IL-17RC mRNA expression (p = 0.006 and p = 0.016, respectively) was evidenced in monocytes from BP patients (n = 10) as compared with control subjects (n = 6) (Figure 1C). The overexpression of both receptors in monocytes from BP patients was also demonstrated at the protein level by IF staining (Figure 1D). Evaluation of the longitudinal variation of these receptors was realized on BP patients with an ongoing remission (n = 7), and in BP patients with relapse (n = 5) for whom blood samples were available. Baseline clinical characteristics in these subgroups of BP patient with and without relapse were similar to those displayed in Table 2 (data not shown). Both IL-17RA and IL-17RC mRNA increased expressions were significantly abolished after 1 year of treatment (D360) as compared to the level detected at the time of diagnosis (D0) (p = 0.016 and p = 0.016, respectively) in monocytes from patients with ongoing remission (Figure 2A). In contrast, in patients with relapse, both IL-17RA, and IL-17RC mRNA expression remained elevated at time of relapse (DRelapse). Indeed, no significant decrease of both IL-17RA and IL-17RC was demonstrated at time of relapse compared with diagnosis (Figure 2B).
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FIGURE 1. IL-17RA and IL-17RC mRNA expressions were increased in monocytes isolated from blood of patients with BP. The mRNA expression of IL-17RA, IL-17RB, IL-17RC, and IL-17RE were analyzed by real-time quantitative PCR in polymorphonuclear cells (PMNs) (A), in lymphocytes (B), and in monocytes (C) isolated from blood of control subjects (CTR), and of patients with BP at diagnosis (BP). Lines represent the mean, and non-parametric Mann–Whitney's test was used for statistical analysis (*p < 0.05; **p < 0.01). (D) Monocytes from BP patients and control subjects were stained for IL-17RA or IL-17RC. Negative control: primary antibodies were not added. Nuclei were counterstained with Hoechst (blue). Scale bar = 10 μm.
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FIGURE 2. Analysis of IL-17RA and IL-17RC expression in monocytes issued from patients with BP according to disease outcome. IL-17RA and IL-17RC mRNA expressions were analyzed in monocytes of BP patients with ongoing remission (A) and of BP patients who relapsed (B), at diagnosis (D0), and at day 360 (D360), or at the time of relapse (DRelapse), respectively. Non-parametric paired Wilcoxon's test was used for statistical analysis (*p < 0.05; ns = non-significant).





IL-17 Isoforms in Serum and BF of Patients With BP

We next examined the expression of the IL-17 ligands including IL-17A, IL-17A/F, IL-17B, IL-17C, and IL-17E in biological fluids that could bind to the above-described IL-17R members expressed by circulating immune cells originated from BP patients. At the time of diagnosis, all tested IL-17 isoforms were detected in sera of control subjects (n = 46), and in sera (n = 83), and BF (n = 31) of patients with BP (Figure 3). Whatever the IL-17 isoforms analyzed, no significant differences were evidenced between sera from BP patients and sera from control subjects. In contrast, in BF of BP patients, the mean levels of each IL-17 isoform were all significantly increased as compared to BP sera concentrations (IL-17A, p < 0.0001; IL-17A/F, p < 0.0001; IL-17B, p < 0.01; IL-17C, p < 0.01; IL-17E, p < 0.0001) (Figure 3).
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FIGURE 3. The expression of each IL-17 isoform tested was increased in blister fluid of BP patients. The concentrations of IL-17A, IL-17A/F, IL-17B, IL-17C, and IL-17E were measured at the time of diagnosis in serum (BP sera), and blister fluid (BF) of BP patients, and in serum of control subjects (CTR sera) using U-PLEX cytokine multiplex assay. Lines represent the mean, and non-parametric Mann–Whitney's test was used for statistical analysis (**p < 0.01; ***p < 0.001).





IL-17 Isoforms and Disease Activity

Investigation of whether the IL-17 isoform levels within the BF varied according to disease activity at diagnosis was performed on 16 BP patients with “mild to moderate” disease and on 15 BP patients with “severe” disease (Figure 4A). These subgroups were characterized by an increase of the total BPDAI score and skin subscores in BP patients with severe disease (BPDAI total score: 72 ± 14 vs. 39 ± 13, p = 0.0001; BPDAI skin activity subscore: 71 ± 14 vs. 38 ± 13, p = 0.0001; blisters/erosions subscore: 43 ± 11 vs. 26 ± 9, p = 0.0003; erythema/urticaria subscore: 29 ± 16 vs. 12 ± 10, p = 0.003 for severe and moderate BP patients, respectively). Figure 4A showed that IL-17B level was significantly higher (~3-fold, p = 0.01) in BF of BP patients with a mild to moderate disease as compared with levels measured in BF of BP patients with a severe disease. None of the other IL-17 isoforms showed significant variations according to disease extent. Deeper investigation revealed a significant and negative correlation between IL-17B and total BPDAI score (n = 31, r = −0.51, p = 0.004). Further analysis with respect to BPDAI subscores showed that IL-17B concentrations in BF were negatively correlated with the total skin BPDAI subscore (n = 31, r = −0.51, p = 0.003), and the skin blisters/erosions BPDAI subscore (n = 31, r = −0.52, p = 0.003) but not with the erythema/urticaria BPDAI subscore (n = 31, r = −0.27, p = 0.14) (Figure 4B).
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FIGURE 4. IL-17B levels were decreased in BP patients with severe disease extent and negatively correlated with blisters/erosions BPDAI subscore. (A) IL-17A, IL-17A/F, IL-17B, IL-17C, and IL-17E concentrations measured at the time of diagnosis in BF were analyzed according to the disease extent. “Moderate” stands for BP patients with a BPDAI <56 and “Severe” for BP patients with a BPDAI ≥56. Non-parametric Mann–Whitney's test was used for statistical analysis (*p < 0.05). (B) Correlations between total, skin, blisters/erosions, or erythema/urticaria BPDAI scores, and IL-17B levels in BF were analyzed using the Pearson's correlation test.





IL-17 Receptor Expression in Lesional Skin of BP Patients

Finally, we wondered which cells within the blister cavity could be targeted by IL-17B. Double staining for IL-17RB and either mast cell (tryptase), macrophage (CD163), or neutrophil (myeloperoxidase, MPO) markers was performed in biopsies of BP patients (n = 3). Double staining revealed co-localization between IL-17RB and mast cell marker. Conversely, IL-17RB was not expressed by macrophages or neutrophils in blister cavity. In contrast, IL-17RA, and IL-17RC were expressed by both CD163+ macrophages and MPO+ neutrophils in blister cavity (Figure 5).
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FIGURE 5. IL-17RA, IL-17RB, and IL-17RC showed differential pattern of expression in immune cells associated to lesional skin of patients with BP. Paraffin-embedded skin biopsy specimen of blistering skin from BP patients (n = 3) were subjected to double immunofluorescence staining for IL-17RA, IL-17RB, and IL-17RC (in red), and either Tryptase, CD163, or myeloperoxidase (MPO) (in green) with Hoechst counterstain. Negative control: primary antibodies were not added. Scale bar = 10 μm.






DISCUSSION

In this study, we demonstrated that IL-17 R expression displayed a peculiar pattern, with IL-17RA, and IL-17RC increased expression in monocyte and macrophages, whereas IL-17 RB was detected in mast cells. Noteworthy, IL-17RA and IL-17RC expression remained elevated in BP patients who relapsed under corticosteroid treatment. Furthermore, we also found that IL-17 A, B C, E, and F isoforms were all increased in the BF of BP patients. Although such IL-17 production suggested a broad involvement of the IL-17 axis in BP with active skin lesions before starting treatment, we only evidenced a negative correlation between BP disease activity and IL-17B, which could be mediated by IL-17RB expressed by mast cell in BP lesional skin.

We also showed that at the active phase of the disease and before treatment, IL-17RA and IL-17RC expressions were increased in monocyte, but neither in lymphocytes nor in neutrophils. Furthermore, no variation was observed in PBMCs (data not shown), suggesting that the overexpression is mainly restricted to monocytes. Actually, the critical role of monocytes in BP was already illustrated in a previous study showing that monocytes but not lymphocytes from BP patients responded to CXCL10 by increasing MMP-9 secretion (42). Thus, although all IL-17 receptors were detected in circulating blood cells, the overexpression of IL-17RA and IL-17RC in monocytes suggests that those receptors could play a critical role in BP. Actually, IL-17RA, and IL-17RC overexpression in monocytes could participate in BP relapse mechanisms as we observed that their expression was downregulated in BP patients whose disease was controlled by treatment, but remained overexpressed in BP patients who relapsed. Such results are in line with the IL-17 overexpression in the serum of BP patients with relapse under treatment (26) and with the capacity of those sera to increase NETosis in BP (43). This is also in setting with the fact that IL-17RC expression was found increased in the skin of BP patients (27), although in this study the authors found that IL-17RA expression remained unchanged. Indeed, in relation with the variations in monocytes, we also observed that IL-17RA and IL-17RC were markedly expressed by macrophages in the lesional skin of BP patients. Noteworthy, such IL-17RA, and IL-17RC expression in blister cavity was also demonstrated on neutrophils, further advocating on the role of both macrophages, and neutrophils in the dermal–epidermal cleavage upon IL-17 stimulation (25–27, 42, 43). Therefore, altogether, our results showed that investigation of both IL-17 isoforms and IL-17RA/RC may represent adequate tools to predict BP activity and outcome.

Here, we evidenced for the first time the expression of the different isoforms of IL-17 in the serum and in the BF of patients with BP. Furthermore, all of the IL-17 isoforms were produced at a higher level in the BF as compared to the serum of BP patients, suggesting a local production of these cytokines within the bullous area. However, the different IL-17 isoforms were produced at different levels. This is of importance as we also demonstrated that the expression of IL-17 receptors varied according to the immune cell types analyzed. Thus, this suggests that in BP, all combination of IL-17/IL-17R could be formed depending on the receptor types expressed at the surface of the cells, and on the affinity between these couples. IL-17A expression has already been mainly attributed to neutrophils, CD3+ T-lymphocytes, and mast cells (25, 27). The expression of other isoforms of IL-17 is much less defined. The expression of IL-17B and IL-17C has been attributed to T-cells (44). The expression of IL-17E has also been found to be produced by immune cells such as macrophage, lymphocyte, or mast cell (37, 45). Although the origin of the different IL-17 isoforms and of their receptors still needs to be further documented, the expression of all of those molecules of the IL-17 axis might conduct to a very intricate network in BP.

At baseline, only IL-17B expression was correlated with the BPDAI scores. Thus, we evidenced here, for the first time in BP, an IL-17 cytokine isoform capable of discriminating BP patients according to disease activity with the particularity that a negative correlation was observed between IL-17B and BP activity. Although further studies are required to demonstrate whether IL-17B expression is only a marker of disease activity or if this cytokine has a specific role in the regulation of the inflammatory response in BP, previous observation supports the idea that IL-17B could have a protective role in the process of inflammation (46). In BP, BPDAI subscore analysis showed that IL-17B was negatively correlated with the skin blisters/erosions lesions but not with the erythema/urticaria lesions. Therefore, IL-17B might not be involved in the pre-bullous phase of the disease. In contrast, the negative correlation between IL-17B and blisters and erosions lesions suggests that a BP patient with high IL-17B level would not form many blisters and erosions, and vice versa. IL-17B could interfere on BP pathogenesis by several mechanisms. On one hand, IL-17B could bind to IL-17RB, and scavenger at least in part IL-17RA to form the heterodimer IL-17RA/IL-17RB. This would reduce the pool of IL-17RA to enable to transduce the pathogenic effects of IL-17A and IL-17F either as homodimers or as heterodimers. In this way, this could limit the effects of IL-17E (IL-25) that bind to the IL-17RA/RB homodimer (46). On the other hand, binding of IL-17B onto its receptor could also transduce an anti-inflammatory response. Indeed, it has been shown that IL-17B is an anti-inflammatory cytokine (46). Given that IL-17RB is expressed by mucosal epithelial cells, such effects could be involved in the regulation of mucosal inflammation that occurs in certain patients with BP (47). However, why a patient would express a higher IL-17B than another patient is still unknown, and whether this level varies according to disease extent for a specific patient still needs to be investigated.

Besides, IL-17B concentrations within the BF were correlated neither with the anti-BP180NC16A nor with the anti-BP230 autoantibody titers (data not shown), suggesting that, in BP, IL-17B production was disconnected from the autoimmune process, which initiates blister formation. Also, no correlation was observed between serum and BF concentrations (data not shown), suggesting that IL-17B is mainly produced at the skin lesional site. Although we mentioned the pathogenic role of IL-17A or IL-17A/F above, we did not find any correlation with IL-17A or IL-17A/F with the BPDAI score and subscores. A potential explanation could be that the binding of an IL-17 isoform onto an IL-17 receptor may modulate the affinity and specificity of other IL-17 isoform receptor-binding event. This is of interest as this suggests that besides the IL-17RA pathways, other IL-17/IL-17R signaling cascades may be involved in the pathophysiology of BP. Noteworthy, IL-17RB also associates with IL-17RA to transduce the effects of IL-17E. In our study, we evidenced that the in situ expression of IL-17RB was attributed to mast cell within the blister cavity. This is in line with a previous study showing that mast cells expressed and responded to IL-17E, which also has IL-17RB as receptor (37). Thus, altogether, our results suggest that antagonist mechanisms may be involved in the formation of different IL-17 cytokine, and receptor complexes. However, further studies are required to better understand how the IL-17 network is related with clinical disease activity in BP.

Regarding the IL-17 cytokine family, up to now, the main focus was given to IL-17A and IL-17A/F in BP. In this study, our results promote the investigation of IL-17 RA and IL-17 RC as new relevant predicting factors in BP. Furthermore, we previously showed that IL-17A/F was a relevant marker of BP outcome (26), and a recent publication showed promising results in the use of anti-IL-17A by using both animal model of BP and a human-derived model of BP (27). Nevertheless, the therapeutic approach targeting the IL-17 axis should be seen from a broader angle. Actually, the IL-17RA isoform is ubiquitous and can combine with most of the other IL-17 receptor isoforms to conduct the message delivered by the different IL-17 isoforms. Indeed, we showed an increase of IL-17RA and IL-17RC at time of diagnosis of patients with BP. Thus, blocking the IL-17RA isoform would limit the effects of IL-17A and IL-17F. Although this still needs to be demonstrated, this could also limit the effects of other IL-17 isoforms that require the IL-17RA to transduce their effects such as the IL-17E, whose concentration is increased in the BF of BP patients. In contrast, this could favor the anti-inflammatory effects of IL-17B, which is independent of IL-17RA. Therefore, in BP like in other dermatologic diseases such as psoriasis, inhibiting IL-17RA may represent a good therapeutic option (48–50).

Taken together, the results of our study provide a better understanding of the pattern of IL-17 and IL-17 receptor isoforms in BP. In particular, this is the first study investigating the expression of IL-17 receptors by immune cells from patients with BP. We showed that, in BP, the expression of IL-17RA and IL-17RC in monocyte and macrophages are related to disease outcome, whereas IL-17B was negatively correlated to disease activity. Although further studies are required to demonstrate the role of the IL-17B/IL-17RB axis in the pathophysiology of this disease, our study highlighted an intricate IL-17 network with potential antagonist effects of these members of the IL-17 family.
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Bullous pemphigoid (BP) and mucous membrane pemphigoid (MMP) are rare chronic autoimmune disorders characterized by subepidermal blistering. For the United States, there is a limited amount of studies in BP and MMP that address disease demographics and clinical data. In order to more comprehensively examine disease demographics and clinical factors, we performed a retrospective analysis of patient-reported data of 138 BP and 165 MMP patients enrolled in the International Pemphigus & Pemphigoid Foundation (IPPF) disease registry from 2010–2016. Patient-reported data was compared to Physician/Investigator reported data generated in our own local patient population (Western New York; 19 BP and 43 MMP patients). We confirm a female predominance in BP (M:F ratio 1:2.1) and MMP (M:F ratio 1:4.3), and a late onset within the 6th decade of life (average age at diagnosis, 59.1 ± 17.5 years for BP and 54.8 ± 11.2 years for MMP). MMP patients were significantly more likely to have a delay in diagnosis >12 months than BP patients (38 vs. 21%, respectively). Similar to other autoimmune conditions, a large number of BP (34%) and MMP (35%) patients present with other co-existing autoimmune disorders, with the most common being thyroid disease for both groups. Increased illness activity was paralleled by an increase in severe limitations of daily activities. The vast majority of of both BP and MMP patients received high intensity immunosuppression (49%). However, the majority of BP patients reported therapy with prednisone combined with other immunosuppressants (40%), while the majority of MMP patients received immunosuppressants other than prednisone (55%). With the exception of age at diagnosis, the clinical and demographic findings from both the national and local datasets were largely consistent with each other, and support those reported in other countries.

Keywords: bullous pemphigoid, mucous membrane pemphigoid, cicatricial pemphigoid, ocular cicatricial pemphigoid, clinical characteristics, autoimmune comorbidity


INTRODUCTION

Among autoimmune blistering diseases bullous Pemphigoid (BP) is the most common, with an estimated incidence of 10 cases per million population (pmp) per year in the United States (US) and between 4.5 and 14 cases/pmp per year in central Europe (1, 2). BP is characterized by the presence of IgG autoantibodies against two hemidesmosomal proteins (BP180 and BP230) located in the epithelial basement membrane zone, leading to the characteristic clinical picture of tense cutaneous blisters. It is primarily a disease of the elderly with a higher prevalence in females than males (2, 3). BP has been associated with several neuropsychiatric disorders such as Parkinson's disease, dementia, stroke, and multiple sclerosis (4, 5) and with autoimmune diseases such as diabetes mellitus and psoriasis (6–9).

Mucous membrane pemphigoid (MMP), also known as cicatricial pemphigoid (CP), is an uncommon autoimmune blistering disease that primarily affects the mucous membranes such as the oral cavity and ocular mucosa. Ocular cicatricial pemphigoid (OCP) is a delineation of MMP that includes ocular manifestations but can also affect extraocular mucous membranes and non-mucosal skin. While blisters can heal without scarring, they often do heal with scars that can lead to permanent disfigurement and complications such as dysphagia and blindness. MMP and its variants are characterized by the presence of autoantibodies to the basement membrane zone at the epidermal-subepidermal junction of mucous membranes and occasionally skin. Autoantibodies are directed against several target antigens including BP180, BP230, laminin 332, laminin 311, a6b4 integrin, and type VII collagen (10). MMP is more common in women, and usually occurs in the fifth and sixth decades of life (10). The annual incidence was estimated to be between 0.9 and 1.3 new cases/pmp in Germany and France 2 decades ago, but has seen a rise by 2 cases/pmp in the following decade (11).

The rare nature of both diseases makes the collection of epidemiologic data with a substantial number of patients a laborious and challenging process. Presently, there is a lack of larger nationwide studies in the US assessing disease characteristics of BP and MMP. While several studies have examined mortality rates of BP in the US population (3, 12–14), studies on autoimmune comorbidities have mainly come from Europe (15) and Asia (1, 6, 8, 9). The exception is a recent large-scale cross-sectional study by Ren et al. that examined comorbitidies (not specifically autoimmune) based on discharge diagnosis codes in hospitalized patients with either a primary or secondary diagnosis of BP across the US (16). However, there was potential for misclassification of diagnosis codes for comorbidities, and clinical characteristics such as the disease severity for patients with either a primary or secondary diagnosis of BP were not assessed. To our knowledge, there have not been any reported national cohort studies performed to assess the clinical characteristics of MMP in the US.

This study presents the first nationwide analysis in the US to evaluate the clinical characteristics of BP and MMP and it's variants through a patient-reported registry established by the International Pemphigus & Pemphigoid Foundation (IPPF). We also compared the data obtained from the IPPF patient registry with data collected in conjunction with sample procurement for our local autoimmune bullous disease biorepository in which the data entry was curated by trained medical professionals. With the exception of age of onset, which was significantly lower than expected in the population participating the IPPF registry, our findings largely confirm those of previous epidemiologic studies in BP and MMP conducted in other countries including lesion location and medications. Additionally, our study reveals previously unknown information regarding delay in diagnosis, autoimmune comorbidity, and correlation between disease activity and limitations in daily activities.



MATERIALS AND METHODS


Study Population and Data Collection

Patients diagnosed with BP or MMP that enrolled in a patient registry hosted by the IPPF between 4/14/2010 and 6/8/2016 were included in this study. The disease registry consisted of a 38-item self-reported survey of demographic information and disease characteristics that was available either online through the IPPF website at http://www.pemphigus.org/research/registry/ or via a mailed form if they did not have internet access (English and Spanish versions were available) (17). The survey was compliant with HIPAA (US Health Insurance Portability and Accountability Act of 1996). Data was exported from SurveyGizmo or from written input to Excel format and analyzed in a retrospective fashion.

Out of all patients responding to the IPPF registry, we included a total of 138 individuals with a diagnosis of BP and 165 individuals with a diagnosis of MMP including its variant OCP. Data from these individuals was used for constant variable analysis. In addition, both the BP and MMP groups included patients who had submitted >1 survey response to the disease registry months to years after the previous entry (n = 13 for BP and 11 for MMP/OCP). We included original and repeat entries for the analysis of variable disease parameters including co-existing autoimmune disorders, lesion location, disease activity, and medical care.

Since the registry contains patient-reported data and there is a potential of misclassification/re-call bias, a retrospective analysis of physician/investigator-reported data from a local biorepository-associated database of biopsy-confirmed cases of BP and MMP hosted in the corresponding author's laboratory was also carried out to corroborate the findings from the IPPF disease registry. The study was reviewed and approved by the University at Buffalo Institutional Review Board (IRB# 456887). Patients enrolled in the local biorepository were diagnosed based on standard clinical, biopsy (H&E and direct immunoflourescence) and serological parameters, including anti-BP180 and -BP230 levels and indirect immunoflourescence on salt-split skin. For comparability with the IPPF registry, data collected and analyzed in this study from the local biorepository was limited to patients enrolled between the years of 2008 and 2016. We included a total of 19 individuals with a diagnosis of BP and 43 individuals with a diagnosis of MMP. Again, there were a few patients who had provided data and samples more than once months to years after their first intake (n = 2 for BP and 11 for MMP/OCP). As before, repeat entry inclusion was only utilized for analyzing variable disease parameters and was excluded from analyzing constant variables such as demographic information and age at diagnosis.



Statistical Analysis

For descriptive analyses, continuous variables are reported as means and standard deviations (SD), whereas all categorical variables are reported with percentages. All comparisons for categorical outcome variables utilized the Fisher's exact test, and the Mann-Whitney U-test was used for all continuous outcome variables. For all analyses, results were considered statistically significant at the p ≤ 0.05 level.




RESULTS


Patients and Demographics
 
IPPF Patient Registry

BP patients had a significantly higher mean age at diagnosis than MMP patients (59.1 vs. 54.8 years, p = 0.001). There was no significant difference between males and females in terms of age of diagnosis in either the BP or the MMP groups (p = 0.21 and p = 0.40, respectively). A female predominance was observed in both groups, however, this was much more pronounced in the MMP group (ratio 4.3:1) than the BP group (ratio 2.1:1). The majority of both BP and MMP patients were Caucasian (85 and 90%) and from the US (81 and 88%) (Table 1).



Table 1. Baseline characteristics for BP and MMP for IPPF registry and local biorepository patients.
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For BP patients, the delay in diagnosis from the first occurrence of lesions was <3 months for 52 patients (38%), 3–6 months in 33 patients (24%), 6–12 months in 24 patients (17%), and >12 months in 29 patients (21%). For MMP patients, 27 (16%) had a delay in diagnosis of <3 months, 41 (25%) 3–6 months, 35 (21%) 6–12 months, and 62 (38%) >12 months. BP patients had a significantly higher chance to be diagnosed early (<3 months) than MMP/OCP patients (38 vs. 16%, p < 0.0001), while MMP patients had a significantly higher delay in diagnosis >12 months than BP patients (38 vs. 21%, respectively, p = 0.002).

Local Biorepository

The mean age of onset was considerably higher in BP than MMP patients (74.2 vs. 58.8 years, p < 0.001). There was no significant difference between age at the time of diagnosis and sex for either BP or MMP groups (p = 0.15, p = 0.93, respectively). The female:male ratio for MMP patients was higher than for BP patients (2.3:1 vs. 1.4:1, respectively). The majority of patients were Caucasian from both BP (74%) and MMP (79%) groups. All patients for both groups were from the US (Table 1). The mean delay in diagnosis for the 19 BP patients was 1.1 ± 2.3 years; for the 43 MMP patients it was 2.0 ± 4.6 years (delay in diagnosis information was not available for 2 BP patients and 3 MMP patients).

The mean age as well as the mean age of diagnosis was significantly lower in the IPPF registry population when compared with the local biorepository patients, with roughly 15 years difference for the BP patients and 4 years difference for the MMP patients. There were no significant differences in terms of sex and age in the two databases (Table 1).



Disease Characteristics
 
Co-existing Autoimmune Disorders

In the IPPF survey, 52 (34%) of BP patients and 62 (35%) of MMP patients reported co-existing autoimmune disorder(s). Since an individual patient could have >1 co-existing autoimmune disorder, a total of 72 co-existing autoimmune disorders were recorded among BP patients, and a total of 89 co-existing autoimmune disorders were recorded among MMP patients. In the local biorepository, 5 (24%) BP patients reported 7 co-existing autoimmune disorders and 27 (50%) MMP patients reported 35 co-existing autoimmune disorder(s). The percentage of patients afflicted by at least one of the respective co-existing autoimmune diseases are presented in Figure 1. The most common co-existing autoimmune disorder reported for both BP (Figure 1A) and MMP (Figure 1B) patients was thyroid disease.
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FIGURE 1. Autoimmune disease comorbidies. The percentages of specific co-existing autoimmune disorders out of all patient-reported autoimmune comorbidities are listed for the IPPF disease registry as well as the local biorepository population among (A) BP and (B) MMP patients.



Lesion Location

The location of current lesions was analyzed for both BP and MMP patients with active disease only. The majority of BP patients in both the IPPF registry and local biorepository listed their current lesion location as cutaneous only. However, the local biorepository had no patients showing mucosal only lesions with a diagnosis of BP, while 13% the IPPF registry patients reported mucosal only lesions (Figures 2A,B). The vast majority of MMP patients reported (Figure 2A) or objectively presented with (Figure 2B) mucosal only lesions. Only a small number of patients reported cutaneous only lesions. For the local dataset, we were able to confirm that the two patients that presented with cutaneous only lesions had a history of previous mucosal involvement. In order to assess what type of lesions patients can present with over the course of their disease, history of lesion location was determined for IPPF patients by combining data from both current lesions and past lesions. The self-reported results for history of lesion location in the IPPF registry were almost identical to the self-reported results for current lesions (for BP: 59% cutaneous only, 27% mucocutaneous, and 14% mucosal only; for MMP: 1% cutaneous only, 31% mucocutaneous, and 68% mucosal only).
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FIGURE 2. Lesion location. Patients were divided by lesion location into those who at the time of enrollment experienced mucosal lesions only, cutaneous lesions only or both mucosal and cutaneous lesions (mucocutaneous); (A-i) BP patients in the IPPF registry, (A-ii) MMP in the IPPF registry, (B-i) BP patients in the local biorepository, (B-ii) MMP patients in the local biorepository.



Disease Activity

Patients in the IPPF survey were asked to determine their “global illness activity” defined by the following six choices: (i) no lesions and taking medication, (ii) no lesions and not taking medication, (iii) ongoing transient lesions (lasting <1 week) and taking medication, (iv) ongoing transient lesions and not taking medication, (v) repetitive lesion flares, and (vi) poor or no response to treatment. Using the guidelines established by Murrell et al. (18, 19), we defined the absence of lesions (= no lesions) as complete remission with or without therapy, ongoing transient lesions as partial remission with or without therapy, and repetitive lesion flares and poor or no response to treatment as no remission (active).

The breakdown for disease activity is presented in Figure 3 (IPPF registry BP: 21% complete remission, 30% partial remission, and 48% active disease; IPPF registry MMP: 17% complete remission, 31% partial remission, and 52% active disease).
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FIGURE 3. Distribution of limitations in daily activities due to lesions by global illness activity. BP patients (A) and MMP patients (B) from the IPPF registry were categorized into different groups of global illness activity consisting of either complete remission, partial remission, or active disease. For each group of global illness activity, limitations in daily activity due to lesions classified as either no limitations, mild limitations, moderate limitations, or severe limitations were analyzed. Limitation in daily activities are listed as percent limitation among all patients in a given illness activity group.



Disease activity was also analyzed in terms of limitations in daily activities, defined by the following four choices: (i) none, (ii) mild, (iii) moderate, and (iv) severe. For BP patients, the majority of patients with complete remission reported no limitations in daily activities whereas the majority of those with active disease reported mild limitations in daily activities (Figure 3A). There was a significant difference in the number of patients that reported “no limitations in daily activities” between the complete remission and active disease groups (47 vs. 19%, p = 0.005). In MMP patients, the majority of patients with complete remission was split between no limitations and mild limitations in daily activities, whereas the majority of those with active disease reported moderate limitations in daily activities (Figure 3B). There was a significant difference in the number of patients that reported “moderate limitations in daily activities” between the complete remission and active disease groups for MMP patients (10 vs. 32%, p = 0.02).

Medical Care

Among BP patients in the IPPF registry, the vast majority were managed by a dermatologist only, or a by a dermatologist and dentist. Only 10% of patient saw a dentist or other specialty physicians without the involvement of a dermatologist (Figure 4A). Among MMP patients, however, less than two-thirds were managed by a dermatologist only, or by a dermatologist and dentist. Forty percent of patients were managed by dentists and/or other specialty physicians without the involvement of a dermatologist (Figure 4B).
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FIGURE 4. Distribution of medical provider care. BP (A) and MMP (B) patients from the IPPF registry were analyzed in terms of medical provider care. Percentages list the type of provider or combination of providers consulted for the respective skin condition out of all patients reporting medical care.



To compare differing levels of treatment in patient groups distinguished by levels of disease activity, therapy status was defined according to previously published consensus definitions as defined by Murrell et al. (18, 19): (i) no therapy, (ii) minimal therapy, or (iii) more than minimal therapy (anything greater than minimal therapy). Since patients did not report their weight in the IPPF survey, mean weights with respect to age, sex, and ethnicity according to the CDC were used in order to determine the level of treatment (minimal vs. greater than minimal) (20). Regardless of disease activity, the majority of patients enrolled in the IPPF repository reported being on more than minimal therapy, followed by minimal and no treatment. Similar results were obtained for patients in the local biorepository (Table 2). Amongst BP patients receiving therapy, immunosuppressive and other adjunct therapy was prescribed in the vast majority (76%) of cases, almost equally divided into a group with and without prednisone. In the MMP group, on the other hand, therapy with immunosuppressive and other adjunct agents but without prednisone was most common (55%) (Table 3). Again, the distribution of therapeutic regimens was similar in the local biorepository, with the exception of higher degrees of prednisone use in conjunction with other immunosuppressive or adjunct therapies for the BP population (Table 3). As expected, a higher percentage of patients in remission were off therapy in both the BP as well as the MMP group (41 and 38%, respectively), while only 8 or 14% of BP or MMP patients with active disease reported being off therapy (Figure 5).



Table 2. Level of treatment for IPPF registry and local biorepository patients.

[image: image]






Table 3. Medication use for IPPF registry and local biorepository patients.
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FIGURE 5. Distribution of level of treatment by global illness activity. BP patients (A) and MMP patients (B) from the IPPF registry were categorized into different groups of global illness activity consisting of either complete remission, partial remission, or active disease. For each group of global illness activity, level of treatment classified as either no treatment, minimal treatment, or more than minimal treatment was analyzed.






DISCUSSION

There have been limited large-scale studies performed to date that have analyzed BP in the US. Although mortality rates of BP have been investigated in the US (3, 12, 14, 21), few studies have assessed comorbidities or other clinical characteristics of this disease. This study sought to improve our understanding of the clinical patterns of these chronic diseases, by using both the IPPF patient registry with large numbers of patients providing self-reported data and a local clinician-annotated biorepository and associated database for comparison.

The mean age at diagnosis for BP has been reported to range from 64 to 82.6 years in Europe, Asia, and Africa (22), whereas previous studies in the US have reported a range from 74.5 to 77 years (3, 12, 14). The data in the literature is consistent with the mean age of diagnosis of 74.2 ± 14.0 years from the local biorepository. Interestingly, the IPPF survey showed a significantly lower age of diagnosis (59.1 ± 17.5 years). Since the IPPF study was mainly collected online, the lower age at enrollment and lower age of diagnosis may be due to participation by a slighter younger, more “computer-savvy” demographic. However, both the IPPF registry and local biorepository data on sex distribution was consistent with previous studies that report a higher incidence of BP in females, with female to male ratios typically ranging from 1.04–5.1:1 (22). In MMP, the mean age of diagnosis has been described to occur mainly in the fifth or sixth decade of life (23), i.e., at a slightly younger age than in BP. Our data supports this notion, with a mean age of diagnosis for MMP patients in the 6th decade of life in both datasets. Consistent with the literature that states a female to male ratio of nearly 2:1 (10), MMP patients in both databases studied here displayed a marked female predominance, at levels almost twice of those in observed in BP.

Although patients will routinely report a delay in diagnosis before definitive diagnosis, little is known about the actual time from developing first symptoms to diagnosis for BP and MMP. Data from both the IPPF registry as well as the local biorepository indicate that, generally, BP patients have a shorter delay in diagnosis than MMP patients. Limited data in the literature support these findings with diagnosis delays in BP being on average less than a year (12), while they average more than a year for cicatricial pemphigoid (24). Not surprisingly, the period from the onset of lesions to the first hospitalization was found to be inversely correlated with body surface area (25). A possible explanation for the greater delay in diagnosis may be that patients with cutaneous lesions are more likely to seek the attention of a dermatologist, while patients with mucosal lesions only may not see a dermatologist at all or not until after diagnosis. This assumption is supported by the data on medical care summarized in this study with only 9.3% of BP patients, but 39.8% of MMP patients not being in dermatological care. Our data highlights the continuing need for educational outreach to other medical specialties.

Overall, autoimmune disease has been reported to affect 7.6–9.4% of the population (26, 27), with these individuals at an increased risk of developing a second autoimmune disease (27). In our analysis, a high prevalence of comorbidities, particularly autoimmune thyroid disease, was observed in both the IPPF survey and local biorepository for both BP and MMP patient groups. To our knowledge, few other studies in the US have assessed autoimmune comorbidities in relation to BP, and found associations with diabetes mellitus type 1 (7), SLE, celiac disease, multiple sclerosis, rheumatoid arthritis (RA) and hypothyroidism (16).

Studies from Asian countries such as Taiwan, China, Thailand, and Japan have shown some association between BP and psoriasis (6, 9), and between BP and diabetes mellitus (1, 7, 8, 28). However, European studies from the United Kingdom and Portugal found no statistical differences in autoimmune disorders in general or diabetes mellitus in particular between the BP and control groups (15, 29).

Autoimmune associations for MMP subforms are a matter of debate, showing either no additional risk of autoimmune disorders in patients with OCP (30), or demonstrating associations between OCP and RA (31), and CP with pernicious anemia (32). Our findings are in line with data on autoimmune comorbidities in Pemphigus vulgaris (33) that also showed a predominance of thyroid autoimmunity in the patient population and suggested that common genetic elements across clinically distinct autoimmune diseases may underlie autoimmune susceptibility.

In terms of lesion location, the majority of BP patients reported cutaneous only, followed by mucocutaneous, and mucosal only lesions in the IPPF patient registry, while patients in the local biorepository showed no mucosal only lesions. Prior studies from other countries have shown mucosal lesions for BP patients to either be rare with studies reporting 1.6% (28) or 5.3% (34), while others have stated higher values such as 14.3% (29), 15% (8), and 26.92% (25). For MMP patients, the majority of lesions were located on mucosal surfaces with the IPPF patient registry reporting 67% for mucosal only and the local biorepository showing 79% mucosal only.

A prior quality of life study in autoimmune bullous diseases reported that patients with mucosal involvement had a poorer quality of life than those without (35). Similarly, our findings show that a higher percentage of MMP patients with active disease reported moderate to severe limitations in daily activities compared to those with active BP. Not surprisingly, we found that increased illness activity was paralleled by an increase in moderate-to-severe limitations of daily activities. There have been a number of tools developed to assess the quality of life in patients with BP and MMP such as the Short Form Health Survey, Dermatology Life Quality Index (DLQI), and the Autoimmune Bullous Disease Quality of Life (ABQOL) questionnaire (36). However, data available regarding the usage of these tools and their outcomes is sparse. A small-scale study using the DLQI score indicated “severe impairment” of life quality, with a greater impact related to symptoms and feelings, and daily and leisure activities in BP (37). Our findings suggest that quality of life tools may be useful in clinical settings to assess disease impact.

In terms of treatment, the vast majority of patients received high intensity immunosuppression. While the majority of BP patients reported therapy with oral prednisone combined with other immunosuppressants, the majority of MMP patients received immunosuppressants other than oral prednisone. This is largely consistent with previous studies that have shown systemic corticosteroids, or a combination of systemic corticosteroids with another immunosuppressant to be the most commonly used medications in patients with BP (3, 6, 8, 29, 34, 38).

The strengths of this study include a considerable sample size that is representative of a national patient population (80% of registrants in the IPPF survey and 100% of the patients in the local biorepository were US citizens) and the collaboration between researchers, patients and a not for profit patient support organization (the IPPF). A potential limitation is the self-reporting (including the potential absence of diagnosis confirmation by a physician) and potential recall bias of patient data, particularly in regards to lesion location in the IPPF registry. Prospective studies where biopsies, salt split skin, and antibody levels are analyzed for all patients and correlated with lesion location will be useful to confirm the validity of lesional subtypes reported here. However, we compared the patient self-reported data of the IPPF patient registry to our laboratory biorepository in which data entry was curated by medical professionals in order to corroborate self-reported data and find that, with the exception of age at diagnosis, the findings from both the IPPF and our laboratory biorepository correlate well. We acknowledge that there is a risk for selection bias toward younger populations (particularly with the online format utilized for the IPPF registry), so that older patients with and without neurodegenerative diseases may not be reached. Unfortunately, comorbidities including neurologic diseases or malignancies were not assessed. In the light of newer studies showing support for an association between BP and neurologic diseases (4, 5) these conditions should be included in future questionnaires. Although the present study shows a potential association for patients with either BP or MMP with autoimmune thyroid disease, further studies need to be done to assess the validity and disease relevance of this relationship.
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A properly functioning T cell compartment is crucial to protect the host from infections, tumors, and environmental substances. In recent years, it has become increasingly clear that the processes underlying proper T cell activation, proliferation, and differentiation require well-tuned and dynamic changes in T cell metabolism. Thus, proper metabolic reprogramming in T cells is crucial to ensure proper immunity in the context of infection and anti-tumor immunity. Conversely, aberrant regulation of T cell metabolism can impair T cell function and thereby contribute to T cell-mediated disease. In this review, the relevance of recent insights into T cell metabolism for prototypical T cell-mediated skin diseases will be discussed and their therapeutic potential will be outlined. First, the major modules of T cell metabolism are summarized. Then, the importance of T cell metabolism for T cell-mediated skin diseases such as psoriasis and allergic contact dermatitis is discussed, based on the current state of our understanding thereof. Finally, novel therapeutic opportunities for inflammatory skin disease that might emerge from investigations in T cell metabolism are outlined.
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INTRODUCTION

T cells are key players of the adaptive immune system by acting as potent effectors and regulators of immunity. Adaptive T cell immunity results from clonal expansion of antigen-specific T cells that were activated by their cognate antigen presented by dendritic cells in secondary lymphoid organs (1). After priming of naive T cells, multiple subsets of effector and memory T cells with different phenotypic and functional properties are generated. Effector T cells (TEFF) migrate to peripheral tissues and inflamed sites to fight infection. After successful clearance of the invading antigen, the vast majority of effector cells die, leaving behind a small population of long-lived memory T cells (2). In case of re-exposure to previously encountered pathogens or antigens, memory T cells provide rapid and effective protective immunity.

Based on their migratory properties, memory T cells can be categorized in three major subsets: Central memory T (TCM) cells, effector memory T (TEM) cells, and the recently identified tissue-resident (TRM) cells. TCM cells express the chemokine receptor CCR7 and the vascular addressin L selectin (CD62L), enabling them to circulate between lymph nodes and blood. TEM cells express tissue-homing receptors that grant them access to peripheral tissues. Skin-homing TEM, for instance, express the E-selectin ligand Cutaneous Lymphocyte Antigen (CLA), which allows them to enter the skin, whereas the integrin α4β7 permits gut-homing TEM to enter the gut (3). TRM cells are non-recirculating memory T cells that persist long-term in epithelial barrier tissues and provide rapid front-line immune protection in peripheral tissues (4).

It is now increasingly understood that T cell identity and function are intertwined with metabolic pathways that are required for energy and substrate generation on the one hand, but also act to regulate effector functions, differentiation, and gene expression on the other hand (5). In this review, we will first summarize the current literature on T cell immunometabolism. Then, we will explore how the cutaneous environment in inflammatory skin disease might shape and influence T cell function via the modulation of T cell metabolism and look ahead on therapeutic opportunities that might arise therefrom.



MODULES OF T CELL METABOLISM


Glycolysis

After activation by cognate antigen, T cells rapidly increase their glucose uptake by upregulating the cell surface expression of glucose transporters such as GLUT1 (6). Once in the cytosol, glucose immediately enters the glycolysis pathway in which glucose is metabolized to pyruvate by a series of enzymatic reactions (Figure 1). At the same time, lactate excretion increases as a consequence of enhanced conversion of pyruvate to lactate, indicating that T cells engage in aerobic glycolysis (Figures 1, 2). Aerobic glycolysis describes the reduction of pyruvate to lactate in the presence of oxygen, instead of its oxidative phosphorylation (OXPHOS) in the mitochondria via the tricarboxylic acid (TCA) cycle. This process of aerobic glycolysis is also referred to as the “Warburg effect” in cancer cells (7). While aerobic glycolysis generates less ATP per molecule of glucose than OXPHOS, aerobic glycolysis yields metabolic intermediates important for cell growth and proliferation, and contributes to the cellular redox balance (NAD+/NADH) (8). During the 10 enzymatic steps of glycolysis in which glucose is converted to pyruvate, a variety of intermediates are generated that are used in different biosynthetic pathways. These include the pentose phosphate pathway, serine biosynthesis, de novo fatty acid synthesis, and hexosamine biosynthesis. The pentose phosphate pathway, for instance, donates important precursors for nucleotide synthesis and is thus of crucial importance for cell growth (9–11). As a consequence, glycolysis is not only an energy-generating pathway for T cells, but also a metabolic basis for anabolic biosynthesis and proliferation (10).
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FIGURE 1. Enzymatic steps of glycolysis. During the 10 enzymatic steps of glycolysis in which glucose is converted to pyruvate, important intermediate molecules for nucleic acid synthesis, lipid biosynthesis, and amino acid biosynthesis, all of which are important for proliferating T cells, are generated. The sequential enzymatic reactions of glycolysis occurring in the cytosol generate ATP. The remaining pyruvate can be oxidized in the mitochondria via the tricarboxylic acid cycle and subsequent oxidative phosphorylation (OXPHOS) to generate ATP. Alternatively, pyruvate can be reduced to lactate and excreted, which mainly happens in proliferating T cells.
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FIGURE 2. Activation reprograms T cells to increased usage of aerobic glycolysis. Resting T cells engage OXPHOS and glycolysis to generate energy for homeostasis and survival. Upon activation, T cells are reprogramed to increase aerobic glycolysis. The relative increase of anaerobic glycolysis after activation provides less energy, but generates molecules for biosynthesis.



The rapid changes in T cell metabolism after activation are regulated by a number of transcription factors and signaling pathways (8). Signals from cytokines such as IL-2 lead to upregulation of nutrient transporters. Ligation of the co-stimulatory molecule CD28 induces phosphatidylinositol-3-kinase (PI3K)-dependent phosphorylation of Akt (12, 13). Phosphorylated Akt induces expression and translocation of glucose transporters to the cell surface, enhances activity of glycolytic enzymes and activates key metabolic regulators such as mTOR (14). mTOR is a central orchestrator of T cell metabolism and is crucial for upregulation of glycolysis in activated T cells (15) (Figure 2). Further transcription factors involved in regulating activation-induced glycolysis are c-Myc, estrogen receptor α (ERRα) and hypoxia inducible factor-1α (HIF-1α) which coordinately drive the expression of genes involved in metabolism to fuel the bioenergetic needs of clonal expansion (8, 16–18).

Glycolytic activity in T cells is crucial for effector functions in T cells. This is best described for interferon-γ (INF-γ) production of CD8+ and CD4+ TEM cells, with multiple mechanisms linking glycolysis to INF-γ production. For instance, activation-induced glycolysis is accompanied by increased activity of GAPDH which promotes chromatin remodeling at the IFNG locus (15). In resting T cells, on the other hand, GAPDH is not engaged in glycolysis but is able to inhibit translation of IFNG mRNA by binding to its untranslated region (19). More broadly, glycolysis has been linked to pathogenic effector T cell responses in a variety of disease models, such as allogeneic transplantation (20), experimental autoimmune encephalitis (21), and systemic lupus erythematosus (SLE) (22). In these models, inhibiting glycolysis in T cells ameliorated the disease (21), suggesting that manipulation of glycolysis represents a promising target for T cell mediated disease. However, the role of T cell metabolism seems to be context and disease dependent, because reduced glycolysis has also been reported to play a pathogenic role in other disease settings, such as rheumatoid arthritis (23). In contrast to effector T cells, the importance of glycolysis for regulatory T cells (TREG) is less well-understood. Depending on the setting within which TREG cells have been investigated, glycolysis appears to be necessary or not for their suppressive function (24–26). Taken together, well-coordinated glycolytic activity is crucial for proper effector functions in T cells and represents an intriguing leverage point for therapeutic intervention even though the precise conditions for this remain to be elucidated.



Tricarboxylic Acid Cycle

Activation of T cells also leads to an increase in their mitochondrial function. Even in the presence of ongoing aerobic glycolysis, enough pyruvate is generated to enter the mitochondria via the mitochondrial pyruvate carrier and fuel the TCA cycle (14) (Figure 3). This process generates further molecules for biosynthesis and drives OXPHOS and, thereby, efficient ATP production. Once in the mitochondria, pyruvate is converted to acetyl-CoA by pyruvate dehydrogenase, and then enters the TCA cycle. In the TCA cycle, acetyl-CoA is oxidized to carbon dioxide and water, which generates GTP and reduces NAD and FADH, the electron carriers that later fuel OXPHOS (14). In addition, the TCA cycle generates a number of metabolic intermediates for anabolic processes such as amino acid and lipid biosynthesis (27). Other substrates can also be metabolized in the TCA cycle, such as glutamine via glutaminolysis or fatty acids via β oxidation (8). Thus, the TCA cycle integrates and mediates the metabolism of glucose, amino acids, and fatty acids (Figure 4).
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FIGURE 3. Acetyi-CoA enters the TCA and yields reduced electron carriers (NADH and FADH2) that drive OXPHOS. Once in the mitochondria, pyruvate is converted to acetyl-GoA by pyruvate dehydrogenase, and then enters the TGA cycle. In the TGA cycle, acetyl-GoA is oxidized to carbon dioxide and water, which generates GTP and reduces NAD+ and FADH, the electron carriers that later fuel OXPHOS. In addition, the TGA cycle generates a number of metabolic intermediates for anabolic processes such as amino acid and lipid biosynthesis. Other substrates can also be metabolized in the TGA cycle, such as glutamine via glutaminolysis or fatty acids via oxidation. Thus, the TGA cycle integrates and mediates the metabolism of glucose, amino acids, and fatty acids.
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FIGURE 4. The electron transport chain generates ATP via oxidative phosphorylation. The ETC consists of a series of transmembrane proteins located on the inner mitochondrial membrane (IMM). Complex I and II of the ETC oxidize NADH and FADH2, respectively. Then complex II donates the electrons obtained to complex Ill via Coenzyme Q and later to complex IV via cytochrome C, where finally they are transferred to molecular oxygen which generates water. This process is linked to the transfer of protons into the intermembrane space of the mitochondria, which creates an electrochemical proton gradient between the opposite sides of the membrane. The last member of the ETC, the ATP synthase, finally uses this membrane potential to phosphorylate ADP to ATP, thus letting protons back to the mitochondrial matrix. Through this process, OXPHOS mediates maximal usage of the energy stored in nutrient molecules such as glucose or fatty acids by generating 30–36 ATP molecules from one molecule of glucose and 106 ATP from one molecule of palmitate. Full oxidation of NADH and FADH2 generated in the TCA, however, requires the presence of molecular oxygen to serve as acceptor of the electrons generated by the ETC reactions.



In terms of T cell function, the TCA cycle appears to be critical for proper T cell activation, proliferation, and production of effector molecules (14). Fatty acid oxidation (FAO) has been shown to be particularly active and important in TREG (24, 28), memory T cells, and in skin-resident TRM (29). Glutaminolysis, the process of breaking down glutamine to α-ketoglutarate which then enters the TCA cycle, has equally been observed to be crucial for T cell function (8). After activation, T cells upregulate their expression of glutamine transporters, increase glutamine uptake, and promote expression of enzymes required for glutaminolysis (13, 16, 30, 31). While glycolysis-derived pyruvate is a critical substrate for oxidative phosphorylation, these “alternative” substrates described above seem to be particularly important to fuel the TCA and thereby T cell function when there is limited availability of glucose (32). The importance of the TCA cycle, FAO, or glutaminolysis for T cell function is exemplified by studies showing that interference with either FAO or glutamine metabolism has the potential to alleviate pathology in T cell-mediated diseases (20, 33, 34).



Oxidative Phosphorylation

An important function of the TCA cycle is to generate the electron carriers NADH and FADH2 by reducing NAD+ and FADH, respectively. These molecules are then oxidized at the inner membrane of the mitochondrion, which drives the electron transport chain (ETC) and finally generates ATP (Figure 4) (14). The ETC consists of a series of transmembrane proteins located on the inner mitochondrial membrane (IMM). Complex I and II of the ETC oxidize NADH and FADH2, respectively, and then donate the electrons obtained to complex III and later to complex IV, where they are finally transferred to molecular oxygen which generates water (10). This process is linked to the transfer of protons into the intermembrane space of the mitochondria, which creates an electrical charge between the opposite sides of the membrane. The last member of the ETC, the ATP synthase, finally uses this gradient to phosphorylate ADP to ATP, thus transferring protons back to the mitochondrial matrix. Through this process, OXPHOS mediates maximal usage of the energy stored in nutrient molecules such as glucose or fatty acids by generating 30–36 ATP molecules from one molecule of glucose and 106 ATP from 1 molecule of palmitate (10, 35). Full oxidation of NADH and FADH2 generated in the TCA, however, requires the presence of molecular oxygen to serve as acceptor of the electrons generated by the ETC reactions.

A cell's mitochondrial mass determines the amount of OXPHOS a cell can engage in. In response to metabolic stress, cells can increase their mitochondrial mass in a process referred to as mitochondrial biogenesis (36). In line with their increased functional repertoire, memory T cells feature increased mitochondrial mass and function when compared to naive T cells (14, 37, 38). This is represented by a higher spare respiratory capacity (SRC) of memory T cells. SRC reflects a cell's ability to increase OXPHOS for energy generation in response to metabolic stress or increased demand as present under hypoxic conditions, for instance (39). Thus, memory T cells are able to sustain ATP levels and thereby cellular function even under hypoxia. It is thought that this represents a metabolic adaptation to the challenges of immune surveillance in peripheral tissues under inflammatory conditions where nutrients and oxygen are scarce (14). Increased respiratory capacity of memory T cells is at least in part related to increased FAO in the mitochondria (40). T cells with defects in FAO have impaired memory T cell formation, whereas enhanced FAO leads to increases in SRC and memory T-cell generation (37). In circulating memory T cells, the lipids that fuel FAO seem to derive from triacylglycerols that are synthesized in the endoplasmic reticulum from glucose-derived carbon, and not from fatty acid uptake from the environment (41). Conversely, skin TRM seem to be specialized to take up fatty acids from the cutaneous environment and use them for FAO, which is crucial for their function and survival (29). More broadly, memory T cells critically depend on highly functional mitochondria for the mounting of recall responses, for rapid proliferation, calcium signaling, and effector function (14). It is thus not surprising that impaired mitochondrial function leads to decreased T-cell functionality, whereas promotion of mitochondrial function promotes memory T-cell generation and function in a number of infectious models and in T cell mediated diseases (14, 22, 42–44).



Amino Acid Metabolism

In addition to glucose, amino acids are crucial nutrients for T cells as well (8). Adequate supply of amino acids is critical for T cell growth and function. Amino acids are essential building blocks for protein synthesis, provide an important backbone for de novo nucleotide synthesis, and act as metabolic fuel source that can be fed into multiple pathways (45, 46). Therefore, T cells upregulate amino acids transporters and increase their uptake of amino acids immediately after activation (30, 31) which is an important step in the metabolic reprograming of T cells. Influx of branched chain amino acids such as leucine lead to activation of the mTORC1 pathway which is a key event in metabolic programing of T cells.

In agreement with a central role of amino acid metabolism in T cell biology, modulation of amino acid levels either by downregulation of transporters or by limiting amino acid availability strongly affects T cell activation and function (31, 47). For instance, T helper cells deficient for LAT1 (Slc7a5), a transporter for phenylalanine, tyrosine, leucine, arginine and tryptophan, are unable to differentiate into TH1 or TH17 cells, whereas T reg cell differentiation is still functional (31). This impaired amino acid metabolism has been linked to reduction in TORC1 activity and lower expression of Myc, which in turn impaired the upregulation of the metabolic machinery required for differentiation in activated T cells. Accordingly, therapeutic manipulation of amino acid metabolism such as glutamine metabolism has been shown to inhibit unwanted T cell responses in animal models of allograft rejection (20). Yet, it appears that manipulating amino acid metabolism alone is not sufficient to prevent allograft rejection, since other metabolic pathways had to be inhibited in parallel to achieve adequate T cell inhibition. Interestingly, however, inhibiting amino acid metabolism had reciprocal effects on T regs as compared to effector T cells, as these two T cell subsets differentially depend on it. As a consequence, interference with amino acid metabolism has the potential to generate antigen-specific regulatory T cells while impairing pathological effector T cell responses. Furthermore, amino acids may also directly affect T cell metabolism and function. Elevating L-arginine levels has been shown to induce a shift from glycolysis to oxidative phosphorylation in activated T cells. This was associated with enhanced generation of central memory-like cells with higher survival and function (48).



Cholesterol and Lipid Metabolism

Lipids and fatty acids make up another group of crucial T cells substrates. They are important building blocks for cell membranes, store high amounts of energy, and provide substrates for cell signaling and post-translational modifications (8). Not surprisingly, T cells therefore induce cellular lipid biosynthesis pathways as an integral part of their activation program (14). These processes are coordinated, at least in part, by c-Myc and mTOR and transcriptionally regulated by sterol regulatory element-binding protein (SREBF) transcription factors (16, 49, 50). SREBFs transcription factors induce gene expression of enzymes and regulators of fatty acid synthesis and of the mevalonate pathways, which are involved in synthesis of cholesterol. Consequently, impairment of SREBF function or other regulators of cholesterol homeostasis leads to failure of T cells to efficiently proliferate (50, 51). Furthermore, the mevalonate pathway may also affect T cell differentiation and function, either by providing cholesterol precursor or indirectly via provision of isoprenoids (52).

Fatty acid synthesis also has important effects on T cell function. Activated T cells can take up fatty acids from the extracellular space or synthesize them de novo. Interestingly, different T cell subsets appear to rely differentially on de novo synthesized fatty acids. In particular, inhibition of fatty acid synthesis limits TH17 cell differentiation while promoting generation of TREG cells and these effects translated into improved disease outcomes in experimental autoimmune encephalomyelitis (EAE) (8, 28). However, even when T cells have defective de novo fatty acid synthesis (because of inhibition/deletion of ACC1 for instance), they can compensate for the lack of fatty acid synthesis if there are abundant amounts of fatty acids in the extracellular space, likely through fatty acid uptake (53). Indeed, skin-resident CD8+ TRM have a highly effective lipid uptake machinery and are able to metabolize fatty acids from the cutaneous environment via β-oxidation to support their long-term survival and function in the skin (29, 54). In addition, non-TRM effector T cells have been shown to engage in fatty acid oxidation, although the amount of FAO that occurs in effector T cells seems to be highly context dependent (8, 32).



Regulation of T Cell Metabolism

The metabolic modules described above have to be finely tuned in order to support the diverse metabolic needs of T cells during different states of activation and memory formation. The metabolic pathways preferably used by T cells based on their activation and differentiation status are summarized in Table 1. Failure to adequately meet the demand in energy, biomolecules and other metabolic mediators leads to T cell dysfunction and may contribute to disease (14). Although the regulatory mechanisms that orchestrate these complex metabolic processes are incompletely understood, two metabolic regulators have been found to be central regulators of T cell metabolism: mTOR and AMPK (8).



Table 1. Metabolic pathways of T cell subsets according to differentiation and activation status.
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Mechanistic target of rapamycin (mTOR) has emerged as a central integrator of environmental signals and cellular metabolic state to regulate T cell development, activation, and differentiation. The mTOR protein is a serine/threonine kinase that can form two different complexes, mTORC1 and mTORC2, depending on the specific scaffolding proteins it associates with (10). The different mTOR complexes perform different functions and are regulated by different stimuli. mTORC1 senses the availability of factors that are necessary for cell growth and cell division and links this information with the appropriate metabolic processes. Signals capable of activating mTORC1 are amino acids, oxygen, energy availability, and growth factors (56–59). In situations that are unfavorable for cell growth or division (low ATP levels, hypoxia, etc.), mTORC1 is not active and cell growth is inhibited. mTORC2, on the other hand, is stimulated by growth factors and cytokines while being irresponsive to nutrient-availability (10, 60). mTORC2 primarily regulates metabolism in support of cell survival and the cytoskeleton (60).

AMP-activated protein kinase (AMPK) acts to counterbalance the effects of mTOR. AMPK is an enzyme that functions as a sensor of cellular energy levels. It is activated by high AMP/ATP ratios, which result from shortage of nutrients or other forms of cellular stress. Consequently, activated AMPK downregulates energy consuming pathways such as biomolecule synthesis while upregulating those that generate energy, such as oxidation of glucose and fatty acids (10, 61). Mechanistically, AMPK has been shown to inhibit activation of mTOR (62). Given its central role in inhibiting cellular anabolism, it is not surprising that activation of AMPK suppresses the differentiation of T cells, as shown in a number of studies (10, 63–65). It has been proposed that activation of AMPK might specifically impair differentiation of TH1 and TH17 cells and that this effect is beneficial in animal models of T cell mediated inflammatory disease (10). However, in most of these study, it has not been addressed to what extend these AMPK-mediated effects are primarily T cell intrinsic or whether they include T cell independent effects of AMPK modulation. Furthermore, inhibitory effects of AMPK on T cell differentiation appear to depend on the metabolic environment. In fact, AMPK has been shown to be dispensable for T cell differentiation under normal metabolic conditions, since T cells which lack a functional AMPK are still able to acquire effector functions but fail to differentiate under suboptimal environmental conditions (32, 66). Taken together, AMPK might thus primarily function to mediate T cell adaptation to situations of low nutrient availability as encountered in hypoxic and glucose-deprived microenvironments of peripheral tissues under inflammatory conditions.



T Cell Metabolism–Conclusions

In recent years, research on T cell metabolism has attracted great attention and generated substantial insights into the intricate links between T cell function and T cell metabolism. Although many aspects of the complex mechanisms that link these central aspects of T cell biology remain to be elucidated, it is unquestioned that the therapeutic manipulation of T cell metabolism holds great potential in immune mediated disease. It seems possible that 1 day, overactive T cells in inflammatory disease can be curbed and exhausted T cells in cancer can be activated through manipulation of their metabolism. Before such therapies can be developed, however, many obstacles remain to be overcome, one of which is the fact that metabolism is a central function of all cells. Developing means to specifically target T cells will thus be a key step on the way to metabolism based T cell manipulation in health and disease.




T CELL METABOLISM IN INFLAMMATORY SKIN DISEASE


Effects of the Metabolic Microenvironment on T Cell Function

As outlined above, a T cell's ability to survive, proliferate, and exert effector functions is highly dependent on its metabolic state. In turn, a T cell's metabolic state is highly dependent on the microenvironment, since it is the source from which T cells take up the nutrients they require for their proper functioning (32, 67). Studies in the field of cancer immunology have established that limited nutrient availability in the microenvironment can profoundly affect T cell effector functions (68). Conversely, high concentrations of tumor derived metabolites such as lactate can hinder activation of tumor-infiltrating T cells (69, 70). Although there is a lack of studies actually quantifying the metabolic microenvironment in inflammatory skin disease, it is likely that these interactions between T cells and the cutaneous environment of inflamed skin are equally important for T cell function.

Secondary lymphoid tissues such as the lymph nodes provide a nutrient-rich environment optimal for survival, activation, and growth of T cells (71, 72). However, once T cells migrate into peripheral tissues like the skin, they are forced to metabolically adapt to the local conditions, which may differ substantially in terms of nutrient availability (55). It is assumed that the microenvironment of the skin is restricted in many nutrients, particularly glucose, but is rich in lipids. While this is a reasonable assumption to make, based on the anatomy and biochemical make-up of the skin, it is important to note that cutaneous interstitial glucose, amino acid, or fatty acid levels have never been quantified comprehensively, neither under homeostatic nor under inflammatory conditions (73, 74). Future studies are needed to address this in more detail. At any rate, it is likely that T cells encounter a metabolic environment in the skin that is very different from that in blood or in lymphoid tissues and therefore have to adapt metabolically.

An outstanding example of such a metabolic adaptation is the specialization of skin TRM for uptake and β-oxidation of exogenous free fatty acids to support their long-term survival and function (29). The skin is a primary interface between the body and the environment and thus represents a site of first line defense against microbial pathogens, physical damage, and chemical harm (54). This “immunological hotbed” is populated by large numbers of sessile, non-migratory skin-resident T cells (skin TRM) which function to provide rapid on-site immune protection against known pathogens (4). Besides the skin, TRM cells are also found in all other major epithelial barrier tissues, such as the lung and the gastro-intestinal tract (55, 75, 76). In a landmark study by Pan et al., the transcriptional program of CD8+ TRM in skin was determined before and after their generation by vaccination with vaccinia virus (skin scarification). Strikingly, CD8+ TRM upregulated a transcriptional program that was strongly enriched for genes associated with uptake and metabolism of exogenous free fatty acids as they differentiated into bona fide TRM 90 days post-vaccination. Amongst the top upregulated genes were fatty acid binding proteins 4 and 5 (Fabp4/5), Cd36, and lipoprotein lipase (Lpl), all of which are genes involved in lipid uptake and fatty acid metabolism. The lipoprotein lipase Lpl cleaves triglycerides into free fatty acids and diacylglycerol. Cd36 is a lipid scavenger receptor able to bind and internalize free fatty acids. Fatty acid binding proteins are intracellular chaperones able to shuttle FFAs from the cytoplasm to the mitochondria for β-oxidation. This transcriptional signature of TRM was further confirmed to have important functional relevance. TRM were shown to have a higher capacity to take up free fatty acids from the environment and a higher capacity to perform mitochondrial fatty acid β-oxidation when compared to TCM or TEM. This was crucial for the proper functioning of TRM, as inhibition of these metabolic pathways resulted in decreased generation, persistence and function of TRM in the skin. For instance, pre-treatment of CD8+ T cells with etomoxir, an irreversible inhibitor of carnitine palmitoyltransferase 1 (CPT1a) which catalyzes the rate limiting step for mitochondrial fatty acid β-oxidation, strongly impaired the generation and maintenance of skin TRM.

In the study by Pan et al., the expression of Fabp4/5 in TRM was shown to be regulated by peroxisome proliferator-activated receptor gamma (PPARγ) (29). Pharmacological inhibition or genetic deletion of PPARγ in T cells resulted in decreased generation and function of TRM post-skin scarification. Interestingly, PPARγ is also increasingly implicated in the regulation of “pathogenic” TH2 cells in both humans and mice (77). Pathogenic TH2 cells are a subset of TH2 cells that contain all allergen-specific TH cells in humans (78), provide superior protection in models of parasite infection (79) and mediate tissue pathology in models of allergic inflammation (80). In addition to their dependence on PPARγ, pathogenic TH2 cells have been shown to express high levels of IL-9 (78). Intriguingly, IL-9 is a cytokine that is preferentially expressed by skin-homing and skin-resident TH cells (81, 82). Furthermore, this population of IL-9+ TH cells was recently found to express high levels of PPARγ which in turn acts as positive regulator of IL-9 expression in these cells (83). These PPARγ+ IL-9+ TH cells were further found to infiltrate lesions of allergic contact dermatitis, a prototypical TRM mediated disease (84). Taken together, PPARγ emerges as an important regulator of both tissue resident and pathogenic T cells. The underlying reason for this link might be that PPARγ confers a metabolic advantage to T cells that enter the cutaneous microenvironment by mediating metabolic adaptation. Given that PPARγ is a well-established drug target, it appears possible that both CD8+ and CD4+ TRM will 1 day be targeted via this metabolically relevant transcription factor (85).

Tissue inflammation is intricately linked to hypoxia (86). Hypoxia is a strong inducer of metabolic reprogramming in T cells and activation of the hypoxia response has been shown to cause T cell dysfunction and contribute to disease (87). In particular, hypoxia drives glycolysis to maintain ATP production, thus compensating for reduced OXPHOS activity under conditions of limited oxygen pressure (87). This process is critically regulated by the transcription factor HIF-1α, whose activation induces the expression of glycolytic enzymes such as hexokinase and phosphofructokinase, to ramp up glycolysis (see also section Regulation of T Cell Metabolism) (5, 88). Overactive glycolysis, in turn, has been identified as a hallmark of pathogenic T cells in inflammatory and autoimmune disease (20–22, 67). Activation of HIF-1α may also directly affect the balance between pathogenic TH17 cells and regulatory TREG cells. HIF-1α directly binds FOXP3 and promotes its proteasomal degradation, thereby impeding TREG differentiation. Conversely, HIF-1α directly activates RORγt and thus promotes IL-17 expression and TH17 differentiation (89). Addressing the hypoxia response in inflammatory skin disease might thus represent a promising new leverage point for therapy. In fact, certain drugs currently used to treat inflammatory skin disease may act via the modulation of the hypoxia response in T cells. For instance, dimethyl fumarate (DMF), used in the treatment of psoriasis, is thought to impair the HIF-1α-induced response by promoting its degradation (90). Inhibition of glycolysis by 2-Desoxy-D-glucose (2-DG) or other inhibitors of glycolysis might further help to restore the balance between TH17 and TREG cells in skin diseases such as psoriasis.



Metabolic Competition Between Different Cell Types in the Skin

Just as T cells themselves, other cells of the skin organ also critically depend on nutrients for their functioning. Innate immune cells (91, 92), keratinocytes (93), endothelial cells (94, 95), stromal cells (96), amongst others, thus all engage in a competition for metabolites with T cells and thereby establish a bidirectional metabolic relationship (55). This competition will be especially active under inflammatory conditions, where cells proliferate and undergo metabolic reprograming. For instance, keratinocytes critically depend on increased glucose uptake via the glucose transporter Glut1 for injury- or inflammation-associated keratinocyte proliferation (93). Consequently, inactivation of Glut1 in keratinocytes decreased psoriasis-like inflammation in mouse models and in human psoriatic skin organoids. Interestingly, when Glut1 was uniquely deleted in keratinocytes by means of conditional knock-out, the immune response in the skin in animal models of psoriasis was not abrogated. Conversely, topical inhibition of glucose transport using a chemical GLUT1 inhibitor inhibited not only keratinocyte proliferation but also prevented infiltration and activation of immune cells. This discrepancy between genetic deletion of GLUT1 in keratinocytes and cell type-independent pharmacological inhibition of Glut1 suggests that this glucose transporter plays a crucial role in the facilitation of the immune response in psoriasis. Thus, inhibiting GLUT1 on T cells (and other immune cells) may be a highly effective therapeutic approach in psoriasis, given that GLUT1 is critical for T cell effector function (6). In fact, there is evidence that regulating glycolysis in T cells might be used to modulate autoimmunity. Overexpression of Glut1 in murine T cells boosts activation-induced production of IL-2 and IFN-γ. In mice carrying such T cells, accumulation of highly activated memory T cells was observed in conjunction with high levels of circulating IgG and deposit of IgG in the kidney. This suggests that Glut1 overexpression in T cells alone may contribute to autoimmunity (12). Conversely, knock-out of Glut1 in TH cells is sufficient to reduce their glycolytic activity, to impair generation of effector T cells, and to reduce inflammatory disease in vivo (6, 97).



Targeting T Cell Metabolism in Inflammatory Skin Disease

Despite considerable recent advances in the field, many insights into the metabolic pathways critical for T cell function derive from in vitro T cell assays. However, these are reductionist representations of the complex metabolic situations in the microenvironment in vivo (68). Therefore, it remains to be discovered in more detail how exactly T cell immunometabolism is affected in inflammatory skin disease. Nevertheless, by observing how modulating the major metabolic modules affects experimental pathology, some interesting perspectives can be identified and are discussed below.

The mechanisms by which modulation of glycolysis in T cells affects inflammatory pathology has been investigated in some detail. Effector TH cells and CD8+ T cells show increased glycolytic activity as compared to naive T cells (16, 67), but not all TH cell lineages have equal glucose metabolism signatures. For instance, TH cells show reduced differentiation into TH1 and TH17 cells in vitro when glycolysis is inhibited, while inducible TREG differentiation is enhanced in low glucose conditions (24, 98). This affects TEFF/TREG balance which in turn has been related to reduced pathology in experimental autoimmune encephalomyelitis (98). To what extent modulation of glycolysis can be leveraged to specifically boost or inhibit distinct TH cell subsets is an active area of current research (67). In the context of skin inflammation, it will be crucial to consider the complex interplay between glucose availability in the tissue, glucose consumption by different skin-resident immune, stromal, and epithelial cell populations, and their differential glucose dependence for inflammatory reactions. A summary categorizing key metabolic properties of different T cell subsets in the context of inflammatory skin disease is shown in Table 2.



Table 2. T cell subsets in inflammatory skin disease (ISD) and their engagement of key metabolic pathways.
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As outlined in more detail above, amino acids are another important substrate for T cell function. Availability of amino acids is likely to change significantly in inflamed skin, which in turn will shape T cell function. T cells require amino acids for protein and nucleic acid synthesis (67) and restriction of amino acids can differentially affect T cell activation via regulation of mTORC1 activation and other pathways (100). In the context of psoriasis, a TH17-driven skin disease, activating the amino acid starvation response through halofuginone or restricting amino acid flux into T cells might be of therapeutic interest, since it decreases TH17 differentiation, while leaving TH1 nor TH2 cell polarization unaffected (101, 102). Furthermore, glutamine availability for T cells also impacts differentiation of TH cells. If glutamine is restricted, TH cells polarized under TH1 conditions are skewed into a TREG phenotype, whilst again leaving TH2 polarization unaffected. Similar findings were made when uptake of glutamine into T cells is inhibited by genetic deletion of the glutamine transporter Slc1a5 (47). Taken together, interference with amino acid metabolism of T cells might be used to improve inflammatory skin disease, particularly psoriasis, as it has been shown to enable therapeutic intervention in multiple TH17-driven disease models (47, 67, 101). A number of molecules to inhibit cellular glutamine metabolism are in fact available, some of which are currently being tested clinically in oncological trials (see Table 3) (106, 108).



Table 3. Pharmacological modulators of T cell metabolism and their putative therapeutic application in inflammatory skin disease.
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Modulation of T cell lipid metabolism might also be leveraged to improve inflammatory skin disease. Typically, skin diseases such as psoriasis and atopic dermatitis are characterized by exacerbated activation and proliferation of T cells in the skin (109). Proliferating cells depend on de novo fatty acid and cholesterol synthesis as building blocks for the plasma membrane and membranes of organelles. In this regard, there are intriguing differences in the dependence on de novo lipogenesis between TH17 cells and TREG cells. In particular, if fatty acid synthesis is inhibited by an inhibitor of acetyl-CoA Carboxylase 1 (ACC1, also known as ACACA), TH17 cell differentiation and proliferation is reduced while TREG cells are induced (28). ACC1 is an enzyme which catalyzes the carboxylation of acetyl-CoA to malonyl-CoA, the rate-limiting step in fatty acid synthesis. T cells that lack ACC1 show reduced de novo synthesis of palmitate and defective TH17 cell differentiation. This phenotype can be rescued by exogenous palmitate. Mice harboring ACC1-deficient T cells are less susceptible to EAE which underscores the crucial role of lipid metabolism in pathogenic TH17 cell responses and points to a novel therapeutic opportunity in psoriasis (Table 3).

Finally, the particular dependence of skin TRM on β-oxidation of exogenous free fatty acids from the cutaneous environment to fuel their metabolism might represent a weak spot that could be exploited therapeutically (29, 54). In fact, it is increasingly appreciated that chronic and/or aberrant activation of pathogenic TRM represents a key pathogenetic step in the onset and maintenance of many inflammatory skin diseases (3). Psoriasis (110), atopic dermatitis (111), vitiligo (112), cutaneous adverse drug eruption (113), and many other skin diseases have all been shown to be—at least in part—mediated by TRM. This provides an elegant explanation for the chronicity of T cell mediated skin diseases and their general tendency to relapse once immunosuppressive treatment is withdrawn. Thus, therapies that not only suppress but actually dislodge pathogenic TRM from their tissue niches in the skin may tackle these diseases at their very root and induce persistent remission. In mouse models, in vivo inhibition of mitochondrial β-oxidation with trimetazidine or etomoxir decreased the survival and maintenance of cutaneous TRM and hence show the fundamental feasibility of such therapeutic strategies (29). To what extend such approaches are transferrable to humans will have to be addressed by future studies.



Crosstalk Between Systemic Metabolism and Skin Inflammation

Both severe psoriasis and severe atopic dermatitis are associated with diseases of the metabolic syndrome (114, 115). Although the reasons for this are incompletely understood, it is known that inflammation can modulate local and systemic metabolism and–vice versa local–that systemic metabolism can profoundly influence immune function (116, 117). Therefore, metabolism and immune function might interact in specific ways to drive aberrant inflammation in inflammatory skin disease. For instance, statins have been proposed to ameliorate psoriasis and their beneficial effects have been attributed to their effects on lipid metabolism in skin, as well as their proclaimed anti-inflammatory and immunomodulatory properties (118). In mice, it has indeed been shown that inhibition of HMG-CoA reductase has an inhibitory effect on TH17 cell differentiation (119). Future studies will have to address whether inhibition of HMG-CoA reductase with statins is truly beneficial in inflammatory skin diseases such as psoriasis and whether this potentially beneficial effect is mediated by interference with TH17 cell function. In fact, statins may also influence T cell function and inflammation via their inhibitory effect on mitochondrial function. Statins have been shown to inhibit mitochondrial complex III of the respiratory chain (120), leading to reduced generation of mitochondrial reactive oxygen species (mROS). Reduced levels of mROS, in turn, reduce activation of nuclear factor of activated T cells (NFAT) and IL-2 production in T cells (121), thus providing an additional putative mechanism by which statins may alleviate inflammatory skin disease.

In addition, dietary fatty acids from nutrition may also affect systemic immune responses and autoimmunity. In mice, dietary long-chain fatty acids enhance differentiation and proliferation of TH1 and TH17 cells whereas dietary short-chain FAs expanded gut TREG cells. These nutrition-dependent effects translated into exacerbated EAE via the expansion of pathogenic TH1 and/or TH17 cell populations (122). Furthermore, a diet high in saturated fatty acids is sufficient to exacerbate psoriatic skin inflammation independent of obesity (123) and this effect seems to be linked to an augmented TH17 response in the skin (124). Given that weight loss through diet adaptation can improve pre-existing psoriasis and prevent the onset of psoriasis in obese individuals it can be speculated that the beneficial effects thereof are at least in part mediated through an altered cross-talk between systemic metabolism and local T cell function (125). In addition to fatty acid metabolism, systemic amino acid levels may also affect T cell function in the skin. This has best been studied for the amino acid arginine which is an important modulator of T cell function (48, 126, 127). In animal models, increased dietary arginine enhanced T cell maturation and led to increased contact allergy reactions (128). It is thus possible that systemic and local cutaneous arginine levels may shape the immune response in inflammatory skin diseases.

At any rate, our understanding of the diverse processes that integrate with lymphocyte signaling, gene regulation, and function to shape T cell metabolism is still nascent. A better understanding of the metabolic regulation in T cells and the influence of nutrients in the microenvironment on T cell function will lead to novel insights into T cell function in the context of skin disease. This knowledge may open up new therapeutic approaches in the future.
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Autoimmune diseases are a physiological state wherein immune responses are directed against and damage the body's own tissues. Cytokines secreted by infiltrated inflammatory cells contribute to the pathogenesis of autoimmune diseases. TIPE2, one of the four family members of Tumor necrosis factor-α induced protein-8 (TNFAIP8), is a negative regulator of innate and adaptive immunity and plays essential roles in the maintenance of immune tolerance. However, studies on the role of TIPE2 during the development of autoimmune diseases have generated contradictory results. In the current study, we sought to determine the role of TIPE2 during the development of IMQ-induced psoriasis and Experimental Autoimmune Uveitis (EAU) in mice. Our study revealed that, while TIPE2-deficiency alleviates psoriasis, it exacerbates the development of EAU. Further studies demonstrated that, although TIPE2-deficient T cells produced more IL-17A, they do not migrate efficiently to the local inflammatory site, i.e., the skin. This in turn led to the decreased IL-17A production in the skin and consequently reduced the severity of psoriasis in TIPE2-deficient mice. However, although TIPE2-deficient T cells still produced more IL-17A in EAU model, they migrate into the inflamed eye as efficient as TIPE2-sufficient T cells, and consequently exacerbates the development of EAU in TIPE2-deficient mice. Taken together, these results indicate that TIPE2 may either promote or suppress autoimmunity depending on the specific inflammatory microenvironment in different types of autoimmune diseases.
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INTRODUCTION

Autoimmune disease occurs when healthy body tissues were mistakenly attacked and destroyed by body's own immune system. More than 80 types of different autoimmune diseases have been reported, including psoriasis, Experimental Autoimmune Uveitis (EAU), type 1 diabetes, Experimental Autoimmune Encephalomyelitis (EAE), and Rheumatoid Arthritis (RA). Besides genetic and environmental factors, immunological factor often plays important roles during the pathogenesis of autoimmune disease which triggers the initiation of the disease as well as maintaining the disease state (1, 2). T cells, especially the IL-17A-producing Th17 cells, have been shown to play a dominant role during the pathogenesis of multiple autoimmune diseases including psoriasis and EAU (3–8). Following priming, Th17 cells migrate to local inflammatory site which was mediated by tissue selective integrins and chemokine receptors (9). While IL-17A knockout mice develop significantly less severe psoriasis and EAU (10, 11), treatment with anti-IL-17A antibody markedly reduced inflammation in both psoriatic and EAU mice (12–14).

Tumor necrosis factor-α induced protein-8-like 2 (TNFAIP8L2 or TIPE2) is one member of the TNFAIP8 family. Current study suggests that TIPE2 is a negative regulator of innate and adaptive immune responses (15). TIPE2 is preferentially expressed by immune cells and TIPE2-deficient cells are hyper-responsive to Toll-like receptor (TLR) and T cell receptor (TCR) activation. Further study revealed that TIPE2 may inhibit the activation of NF-κB in T cells and macrophages (15). Since TIPE2 is a negative regulator of immune response, it may play important roles during the pathogenesis of autoimmune disease. In fact, TIPE2 down-regulation was found in the peripheral blood mononuclear cells from patients with Systemic Lupus Erythematosus (SLE) (16). In 2016, Xu et al. reported that TIPE2 alleviates experimental SLE through the induction of M2 macrophage (17). In addition, decreased TIPE2 expression was also found to be correlated with the occurrence and development of RA (18). However, researchers have also found that TIPE2 promotes the development of colitis (19). Recently, Fayngerts et al. reported that TIPE2-deficient leukocytes were defective in polarization and chemotaxis, and consequently TIPE2-deficient mice were resistant to EAE which was mediated by leukocyte (20). Thus, the role of TIPE2 during the development of autoimmune diseases remains elusive.

In the current study, we sought to determine the role of TIPE2 during the development of IMQ-induced psoriasis and EAU in mice. Our study revealed that, although TIPE2 exacerbates the development of psoriasis through promoting the directional migration of T cells to the site of inflammation, it alleviates EAU through the suppression of IL-17A production by T cells.



MATERIALS AND METHODS


Animals

Four to six week-old wild-type and TIPE2-deficient mice in the C57BL/6 background were used in the experiments and kept under pathogen-free conditions at the animal core facility of the Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences. All efforts were made to minimize the number of mice used and to less animal distress, pain, and injury. Carbon dioxide (CO2) was used to euthanize mice. All procedures were preapproved by the Animal Care and Use Committee of Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences.



Induction and Clinical Evaluation of Psoriasis

Commercially available IMQ cream (Aldara, Inova pharmaceuticals, USA) was smeared on the shaved back of wild-type and TIPE2-deficient mice in the C57BL/6 background at 4–6 weeks of age as previously reported (21). Alternatively, CD3+ T cells were isolated from wild-type and TIPE2-deficient mice and adoptively transferred into Rag1−/− mice (10 × 106/mouse). IMQ cream was then used to induce psoriasis as mentioned above. The severity of inflammation of the back skin was evaluated according to the clinical psoriasis area and severity index (PASI) (22, 23). In order to obtain histological profiles of the back skin, skin sections were first fixed in 10% formalin, and then embedded in paraffin, sectioned, and stained with hematoxylin/eosin. Skin sections were finally examined by microscopy.



Induction and Clinical Evaluation of EAU

EAU was induced by active immunization as previously described (24). Briefly, mice were immunized with IRBP1-20 (4 mg/ml, GPTHLFQPSLVLDMAKVLLD, purchased from China Peptides) emulsified 1:1 in complete Freund's adjuvant (Chondrex, USA) with an additional 100 μl mycobacterium tuberculosis H37R (2.5 mg/ml, BD biosciences, USA) at the base of the tail and 50 μl in each thigh (400 μg peptide per mouse). An additional 200 μg bordetella pertussis toxin (Abcam, USA) was intravenously injected immediately after peptide injection. Eyes were harvested 21 days after immunization and stained with hematoxylin/eosin, and the severity of EAU was evaluated on a scale of 0–4 using previously published criteria (25).



RNA Isolation and RT-PCR

To prepare total skin cells, the back skin of the mice were collected and washed with cold washing buffer (PBS + 2% FBS), then cut into small pieces and incubated in DMEM supplemented with 0.5 mg/ml collagenase D (Sigma, USA), 0.02 mg/ml DNase (Roche, USA), and 0.1 mg/ml Dispase (Sigma, USA) for 20 min at 37°C with gentle shaking. Supernatant was collected and filtered through a 70-μm strainer (BD Biosciences, USA) to obtain single-cell suspension. Total RNA was isolated using TRIzol reagent following manufacturer's instructions (Life Technologies, USA). RNA samples were reversely transcribed using the primescript reverse transcription kit (Takara, JPN). The expression of chemokines was determined by quantitative RT-PCR using specific primers and Applied Biosystems 7500 system. When determining the relative level of gene expression, GAPDH was used as the internal control. The primers for the detection of mouse chemokines and GAPDH were synthesized as previously described (26, 27).



ELISA Assay

For cytokine assays, purified CD4+ T cells from spleen and total cells from inguinal lymph node (ILN), cervical lymph node (CLN), spleen or eye were cultured at 1 × 106 cells/well in 100 μl of complete DMEM culture medium (Corning, USA) in the presence or absence of anti-CD3 (ebioscience, USA) and/or anti-CD28 (ebioscience, USA). The concentrations of anti-CD3 and anti-CD28 were indicated within the figure or figure legend. Culture supernatants were collected after 48 h; For the preparation tissue extract, total cells from the back skin of the mice were homogenized in 1% chaps (Sigma, USA) supplemented with complete protease inhibitor mixture (Roche, USA). The concentration of IL17A in the cell culture supernatant and tissue extract was determined by quantitative enzyme-linked immunosorbent assay (ELISA) per manufacturer's instructions (eBioscience, USA).



Antibodies and Flow Cytometry

Flow cytometric analyses were performed on freshly isolated cells from skin, blood, ILN, CLN, and eye. Cells were labeled with a combination of the following fluorescence-conjugated mouse mAbs: PE-anti-CD4, APC-anti-CD8, PerCP-Cy5.5-anti-CD3, APC-anti-CD183(CXCR3), APC-anti-CD184 (CXCR4), PE-anti-CD194 (CCR4), APC-anti-CD195(CCR5), PerCP/Cy5.5-anti-CD196 (CCR6), APC-anti-CD197(CCR7), and FITC-anti-CD199 (CCR9). All antibodies were purchased from BioLegend. For the intracellular staining of IL-17A, cells from the skin or eye were stimulated with PMA + ionomycin (eBioscience, USA) in the presence of GolgoStop (1:1,500 dilution, BD, USA) for 6 h. Cells were then collected and first stained with anti-CD3. After fixation and permeabilization, cells were then stained with anti-IL-17A (BioLegend, USA) per manufacturer's instructions (Invitrogen, USA). For the intracellular staining of phospho-IκBα, cells from the skin or eye were first stained with anti-CD3. After fixation and permeabilization, cells were then stained with purified anti-phospho-IκBα (Ser32/36) antibody (CST, USA), followed by staining with DyLight™ 488-conjugated goat anti-mouse IgG (BioLegend, USA) per manufacturer's instructions (Biolgend, USA). Stained cells were then examined on CytoFLEX flow cytometry system (Beckman Coulter Inc., USA).



Transwell Migration Assay

Lymphocytes were isolated from blood using mouse peripheral blood lymphocyte isolation kit (Tian Jin Hao Yang Biological Manufacture CO., LTD, China). Total T cells were isolated from blood lymphocyte and ILN using EasySep™ Mouse T Cell Isolation Kit (Stemcell, USA) and “rest” in RPMI1640 culture medium for 1 h. Migration assays were then performed using Transwells. Briefly, cells were placed on the upper layer of a cell permeable membrane of 24-well transwell plate (5 μm pore size, Corning, USA) at 5 × 104/well. IP10 (10 ng/ml, Biolegend, USA), CCL19 (10 ng/ml, Biolegend, USA), or PBS (control group) was placed below the cell permeable membrane. Following an incubation period of 3 h, the cells that have migrated through the membrane are counted by TC10 automated cell counter (Bio-Rad, USA). The chemotaxis index was calculated by dividing the number of cells that migrated in response to chemoattractant with the number of cells that migrated in the control group.



Confocal Microscopy Analysis

Total T cells were isolated from the ILN using EasySep™ Mouse T Cell Isolation Kit (Stemcell, USA). After resting in RPMI1640 culture medium for 1 h, cells were subjected to point-source stimulation with IP10 (Biologend, USA) at 1 μg/ml for 3 min at 37°C. Cells were then fixed with 4% paraformaldehyde for 15 min at room temperature, permeabilized with 0.1% TritonX-100 in PBS for 10 min and blocked with 5% normal rat serum plus 3% BSA for 1 h at room temperature. After fixation and permeabilization, cells were incubated overnight with a 1:100 dilution of Phospho-AKT (T308) antibody (Cell Signaling Technology, USA) and a 1:1,000 dilution of Phalloidin-iFluor647 (CST, USA). Cells were then washed three times and incubated for 30 min with 1:1,000 diluted DyLight™ 488 Donkey anti-rabbit IgG antibody (Biolegend, USA). Stained cells were then washed, dried and covered with ProLong Gold with DAPI (Invitrogen, USA). Images were acquired using a Leica TCS SP5 confocal microscope and analyzed using ImageJ software.



Statistical Analysis

The significance of the difference in disease severity was determined by Mann-Whitney U-test. The skin thickness, mean florescence intensity (MFI), level of cytokines and percentage of cells were analyzed by Student's t-test.




RESULTS


TIPE2-Deficiency Alleviates Psoriasis but Promotes the Development of EAU

IMQ is a ligand for TLR7/8 that when applied topically to the skin, induces psoriasis-like inflammation in susceptible mice including BABL/c and C57BL/6. The IMQ-psoriasis closely resembles human psoriasis lesions with respect to phenotypic and histological characteristics. EAU is the animal model of human uveitis that most closely resembles sympathetic ophthalmia. It is the most widely used and well-studied uveitis model. In order to determine the roles of TIPE2 in the pathogenesis of different types of autoimmune diseases, we established IMQ-induced psoriasis model and EAU model in wild-type and TIPE2-deficient mice in the C57BL/6 background. As shown in Figure 1A, IMQ-induced skin inflammation in TIPE2-deficient mice resulted in lower scores for erythema and scaling at the peak-stage of the disease. The difference is small but significant. Although IMQ-induced psoriasis is a T cell–dependent disease, other hematopoietic cell types may also contribute to the pathogenesis. In order to directly test the T cell–specific function of TIPE2 in psoriasis, we studied the IMQ-induced psoriasis in Rag1−/− mice that had received WT or TIPE2-deficient T cells. We found that mice received TIPE2-deficient T cells developed less severe symptoms than those reconstituted with WT T cells (Figure 1B). Consistent with these clinical findings, H&E-stained sections of skin from TIPE2-deficient mice demonstrated decreased epidermal thickening by Figures 1C,D. In contrast to the phenotype difference displayed in IMQ-induced psoriasis model, TIPE2-deficient mice exhibited more severe retinal edema and structural distortion in the EAU model (Figure 1E). When pathological changes in the retina were evaluated according to the scoring criteria previously reported, WT mice had a mean score of 0.8, whereas that number for TIPE2-deficient mice is 1.8 (Figure 1F). Similar phenotypical difference was also detected when EAU was induced in mice adoptively transferred with T cells from either WT or TIPE2-deficient mice (Figure 1G). Since both IMQ-induced psoriasis and EAU are T-cell mediated autoimmune disease animal model and our study has also established that TIPE2 in T cells regulates the pathogenesis of both psoriasis and EAU, in this study we focused on the roles of TIPE2 in T cells in regular IMQ-induced psoriasis model and EAU model.
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FIGURE 1. TIPE2-deficiency alleviates psoriasis but promotes the development of EAU. (A) WT (n = 15) and TIPE2-deficient (n = 15) mice in the C57BL/6 background were treated with IMQ cream on the shaved back skin as mentioned in the Materials and Methods. Mice were monitored for the development of erythema and scaling on the back skin. The cumulative score (erythema plus scaling) is depicted. Data were combined from two separate experiments. (B) Total T cells were isolated from wild-type and TIPE2-deficient mice and adoptively transferred to Rag1−/− mice (10 × 106/mouse). IMQ cream was used to induce psoriasis as mentioned in the Materials and Methods. The cumulative score (erythema plus scaling) was calculated as mentioned in (A). Data were combined from two separate experiments. (C) Mice from (A) were killed 6 days after the first IMQ treatment and H&E staining of the back skin of mice was performed. (D) Skin thickness was measured after H&E staining. (E) EAU was induced in WT (n = 9) and TIPE2-deficient (n = 10) mice as described in the Materials and Methods. Twenty-one days after immunization, H&E staining of the eye section was performed. Data were combined from two separate experiments. (F) Mice were treated as in (E) and EAU scores were determined on a scale of 0–4 based on the number, type, and size of lesions. (G) Total T cells were isolated from wild-type and TIPE2-deficient mice and adoptively transferred to Rag1−/− mice (10 × 106/mouse). EAU was induced as described in the Materials and Methods and characterized as in (F). *P < 0.05; **P < 0.01.





TIPE2 Suppresses the Production of IL-17A by T Cells

Both IMQ-induced psoriasis and EAU model contains a strong T cell component and the disease development is dependent on IL-17A. To determine the potential effect of TIPE2 deficiency on the production of IL-17A by T cells, we examined the expression of IL-17A produced by T cells in vitro. First we isolated CD4+ T cells from the spleen of untreated WT and TIPE2-deficient mice and cultured them in vitro with or without different concentrations of plate-bound anti-CD3 and soluble anti-CD28. We found that TIPE2 deficient T cells produced significantly higher level of IL-17A (Figure 2A). Secondly, we isolated total splenocyte from IMQ-treated WT and TIPE2-deficient mice and cultured them in vitro with or without plate-bound anti-CD3 and/or soluble anti-CD28. We found that the expression of IL-17A was also significantly increased by TIPE2-deficient T cells (Figure 2B). Thirdly, we isolated total splenocyte from WT and TIPE2-deficient mice that have been treated to induce EAU. Cells were then cultured in vitro with or without IRBP or anti-CD3 plus anti-CD28. Again we found that TIPE2-deficient T cells produced significantly more IL-17A (Figure 2C). Taking together, these results indicate that TIPE2 is a negative regulator of IL-17A expression in T cells.
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FIGURE 2. TIPE2 suppresses IL-17A production by splenic T cells. (A) CD4+ T cells were isolated from untreated WT (n = 3) and TIPE2-deficient mice (n = 3) and cultured with or without different concentrations (μg/ml) of plate-bound anti-CD3 plus soluble anti-CD28 as indicated. After 48 h, culture supernatants were collected and the concentration of IL-17A was determined by ELISA. Data are representative of three separate experiments. (B) WT (n = 5) and TIPE2-deficient (n = 5) mice were treated as in Figure 1A and killed 3 days after the first IMQ treatment. Total splenocytes were isolated and cultured at 1 million per well in 96-well plate with or without plate-bound anti-CD3 (0.5 μg/ml) or/and anti-CD28 (0.5 μg/ml). After 48 h, the concentration of IL-17A in the culture supernatants was determined by ELISA. Data are representative of two separate experiments. (C) EAU was induced in WT (n = 4) and TIPE2-deficient (n = 5) mice as in Figure 1E and killed 21 days following immunization. Total splenocytes were isolated and cultured at 1 million per well in 96-well plate with or without IRBP (30 μg/ml) or anti-CD3 (0.5 μg/ml) plus anti-CD28 mAb (0.5 μg/ml). After 48 h, the concentration of IL-17A in the culture supernatants was determined by ELISA. Data are representative of two separate experiments. *P < 0.05; **P < 0.01.





The Production of IL-17A Is Decreased in the Skin but Increased in the Eye of TIPE2-Deficient Mice

To investigate whether TIPE2 deficiency alters IL-17A production in the inflamed skin, tissue extracts were prepared from the skin of IMQ-treated WT and TIPE2-deficient mice and the production of IL-17A was measured by ELISA. We found that the production of IL-17A was significantly decreased in the skin from TIPE2-deficient mice (Figure 3A). This result is in consistency with the phenotype that TIPE2-deficiency alleviates IMQ-induced psoriasis. However, when flow cytometry was used to examine the percentage of IL-17-producing cells within gated CD3+ T cells, we found that the percentage of IL-17A-producing cells was much higher in TIPE2-deficient mice (Figure 3B). In addition, we also found that the phosphorylation of Iκbα was significantly increased in TIPE2-deficient T cells (Figures 3C,D). Similar experiments were performed with the cells isolated from the inflamed eye of WT and TIPE2-deficient mice that have been treated to induce EAU. In consistency with the phenotype that TIPE2-deficiency promotes the development of EAU, the production of IL-17A (Figure 3E) and the phosphorylation of Iκbα (Figures 3F,G) was significantly increased by TIPE2-deficient T cells. In addition, we also found that WT and TIPE2-deficient T cells no longer displayed difference in IL-17A expression after treatment with NF-κB inhibitor BAY11-7082 (Figure 3H). Taking together, these results indicate that TIPE2 may suppress IL-17A production by T cells through the inhibition of NF-κB activation.
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FIGURE 3. The production of IL-17A is decreased in the skin but increased in the eye of TIPE2-deficient mice. (A–D) WT (n = 5) and TIPE2-deficient (n = 5) mice were treated as in Figure 1A and killed 3 days after the first IMQ treatment. (A) Tissue extracts were prepared from the back skin and the concentration of IL-17A in the tissue extract was determined by ELISA. (B) Total cells from the back skin were isolated and stimulated in vitro with PMA+ionomycin in the presence of GolgiStop for 6 h. Cells were first stained with anti-CD3, then fixed, permeabilized and stained with anti-IL-17A and examined by flow cytometry. Cells shown were gated on CD3+ T cells. (C) Total cells from the back skin were isolated and stained with anti-CD3. After fixation and permeabilization, cells were then stained with anti-phospho-IκBα antibody, followed by staining with DyLight™ 488-conjugated goat anti-mouse IgG. Stained cells were then examined by flow cytometry. Cells shown were gated on CD3+ T cells. (D) Relative expression level of phosphorylated IκBα was shown as the mean fluorescence intensity (MFI). (E–H) WT (n = 4) and TIPE2-deficient (n = 5) mice were treated as in Figure 1E. Mice were killed 21 days after the immunization and total cells were isolated from the eye. (E) Cells were cultured with or without IRBP (30 μg/ml) or anti-CD3 (0.5 μg/ml) plus anti-CD28 mAb (0.5 μg/ml). After 48 h, the concentration of IL-17A in the culture supernatants was determined by ELISA. (F) The level of phosphorylated IκBα was determined as in (C). (G) Relative expression level of phosphorylated IκBα was shown as the mean fluorescence intensity (MFI). (H) Cells were cultured with or without plate-bound anti-CD3 (0.5 μg/ml) plus soluble anti-CD28 (0.5 μg/ml). In addition, NF-κB inhibitor BAY11-7082 (1 μM) was used to inhibit NF-κB activity as indicated. After 48 h, level of IL-17A in the supernatants was determined by ELISA. Data are representative of two separate experiments. *P < 0.05; **P < 0.01.





The Percentage of T Cells in TIPE2-Deficient Mice Is Decreased in the Skin but Comparable in the Eye Compared With That in WT Mice

Although TIPE2-deficient T cells produced more IL-17A, TIPE2-deficient mice produced much less IL-17A in the skin and displayed reduced severity of IMQ-induced psoriasis. To solve this paradox, we examined the percentage and absolute number of T cells in IMQ-treated WT and TIPE2-deficient mice. The results showed that, while the percentage (Figure 4A) and absolute number (Figure 4B) of CD3+ T cells were significantly increased in the blood from TIPE2-deficient mice, they were significantly decreased in the skin. The percentage and absolute number of CD3+ T cells were comparable in the draining lymph node (inguinal lymph node, ILN) between WT and TIPE2-deficient mice (Figures 4A,B). Because we have shown that TIPE2 suppresses IL-17A production by T cells during the development of IMQ-induced psoriasis (Figure 2B), the percentage (Figure 4C) and absolute number (Figure 4D) of CD3+IL-17A+ T cells was significantly increased in the blood and ILN as expected. However, the percentage and absolute number of CD3+IL-17A+ T cells was significantly decreased in the skin (Figures 4C,D). We think that this is due to the decreased percentage and number of CD3+ T cells found in the skin from TIPE2-deficient mice, despite the fact that the proportion of IL-17-producing cells within gated CD3+ T cells was much higher in the skin from TIPE2-deficient mice (Figure 3B). This may also explain why the net production of IL-17A was significantly decreased in the skin from TIPE2-deficient mice (Figure 3A). As for the EAU model, no significant difference was found in the inflamed eye as well as in the blood and draining lymph node (cervical lymph node, CLN) between WT and TIPE2-deficient mice in the percentage and absolute number of CD3+ T cells (Figures 4E,F). However, because we have shown that TIPE2 suppresses IL-17A production by T cells during the development of EAU (Figure 2C), the percentage and absolute number of CD3+IL-17A+ T cells was significantly increased in the eye as well as in the blood and CLN from TIPE2-deficient mice (Figures 4G,H). Taken together, these results indicate that, although TIPE2-deficient T cells produced more IL-17A in both disease models, they are defective in migration to the skin in IMQ-induced psoriasis model but not to the eye in EAU model. Next we focused on the roles of TIPE2 in regulating T cell migration during the development of IMQ-induced psoriasis.
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FIGURE 4. Comparison of the percentage and absolute number of CD3+ and CD3+IL-17A+ T cells in WT and TIPE2-deficient mice. (A–D) WT (n = 5) and TIPE2-deficient (n = 5) mice were treated as in Figure 1A and killed 3 days after the first IMQ treatment. The percentage (A) and absolute number (B) of CD3+ T cells in the skin (0.8 cm2), blood (0.6 ml) and ILN were determined by cell surface staining with fluorescent labeled antibody against CD3. The percentage (C) and number (D) of CD3+IL-17A+ T cells in the skin (0.8 cm2), blood (0.6 ml) and ILN was determined by cell surface staining as described above followed by intracellular staining with fluorescent labeled antibody against IL-17A. (E–H) WT (n = 6) and TIPE2-deficient (n = 7) mice were treated as in Figure 1E. Mice were killed 21 days after the immunization and the percentage and number of CD3+ (E,F) and CD3+IL-17A+ T cells (G,H) in the eye (one eye), blood (0.6 ml) and CLN were determined as described above. ILN, inguinal lymph node; CLN, cervical lymph node. *P < 0.05; **P < 0.01.





T Cells From IMQ-Treated TIPE2-Deficient Mice Express Normal Levels of Chemokine Receptors but Are Defective in Chemotaxis in vitro

During the development of psoriasis, mature activated T cells migrate through the postcapillary venules into the dermis after establishing molecular interactions mediated by tissue selective integrins and chemokine receptors (homing receptors). To determine how TIPE2 affects T cell migration during the development of psoriasis, we examined the expression of multiple chemokine receptors on the surface of CD3+ T cells from the ILN and blood of IMQ-treated WT and TIPE2-deficient mice. Our results showed that the there is no significant difference in the expression of CXCR3, CXCR4, CCR4, CCR5, CCR6, CCR7, and CCR9 between IMQ-treated WT and TIPE2-deficient mice (Figures 5A,B). However, in vitro chemotaxis assay showed that TIPE2-deficient T cells from ILN were defective in migration toward IP10 and CCL19 (Figure 5C), which are the ligand for CCR7 and CXCR3, respectively. Similar results were found with the cells from the blood of IMQ-treated mice (Figure 5D). In order to exclude the possibility that decreased local chemokine production led to the defective migration of TIPE2-deficient T cells to the skin, we also examined the expression of multiple chemokines in the skin. Our results revealed that the mRNA expression of most of the chemokines was not decreased but even increased in the skin from TIPE2-deficient mice (Figure 5E). Because most of those chemokines were direct targets of NF-κB, it is possible that TIPE2 suppresses the production of chemokine in the skin through the inhibition of NF-κB activity.
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FIGURE 5. T cells from TIPE2-deficient mice express normal levels of chemokine receptors but are defective in chemotaxis in vitro. WT (n = 5) and TIPE2-deficient (n = 5) mice were treated as in Figure 1A and killed 3 days after the first IMQ treatment. (A) Total cells were isolated from ILN and the expression of indicated chemokine receptors on the surface of CD3+ T cells was determined by cell surface staining with florescence-labeled antibodies against CD3 and chemokine receptors. Data shown are for gated CD3+ T cells. (B) Lymphocytes were isolated from blood and the expression of indicated chemokine receptors on the surface of CD3+ T cells was determined as in (A). Data shown are for gated CD3+ T cells. (C,D) Total T cells were isolated from ILN (C) and blood lymphocyte (D). in vitro transwell assay was performed to determine the migratory capacity of T cells toward IP10 and CCL19, which are the ligand for CXCR3 and CCR7, respectively. The chemotaxis index was calculated as mentioned in the Materials and Methods. (E) Total RNA was extracted from the back skin, and the mRNA expression of indicated chemokines was determined by quantitative RT-PCR. Data are representative of two separate experiments. ILN: inguinal lymph node. *P < 0.05.





T Cells From IMQ-Treated TIPE2-Deficient Mice Are Defective in Leading-Edge Formation During Chemotaxis

Previous studies have shown that TIPE2 promotes leading-edge formation in neutrophils through enhancing phosphoinositide-dependent signaling and cytoskeleton remodeling. Therefore, we examined the polarization of F-action and phosphor-AKT (T308) in CD3+ T cells isolated from the ILN of IMQ-treated WT and TIPE2-deficient mice in response to point-source stimulation with IP10. Our results demonstrated that, although the distribution of F-actin and phosphor-AKT was aggregated on the surface of both WT and TIPE2-deficient T cells, more TIPE2-deficient T cells were not polarized (Figures 6A,B). Interestingly, the total amount of F-actin and phosphor-AKT were increased in TIPE2-deficient T cells (Figure 6C). Taking together, these results indicate that, although TIPE2 suppresses the expression of F-actin and phosphor-AKT, it promotes the leading-edge formation during chemotaxis and consequently enhances T cell directional migration.
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FIGURE 6. TIPE2-deficient T cells are defective in leading-edge formation during chemotaxis. WT (n = 5) and TIPE2-deficient (n = 5) mice were treated as in Figure 1A and killed 3 days after the first IMQ treatment. Total T cells were isolated from inguinal lymph node and then subjected to point-source stimulation with IP10 at 1 μg/ml for 3 min at 37°C and stained with Phalloidin, anti-phospho-AKT antibody and DNA-binding dye DAPI. (A) The distributions of F-actin, phospho-AKT and DAPI in WT and TIPE2-deficient T cells were assessed by confocal microscopy. Data are representative of two separate experiments. (B) The percentages of polarized WT and TIPE2-deficient T cells were calculated. (C) The total intensity of F-actin and p-AKT was calculated using ImageJ. For (B,C), data are pooled results from two separate experiments with more than 50 cells analyzed per genotype. *P < 0.05.






DISCUSSION

Although it has been reported that TIPE2 is a negative immune regulator, the exact role of TIPE2 during the development of autoimmune disease remains elusive. Contradictory results have been reported when investigating the role of TIPE2 during the development of different types of autoimmune diseases. Using IMQ-induced psoriasis model and EAU model, our current study revealed that TIPE2 may either promote or suppress autoimmunity, depending on the specific inflammatory microenvironment in different types of autoimmune diseases.

Since TIPE2 functions as a negative regulator of adaptive immune response, we speculate that TIPE2-deficient mice will be more susceptible to developing psoriasis and EAU. However, our current study showed that, while TIPE2-deficient mice develop more severe EAU, they unexpectedly develop less severe IMQ-induced psoriasis. In 2017, Fayngerts et al. reported that TIPE2 functioned as a local enhancer of cytoskeleton remodeling and promoted leading-edge formation in neutrophils (20). Our previous work also showed that TIPE2 enhances the cytoskeleton remodeling and promotes the thymus egress of tTregs (28). In the current study we further confirmed that TIPE2 may promote T cell migration via the same mechanism in the psoriasis model. This would explain why TIPE2-deficient mice develop less severe IMQ-induced psoriasis. We speculate that TIPE2 may play both anti-inflammatory and pro-inflammatory roles during the development of autoimmune diseases. Although T cells produced more IL-17A in both psoriasis and EAU model, they were defective in migration to the skin but not to the inflamed eye. The final outcome depends on the balance between these two opposing effects. This theory may also explain why the IMQ-induced skin inflammation of TIPE2-deficient mice is only marginally reduced compared with that of WT mice.

However, it still remains a question why TIPE2-deficient T cells were defective in migration to the site of inflammation in one particular autoimmune disease but not in another? After priming in the draining lymph node, mature activated Ag-specific T cells migrate through the postcapillary venules into local inflammatory site through a chemotaxis-dependent manner (29). Alternatively, primed T cells may also traffick to local inflammatory site through random migration. For example, random migration contributes to cytotoxicity of activated CD8+ T-cells and may be used as a biomarker to predict the effect of immunotherapy using activated lymphocytes (30). Thus, depending on the specific inflammatory microenviroment in different types of autoimmune disease, TIPE2-deficiency may or may not affect the accumulation of T cells in the local inflammatory site. In EAU model, because pro-inflammatory leads to the breakdown of RBB (Retinal-Blood-Barrier), the majority of T cells that accumulated in the flamed eye may migrate in a chemotaxis-independent manner. The total amount of F-actin was increased in TIPE2-deficient T cells further indicates that TIPE2 in T cells may suppress non-directional cell movement.

While EAU in animals was used as a model of human uveitis, treating mice with innate TLR7/8 ligand IMQ rapidly induces dermatitis closely resembling human psoriasis. They are both T-cell mediated autoimmune diseases animal model, because only T cells can adoptively transfer those diseases (11, 14). Studies in these two disease models demonstrated that Th17 rather than Th1 cells play a critical role during their pathogenesis (10, 11). Because IL-17A is the primary Th17 cell effector cytokine, disease development was almost completely blocked in mice deficient for IL-17A or IL-17 receptor (31, 32). In vivo neutralization of IL-17A is able to ameliorate EAU and IMQ-induced psoriasis (12–14). While nuclear hormone receptor RORγT is a master regulator of the differentiation of IL-17-producing T cells (33), other factors such as STAT3 and NF-κB have also been shown to regulate the expression of IL-17A (34, 35). TIPE2 negatively regulates immune response through inhibiting the activity of NF-κB in T cells (36). Our results also showed that the level of phosphorylated IκBα was markedly up-regulated in TIPE2-deficient T cells derived from the inflamed eye and skin. Furthermore, we showed that WT and TIPE2-deficient T cells no longer displayed difference in IL-17A expression after treatment with NF-κB inhibitor. These results suggest that TIPE2 may inhibit the expression of IL-17A in T cells by suppressing NF-κB activity.

In addition to Th17 cells, IL-17A is also produced by a variety of cell types from the innate and adaptive immune systems (37, 38). Other types of T cells such as CD8 T cells, NKT cells and Gamma delta (γδ) T cells are also significant potential sources of IL-17A (38–40). In our current study, we didn't distinguish the T cell types in which TIPE2 inhibits the expression of IL-17A. While one group reported that Th17 cells are the major source of IL-17A in psoriatic dermis (41), others showed that the majority of IL-17A in the skin was produced by IL-23-responsive dermal γδ T cells (40, 42). Thus, future study is needed to determine the role of TIPE2 on IL-17A production in different IL-17A-producing T cells.

In summary, our study has revealed that TIPE2 can function as both a negative and positive regulator of autoimmunity. On one hand, TIPE2 could suppress inflammatory response through the inhibition of IL-17A production by T cells. On the other hand, TIPE2 could promote inflammatory response through enhancing the directional migration of T cells. The final outcome may depend on the balance of TIPE2 mediated anti-inflammatory and pro-inflammatory effects.
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MALT1 plays an important role in innate and adaptive immune signaling by acting as a scaffold protein that mediates NF-κB signaling. In addition, MALT1 is a cysteine protease that further fine tunes proinflammatory signaling by cleaving specific substrates. Deregulated MALT1 activity has been associated with immunodeficiency, autoimmunity, and cancer in mice and humans. Genetically engineered mice expressing catalytically inactive MALT1, still exerting its scaffold function, were previously shown to spontaneously develop autoimmunity due to a decrease in Tregs associated with increased effector T cell activation. In contrast, complete absence of MALT1 does not lead to autoimmunity, which has been explained by the impaired effector T cell activation due to the absence of MALT1-mediated signaling. However, here we report that MALT1-deficient mice develop atopic-like dermatitis upon aging, which is preceded by Th2 skewing, an increase in serum IgE, and a decrease in Treg frequency and surface expression of the Treg functionality marker CTLA-4.

Keywords: atopic dermatitis, skin inflammation, MALT1, lymphocytes, Tregs, Th2, aging


INTRODUCTION

MALT1 (Mucosa-associated lymphoid tissue lymphoma translocation protein 1) is an intracellular signaling protein that plays an important role in several cell types, including lymphoid and myeloid cells as well as non-hematopoietic cells (1). MALT1 is best known for its role as a scaffold protein in T cell receptor (TCR)- and B cell receptor (BCR)-induced nuclear factor-κB (NF-κB) signaling, leading to the activation and proliferation of T and B cells, respectively (2, 3). Moreover, MALT1-mediated NF-κB signaling plays a key role in the proliferation of certain B cell lymphomas, such as MALT1 lymphoma and activated B cell-like diffuse large B cell lymphoma (ABC-DLBCL) (4–13). TCR or BCR stimulation, as well as oncogenic mutations in specific signaling proteins, leads to the formation of a so-called CBM signaling complex, consisting of CARD11 (also known as CARMA1), BCL10 and MALT1 (8, 14–18). In this complex, MALT1 acts as an adaptor to recruit the E3 ubiquitin ligase TRAF6, whose activity facilitates the recruitment and activation of downstream NF-κB signaling proteins (19–21). The importance of the CBM complex is illustrated by the impaired TCR-induced NF-κB activation in T cells isolated from Card11-, Bcl10-, and Malt1-knock-out (KO) mice, respectively (2, 3, 22, 23).

In addition to its scaffold function, MALT1 also acts as a cysteine protease. TCR stimulation leads to the MALT1-mediated cleavage of several substrates including BCL10, the deubiquitinases A20 and CYLD, the NF-κB family member RelB, the RNA-binding and RNA-destabilizing proteins Roquin-1/2, Regnase-1, and N4BP1, the E3 ubiquitin ligase HOIL1, and MALT1 itself (24–34). Although the specific biological role of cleavage of each of these substrates is still largely unclear, MALT1 proteolytic activity contributes to the fine-tuning of TCR-induced gene expression, lymphocyte activation and proliferation, and regulatory T cell (Treg) development and function. Consequently, inhibition of MALT1 proteolytic activity has been proposed as an interesting therapeutic approach for autoimmune diseases and certain cancers, which is further supported by promising results with MALT1 protease inhibitors in preclinical mouse models (12, 13, 35–37). Of note, MALT1 mutation in humans, causing the absence or very low expression of MALT1, leads to combined immunodeficiency (CID), which is characterized by several bacterial, fungal, and viral infections, indicating that targeting MALT1 activity may not be without risk (38–43). Moreover, it was recently shown that Malt1 protease-dead (PD) knock-in mice expressing a catalytically inactive MALT1 mutant spontaneously develop multi-organ inflammation due to defects in T cell homeostasis (44–49). This was rather unexpected since inflammation was never described for mice that are completely deficient in MALT1. However, in the present paper we show that Malt1-KO mice develop atopic-like dermatitis upon aging.



RESULTS


Malt1-KO Mice Spontaneously Develop Skin Lesions, Accompanied by Elevated Serum Cytokine Levels

Malt1-KO mice were housed under SPF conditions and monitored for macroscopic clinical signs on a regular basis. Interestingly, the mice were found to develop skin lesions upon aging, with an average disease onset of 161 days (Figures 1A,B). The Malt1-KO mice suffer from erosive lesions in the neck and face region, with the epidermis showing acanthosis, hyperkeratosis, and parakeratotic scaling, as well as CD3+ T cell infiltration (Figure 1C). Similar lesions were observed in another independent Malt1-KO LacZ reporter mouse line (Figure 1A), indicating that the observed phenotype is strain-independent. Next to full body Malt1-KO mice, also T cell-specific (Malt1FL/FLCD4-CreTg/+) and keratinocyte-specific (Malt1FL/FLK5-CreTg/+) Malt1-KO mice were monitored for skin lesions over time, but these mice did not develop any skin lesions (Figure 1B), indicating that absence of MALT1 in T cells or keratinocytes, as such, is not sufficient to induce skin inflammation. Malt1-KO mice that develop skin inflammation were found to have increased serum levels of the pro-inflammatory cytokines IL-2, IL-4, IL-6, IL-17, IFN-γ, and TNF (Figure 1D). To assess if increased serum cytokine levels reflect a more general inflammation in MALT1-deficient mice, we analyzed H&E stained sections of lung, liver, stomach, colon, small intestine, lacrimal glands and salivary glands. However, no differences were observed between Malt1-KO and WT mice for all these tissues (Figure 2A). In addition, we checked blood glucose levels in young (±20 weeks) and older mice (7–8 months) to determine possible pancreatic inflammation, but also here MALT1 deficiency had no effect (Figure 2B). Together, our data demonstrate that MALT1 deficiency in mice specifically results in an inflammatory skin phenotype upon aging.
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FIGURE 1. Malt1-KO mice develop skin lesions at late age accompanied by elevated serum cytokine levels. (A) Skin lesion in the neck of a Malt1-KO and Malt1-KO LacZ mouse. (B) Incidence of dermatitis in Malt1-KO mice (n = 8 for controls, n = 24 for Malt1-KO, n = 6 for Malt1FL/FL CD4-CreTg/+, and n = 6 for Malt1FL/FL K5-CreTg/+). (C) H&E staining on WT and Malt1-KO skin (scale bar 100 μm), showing epidermal thickening and parakeratosis in Malt1-KO skin and α-CD3 staining on WT and Malt1-KO skin (scale bar 100 μm), showing increased CD3 staining in Malt1-KO skin. (D) Elevated serum levels of IL-2, IL-4, IL-6, IL-17, IFN-γ, and TNF in Malt1-KO mice compared to WT mice (both n = 5 and >30 weeks, and Malt1-KO mice have AD). Open circles (WT) and black squares (KO) represent individual mice. The mean ± SEM is indicated on the graphs. The statistical significance between groups was calculated with an unpaired 2-tailed Student's t-test: *P < 0.05, **P < 0.01, and ***P < 0.001.
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FIGURE 2. Malt1-KO mice do not develop multi-organ inflammation. (A) H&E staining (scale bar 100 μm) of several organs from WT and Malt1-KO mice (Malt1-KO mice had skin lesions and the WT and KO mice were between 30 and 40 weeks old). (B) Blood glucose levels in mice of ±20 weeks (left, WT: n = 5 and KO: n = 4) and mice of 7–8 months (right, WT: n = 10 and KO: n = 8). Open circles (WT), gray squares (KO), and black squares (KO + AD = KO mice with atopic dermatitis) represent individual mice. The mean ± SEM is indicated on the graphs. The statistical significance between groups was calculated with an unpaired 2-tailed Student's t-test: no significant difference was found.





MALT1 Deficiency Results in Defective Treg Development and CTLA-4 Expression via a T Cell Intrinsic Mechanism in Both Young and old Mice

Malt1-KO mice are known to have a defect in Treg development (44, 46, 50, 51), which could be responsible for the skin inflammation in aging MALT1-deficient mice. However, it has been reported by Brüstle et al. that whereas young Malt1-KO mice have severely reduced numbers of Tregs in blood and thymus, 1 year old Malt1-KO mice have normal Treg numbers in blood, which was suggested to reflect the generation of inducible Tregs (iTregs) in aging mice (51). Of note, this study did not mention the development of skin lesions in aged mice. We therefore analyzed the number of Tregs (Foxp3+CD25+CD4+ T cells) in young and aged (±7 months old) Malt1-KO mice. In agreement with the above mentioned previous studies, Treg numbers were reduced in thymus, lymph nodes (LN), and spleen of lesion-free young mice. However, in contrast to the study by Brüstle et al., we found that the number of Tregs were equally reduced in thymus, LN and spleen of aged Malt1-KO mice that developed skin lesions (Figures 3A,B and gating strategy in Supplementary Figures 1, 2). The reason for this discrepancy is still unclear, but different findings may reflect specific differences in mouse housing conditions. Similar to the full Malt1-KO mice, also T cell specific Malt1-KO mice had a reduced Treg frequency in their thymus, spleen, and LN (Figure 3C), indicating a T cell intrinsic role of MALT1 in Treg development. We next investigated whether the remaining MALT1-deficient Tregs are functional. CTLA-4 expression on Tregs is known to compete with CD28 on T cells for binding to CD80 and CD86, as well as to reduce the surface expression of CD80 and CD86 on antigen presenting cells, resulting in reduced T cell proliferation and cytokine production (52, 53). We therefore assessed CTLA-4 surface expression on splenocytes from WT and Malt1-KO mice that were stimulated in vitro for 4 h with phorbol myristic acid/Ionomycine (PMA/IO). As shown in Figure 3D, a reduced frequency of Tregs that express surface CTLA-4 could be observed in Malt1-KO mice compared to WT mice, suggesting that the remaining MALT1-deficient Tregs are functionally impaired (gating strategy in Supplementary Figure 2).
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FIGURE 3. MALT1 plays a T cell-intrinsic role in Treg development. (A) Percentage of Tregs (Foxp3+CD25+CD4+ T cells) in the thymus, spleen and lymph nodes of Malt1-WT and Malt1-KO mice without skin lesions (WT: n = 4 and KO: n = 4, age 10–12 weeks). (B) Percentage of Tregs (Foxp3+CD25+ CD4+ T cells) in the thymus, spleen and lymph nodes of older WT and Malt1-KO mice with skin lesions (WT: n = 4 and KO: n = 6, age 6.5–8.5 months). (C) Percentage of Tregs (Foxp3+CD25+CD4+ T cells) in the thymus, spleen and lymph nodes of WT (Malt1FL/FLCD4-Cre+/+, n = 4), and T-KO (Malt1FL/FLCD4-CreTg/+, n = 4) mice. (D) Percentage of splenic Tregs (Foxp3+CD4+ T cells) expressing CTLA-4 on their surface after stimulation for 4 h with PMA and IO in WT (n = 5) and Malt1-KO (n = 5) mice. The mean ± SEM is indicated on the graphs. The statistical significance between groups was calculated with an unpaired 2-tailed Student's t-test: **P < 0.01 and ****P < 0.0001.





Activation and CTLA-4 Surface Expression of CD4+ T Cells Is Altered in Malt1-KO Mice

Since we observed increased CD3+ T cell infiltration in the diseased skin of Malt1-KO mice, we further investigated whether the proliferation and activation of CD4+ T cells is affected in MALT1-deficient mice. For this purpose, we purified CD4+ T cells and labeled them with CFSE to measure their proliferation after 72 h stimulation with anti-CD3 and anti-CD28. This showed that MALT1-deficient CD4+ T cells can proliferate, albeit to a lesser extent than WT CD4+ T cells (Figure 4A), which is similar to what has previously been described (45). To assess the activation of CD4+ MALT1-deficient T cells, we stimulated splenocytes for 4 h with PMA/IO and determined the frequency of CD44+CD4+ T cells, so-called effector CD4+ T cells. Notably, Malt1-KO mice had a reduced frequency of effector CD4+ T cells (Figure 4B), which is consistent with previous findings (2).
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FIGURE 4. Activation of Malt1-KO CD4+ T is altered. (A) CFSE labeled CD4+ T cells stimulated for 72 h with plate bound α-CD3 and soluble α-CD28. The CFSE overlaid histograms displaying the proliferation of WT or Malt1-KO CD4+ T cells (age mice: 10 weeks lesion-free). (B) Splenocytes were stimulated for 4 h with PMA and IO (same for C and D) in order to determine the percentage of CD44+ CD4+ T cells. (C) Percentage of CD44+CD4+ T cells that express CTLA-4 on their surface. (D) Mean fluorescence intensity (MFI) of CTLA-4 on CD44+CD4+ T cells that express CTLA-4 on their surface. For (B–D) open circles (WT: n = 4) and black squares (KO: n = 4) represent individual mice. The mean ± SEM is indicated on the graphs. The statistical significance between groups was calculated with an unpaired 2-tailed Student's t-test: *P < 0.05 and ***P < 0.001.



Since not only Tregs but also effector CD4+ T cells can use surface CTLA-4 to suppress proliferation of effector CD4+ T cells (54–56), we assessed the expression of CTLA-4 on the surface of effector CD4+ T cells from Malt1-KO and WT mice. In contrast to WT mice, Malt1-KO mice showed a strong reduction in the frequency of effector CD4+ T cells that express surface CTLA-4 (Figure 4C and gating strategy in Supplementary Figure 2). In addition, the expression of CTLA-4 on the remaining MALT1-deficient surface CTLA-4+ effector CD4+ T cells was also reduced, as determined by the surface CTLA-4 mean fluorescent intensity (Figure 4D). These data clearly show that besides being important for CTLA-4 expression on the surface of Tregs, MALT1 is similarly important for the expression of CTLA-4 on the surface of effector CD4+ T cells. Together, these data show that although MALT1 deficiency leads to reduced activation and proliferation of stimulated CD4+ T cells, it also lowers the immune suppressive functions of both Tregs and effector CD4+ T cells, which could contribute to disease development.



MALT1 Deficiency Causes Th2 Skewing Accompanied by Increased Serum IgE Levels

We next investigated whether the impaired Treg development in Malt1-KO mice has an impact on the T-helper (Th) cell populations. To this end, we stimulated splenocytes with PMA, IO, and Brefeldin A for 4 h, and determined the percentage of Th2 (IL-4 producing CD44+CD4+ T cells) (Figure 5A) and Th1 cells (IFN-γ producing CD44+CD4+ T cells) (Figure 5B), respectively (gating strategy in Supplementary Figure 3). MALT1-deficient mice (±20 weeks, skin lesion free) repeatedly showed largely similar levels of IFN-γ-producing Th1 cells, while the IL-4 producing Th2 cells were significantly increased. Since IL-4, secreted by Th2 cells, is known to induce B cell Ig isotype switching from IgM to IgE (57), we determined the serum IgE levels from Malt1-KO and WT mice of several ages. In agreement with the increased Th2 frequency, IgE levels were clearly elevated in Malt1-KO mice at any time point tested and preceded lesion onset (Figure 5C). Furthermore, in the ear skin of Malt1-KO mice with lesions, we found elevated mRNA levels of Tslp and Il22 (Figure 5D), which are both known to promote Th2 responses (58, 59). Collectively, these data indicate that MALT1 deficiency leads to Th2 skewing and IgE production, which might contribute to skin lesion development.


[image: image]

FIGURE 5. Th2 skewing and elevated IgE levels in Malt1-KO mice. (A) Splenocytes of 20 weeks old mice without skin lesions were stimulated for 4 h with PMA and IO (same for B), in order to determine the percentage of CD44+CD4+ T cells expressing IL-4 (WT and KO: n = 8). (B) Percentage of CD44+ CD4+ T cells expressing IFN-γ (WT and KO: n = 8). (C) IgE levels in serum collected from WT and Malt1-KO mice of ±15, ±20, and >30 weeks (15 weeks WT and KO: n = 4, at 20 weeks WT: n = 8 and KO: n = 6 and at 30 weeks WT: n = 6 and KO: n = 9). Open circles (WT), black squares (KO), and gray squares (KO + AD) represent individual mice. (D) mRNA expression levels of Malt1, Tslp, and IL22 (relative to reference genes Hprt1 and Ubc) in ears of Malt1-WT mice (n = 7), Malt1-KO mice (n = 11), and Malt1-KO + AD mice (n = 3) suffering from dermatitis. The mean ± SEM is indicated on the graphs. For (A–C) all results were obtained by flow cytometry the statistical significance between groups was calculated with an unpaired 2-tailed Student's t-test. For (D) the statistical significance between groups was calculated with a one-way ANOVA with a Tukey's multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.






DISCUSSION

We report that aging Malt1-KO mice suffer from atopic-like dermatitis accompanied by elevated serum cytokine levels and preceded by Th2 skewing and elevated serum IgE levels. No inflammation could be observed at other sites of the body. In contrast to Malt1-KO mice, skin lesions were never reported in mice fully deficient in one of the other components of the CBM complex, BCL10 and CARD11, or in the upstream activator PKCθ, even though BCL10 and PKCθ deficient mice were followed up until 6 months of age (22, 60). Notably, despite being part of the same signaling pathway, MALT1, BCL10, and PKC-θ deficiency have also been reported to differentially affect TCR-induced proliferation, IL-2 production, and NF-κB activation in T cells, with MALT1-deficient T cells showing a milder impairment than BCL10- and PKCθ-deficient T cells, suggesting they may have divergent functions and act in additional signaling pathways (61).

We further report that atopic-like dermatitis in aging Malt1-KO mice is associated with a decrease in the number and function of Tregs in the thymus and periphery. We propose that the reduction in immune suppressive Tregs leads to a disruption of normal immune homeostasis and contributes to the activation of effector T cells and allergic skin inflammation. In this context, we could measure more Th2 cells producing IL-4, which is known to play multiple roles in promoting atopic-like dermatitis (62). A severe Treg reduction is also seen in patients suffering from immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX) syndrome (OMIM #304790), caused by mutations in the FOXP3 gene (63) as well as mice with a mutation in the Foxp3 gene, so called scurfy mice (64). The scurfy mice and the IPEX patients illustrate variable autoimmune disorders. IPEX patients can suffer from type 1 diabetes mellitus and thyroid disease, increased IgE levels, asthma and food allergies, while dermatitis and increased IgE levels are also present in the scurfy mice (63, 65–67). A lack of functional Tregs is a common feature in Malt1-KO mice, scurfy mice and IPEX patients (44, 46, 50, 51, 68–70). Moreover, a scurfy-like phenotype was described for mice (Malt1FL/FLFoxp3-creTg/+) with a specific deletion of Malt1 in Tregs (36, 49). However, while Malt1-KO mice as well as MALT1 CID patients display impaired T cell activation (3, 22, 38–47), this is not the case for IPEX patients, scurfy mice and mice only lacking Malt1 in Tregs, where there is a failure to control T cell activation due to the absence of Tregs or the reduced functionality of Tregs leading to lymphoproliferation and autoimmunity, resulting in death (36, 49, 63, 65–67, 71).

CTLA-4 is a known functionality marker on Tregs and is required for their inhibitory function (52, 53). We show that the remaining Tregs in Malt1-KO mice are also functionally impaired as demonstrated by a reduced CTLA-4 expression. The reduced Treg frequency and functionality we observed in Malt1-KO mice is associated with an increased Th2 frequency. Th2 cells were previously shown to expand disproportionally upon depletion of Tregs, which tightly control the Th2 population via induction of apoptosis of Th2, but not Th1 cells (72). Moreover, Tian et al. showed that addition of recombinant CTLA-4-Ig to Treg depleted mice induces Th2 apoptosis and thus reduces the Th2 expansion, illustrating the tight control by Tregs on the Th2 population (72). In addition to Tregs, also effector CD4+ T cells make use of surface CTLA-4 to inhibit effector CD4+ T cells, albeit with much lower efficiency than Tregs (54–56). Notably, we show that CTLA-4 expression is also reduced on effector CD4+ T cells in Malt1-KO mice, which may also contribute to disease pathogenesis. Interestingly, CTLA-4 mRNA is post-transcriptionally regulated by the endonuclease Regnase-1 and the RNA-binding proteins Roquin-1 and-2, which were shown to be inactivated by MALT1-mediated cleavage, leading to stabilization of CTLA-4 and many other mRNA molecules (28, 29). Most likely, reduced CTLA4 expression in MALT1-deficient Tregs and effector CD4+ T cells reflects the absence of Regnase-1 and Roquin cleavage, leading to CTLA-4 mRNA degradation and reduced CTLA-4 protein expression.

Mice that are completely deficient in MALT1 as well as mice expressing a catalytically inactive (protease-dead) mutant MALT1 have a reduced number of Tregs, but only Malt1-PD mice develop severe autoimmune symptoms (44–51). Impaired TCR-mediated effector T cell activation, normally mediated by the MALT1 scaffold function, has been proposed to prevent spontaneous inflammation in full Malt1-KO mice (1). Our present finding that Malt1-KO mice spontaneously develop skin inflammation upon aging, implicates a role for MALT1-independent antigen or cytokine receptor signaling leading to low or intermediate T cell activation. The reduced frequency of functional Tregs in combination with a lowered effector T cell activation causes a gradual and selective expansion of Th2 cells, culminating in allergic skin inflammation without autoimmunity or generalized inflammation.

Skin inflammation in atopic dermatitis is assumed to arise due to a misdirected immune response against harmless antigens on the one hand, and to skin barrier defects on the other hand (73). We propose that scratching may cause local skin barrier defects, which in combination with the Treg deficiency and the Th2 skewing favors the specific development of skin lesions in Malt1-KO mice. This is further supported by a report showing that tape stripping in combination with Treg depletion results in skin thickening, increased IL-4 and IL-13 mRNA levels in the skin, and elevated serum IgE levels (74). Of note, whereas an increase in IL-4 was already detectable in Malt1-KO mice before the development of skin lesions, elevated levels of Tslp and Il22 mRNA, which are known to promote expression of Th2 cytokines, such as IL-4, could only be detected in lesional ear skin. A possible explanation might be that increased Tslp and Il22 levels only occur upon skin barrier disruption in skin lesions, which is in agreement with an observed increase in TSLP expression upon tape stripping (75, 76).

Persistent severe dermatitis (7/9) and increased serum IgE levels (4/8) have been described in patients with loss of function mutations in MALT1 (38, 40–43). Similarly, dermatitis has been reported in genome-wide association studies for CARD11 (77) and is also one of the clinical features found in most patients with loss of function mutations in CARD11 (78–80). Also mice that have hypomorphic mutations in Card11 display dermatitis, reduced Tregs, and increased IgE and Th2 levels (81–83). The proposed mechanism for disease development is the tight relationship between Tregs and Th2 cell levels (72, 82). However, our T cell-specific Malt1-KO mice did not develop skin lesions, suggesting that absence of MALT1 in T cells only is not sufficient to drive skin inflammation in aging mice. CARD11 is a member of the CARD-CC protein family, which also contains CARD9, CARD10 (also known as CARMA3), and CARD14 (also known as CARMA2) (84), which can all form distinct CBM complexes in a cell-type specific manner. Recently, Peled at al. reported that two loss-of-function mutations in CARD14 are associated with atopic dermatitis (85). CARD14 is mainly expressed in keratinocytes and activates MALT1 signaling in keratinocytes (86, 87), which led us hypothesize that MALT1 deficiency in keratinocytes was driving atopic-like dermatitis. However, we also did not observe any skin lesions in keratinocyte-specific Malt1-KO mice. Possibly, combined deficiency in T cells and keratinocytes is needed to induce the atopic skin phenotype in aged mice. Alternatively, we cannot exclude a role for other cell types as well.

In general, the here established relationship between impaired MALT1-dependent TCR signaling, partial Treg deficiency, and dysregulated accumulation of Th2 cells, may provide a mechanistic basis to explain the allergic responses in patients carrying MALT1 and CARD11 mutations, and invites future studies investigating associations between atopy and genetic variations in other components of the TCR-MALT1 signaling pathway.



MATERIALS AND METHODS


Mice

Malt1-KO mice (backcrossed for more than 10 generations into C57BL/6 background) were a kind gift from Dr. T. Mak (Toronto, Canada). Another Malt1 allele from EUCOMM (Malt1tm1a(EUCOMM)Hmgu/+) was derived from ES cells and subsequently back-crossed to germline-expressing Flpe-deleter mice (88) to generate a conditional Malt1-deficient allele (Malt1FL/+). The ES cells were also backcrossed to a germline-expressing Cre-deleter mouse (89) to obtain an alternative full deficient allele with a LacZ reporter (Malt1IRES−LacZ/+). To generate a T-cell specific knock-out, Malt1FL/+ was further crossed to CD4-CreTg/+ mice (90) and K5-CreTg/+ (91) and offspring was inter-crossed to select for Flpe-deleter-negative T cell-specific (Malt1FL/FLCD4-CreTg/+) and skin-specific (Malt1FL/FL K5-CreTg/+) MALT1-deficient mice. CD4-Cre is always kept heterozygote by selecting one parent CD4-CreTg/+ and the other parent as Cre-negative. The specificity of CD4-Cre was confirmed via western blot (Supplementary Figure 4) using rabbit monoclonal anti-MALT1 (SC-28246, Santa Cruz) and anti-Cre (6905-3, Merck Millipore). The K5-Cre is always kept heterozygote by selecting a male K5-CreTg/+ and a female as Cre-negative, to avoid female germline transmission (91). Mice were housed in individually ventilated cages in a specific pathogen-free (SPF) facility. Mice were supplied with water and food ad libitum and experiments were performed in compliance with the guidelines of the University of Ghent Ethics Committee for the use of laboratory animals (EC2011-024 and 2013-066). Mice were monitored regularly for signs of dermatitis, consisting of hair loss in the facial, ear and neck region, together with redness, skin thickening, and scratching.



Genotyping

For Malt1-KO-mice we used the primers MALT1-F (GTGCTCTTGTAATTTTCTGTGCTC), MALT1 WT-R (GGGTACATCATGGCCTGAACAGTTG), and MALT1 KO-R (GGGTGGGATTAGATAAATGCCTGCTC), resulting in 172 bp (WT) and 272 bp (KO) PCR products. The genotypings were made using GoTaq Green Hot Start (Promega) master mix, with a typical PCR program: 5 min 94°C denaturation, 35–40 cycles [45 s 94°C|30 s 60°C|45 s 72°C] and 10 min 72°C final elongation.

For the Malt1tm1a(EUCOMM)Hmgu/+ derived mice we monitored the Malt1 Flox-allele or KO allele with the primers MALTcKO-F (GTTTCTCAGGTCTTTAGTTCATGTC), CoMLT-3-R (TATACTCTACATCTCCATGGT), MALTcKO-R (TTGTTTTGCAGATCTCTGCC), and MLT-LacZ-F (TCGCTACCATTACCAGTTGGT) resulting in 280 bp (WT), 400 bp (FL), 345 (KO), or 514 bp (KO-LacZ) PCR products. Flp was detected with the primers Flp-F (TTAGTTCAGCAGCACATGATG) and Flp-R (GGAGGATTTGATATTCACCTG), resulting in a 370 bp PCR fragment. K5-Cre was detected with the primers Cre-F (TGCCACGACCAAGTGACAGCAATG) and Cre-R (AGAGACGGAAATCCATCGCTCG) producing a 374 bp PCR fragment. CD4-Cre was detected with primers CD4-Cre-R (TCAAGGCCAGACTAGGCTGCCTAT) and CD4-Cre-F2 (TCTCTGTGGCTGGCAGTTTCTCCA) producing a 300 bp PCR fragment. The genotypings were made using the GoTaq Green Hot Start (Promega) master mix, with a typical PCR program: 5 min 95°C denaturation, 35–40 cycles [30 s 95°C|30 s 55–60°C|60 s 72°C] and 10 min 72°C final elongation.



Histology and Immunohistochemistry

Skin, lung, liver, colon, small intestine, stomach, lacrimal gland, and salivary gland samples were fixed with 4% paraformaldehyde and imbedded in paraffin. Sections (5 μm) were stained with hematoxylin and eosin. Skin sections were also stained with anti-CD3 (clone CD3-12; Serotec). Images were acquired with a BX51 discussion microscope (Olympus) with PixeLink camera under 100× magnification.



RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR

After sacrifice, ears were collected and incubated overnight in RNA later at 4°C before long term storage at −70°C. For RNA extraction, the ears were transferred to TRIzol reagent (Invitrogen) and homogenized using the Precellys 24 (Bertin technologies with CK26 beads). After phenol/chloroform phase separation, RNA was isolated using the Aurum total RNA mini kit (Bio-Rad). cDNA was synthesized using the SensiFAST™ cDNA synthesis kit (Bioline), according to manufacturer's instructions. Quantitative PCR was done with a LightCycler 480 (Roche) using sensiFAST™ SYBR No-ROX kit (Bioline) with a total of 10 ng cDNA and 300 nM of specific primers in a 10 μl reaction. Real-time reactions were done in triplicates. The following specific primers were used (5′-3′): Hprt1 Fwd AGTGTTGGATACAGGCCAGAC and Hprt Rev CGTGATTCAAATCCCTGAAGT; Ubc Fwd AGGTCAAACAGGAAGACAGACGTA and Ubc Rev TCACACCCAAGAACAAGCACA; Malt1 Fwd GGACAAAGTCGCCCTTTTGAT and Rev TCCACAGCGTTACACATCTCA; Il22 Fwd AGACAGGTTCCAGCCCTACAT and Il22 Rev TCTTCTGGATGTTCTGGTCGT; Tslp Fwd TCTCAGGAGCCTCTTCATCCT and Tslp Rev CTCACAGTCCTCGATTTGCT. Analysis was done with qBase software (Biogazelle). Values were normalized to two reference genes, as determined by Genorm analysis.



Blood Glucose Levels

A drop of blood from the tail was applied to a test strip and the glucose level was measured with a Freestyle lite glucose meter (Abbot).



Flow Cytometry

Detection of Tregs

Single cell suspensions of thymus, spleen, and lymph nodes were surfaced stained with Aqua Live/dead fixable stain (Life Technologies) or Fixable Viability Dye eFluor 506 (eBioscience), anti-CD16/CD32 Fc block (clone 2.4G2; BD Biosciences), anti-CD3-V450 (clone 17A2; BD Biosciences) or anti-CD3 eFluor450 (clone 17A2; eBioscience), anti-CD4-FITC (clone GK1.5; BD Biosciences or eBioscience), anti-CD25-PercPcy5.5 (clone PC61; BD Biosciences) for 20 min. Next, cells were permeabilized for 30 min, followed by 30 min of intracellular staining for anti-Foxp3-PE (clone FJK-16s; eBioscience). For the intracellular staining, the Foxp3 buffer set (eBioscience) was used and all incubation steps were done on ice.

CTLA-4 Expression of Tregs and CD44+CD4+ Effector T Cells

Splenocytes cultured in complete medium (RPMI 1640 medium supplemented with 10% FCS, Sodium Pyruvate, L-glutamine, antibiotics, and 2-Mercaptoethanol) were stimulated with PMA (50 ng/ml) and ionomycin (IO) (1 μg/ml) for 4 h at 37°C. The cells were stained as mentioned above, but anti-CD44-APC-efluor780 (clone IM7; eBioscience) and anti-CTLA-4 PE-eFluor610 (clone UC10-4B9; eBioscience) were also included in the surface staining.

Analysis of Cytokines by Intracellular Cytokine Staining

Splenocytes were cultured in complete medium and stimulated with PMA (50 ng/ml), IO (500 ng/ml) and Brefeldin A (1 μg/ml) for 4–5 h at 37°C. Stimulated cells were washed, surface stained with anti-CD16/CD32, Aqua Live/dead fixable stain or Fixable Viability Dye eFluor 506, anti-CD3-v450 or anti-CD3 eFluor450, anti-CD4-FITC, APC-anti-CD44-APC eFluor780, for 20 min. Next, cells were fixed and permeabilized for 30 min. using the Foxp3 buffer set, followed by intracellular staining with anti-IL4-APC (clone 11B11; eBioscience) and anti-IFNγ-PE-Cy7 (clone XMG1.2; BD Pharmingen) for 30 min.

Proliferation of CD4+ T Cells

CD4+ T cells isolated with the MACS CD4+ T cell isolation kit II were labeled with 2.5 μM CellTrace™ CFSE (Life Technologies) according to the manufacturer's protocol. The cells were cultured in complete medium for 72 h with 5 μg/ml plate bound anti-CD3 (145-2C11; BD Pharmingen) and 1 μg/ml soluble anti-CD28 (37.51; BD Pharmingen) and 50 IU/ml recombinant mIL-2 (PSF, VIB). Cells were surface stained with Aqua Live/dead fixable stain, anti-CD4-FITC and fixed as mentioned above.

All data were obtained with a LSRII flow cytometer (BD Biosciences) and FlowJo Software (Treestar, Inc, Ashland, Ore) was used for data analysis.



Analysis of IgE and Cytokines in Serum

Peripheral blood samples were collected for serum preparation. The level of IgE in serum was determined using the mouse IgE ELISA Ready-SET-Go kit (eBioscience) and the concentration of IgE was calculated using GraphPad Prism 6 (GraphPad Software, Inc). The levels of IL-2 (171-G5003M), IL-4 (171-G5005M), IL-6 (171-G5007M), IL-17 (171-G5013M), IFN-γ (171-G5017M), and TNF (171-G5023M) was determined by Bio-Plex (Biorad) according to the manufacturer's conditions.



Statistical Analysis

Statistical analysis (indicated in the figure legends) was performed with GraphPad Prism 7.
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Bullous pemphigoid (BP) is an autoimmune blistering disease characterized by autoantibodies targeting cellular adhesion molecules. While IgE autoantibodies are occasionally reported in other autoimmune blistering diseases, BP is unique in that most BP patients develop an IgE autoantibody response. It is not known why BP patients develop self-reactive IgE and the precise role of IgE in BP pathogenesis is not fully understood. However, clinical evidence suggests an association between elevated IgE antibodies and eosinophilia in BP patients. Since eosinophils are multipotent effector cells, capable cytotoxicity and immune modulation, the putative interaction between IgE and eosinophils is a primary focus in current studies aimed at understanding the key components of disease pathogenesis. In this review, we provide an overview of BP pathogenesis, highlighting clinical and experimental evidence supporting central roles for IgE and eosinophils as independent mediators of disease and via their interaction. Additionally, therapeutics targeting IgE, the Th2 axis, or eosinophils are also discussed.
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OVERVIEW OF BULLOUS PEMPHIGOID


Clinical Presentation

BP is the most common member of a family of autoimmune blistering diseases. BP primarily affects the elderly (age ≥ 60 years) and disease prevalence increases with age; worldwide estimates range from 12 to 66 new cases per million per year in the general population with rates increasing >12-fold in individuals over the age of 80 years (1–6). When adjusted for age, women exhibit a slightly higher risk of developing BP prior to 80 years of age, but the highest overall risk is observed in men aged ≥ 90 years (6). Disease prevalence is not impacted by race or ethnicity (1, 3, 6).

The onset of classical BP is often preceded by a period of pruritis, followed by development of urticarial or eczematous lesions and the formation of tense, fluid-filled blisters on areas of erythema and normal skin (Figure 1A). Blisters correspond histologically with a subepidermal separation (Figure 1B) through the lamina lucida of the basement membrane zone (BMZ) (7). An inflammatory infiltrate comprised primarily of eosinophils, accompanied by lymphocytes, mast cells and neutrophils is observed (Figures 1B,C) (4, 7, 8). Immunologic criteria for BP include linear deposition of antibodies and/or complement (C3) at the epidermal BMZ and confirmation of circulating cutaneous autoantibodies via indirect immunofluorescence (IF) or ELISA (7, 9, 10).
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FIGURE 1. Clinical and histologic characteristics of Bullous pemphigoid. (A) Clinical presentation of BP with tense, fluid filled blisters occurring on areas of erythema and normal skin, frequently associated with urticarial plaques. (B) Blisters correspond histologically to a subepidermal separation at the basement membrane zone (BMZ) with eosinophils observed in the superficial dermis and the blister cavity. H and E, 100x. (C) Eosinophils in the deep perivascular infiltrate in a lesional biopsy from a BP patient. H and E, 400x (Images in B, C are courtesy of Dr. Brian L. Swick, University of Iowa).



The initial presentation of BP is heterogeneous; lesions can be localized to discrete areas or distributed widely over the body. There is no generally accepted classification of disease severity, although % affected body surface area is considered representative of mild (<10%), moderate (10–30%) and severe (>30%) disease, and can be used to inform initial treatment regimen (4). In an effort to standardize measurements of disease extent and facilitate comparison of therapeutic outcomes in multi-center studies, an international panel of experts developed the BP disease Area Index (BPDAI) score (11) which considers the number, size and anatomic location of lesions observed by the physician, as well as the duration and severity of itching as described by the patient. BPDAI scores range from 0 to 360 for BPDAI total activity (maximum 240 for total skin activity and 120 for mucosal activity), and a separate subjective measure known as BPDAI-pruritus. Standard treatments for BP include topical and systemic steroids, often in combination with adjuvant immunosuppressive or immunomodulatory therapy [reviewed in (4)]. BP often follows a chronic course, with complete remission (off therapy) achieved in months to years (4, 11).



BP Autoantibody Subclass and Specificity

The cellular targets of BP autoantibodies are two hemidesmosomal proteins, BP180 (Type XVII Collagen) and BP230, involved in stable attachment of basal keratinocytes to the underlying matrix (12, 13). BP180 is a transmembrane protein that interacts with dermal matrix components, including integrin α6 and laminin-332, and BP230 acts as an intracellular linker of the hemidesmosomal plaque to keratin intermediate filaments (14). Expression of BP180 is restricted to stratified, pseudostratified and transitional epithelia (15), whereas tissue-specific isoforms of BP230 (also called Dystonin) are expressed throughout the body, including skeletal muscle and brain (16).

The pathogenicity of BP180-specific IgG (BP180 IgG) antibodies has been established experimentally, while the role of the BP230-specific IgG remains controversial (17). Accordingly, clinical disease activity often correlates with serum levels of antibodies targeting BP180, but not BP230 (18–20). It has been proposed that the development of BP230-specific antibodies may be secondary to the tissue destruction mediated by BP180 IgG (21). Historically, studies exploring disease pathogenesis have focused on IgG, although IgE- and IgA-class autoantibodies have also been described in BP (22).

The pathogenicity of the BP180 IgG can be attributed to two basic mechanisms: mechanical disruption of keratinocyte adhesion and immune-mediated events. Treatment of cultured keratinocytes or skin organ cultures with BP180 IgG results in internalization of BP180 from the cell surface and decreased keratinocyte adhesion (23–26). A corresponding decrease in both BP180 expression and hemidesmosomal localization to the cell surface is also observed. At the same time, IgG autoantibody deposition triggers complement activation and recruitment and activation of immune cells, resulting in release of destructive proteases and ongoing inflammation (27–29). While IgG-based models were critical for understanding the fundamental pathomechanisms of BP, they failed to recapitulate the itching, erythema and eosinophilia observed in human disease (30–32). Thus, the pathogenic contribution of IgE in BP was considered based on the early urticarial phase of BP and the established role of IgE in Type I hypersensitivity responses.




IGE AUTOANTIBODIES IN BP


Incidence and Specificity

Elevated levels of circulating IgE and linear deposition of IgE at the BMZ of biopsied skin were first reported nearly 50 years ago (32, 33); however, the role of IgE in disease pathogenesis remained largely unexplored for several decades. It wasn't until 2007 that detailed epitope mapping studies revealed that the IgE autoantibodies primarily target the same non-collagenous 16A (NC16A) region of BP180 that is recognized by BP IgG (30, 31). Subsequently, the number of published manuscripts examining IgE in BP has increased steadily (34). Together, these reports have established that elevated circulating IgE is observed in most (70–85%) BP patients while the reported incidence of BP180 specific IgE (BP IgE) varies widely (22–100%) (34–38). This variation results from differences in autoantibody detection methods, lack of optimization for detection of IgE and heterogeneity of the patient population (34, 35, 39).

In most studies, total circulating IgE is measured by clinical reference labs using standardized procedures and reagents; however, commercial reagents have not been developed to measure BP180 IgE. To address this, individual labs have developed immunoblot or ELISA protocols utilizing their own recombinant protein antigens (30, 40–44) or employ the antigen-coated plates from a commercial BP180 IgG ELISA paired with an IgE-specific secondary antibody (37, 45–47). Additionally, Pomponi et al. (48) developed a microarray system that has potential for simultaneous assessment of both IgE and IgG specific for the NC16A domain of BP180. Despite the heterogeneity of the assays employed, studies show that most (61–77%) BP patients have both IgG and IgE specific for BP180 in their sera (48–50). Additionally, there is increasing evidence that BP230-specific IgE antibodies are prevalent in BP (44, 46, 50–52) and IgE antibodies specific for epitopes within the intracellular domain of BP180 have also been reported (30), although their clinical significance is not known.



Clinical Findings Associated With IgE Autoantibodies
 
Disease Severity or Phenotype

In an effort to better understand the clinical relevance of IgE in BP, studies have examined whether elevated IgE antibody levels are associated with a particular disease phenotype (Table 1). Most studies report that circulating total IgE levels are directly correlated with disease severity in all or a subset of patients with high IgE and that IgE levels decline as disease resolves (33, 45, 47, 49, 53). Not surprisingly, IgE deposition at the BMZ is observed more often in patients with high circulating IgE (59, 63), which likely reflects the interference of excess amounts of IgG and difficulty of detecting ng/ml IgE concentrations. Furthermore, detection of bound IgE is complicated by the cross-binding of anti-IgE antibodies to IgG (43, 50). Given the abundance of specific IgG at the BMZ, it is difficult to know what proportion of IgE reactivity is specific without stringent validation of antibody specificity. This can be achieved by testing the reactivity of secondary reagents to patient serum antibodies after removal of IgG via immunoadsorption and/or 2-step affinity purification (removal of IgG followed by enrichment of IgE) (43, 50, 64). Unfortunately, this type of secondary antibody validation is often not done or not reported. Inconsistencies in the sensitivity and specificity of these assays likely contribute to the variability in the reported rates (18–65%) of IgE antibody deposition in vivo (24, 33, 53, 54, 59, 63, 65). This variability precludes a reliable association of in vivo IgE deposition at the BMZ with a single disease phenotype.



Table 1. Association of serum IgE antibody levels with severity or phenotype of Bullous pemphigoid and eosinophilia as reported in primary literature1,2.
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Figure 2A is an example of indirect immunofluorescent staining for the detection of IgE and IgG at the BMZ of a lesional biopsy of a BP patient. As previously described, bright linear staining is observed with anti-IgG (inset), while the anti-IgE staining at the BMZ is less robust and IgE-coated cells are seen in the superficial dermis (Figures 2A,B) (24, 42, 59, 66). In this experiment, the specificity of the secondary antibodies was tested against serial dilutions of human IgG or IgE by immunoblot.


[image: image]

FIGURE 2. IgE antibodies localize to the BMZ and eosinophils in BP lesions. (A) Indirect immunofluorescent staining of autoantibody deposition in BP lesions reveals IgE deposition at the BMZ and on infiltrating cells in the superficial dermis (white arrows = IgE). Inset image shows robust IgG deposition (filled arrows) in an adjacent section from the same patient. Scale bar = 50 μM. (B) Immunofluorescent staining of lesional skin from a BP patient reveals eosinophils (major basic protein, red) and IgE (green) in the deep cellular infiltrate. IgE coated eosinophils are indicated by the yellow filled arrows. DAPI nuclear stain (blue). The specificity of the secondary antibodies (anti-human IgE, A80-109A; anti-human IgG, A80-148P) was tested by dot blotting which confirmed little cross-reactivity to mg concentrations of each antibody isotype and no cross reactivity to <0.5 mg to the differing isotype, while their specific reactivity to all concentrations (0.1–1 mg) was robust.



Similar to total IgE, most studies examining BP180-specific IgE levels in BP find a positive association with disease severity, clinical course or disease outcome [reviewed in (34)]. In some cases (Table 1), circulating concentrations of BP180-specific IgE correlated with the number or area of skin lesions or BPDAI scores (37, 41, 47, 49, 55, 56), while others find no association (46, 58–60). The link between specific IgE and disease phenotype is inconsistent; some studies correlate specific IgE with prominent urticaria (57, 61), others find an association with a nodular BP phenotype (45, 50), and some show no association (37). Finally, others suggest that high IgE autoantibody levels serve as a marker of patients who require a longer and more aggressive treatment for remission (55, 56).

A handful of studies have measured BP230-specific IgE in patient serum using a commercially available ELISA plate paired with an anti-IgE detection antibody (Table 1). These reports suggest that BP230 IgE serves as an index of either overall disease activity (62), or lesional eosinophilia (46), while others find no association (50, 56, 59). One report (46) found that BP230 IgE levels were inversely related to overall disease severity. Somewhat surprisingly, one study found that serum levels of BP230 IgE associated with the nodular, not erythematous, disease phenotype (50). Although the impact of IgE autoantibodies, targeting either BP180 or BP230, on disease phenotype remains unclear, implementation of the BPDAI scoring system will provide increased clarity as will standardization of sensitive and specific assays optimized for measuring antigen-specific IgE due to competition with much higher concentrations of specific IgG (37, 43, 50, 64).

IgE Receptors

IgE production and its downstream effects are regulated by a complex network of cell-bound and soluble receptors. The cell-bound receptors, FcεRI and CD23/FcεRII are involved in regulation of IgE production and activation of innate immune cells, including APCs, macrophages and granulocytes (67, 68). The high affinity receptor, FcεRI, is primarily responsible of antigen-specific degranulation of mast cells and basophils, whereas CD23 is widely expressed on B cells, where it plays a key role in antigen focusing and stimulation of a Th2 response. Both receptors are positively regulated by circulating IgE thereby amplifying its systemic effects (67). Thus, it is not surprising that increased cellular expression of IgE receptors is observed in BP. One study noted increased expression of both CD23 and FcεRI on circulating eosinophils and basophils from BP patients, but levels were variable and did not correlate with circulating IgE (49). The implications of this finding will be discussed in the Evidence for interaction of IgE and eosinophils in BP section below. Inaoki et al. (69) found that peripheral B cells from BP patients exhibited increased expression of CD23, which correlated with both circulating IgE levels and disease severity. These observations suggest that modulation of FcεRI and CD23 plays a role in the generation and/or maintenance of the IgE autoantibody response in BP.

In addition to the cellular receptors, soluble (s) IgE receptors, sCD23, sFcεRI, and Galectin-3, are key components of the IgE network [reviewed in (68)]. The best studied soluble receptor, sCD23, is thought to be a positive regulator of IgE production, whereas the biologic roles of sFcεRI or Galectin-3 are not well-defined. Circulating levels of sCD23 have been explored as a potential biomarker of disease activity in number of IgE mediated diseases (68). Similarly, sCD23 levels are elevated in the serum and blister fluid from BP patients and are associated with circulating IgE levels and increased disease severity (69–73). The modulation of sCD23 levels in BP suggests that specific targeting of this receptor may prove effective in reducing IgE antibody levels (74). To date, no studies have examined sFcεRI or Galectin-3 in BP.

Cytokine Profiles

While IgE autoantibodies are occasionally reported in other autoimmune blistering diseases, BP is unique in that most BP patients develop an IgE autoantibody response. Although it is not known what triggers an IgE response in BP, it is known that IgE antibody production is driven by Th2 cytokines. Specifically, B-cell class switching to IgE is dependent on IL-4, IL-13, and CD40 ligation, while IL-5 enhances antibody production (75, 76). In diseases associated with IgE, circulating antibody concentrations often correlate with levels of Th2 cytokines (77, 78). Accordingly, systemic expansion of the Th2 population and increased levels of Th2 cytokines and chemokines are detected in serum and blister fluid from BP patients, along with several other drivers of autoimmunity and inflammation (79–84). Of particular relevance, elevated levels of IL-4 and IL-5 undoubtedly facilitate the IgE autoantibody response and upregulate cellular and soluble CD23 expression (68, 75, 76). Notably, no studies to date have defined clear relationships between expression of specific cytokines and IgE antibody levels in BP patients.



Demonstration of IgE's Pathogenicity in BP
 
Experimental Evidence

The pathogenic mechanisms of BP IgE have been explored in vitro using cultured keratinocytes or skin organ cultures treated with BP IgE or monoclonal IgE specific for NC16A (24, 85). In both systems, in vitro treatment with IgE autoantibodies resulted in internalization of BP180 from surface of basal keratinocytes and increased secretion of IL-6 and IL-8, cytokines shown to play a key role in IgG-based models of murine BP. A decline in keratinocyte adhesion and hemidesmosomal density was also observed in IgE treated cultures (24, 85). These observations are comparable to studies utilizing BP180-specific IgG, suggesting that the antibody mediated disruption of mechanical adhesion is not isotype specific.

The in vivo pathogenicity of BP IgE was initially explored in two mouse models utilizing passive antibody transfer. In the first, IgE purified from patient serum was injected into human skin that had been grafted onto nude mice (86). Injection of physiologic levels (6–47 ng/graft) of IgE recapitulated clinical disease in the grafted skin with linear IgE deposition at the BMZ, development of erythematous plaques, eosinophilic infiltration, and a histologic subepidermal split. Similar observations were made in the second model, which utilized intradermal injection of an IgE hybridoma specific for the BP180 ectodomain into SCID mice (87). These studies were unique because they were the first passive transfer experiments to fully replicate clinical disease, with eosinophil infiltration and frank blistering, and they were the first to demonstrate the pathogenicity of IgE autoantibodies in vivo.

Clinical Evidence

Based on the elevated IgE and early urticarial phase of disease and the experimental evidence demonstrating the pathogenicity of IgE autoantibodies in mice, anti-IgE therapy was evaluated for clinical BP. Omalizumab (OMZ) is a humanized monoclonal antibody that binds free IgE, thereby blocking subsequent interaction with its receptors, and is approved for treatment of severe asthma and chronic urticaria in both the US and Europe (88, 89). In 2009, the successful treatment of a recalcitrant BP patient with OMZ as a monotherapy provided the first definitive evidence of a pathologic role for IgE autoantibodies in human autoimmunity (90). This patient was selected due to failure of traditional therapies, elevated circulating total IgE (222 IU, normal < 100) and peripheral eosinophilia. One week after the first dose, the intact blister count decreased by 44% and after 16 weeks, blistering resolved and eosinophil counts declined to near normal [3,427 to 460/mm3 (normal < 400)], while IgG autoantibody levels remained high. Based on its initial success, OMZ has been used as a monotherapy or steroid sparing agent in 22 patients [reviewed in (91)]. A more detailed discussion of OMZ treatment of BP is found in the Therapies targeting IgE and Eosinophilia in BP section below.




EOSINOPHILS


Introduction

Eosinophils are best known as end-stage effector cells associated with allergy and parasitic infection. However, eosinophils are increasingly recognized for their roles in immunomodulation, tissue remodeling and repair, and autoimmunity (92, 93). Under homeostatic conditions, eosinophils represent 1–5% of circulating leukocytes and are observed infrequently in the skin, but their numbers are often elevated in allergic, neoplastic and immunologic skin disorders (94).

Eosinophil expansion, trafficking and survival are dependent on IL-3, IL-5, and GM-CSF (95–98). Specifically, IL-5 stimulation of bone marrow precursors leads to increased numbers of circulating eosinophils that then enter tissues in response to Th2-dependent (IL-4 and IL-13) expression of chemokines, including eotaxins (CCL11, CCL24, CCL26), CCL5 (RANTES), endothelial cell vascular cell adhesion molecule 1 (VCAM-1), PAF, and complement (C5a) (41, 99). Once in the tissues, most eosinophils do not recirculate and have a short life span of 2–5 days that can be prolonged by several cytokines, including IL-3, IL-5, IL-33, GM-CSF, and IFN-ɤ (99). Mature eosinophils express a variety of receptors, including those for immunoglobulins (IgG, IgA, IgE) and complement (CR1, CR3, CD88), in addition to a number of cytokines and chemokines, including those mentioned above (99). Under certain conditions, tissue eosinophils play an additional role in antigen presentation, which is facilitated by upregulation of MHC II and co-stimulatory molecules CD80/CD86 (97, 100, 101).

Eosinophils exert their anti-pathogen and immunoregulatory functions through the regulated release of pre-formed granules and newly synthesized proteins that include over 35 cytokines, chemokines and growth factors (95, 99, 102–105). Through selective release of these mediators, eosinophils influence immunity and tissue homeostasis (93). Eosinophil specific granules contain four unique proteins: major basic protein (MBP), eosinophil cationic protein (ECP), eosinophil peroxidase (EPO), and eosinophil-derived neurotoxin (EDN) (106). Upon activation, these toxic proteins aid in the elimination of microbes, parasites and tumor cells. IL-5 and GM-CSF are considered the most effective and specific signals for inducing eosinophil activation, enabling release of specific proteins in response to environmental signals (93, 107). In addition, exposure to GM-CSF, IL-5, IFN-ɤ, eotaxin, and TSLP can facilitate the extrusion of mitochondrial DNA traps, known as eosinophil extracellular traps (EETs), which provide additional microbicidal functions by ensnaring pathogens and facilitating contact with granules or toxic granule proteins (108–110).



Eosinophils in BP
 
Eosinophilia

Although peripheral and lesional eosinophilia is a prominent feature of BP (54, 111, 112), the association of a disease phenotype with the degree of eosinophilia has only recently been evaluated. Most of these studies show that both circulating and lesional eosinophil numbers are closely associated with the extent and severity of disease in untreated patients and also those undergoing standard immunosuppressive therapy (45, 49, 113, 114). A recent study of 65 well-defined BP patients found a correlation between circulating eosinophil numbers and the extent of disease activity (number of blisters and erosions), but not the extent of urticaria or erythema (36). This observation is somewhat surprising based on the established role of eosinophils in allergic urticaria; however, it is possible that an enumeration of lesional eosinophil numbers would be more relevant for this analysis.

In BP, eosinophilia has been associated with increased levels of factors associated with eosinophil expansion, survival and chemotaxis. Produced in the skin, many of these factors play a dual role, fostering both chemotaxis and survival of migrating cells (115). In particular, eotaxin levels are correlated with lesional eosinophilia in BP (81, 82, 112, 116–118). To a lesser extent, IL-5 levels in the serum and blister fluid have also been associated with degree of eosinophilia in BP (119). Eosinophil accumulation in lesional skin is further facilitated by their upregulation of corresponding cytokine and chemokine receptors (118).

Eosinophil Activation

In many diseases featuring eosinophilia, release of cytolytic granule proteins is used as an index of eosinophil activation (106, 120). In BP, increased activation of eosinophils is demonstrated by elevated levels of ECP, MBP, and EPO, in the skin, blister fluid, and to a lesser extent, the circulation (119, 121–123). Serum levels of ECP and EDN have been correlated with disease activity and, accordingly, these levels are decreased in patients receiving immunosuppressive therapy (119, 121). One study found that an initial reduction in serum ECP concentration was associated with an increased likelihood of remission in the first year of treatment (124). Additionally, the fragility of the BMZ is further enhanced via upregulated eosinophil expression of matrix metalloproteinase 9 (MMP-9), and the localized release of EETs that enhance tissue destruction (125–128).

Within BP lesions, eosinophils exhibit increased expression of activation markers, and the presence of degranulated cells alongside extracellular granules confirms in situ degranulation (111, 121, 129–133). Eosinophil degranulation is most prominent in early erythematous and urticarial lesions, precedes blister formation, and is not observed in uninvolved skin (111). Studies using a human cryosection model of BP suggest that eosinophil localization to the BMZ is dependent on complement fixation, but BP autoantibodies and complement are not sufficient to induce subepidermal separation (123, 128). Instead, priming of eosinophils with IL-5 was essential for their release of destructive mediators that were essential for separation at the BMZ (128). The clinical association between the number of BP lesions and IL-5 levels in the blister fluid increases the likelihood that eosinophils play an integral role in loss of epidermal adhesion (119).



Evidence for Interaction of IgE and Eosinophils in BP

Histologic studies suggest an indirect route of IgE-mediated eosinophil activation, via tissue mast cells, since mast cell degranulation precedes eosinophil infiltration into new lesions (112, 131, 132, 134). Indeed, mast cells constitutively express high levels of IgE receptors and are known to release mediators of eosinophil migration, such as IL-5 (135). The likelihood of a direct contribution of mast cells to lesion development is supported by the detection of dermal mast cells coated with both IgE and BP180 peptides (42, 66), and in vitro experiments demonstrating that peripheral basophils from BP patients degranulate upon exposure to BP180 peptides (42). Within the skin, naturally shed fragments of BP180 would facilitate autoantibody-specific degranulation. In response to these signals provided by mast cells, eosinophil accumulation and degranulation in the skin will then trigger production of additional chemotactic and inflammatory factors by keratinocytes, resulting in a positive feedback loop of eosinophil recruitment and activation (136).

While mast cells are undoubtedly a main mechanism of IgE-mediated eosinophil activation in BP, the co-localization of IgE antibodies and BP180 fragments in BP lesions indicates that direct interaction of IgE and eosinophils also occurs (42, 49, 66). However, studies aimed at defining the exact nature of their interaction have been hampered by numerous technical difficulties, including the relative rarity of eosinophils, lack of a specific cell lineage marker to facilitate their identification and purification, and their propensity for non-specific degranulation. Additionally, in vivo studies are complicated by differences in cellular distribution of IgE receptors across species and the inability of human IgE to bind murine IgE receptors. Despite these challenges, a handful of studies provide additional support for direct modulation of lesional eosinophils by BP IgE.

Initially, a route of direct interaction between IgE and eosinophils in BP was not well-received since eosinophils from healthy donors do not express FcεRI. However, eosinophil expression of FcεRI has been reported in diseases characterized by high IgE and eosinophilia (137–139). Similarly, mRNA and/or cell surface-bound FcεRI are observed in circulating and lesional eosinophils from BP patients, although these studies did not prove receptor functionality (49, 55, 140). However, antibody binding experiments conducted on perilesional skin sections suggest that IgE binding is dependent on FcεRI, but not CD23 (66). Finally, comparison of FcεRI receptor chains expressed by circulating and lesional eosinophils suggests that while both populations express the trimeric (αγ2) form, lesional eosinophils may also express tetrameric (αβγ2) form that is known to mediate degranulation (49, 67).

The first in vivo evidence suggesting a link between IgE and eosinophils was provided by the previously discussed IgE-based passive transfer mouse models of BP (86, 87). Notably, administration of IgE autoantibodies resulted in eosinophilia, erythema, and pruritus. These symptoms are often observed clinically but were absent in IgG-based mouse models. In further parallel to clinical disease, IgE-coated mast cells and degranulated mast cells were also observed in IgE treated mice. Thus, these initial studies did not determine whether the interaction of IgE and eosinophils was direct or indirect (through mast cells). However, convincing evidence of a direct interaction between IgE and eosinophils in BP was provided via treatment of double humanized mice, expressing human NC16A and human FcεRI, with NC16A-specific IgE (141). In this model, disease severity was IgE dose dependent and was directly related to the degree of cutaneous eosinophilia. Additionally, eosinophils were required for IgE-mediated blister formation. These observations are mirrored in OMZ-treated BP patients, where disease activity is closely paralleled by peripheral eosinophil numbers, rather than IgG autoantibody levels (90). Unfortunately, determination of serum levels of active vs. inactive IgE (OMZ bound) is not routine, so it is not known how functional IgE levels correlate with eosinophilia in these patients.




THERAPIES TARGETING IGE AND EOSINOPHILIA IN BP

There are currently no approved drugs for treatment of BP, so current therapy relies on non-specific suppression of antibody production and inflammation with topical or systemic steroids and immunosuppressants. This results in significant morbidity and mortality in elderly BP patients (142). Thus, therapies targeting key aspects of disease pathogenesis are an area of intense interest for BP. Treatments that modulate IgE autoantibody levels or inhibit the downstream effects of IgE, as well as those targeting the Th2 axis or eosinophils are discussed below. Typically, these treatments are initially utilized on refractory patients who have failed standard immunosuppressive therapies, although recently some have been evaluated for their efficacy as a first-line treatment in clinical trials. Successful treatment is minimally defined as an absence of new lesions and a resolution of ~80% of existing lesions. In most of these studies, total and BP antigen-specific IgE are not reported, possibly due to the lack of standardized, commercially available assays. Development of standardized methods for the detection of IgE autoantibodies is necessary to fully understand the mechanisms responsible for therapeutic efficacy or failure in BP.


Therapies Aimed at Reducing IgE Antibody Levels
 
Immunoadsorbtion

Immunoadsorption is used to non-specifically remove antibodies from the plasma of patients with severe disease and high autoantibody levels (143). It is thought that the sharp decline in circulating antibody levels leads to re-diffusion of tissue-bound antibodies, thereby and alleviating their local effects in the skin (144). Treatment of BP with adjuvant immunoadsorption results in a durable decrease in disease severity and BP IgG (145, 146). Although IgE is usually not measured in BP patients treated with immunoadsorption, it is likely that both IgG and IgE are decreased, based on a report showing that pan-immunoadsorption effectively reduced serum IgE by >90% in patients with severe atopic dermatitis (147). Although not yet tested in BP, IgE-specific immunoadsorption has recently become available for clinical use (147–149). Due to the associated risks of infection immunoadsorption is typically used as a stop-gap measure to provide acute relief while immunosuppressive therapies are optimized (150).

B-Cell Depletion

Selective B cell depletion via targeting of CD20, a B cell lineage marker, has been utilized in BP to reduce circulating autoantibody levels and alleviate disease activity. Rituximab (or Rituxan) is a CD20-specific monoclonal antibody that eliminates circulating memory B cells and short-lived plasma blasts but leaves bone marrow plasma cells intact due to their lack of CD20 expression. To date, reports of rituximab therapy for BP consist of largely of retrospective analysis of refractory patients treated with a variety of dosing regimens. Overall, patients showed dramatic improvement (facilitating tapering of prednisone) but IgE antibody levels were not reported (151–153). Thus, it is impossible to know whether patients with high IgE autoantibody levels respond similarly to rituximab or if recurrence is associated with persistence of IgE autoantibodies. A single report found that rituximab treatment leads to a sharp decrease in IgG, while IgE autoantibody levels are slower to respond (154). This observation suggests CD20- plasma cells contribute to IgE autoantibody levels, whereas IgG antibodies are produced by CD20+ short lived plasma blasts (1).

A recent systematic review found 85% of BP patients treated with rituximab exhibit a complete response (no new lesions or pruritic symptoms and healing of at least 80% of lesions) with or without other therapies (11). Recurrence rates and reported adverse events were each observed at a rate of 25% (11). Another retrospective analysis examined efficacy of rituximab treatment patients with pemphigoid diseases found that 5/8 BP patients achieved initial disease control with rituximab, and 5/8 achieved partial remission; however, 5 patients suffered a relapse and there was one death, possibly related to treatment (153). The results of an open-label, prospective, phase 3 clinical trial evaluating the efficacy and safety of a single cycle of rituximab (two infusions of 1,000 mg, 15 days apart) for the treatment of BP (NCT00525616) are not yet available.

IgE Blockade

The downstream effects of IgE antibody interaction with immune cells have been targeted using omalizumab (Xolair), a humanized monoclonal antibody that binds the Fc portion IgE thereby inhibiting high affinity receptor interaction (155, 156). Dosing is determined as in asthma, based on total serum IgE levels and patient body weight, or as used in chronic urticaria, 150 or 300 mg every 2 weeks (89, 155). OMZ treatment leads to a reduction in B cell production of IgE, decreased activation and degranulation of mast cells and eosinophils, and a dramatic decline in peripheral eosinophil numbers (155–158). To date, OMZ has been used as a monotherapy or steroid sparing agent in 22 patients described in several case reports and series [reviewed in (91)]. Most of these patients had high IgE levels (73%) and eosinophilia (77%) and nearly all (93%) had been unsuccessfully treated with systemic corticosteroids. Although initial dosage and duration of treatment varied considerably among patients, 85% of patients undergoing OMZ therapy exhibited a complete response [no new lesions or pruritic symptoms and healing of at least 80% of lesions (11)] on or off other therapies. In addition, most patients exhibited a dramatic decrease in eosinophil counts and decreased use of immunosuppressants. Importantly, several OMZ-treated patients exhibit dramatic clinical improvement despite persistently elevated IgG autoantibody levels (90, 159, 160). The drawbacks of OMZ therapy are that recurrence rates are high (84% within 3.4 ± 1.9 months), necessitating repeated cycles of OMZ, and corticosteroids or immune suppressants are often needed to control disease. Furthermore, 20% of treated patients experienced adverse effects, such as thrombocytopenia, elevated liver enzymes, and myocardial infarction (two patients, resulting in one death) (91).

QGE031 (ligelizumab) is an anti-IgE antibody that binds IgE with higher affinity than OMZ. After promising results as a treatment for persistent hives (161), the efficacy and safety of QGE031 was examined in the only randomized, double blind, placebo-controlled study to date that evaluates the effects of directly targeting IgE in BP (NCT01688882). Unfortunately, the trial was halted after the first part did not achieve the predefined criteria of efficacy (>50% better than placebo). Based on the relative success of OMZ therapy for BP (discussed above), it is surprising that QGE031 wasn't found to be beneficial. There are some differences in study design and treatment approach that could contribute to this result. First, the criteria for enrollment in the QGE031trial were BP patients, aged 20–80, with disease refractory to oral steroid treatment and total IgE levels up to 5,000 IU/ml; however, patients were not selected based on elevated IgE levels (or eosinophilia). Since OMZ-treated patients are typically selected based on elevated IgE and eosinophilia, its efficacy has not been examined in patients who do not have high IgE. Secondly, the efficacy of QGE03 (240 mg), given subcutaneously every 2 weeks aimed to reduce disease activity by >50% after 12 weeks of treatment. In contrast, off-label OMZ therapy for BP is typically administered every 2 weeks for 16 weeks (1 cycle), patients often require multiple cycles (at the discretion of an unblinded provider), and there is no standardized benchmark of success. Thus, OMZ treatment regimen is often tailored to each patient, depending on the initial response (91). It is possible that the shorter duration of treatment and stringent requirement for >50% improvement influenced the outcome of the QGE031 trial. Although a detailed description of the QGE031 trial has not been published, these findings would be of high importance to the field, despite a negative result. Finally, the therapeutic success of OMZ has not been tested in a randomized, double blind, placebo-controlled trial, which is essential for the elimination of bias.

Intravenous Immunoglobulin

Intravenous immunoglobulin (IvIg) is a highly effective therapy for BP that is typically used as an adjuvant in combination with an immunosuppressive agent (144). The clinical efficacy of IvIg has been demonstrated; however, their mechanism of action is not well-understood (162–164). In mouse models of BP, IvIg treatment ameliorated skin fragility, decreased serum levels of inflammatory cytokines and chemokines and reduced circulating IgG autoantibody levels. In vitro studies suggest that anti-idiotypic antibodies present in IvIg might be responsible for its therapeutic effects in BP (165). In these studies, the addition of IvIg to keratinocyte cultures restored Collagen XVII expression and increased adhesion that had been reduced by BP treatment with BP IgG. Depletion of the anti-idiotypic antibodies ameliorated the beneficial effects of IvIg. The effects of IvIg on IgE autoantibodies in BP has not been explored, although it is established that IvIg also suppresses IgE production in vitro (166, 167) and in vivo (168) and anti-idiotypic antibodies targeting IgE have been described in allergy (169, 170).

A recent randomized, placebo controlled, double blind trial was conducted to investigate the therapeutic effects of IvIg on BP patients who showed no symptomatic improvement with ≥0.4 mg/kg/day prednisolone (NCT01408550). Adjuvant IvIg resulted in a significant decline in disease activity and a reduction in BP180-specific IgG, but IgE levels were not reported (164). While this study demonstrated a clear benefit of IvIg for treatment of BP, both IgE autoantibody levels and anti-idiotypic antibodies should be evaluated in future studies to better understand its mechanism of action.



Targeting the Th2 Axis

Pharmacologics targeting the Th2 axis have been developed for use in asthma and allergy to block cytokines or chemokines critical for disease pathogenesis. These drugs are predominantly human monoclonal antibodies that specifically block receptor-ligand interaction but are also effective at reducing the overall Th2 response due to interruption of positive feedback loops (160). Due to the predominance of Th2-phenotype, including IgE autoantibodies and eosinophilia, many of these same medications have been used off-label to treat refractory BP.

Bertilimumab (anti-eotaxin-1) treatment of BP was examined in an open-label Phase II study (NCT02226146) in 9 patients with moderate to severe BP. Although IgE antibody levels have not been reported, preliminary analysis found an 81% decrease in BPDAI scores and a significant steroid sparing effect with bertilimumab therapy. Based on these effects, bertilimumab has been granted fast track designation as an orphan drug for the treatment of BP (171).

Used in moderate to severe atopic dermatitis, dupilumab (anti-IL4 receptor α) inhibits both IL-4 and IL-13 through their shared usage of the IL-4 receptor α chain. There is a single case report describing successful dupilumab therapy for a case of treatment-refractory BP (172). After 3 months of dupilumab, the patient reported decreased itching, IgG autoantibodies were not detectable, and lesions had resolved. The effect of dupilumab therapy on circulating IgE antibody levels or eosinophils was not reported. There are currently no clinical trials examining efficacy of dupilumab in BP.

Lastly, the effect of mepolizumab, an IL-5 inhibitor, was evaluated as an add on therapy (vs. placebo) to oral corticosteroids in patients an acute flare of BP [NCT01705795 (173)]. Patients treated with mepolizumab did exhibit any therapeutic benefits, such as decreased time to relapse or increased disease control, over the placebo group; however, significantly lower peripheral blood eosinophil levels were noted, and skin infiltrating eosinophils were also reduced. IgE antibody levels were not reported. Although a reduction in disease activity was not observed, the authors argue for continued exploration of therapeutic strategies targeting eosinophils in BP, such as antibodies targeting IL-5 receptor alpha subunit, since they will mediate antibody-dependent cell-mediated cytotoxicity of both eosinophils and basophils (174).




CONCLUSIONS

While IgE autoantibodies and eosinophilia are established features of BP, their precise contribution to disease pathogenesis remains unclear. Experiments aimed at understanding the interaction between IgE and eosinophils are complicated by a web of shared mediators and feedback loops that cross regulate multiple components of Th2 immunity. However, use of transgenic and knockout mouse models of BP will improve experimental clarity. Additionally, the development of standardized assays for sensitive and specific measurement of BP180 IgE is needed to improve consistency of clinical studies. Going forward, consistent identification of patient characteristics, including total and specific IgE levels or degree of eosinophilia, will facilitate selection of targeted therapies to optimize patient outcomes.
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Autoimmune skin diseases are characterized by significant local and systemic inflammation that is largely mediated by the Janus kinase (JAK)–signal transducer and activator of transcription (STAT) pathway. Advanced understanding of this pathway has led to the development of targeted inhibitors of Janus kinases (JAKinibs). As a class, JAK inhibitors effectively treat a multitude of hematologic and inflammatory diseases. Growing evidence suggests that JAK inhibitors are efficacious in atopic dermatitis, alopecia areata, psoriasis, and vitiligo. Additional evidence suggests that JAK inhibition might be broadly useful in dermatology, with early reports of efficacy in several other conditions. JAK inhibitors can be administered orally or used topically and represent a promising new class of medications. Here we review the evolving data on the role of the JAK-STAT pathway in inflammatory dermatoses and the potential therapeutic benefit of JAK-STAT antagonism.
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JAK-STAT SIGNALING PATHWAY

The mammalian Janus kinase (JAK) family contains three JAKs (JAK1–3) and tyrosine kinase 2 (TYK2), which selectively bind different receptor chains (1). Upon binding of ligand to its cognate cytokine receptor, associated JAKs become activated and undergo autophosphorylation and transphosphorylate the intracellular tail of their receptors. This creates docking sites for the SH2 domain of the cytoplasmic transcription factors termed signal transducers and activators of transcription (STATs). The human STAT family contains seven STATs: STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6. Following phosphorylation, STATs are translocated to the nucleus, dimerize, and bind to specific DNA sequences to regulate gene transcription (2). The JAK-STAT pathway is pivotal for the downstream signaling of inflammatory cytokines, including interleukins (ILs), interferons (IFNs), and multiple growth factors (3, 4). Overall, the selective use of JAKs by different receptors coupled to downstream STAT signal transduction results in an elegant mechanism to achieve exquisite in vivo specificity for more than 60 cytokines and growth factors (Figure 1).
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FIGURE 1. JAK-STAT signaling pathways. Janus kinases (JAK1-3, TYK2) are activated by more than 60 extracellular stimuli and phosphorylate downstream STAT proteins, which translocate to the nucleus and activate target genes. EPO, erythropoietin; GH, growth hormone; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; JAK, Janus kinases; JAKinibs, Janus kinase inhibitors; STAT, signal transducer and activator of transcription; TPO, thrombopoietin; TSLP, thymic stromal lymphopoietin; TYK2, tyrosine kinase.


Identification of selective pharmacologic JAK inhibitors (JAKinibs) has been an ongoing research and development goal. The first JAKinib to gain FDA approval in 2011 was ruxolitinib for intermediate or high-risk myelofibrosis, thereby showing that JAK inhibition was not only possible, but safe and effective for its intended uses. More recently, selective JAK inhibitors have been explored for specific inflammatory disease indications (Table 1).


Table 1. Selectivity profiles of clinically active JAKinibs.
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THE JAK-STAT PATHWAY AND T HELPER SUBSETS

The differential fate of naive T cells into committed T helper (Th) subsets is orchestrated under the instruction of professional antigen-presenting cells within a JAK-STAT–dependent cytokine milieu (Figure 2). In vivo Th1 differentiation depends on JAK-mediated signaling through the IFNγ receptor (IFNGR), the IL-12 receptor (IL-12R), and downstream STAT1/4 phosphorylation culminating with T-bet gene transcription (5). Ultimately, IFNγ signaling initiates the Th1 differentiation program and IL-12 perpetuates it. In contrast, Th2 cells arise after occupancy of the IL-4Rα by its ligands IL-4 and IL-13, triggering JAK1/3 and subsequent activation of STAT6 (6), and leading to transcriptional regulation of the GATA3 target gene (5). More recently, the critical role of IL-17–producing Th cells (termed Th17 cells) in host defense against extracellular bacteria, maintenance of epithelium barrier integrity, and autoimmune pathogenesis has become increasingly clear. Within the immunologic microenvironment, IL-6 produced by activated dendritic cells (DCs) is a key factor in promoting Th17 differentiation via STAT3 and retinoic acid receptor–related orphan receptor γ (RORγt) induction (7) with IL-23 critical for memory Th17 in vivo function (3, 8).
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FIGURE 2. JAK-mediated cytokine signaling in T helper subsets. Ligand binding to its cognate receptor triggers JAK-STAT activation and plays a central role in naive T-cell differentiation into Th1, Th2, and Th17 subsets. ACT, Nuclear factor NF-kappa-B activator 1; GATA, GATA transcription factor 3; IFN, interferon; IL, interleukin; JAK, Janus kinase; PI3K, Phosphoinositide 3-kinases; RORγt, retinoic acid receptor-related orphan receptor γ; STAT, signal transducer and activator of transcription; T-bet, T-box transcription factor TBX21; Th, T helper; TGF, transforming growth factor; TNF, tumor necrosis factor; TYK, tyrosine kinase.




ATOPIC DERMATITIS

Atopic dermatitis (AD) is a chronic, inflammatory skin disease that typically begins in early childhood and occurs more frequently in families with a history of other atopic diseases (bronchial asthma and/or allergic rhinoconjunctivitis). Overall, the prevalence of AD is up to 20% in children and 10% in adults, with rates varying geographically (9, 10). AD clinically manifests as recurrent eczematous lesions that negatively affect quality of life through sleep disturbances due to chronic itch (pruritus) (11, 12), increased likelihood of developing depression (13), and significant economic burden (14).

The cellular infiltrate of AD lesions mainly consist of CD4+ T cells, which are considered key drivers of inflammation (15). Lesional skin is characterized by an overexpression of inflammatory Th2-cytokines (IL-4, IL-13, IL-31), and Th22-cytokines (IL-22) (16). Crucially, the cytokines IL-4, IL-13, IL-31, and IL-22 require JAK-STAT downstream signaling (3) for their biological function (Figure 3). Spontaneous and induced rodent dermatitis models have been extensively used to explore the effectiveness of small-molecule JAK inhibitors on reducing inflammation. Delgocitinib (pan-JAK) inhibited skin inflammation in hapten-induced chronic dermatitis in mice, as evidenced by reduced levels of inflammatory cytokines in the skin and IgE in serum (17). In addition, momelotinib (JAK1/JAK2) downregulated IL-4 expression, reduced the skin severity scores and reduced total serum IgE levels in the 2,4-dinitrochlorobenzene (DNCB)-induced AD mice (18). Similarly, tofacitinib (JAK1/3) and oclacitinib (JAK1) inhibited the production of proinflammatory Th2 cytokines, including IL-4, in the toluene-2,4-diisocyanate (TDI) dermatitis model (19). Moreover, tofacitinib demonstrated anti-inflammatory activity in the oxazolone-induced chronic allergic contact dermatitis model (20).
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FIGURE 3. Immunopathogenesis of atopic dermatitis. Allergen entry through the disrupted epidermal barrier stimulates keratinocytes to express cytokines, such as IL-33 and TSLP, which trigger ILC2 and Th2 cell mediated inflammation. Skin-resident dendritic cells take up exogenous and self-antigens released from damaged cells and promote type 2 immunity. CD8+ T cells infiltrate atopic dermatitis skin and activate Th2 cells to further release IL-4 and IL-13, which promotes IgE class switching. Cytokines released from skin infiltrating Th17 and Th22 lymphocytes synergize, leading to further barrier impairment and epidermal hyperplasia. DC, dendritic cell; FLG, Filaggrin; Ig, immunoglobulin; IL, interleukin; ILC2, type 2 innate lymphoid cells; INV, Involucrin; LC, Langerhans cell; LOR, Loricrin; OSM, Oncostatin M; OSMRβ, Oncostatin M receptor β; Th, T helper; TSLP, thymic stromal lymphopoietin.


Interleukin-22 is elevated in AD lesions and is associated with epidermal thickening, skin barrier disruption, and increased expression of thymic stromal lymphopoietin (TSLP) and IL-33 cytokines (21). In addition, IL-22 potently induces the expression of gastrin-releasing peptide, a neuropeptide pruritogen, in dermal cells, dermal afferent fibers, and skin innervating ganglion neurons that positively correlate with the scratching behavior (22). The relevance of IL-22 in AD pathogenesis was emphasized by the observation of sustained clinical improvements in patients with moderate to severe AD receiving anti–IL-22 therapy (23). IL-22 binds its cognate receptor comprising a heterodimeric complex of IL-22RA1 and IL-10R2 subunits, leading to activation of JAK1 and TYK2 and phosphorylation of STAT3 (24).

Thymic stromal lymphopoietin and IL-31 cytokines also significantly contribute to triggering of inflammatory itch, under the control of IL-4, IL-13, and IL-33 (25). Crucially, pruritogenic cytokines IL-31 and TSLP use JAK1 and JAK2 downstream signaling (26, 27). Additionally, preclinical evidence has confirmed that pharmacologic inhibition of the JAK-STAT pathway is sufficient for the amelioration of pruritus-associated dermatitis. Examples include oclacitinib, which is licensed for pruritus associated with allergic dermatitis in dogs (28). Similarly, topical application of ruxolitinib (JAK1/JAK2) ameliorated TSLP-induced inflammation in mice (29). In the TDI-induced mouse model of dermatitis, oclacitinib and tofacitinib inhibited itch symptoms and significantly reduced IL-31, tumor necrosis factor–α (TNFα), and TSLP cytokine secretions (19). Moreover, TSLP can activate tissue resident dendritic cells that promote the transformation of Th-naïve lymphocytes to the Th2 phenotype thereby facilitating tissue inflammation (30). Finally, neuronal IL-4Rα acting via JAK1 signaling can also significantly contribute to chronic itch (31).

Skin barrier disruption and the resulting continuous exposure to allergens are presumed to be responsible for the development of atopic dermatitis (AD). JAK1-mediated Th2 cytokines IL-4 and IL-13 acting in a STAT-dependent manner (32) negatively affect skin barrier integrity by inhibiting the expression of filaggrin, loricrin, and involucrin, resulting in destabilization of tight junctions (33, 34). JAK inhibition restored filaggrin and loricrin expression following in vitro pretreatment with IL-4 /IL-13 cytokines of human keratinocyte. Moreover, mice harboring a point mutation leading to JAK1-specific hyperactivation develop spontaneous skin barrier disruption and a dermatitis phenotype (35). Topical application of delgocitinib ameliorated spontaneous AD-like skin inflammation and barrier disruption in an NC/Nga “dry skin” mouse model and restored filaggrin levels in an experimental human skin graft model leading to improved barrier function (36). Moreover, downstream signaling of IL-4 and IL-13 also suppresses the induction of innate immune response genes, such as β-defensins (33), thereby facilitating skin microbiome dysbiosis, including aberrant Staphylococcus aureus colonization (37).

The role and activation of Th1 and Th17 cell-mediated responses require further elucidation, but these pathways appear to be overexpressed in chronic disease stages, children, and people of Asian ethnicity (38, 39).

Targeting the JAK family of kinases in AD has proven, in recent years, to be therapeutically beneficial. Oral tofacitinib administration was evaluated in 6 patients with moderate to severe AD and showed a promising reduction in skin severity (40). The next generation of orally administered JAKinibs includes baricitinib (JAK1/2) along with two JAK1 selective molecules, upadacitinib (JAK1) and abrocitinib (JAK1). In clinical trials in moderate to severe AD patients, oral administration of these JAKinibs significantly reduced the eczema area severity index (EASI) scores by more than 50%. More specifically, in one clinical trial (ClinicalTrials.gov identifier, NCT02925117), oral administration of upadacitinib (JAK1) resulted in 90% improvement in the eczema area severity index (EASI) score for ~50% of enrolled participants after 16 weeks of treatment (41). Results from two baricitinib phase 3 studies showed that more patients achieved an investigator global assessment (IGA) 0/1 with barcitinib 4 mg once daily (QD) and 2 mg QD than with placebo (42). Significant improvements in EASI and patient-reported outcomes were observed as early as Week 1 (Table 2) (53). In a recent phase 1b study (NCT03139981), ASN002, a pan JAK inhibitor that also inhibits spleen tyrosine kinase (SYK), showed a 50% improvement in EASI in 100% of participants within 4 weeks (56).


Table 2. Summary of JAK inhibitor use in the treatment of dermatologic conditions.
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Topical administration of tofacitinib to patients with mild to moderate AD in a clinical trial (NCT02001181) demonstrated significant improvement in EASI scores at Week 4 (43) and improvement in pruritus as early as Day 2. In a phase 2 study (NCT03011892) involving patients with mild to moderate AD receiving ruxolitinib cream, mean percentage change from baseline at Week 4 in EASI score demonstrated a significant improvement and was non-inferior to triamcinolone. Interestingly, significant reductions in itch were noted as early as 1 day after initiation of therapy (64, 65). More recently, pilot studies of topical ATI-502 (JAK1/3) solution (NCT03585296) and PF-06700841 (JAK1/TYK2) cream (NCT03903822) in AD are ongoing. Given the early successes of JAKinibs in AD, ongoing investigation and evaluation is expected to further elucidate the differential effects of JAK selectivity.



ALOPECIA AREATA

Alopecia areata (AA) is an autoimmune disease resulting in partial or complete nonscarring hair loss, with a prevalence of ~1.7 to 2.1% (68). Susceptibility to AA is indiscriminate between the sexes and ethnicities, with initial disease onset often occurring before the third decade of life. Early symptoms are typically characterized by small, well-defined patches of hair loss that may spontaneously resolve with time; however subsequent relapses occur in around a third of cases. Spontaneous remission is rare in patients with alopecia totalis or alopecia universalis. To date, no FDA- or European Medicines Agency–approved treatments exist.

Multiple lines of evidence have demonstrated that AA pathogenesis is autoimmune in nature, with loss of immune privilege and associated T cells infiltration selectively attacking growth at the hair follicle (i.e., anagen phase) (69–72). Healthy hair follicles achieve immune privilege at the anagen phase by downregulation of expression of major histocompatibility complex (MHC) class I and class II molecules (70, 73) and by expression of NK and CD8+ cell inhibitors, such as macrophage migration inhibitory factor (MIF) and transforming growth factors (TGF) β1 and β2, which generate an immunosuppressive microenvironment (74–76). Importantly, hair follicle epithelial stem cells are usually spared during the autoimmune attack, which provides a potential mechanism of hair growth recovery with effective anti-inflammatory treatment (70).

Many different mammalian species, including rodents, are susceptible to AA and this has facilitated preclinical models for the elucidation of cellular and molecular immune pathways (77, 78). The inbred C3H/HeJ strain spontaneously develops alopecia in up to 20% of mice via an IFNγ- and inflammasome-sensitive mechanism (79); however recipient C3H/HeJ animals that receive skin grafts from donor alopecic C3H/HeJ mice develop an accelerated phenotype with nearly 100% disease penetrance (80). Transfer or deletion of effector CD8+ T cells is sufficient to induce or block disease in preclinical models (70, 71, 81), which in consistent with the observation that cytotoxic CD8+NKG2D+ T cells expressing granzyme B (82) infiltrate around the hair follicles and are major contributors of hair loss (81, 83).

Global transcriptional analyses of mouse and human affected skin identified expression signatures indicative of cytotoxic T-cell infiltration, such as increased production of IFNγ and γ-chain (γc) cytokines, including IL-15 (81, 84). Furthermore, inhibiting IFNγ either by genetic deletion or neutralizing antibody significantly ameliorates AA development and severity (85), supporting the hypothesis that IFNγ drives AA pathogenesis by inducing ectopic expression of MHC molecules and ligands that stimulate NK-cell receptors (NKG2D) in the anagen hair bulb leading to the collapse of the hair follicle immune privilege (70, 86–88). An important cellular source of IFN is plasmacytoid dendritic cells (pDCs), which are normally absent from healthy skin, but migrate into tissues in response to inflammatory stimuli or infection. Infiltrating pDCs have been identified around hair follicles of patients with AA (89) and, upon activation, produce large quantities of type I IFNs (90).

The IFNγ-induced chemokine receptor CXCR3 and its ligands CXCL9 and CXCL10 are upregulated around hair follicles during early AA pathogenesis (Figure 4), thereby facilitating lymphocyte recruitment (82, 91). CXCR3 is primarily expressed on Th1 CD4+ T cells, CD8+ T cells, NK, and PDCs during skin inflammation (92), whereas CXCR3 ligands are secreted by many tissue resident cells, including dendritic cells.
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FIGURE 4. IFNγ-driven inflammation in alopecia areata is JAK mediated. CD8+ T cells infiltrate the dermis, localize to the hair follicle bulb, and release IFNγ. IFNγ binds the IFN receptor on the surface of the follicular epithelial cell, which in turn signals via JAK1 and JAK2 to promote production of IL-15, a mediator of CD8+ T-cell activation. IL-15 binds IL-15 receptor on the CD8+ T cell surface, resulting in signaling via JAK1 and JAK3 to enhance the production of IFNγ and amplify the feedback loop. CD8+ T cells then attack the hair follicle, which causes hair loss. CXCL, chemokine (C-X-C motif) ligand; IFN, interferon; JAK, Janus kinase.


Like IFNγ, IL-15 enhances innate and self-reactive memory T-cell immunity, including autoimmune disease pathogenesis (84, 93), and signals via the JAK1/3 pathway with downstream STAT-5 activation (94). Similarly blocking IL-2 or IL-15 receptor beta (IL-15Rβ) ameliorated disease development by inhibiting CD8+NKG2D+ T-cell accumulation in the skin (81).

The combination of published genome-wide association studies in patients with AA that highlighted JAK signaling (87, 95) and the knowledge that IFNγ primarily signals through JAK1/2 and IL-15 mostly through JAK1/3, provided a compelling rationale for the exploration of small-molecule JAK inhibitors in AA disease (81, 96). Preclinical evaluation of orally administered ruxolitinib and tofacitinib in the skin graft C3H/HeJ mouse model demonstrated disease prevention (81). Marked decreases of CD4, CD8, and MHC class I and II as well as a reduced numbers of CD8+/NKG2D+ cells were observed in the skin (81). Subsequently, prophylactic and therapeutic baricitinib treatment ameliorated disease and normalized the Alopecia Areata Disease Activity Index (ALADIN) IFNγ gene expression signature (80). Topical administration of JAK inhibitors reversed AA in C3H/HeJ mice (81); however, murine skin is significantly thinner and easier to penetrate, and, therefore the translational validity of these data is still unknown. In addition to its proinflammatory activity, IFNγ-induced JAK/STAT signaling and the recruitment of CD8+ T cells through CXCL9 and CXCL10 can directly interfere with the hair growth cycle via suppressed proliferation and activation of hair stem cells (97) and reduction of angiogenesis (98).

Several case studies have reported improvement of AA in patients who received JAK inhibitors for other autoimmune/autoinflammatory disorders or JAK-STAT gain-of-function mutation diseases (99–103).

Oral tofacitinib has been tested in two open-label studies (NCT02197455 and NCT02312882) and several case reports. In one trial, tofacitinib 5 mg twice daily (BID) was given to patients with severe AA, alopecia totalis, or alopecia universalis. After the 12-week treatment period, nearly two-thirds of patients showed some hair regrowth and 32% of patients achieved a 50% improvement in their Severity of Alopecia Tool (SALT) score (50). The second smaller open-label study in moderate to severe AA demonstrated improved results by increasing the dose of tofacitinib to 10 mg BID (104). Recently, two retrospective studies showed successful treatment of severe AA, alopecia totalis, or alopecia universalis for up to 18 months using tofacitinib, with 58% achieving a 50% improvement 20% achieving a 90% improvement in their SALT score (105–107). Oral ruxolitinib was tested in an open-label study in 12 patients with moderate to severe AA and treatment with 20 mg ruxolitinib BID for 6 months was associated with ≥50% improvement in SALT score for 75% of patients (NCT01950780) (54). Regrowth was seen, in patches as soon as 1 month after study medication was initiated. Following cessation of treatment, shedding was observed, suggesting that pharmacologic JAK inhibition suppresses AA pathogenesis but does deplete autoreactive lymphocytes. Topical formulations of ruxolitinib, tofacitinib, ATI-502 (JAK1/3), and delgocitinib have reported mixed efficacy results in case studies and small proof-of-concept clinical trials (61, 108, 109). At present, there are several clinical trials testing topical JAK inhibitors in patients with different forms of AA, but published results are not yet available (Table 2).



PSORIASIS

Psoriasis is a chronic, autoimmune, erythematosquamous dermatosis disorder that affects 2 to 3% of the world population. Skin lesions appear with scaling and redness (110) and are characterized by excessive keratinocyte proliferation (acanthosis), as well as retention of nuclei in the stratum corneum owing to aberrant keratinocyte differentiation (parakeratosis). Multiple inflammatory cell populations are observed within the lesions, including T cells, B cells, neutrophils, and DCs (110). Infiltrating autoreactive T lymphocytes, mainly represented by Th17, Th1, and Th22 cells, release IL-17, IFNγ, IL-22, and TNFα to potentiate disease pathogenesis. All of these cytokines induce keratinocyte-mediated recruitment and activation of additional DCs and lymphocytes, thereby perpetuating the pathogenic cycle (111, 112).

Many of the critical pathogenic mediators of psoriasis are linked to the JAK-STAT signaling pathway. For example, IL-23 engagement with its cognate receptor uses JAK1/2/TYK2 signaling, resulting in downstream STAT3 and STAT4 activation. Within psoriatic skin, dendritic cells and macrophages produce IL-23, which promotes Th17 cell expansion and survival (113). Furthermore, IL-23 together with IL-1β activates γδ T cells to amplify IL-17 production (114). Th17 and γδ T cells found in psoriatic skin are the primary source of IL-22, and this cytokine triggers reduced differentiation, increased proliferation, and acanthosis in psoriatic keratinocytes via STAT3 activation (115). IL-22 binds to its IL-10R2 and IL-22R1 heterodimeric cell surface receptor coupled to JAK1/TYK2 and STAT3 signaling (111, 116). Moreover, gene polymorphisms of IL23A, IL23R, STAT3, RUNX3, and TYK2 have also been identified as susceptibility factors for developing psoriasis (117). More recently, JAK1 expression has been reported to positively correlate with disease duration and Psoriasis Area and Severity Index (PASI) (118) score. Within the inflamed tissue psoriatic lesion microenvironment, other cytokines, such as IL-6 and IL-21, can enhance IL-17 production from Th17 cells in a JAK-STAT–dependent manner (119, 120).

Various rodent models have mechanistically evaluated the importance of JAK-STAT signaling in psoriasis-like lesion formation and disrupted barrier function. Intradermal injection of IL-23 induces a psoriasis-like pathophysiology in mice (121). Oral administration of delgocitinib or topical administration of ruxolitinib significantly inhibited ear swelling (29, 122), and efficacy was associated with reduced IL-22 expression (29). Tofacitinib, modulates both innate and adaptive immunity leading to inhibited pathogenic Th17 cell differentiation via reduced IL-23 expression (123). In human keratinocyte cultures activated with psoriasis-relevant proinflammatory cytokines, tofacitinib suppressed expression of IFNγ-dependent inflammatory genes and normalized keratinocyte responses. Similarly, in the imiquimod-induced psoriasis model that is IL-23/IL-17/IL-22–dependent (121), tofacitinib significantly reduced epidermal thickening and IL-17+ or IL-22+ lymphocyte infiltration into the dermis (124). Furthermore, a small molecule JAK3 / SYK inhibitor (R348, Rigel Pharmaceuticals), attenuated T-cell–dependent psoriasiform skin lesions in the CD18 mutant PL/J mouse model, including significant reductions in epidermal and dermal lesion scores (125). In T cells, IL-12 induces IFNγ production, IL-23 enhances the differentiation of Th17 cells, and both require TYK2 signaling (126, 127). TYK2 knockout reduced inflammatory response and limited epidermal hyperplasia in the intradermal IL-23 model (128). Furthermore, TYK2-deficient mice were more resistant to several Th1 and Th17 cells autoimmune disorders, including imiquimod-induced psoriasis-like dermatitis (128). The combined JAK1/TYK2 inhibitor, SAR-20347, demonstrated in vitro and in vivo concentration-dependent reduction of IL-12, IL-22, and IFNγ-mediated inflammation and tissue pathology in the imiquimod-induced psoriasis model (129). Finally, experimentally induced skin trauma in the keratin5.Stat3C transgenic mice (130), which constitutively overexpresses active STAT3 in keratinocytes, develops T-cell– and IL-23–dependent psoriasis-like lesions. Topical administration of a STAT3 inhibitor prevented disease symptoms (130–132). These preclinical findings are consistent with the postulate that the JAK-STAT pathway plays a central role in psoriasis pathogenesis.

Clinically, the efficacy of oral tofacitinib in moderate to severe plaque psoriasis was demonstrated in two phase 3 randomized controlled trials (46). Tofacitinib at 10 mg BID was determined to be non-inferior to etanercept (50 mg subcutaneously twice weekly) (47). Baricitinib was reported to be efficacious in moderate to severe psoriasis in a phase 2 trial (NCT01490632). In this 12-week dose-ranging study, a 75% reduction in PASI was achieved by 43% and 54% of patients treated with baricitinib 8 and 10 mg QD, respectively (52). Itacitinib (JAK1) was evaluated in a phase 2 dose-escalation study in which patients experienced a significant improvement in the Physician Global Assessment (PGA) score at Week 4 with itacitinib 600 mg QD vs. placebo (NCT01634087) (55). Peficitinib (JAK1/3) reported improvements in PASI, PGA, and body surface area at higher dose (50 mg QD) at Day 42 in a phase 2 study (58). In another phase 2 study, 57% of patients treated with GSK2586184 (JAK1) 400 mg QD achieved a 75% reduction in PASI at Week 12 (133).

Topical tofacitinib has been tested in patients with psoriasis, with conflicting results (52, 60, 134). Three psoriasis clinical trials have been completed using topical ruxolitinib cream. In a phase 2 vehicle-controlled study in mild to moderate psoriasis (NCT00778700), ruxolitinib reported PASI reduction, although no clear dose-response was observed. A subsequent trial in 29 patients with psoriasis compared ruxolitinib cream to two active comparators (calcipotriene 0.005% cream and betamethasone dipropionate 0.05% cream; NCT00820950). Both ruxolitinib 1% QD and 1.5% BID achieved clinical efficacy, with 1.5% BID topical ruxolitinib cream being non-inferior to active comparators (62). Finally, a third study conducted in 25 patients with limited psoriasis (covering <20% of the body surface area; NCT00617994) showed that epidermal hyperplasia and dermal inflammation were reduced with ruxolitinib in most patients, along with immunohistochemical markers of inflammation (CD3, CD11c, Ki67, and K16). No significant inhibition of phosphorylated STAT3 in peripheral blood cells was observed, suggesting limited systemic exposure (63). A number of other JAK inhibitors have been studied in psoriasis (Table 2).



VITILIGO

Vitiligo is a chronic, autoimmune depigmenting disorder that results from destruction of melanocytes, causing white spots on the affected skin. The global vitiligo prevalence is ~0.5 to 2.0% and varies geographically, with no epidemiologic differences between sexes or races (135, 136). Vitiligo can be stigmatized by society, resulting in a significant impact to patient quality of life (137, 138). It is therefore inappropriate to categorize vitiligo as simply a cosmetic problem.

In vitiligo, the frequency of anti-melanocyte CD8+ T cells in the blood and skin correlates with disease severity, and lesional CD8+ T cells in vitro induce melanocyte apoptosis in unaffected skin (139, 140). These data support the rationale that cytotoxic T lymphocytes are directly responsible for melanocyte destruction in human vitiligo (Figure 5). Expression analysis reveals an IFNγ-specific signature that is associated with infiltrating autoreactive CD8+ T cells (140, 141). Transcriptome analysis on the skin and blood of patients with vitiligo revealed IFNγ-induced chemokines CXCL10 and CXCL9 were increased (142, 143), which is consistent with the observed abundance of autoreactive T cells expressing the cognate CXCR3 receptor (144). Furthermore, serum CXCL10 levels were associated with Vitiligo Area Scoring Index (VASI) of patients with progressive vitiligo, suggesting that the CXCL10/CXCR3 axis mediates T-cell recruitment into the skin of progressive vitiligo.
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FIGURE 5. IFNγ-driven inflammation in vitiligo is JAK mediated. Intrinsic and/or extrinsic factors induce the cellular stress response in melanocytes, which then activates innate immunity within the skin to trigger the initial inflammation that leads to autoimmunity. As a result, CXCL9 and CXCL10 are released from keratinocytes leading to recruitment of CD8+ T cells. Activated CD8+T cells produce IFNγ which trigger more CXCL9 and CXCL10 production from keratinocyte through JAK1 and JAK2 signaling and recruit more CD8+ T cells to the inflamed sites. CD8+ T cells then destruct melanocytes and lead to depigmentation. CXCL, chemokine (C-X-C motif) ligand; IFN, interferon; IL, interleukin; JAK, Janus kinase; NKD2D, natural killer group 2D.


Consistent with active human vitiligo reports, an adoptive transfer of melanocyte-specific CD8+ mouse model shows epidermal depigmentation but sparing of the hair follicle. Mechanistic studies, including neutralizing antibodies, have demonstrated that depigmentation is IFNγ-dependent via the local accumulation of melanocyte-specific CD8+ T cells within the skin. Adoptive transfer of CXCR3-deficient T cells or inhibition of CXCL10 signaling ameliorated overall disease phenotype, whereas CXCL9 promoted autoreactive T-cell recruitment to the skin but did not significantly contribute to effector function (141, 145). Keratinocytes appear to significantly contribute to the disease process as major chemokine producers via IFN signaling, resulting in augmented autoreactive T-cell homing to the epidermis (146).

Given the apparent critical role for IFNγ in driving vitiligo inflammation and its downstream signaling dependent on the JAK1-JAK2 heterodimer, it is perhaps not surprising that intense and diffuse JAK1 expression is more present within vitiliginous skin compared with healthy tissue. Moreover, high JAK1 expression was associated with short disease duration and a lower percentage of surviving melanocytes (118, 147, 148).

Multiple case reports suggested that orally administered JAK inhibition significantly modulated the vitiligo autoimmune response and facilitated repigmentation (102, 108, 149). Another possible approach to diminish local inflammation and promote repigmentation in vitiligo, but minimize systemic drug exposures, is the use of topical JAK inhibitors. Recently, Rothstein et al. reported a very small open-label trial without placebo control (NCT02809976) in which nine patients completed the 20 week study period. Twice daily ruxolitinib cream demonstrated time-dependent improvement in facial VASI (F-VASI) in the majority of the enrolled vitiligo patients (67). Recently, ruxolitinib cream was tested in a randomized, double-blinded, dose-ranging, vehicle-controlled, phase 2 study in 157 adult patients with vitiligo (NCT03099304). The results show that significantly more patients treated with ruxolitinib cream for 24 weeks achieved a ≥50% percent improvement from baseline in the facial VASI score compared with patients treated with a control vehicle [(66); World Congress of Dermatology; June 2019; Milan, Italy].



CONCLUSIONS

Despite phenotypic differences in the inflammatory mediators responsible for driving disease pathogenesis, these aforementioned dermatoses are characterized by increased inflammatory mediators that signal through the JAK-STAT pathway.

JAK inhibitors are emerging as an exciting class of treatments in the field of dermatology. In murine models of skin inflammation, JAK inhibitors significantly modulated key mechanistic phenotypes that correspond with clinical readouts, such as acanthosis and pruritus. Early phase clinical reports confirmed the positive concept of JAK-STAT antagonism in dermatology, and randomized clinical trials have shown promising results in AD, psoriasis, and vitiligo. Encouraging data were observed in a proportion of AA participants; however, additional studies are needed to fully elucidate the disease pathophysiology and the role for JAK-STAT inhibition.

Larger clinical studies of oral and topical JAK inhibitors in AD, psoriasis, and vitiligo are currently ongoing. These pivotal trials are expected to provide additional insight into the efficacy and safety of JAK inhibitors in dermatology. Safety information for Jakinibs in inflammatory disease indications is mostly based on randomized clinical trials for investigational uses and extension studies. Recent, comprehensive, summaries of the key laboratory changes and clinical adverse events have been reported (150, 151).

Based on the promising results so far and the large number of ongoing clinical trials, it is possible that JAK inhibitors will become an important part of the dermatologist's treatment armamentarium in the future.
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AA, Alopecia areata; ACT, Nuclear factor NF-kappa-B activator 1; AD, Atopic dermatitis; BID, Twice daily; CD, Cluster of differentiation; CXCL, Chemokine (C-X-C motif) ligand; CXCR, Chemokine (C-X-C motif) receptor; DC, Dendritic cell; DNCB, 2,4-dinitrochlorobenzene; EASI, Eczema Area Severity Index; EPO, Erythropoietin; FDA, US Food and Drug Administration; FLG, Filaggrin; GATA-3, GATA transcription factor 3; GH, Growth hormone; GM-CSF, Granulocyte-macrophage colony-stimulating factor; IFN, Interferon; Ig, Immunoglobulin; IL, Interleukin; ILC2, Type 2 innate lymphoid cells; IGA, Investigator global assessment; INV, Involucrin; JAK, Janus kinase; JAKinibs, Janus kinase inhibitors; LOR, Loricrin; MHC, Major histocompatibility complex; NK, Natural killer cell; NKD2D, Natural Killer Group 2D; NKD2DL3, Natural Killer Group 2D ligand 3; PASI, Psoriasis Area and Severity Index; pDC, Plasmacytoid dendritic cell; PGA, Physician Global Assessment; QD, Once daily; OSM, Oncostatin M; OSMRβ, Oncostatin M receptor β; PI3K, Phosphoinositide 3-kinases; RAET1L, Retinoic acid early transcript 1L; RORγt, Retinoic acid receptor-related orphan receptor γ; SALT, Severity of Alopecia Tool; STAT, Signal transducer and activator of transcription; T-bet, T-box transcription factor TBX21; TGF, Transforming growth factor; Th, T helper; TNFα, Tumor necrosis factor alpha; TPO, Thrombopoietin; TSLP, Thymic stromal lymphopoietin; TYK2, Tyrosine kinase 2; VASI, Vitiligo Area Scoring Index.
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Autoimmune blistering diseases (AIBDs) of the skin are characterized by autoantibodies against different intra-/extracellular structures within the epidermis and at the basement membrane zone (BMZ). Binding of the antibodies to their target antigen leads to inflammation at the respective binding site and degradation of these structures, resulting in the separation of the affected skin layers. Clinically, blistering, erythema and lesions of the skin and/or mucous membranes can be observed. Based on the localization of the autoantigen, AIBDs can be divided into pemphigus (intra-epidermal blistering diseases) and pemphigoid diseases (sub-epidermal blistering diseases), respectively. Although autoantigens have been extensively characterized, the underlying causes that trigger the diseases are still poorly understood. Besides the environment, genetic factors seem to play an important role in a predisposition to AIBDs. Here, we review currently known genetic and immunological mechanisms that contribute to the pathogenesis of AIBDs. Among the most commonly encountered genetic predispositions for AIBDs are the HLA gene region, and deleterious mutations of key genes for the immune system. Particularly, HLA class II genes such as the HLA-DR and HLA-DQ alleles have been shown to be prevalent in patients. This has prompted further epidemiological studies as well as unbiased Omics approaches on the transcriptome, microbiome, and proteome level to elucidate common and individual genetic risk factors as well as the molecular pathways that lead to the pathogenesis of AIBDs.
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1. INTRODUCTION

Autoimmune blistering diseases (AIBDs) of the skin are rare, yet potentially fatal autoimmune disorders. The autoantibodies are directed against distinct molecules expressed in the epidermis and at the dermal-epidermal junction (DEJ) of skin and/or mucous membranes. Binding of these autoantibodies ultimately leads to loss of cell-cell and cell-matrix adhesion in the skin and/or mucous membranes, which results in erosions and/or blister formation (1, 2). Antigens are presented as a cleaved fragment via the major histocompatibility complex (MHC). MHC, also known as the human leukocyte antigen (HLA) region in humans, comprises a region of 7.6 megabases (Mb) on chromosome 6p21. It is the most gene-dense region of the human genome, encoding 252 expressed loci, of which 40% are thought to play a key role in the immune system (3). The HLA region is furthermore characterized by an extraordinarily high degree of polymorphisms with more than 1000 known alleles for HLA-A and -B. The HLA class I and class II gene clusters comprise the isotypes HLA-A/-B/-C as well as HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB1, HLA-DRA, and HLA-DRB1), respectively. They are involved in antigen processing and presentation, and usually show highly significant associations with autoimmune diseases, representing the strongest predisposing genetic factors (3, 4).

The development of autoimmune diseases is generally multi-factorial. Factors involved are a genetic predisposition, ethnicity, age, the environment, and gender. Autoimmune diseases show a prevalence and age of onset bias toward females (5, 6), which is particularly strong in systemic lupus erythematosus, Sjogren's syndrome, and autoimmune thyroiditis with females representing over 85% of all cases. In rheumatoid arthritis (RA) and multiple sclerosis, 60–75% of patients are female (5, 7). Sex-specific immune responses were also observed in mice. Female mice produced more antibodies and showed a stronger T cell activation than male mice after immunization (7–9). Yet, similar approaches in humans, in which responses to vaccination were analyzed, showed mixed results, with either no differences between males and females or an increased antibody response in females (9). It was found that females have a higher absolute number of CD4+ T lymphocytes than men (10) and produce more Th1 cytokines after vaccination. While these observations are still not completely understood, recent studies suggest that differences in the sex hormone composition, like progesterone and testosterone, may explain the differences in the immune mechanisms and autoimmune disease prevalence in females (5, 9, 11). Sex steroids may directly influence the immune system and affect components of antigen presentation, lymphocyte activation, cytokine gene expression, and/or homing of immune cells. They may also have indirect effects on corticosterone-cortisol concentrations, which are higher in females than in males. Additionally, glucocorticoids suppress the production of sex hormones and their mechanism of action in tissues (5, 11).

So far, more than 80 autoimmune diseases are known, ranging from familiar types like RA to rare forms like myasthenia gravis. Likewise, AIBDs can be subdivided into two major groups: pemphigus and pemphigoid diseases, based on the autoantigen localization. In the following sections we provide a brief description on the different AIBDs, together with their clinical manifestation and known genetic predispositions. An overview over the most common AIBDs is provided in Table 1.


Table 1. Autoimmune skin blistering diseases: summary of targeted antigens, produced antibodies and associated genetics of common phemphigus and pemphigoid disease.
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1.1. Pemphigus Diseases

Pemphigus diseases are characterized by intraepidermal autoantibody binding. The two major pemphigus types are pemphigus vulgaris (PV) and pemphigus foliaceus (PF), accounting for 70% and 15–20% of all pemphigus cases, respectively. Rarer forms of pemphigus diseases include pemephigus herpetiformis (PH), paraneoplastic pemphigus (PNP) and IgA pemphigus (AP). The incidence of pemphigus diseases is population-dependent (36) and ranges between 0.7 and 5 per million/year. It is highest in Central Europe and the United States with an estimated range for new cases between 1 and 7 per million/year. PV is between 4- and 10-fold more common among the Jewish population as compared to other Caucasian populations (37). In contrast, PF is not particularly prevalent among the Jewish population, but endemic PF-variants have been described in South America and Tunisia (38). Another endemic form of PF, namely fogo selvagem, occurs in rural areas of Brazil with a prevalence of 3.4% on certain Amerindian link reservations and an incidence of 1–4 cases per 1,200 persons per year (38). Depending on the subtype, pemphigus antibodies are mostly directed against desmoglein 3 (Dsg3) and desmoglein 1 (Dsg1). In some cases, antibodies against other antigens, such as desmocollins (Dsc) and plakins can be found. The abundance of transmembrane glycoproteins varies with the different skin layers (cf. Figure 1A); Dsg1 is predominantly expressed in the upper layers, while Dsg3 is expressed in the lower layers of the epidermis (39). Degradation of these structures leads to a loss of cell-cell adhesion and formation of intra-epidermal blisters. Accordingly, this AIBD subtype is also referred to as intra-epidermal blistering disorders.
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FIGURE 1. Structural composition of human epidermis and basement membrane zone (BMZ). (A) Shows the composition of the human skin, including melanocytes [1] (3) and immunocompetent Langerhans cells [2] (4). The approximate distribution of pemphigus antigens within the layers of the epidermis is depicted on the right-hand side. While desmogleins 1 and 4 and desmocollin 1 are expressed in the upper layers of the epidermis; desmogleins 2 and 3 as well as desmocollin 2 and 3 are expressed in the lower layers of the epidermis. (B) Depicts the BMZ with its cellular adhesion proteins, connecting epidermis and dermis, which are the main autoantigens in pemphigoid diseases.



1.1.1. Pemphigus Vulgaris

PV is a pemphigus disease with autoantibodies against Dsg3 and, in some cases, additionally against Dsg1. Due to the expression of Dsg3 in the lower layers of the epidermis and in the epithelium, PV mainly affects mucous membranes. Skin involvement is determined by the presence of Dsg1 autoantibodies: In mucocutaneus PV, both Dsg1 and Dsg3 autoantibodies can be observed (40).

The age of onset is around 50–60 years. However, early and even childhood cases of PV have been reported. PV predominantly affects females (female-to-male ratio of 1.5:1) (41). Additionally, the outcome of PV may be worse in females, as a recent analysis showed that the HLA alleles DRB1*04:02 and DQB1*03:02 were associated with severe PV, and DQB1*03:02 were found more frequently in female as compared to male patients (42, 43).


Search strategy and selection criteria

Literature: We searched the public literature databases PubMed, ResearchGate and Google Scholar, using the terms AIBD, autoimmune blistering disorders of the skin, pemphigus and pemphigoid. The search covered articles in English published between Jan 1, 2015, and March 31, 2019. Further publications, beyond the denoted selection criteria, were selected from the reference lists of the retrieved articles.

Data repositories: The NCBI databases, particularly Gene Expression Omnibus (GEO), and European Nucleotide Archive (ENA) were searched for high-throughput data studies of the outlined phenotypes.



So far, the genetic association between PV and HLA class II genes remains the strongest and the most reported. While some of the HLA types are more population specific, others are associated with PV across different ethnicities. Several studies have found associations between PV and HLA class I alleles including HLA-A3, HLA-A26, and HLA-B60 in the Han Chinese population; HLA-B38, HLA-C12, HLA-B57, and HLA-C15 in the Brazilian population; HLA-A10, and HLA-B15 in the Japanese population; HLA-B35 and HLA-B44 in the Turkish population; HLA-B38 in the Jewish and Spanish population; and HLA-B4402, HLA-C0401, and HLA-C1502 in the Iranian population (13, 44–46), respectively. Population studies have shown an association between certain class II alleles and PV in different ethnic groups. For example, HLA-DRB1*0402 is associated with PV in over 90% of Ashkenazi Jews, and HLA-DQB1*0503 is associated in non-Jewish populations. Likewise, HLA-DRB1*1404 is the most important risk factor in an Indo-Asian population. The two most common PV-associated alleles are HLA-DQB1*0503 and HAL-DRB1*0402, both of which were found to be associated with the disease in the Spanish, French, Italian, Slovak, North American and Brazilian population (47). In addition, several studies have shown an association between PV and non-classic HLA class Ib alleles (HLA-E, HLA-F, and HLA-G). HLA-G polymorphisms were found to have a significant association with Jewish PV patients, while HLA-E, previously demonstrated to play a role in multiple autoimmune conditions, was found in association with Caucasian and Ashkenazi Jewish patients and was suggested to be involved in the disruption of immune tolerance in PV (44–46, 48).



1.1.2. Pemphigus Foliaceus

In PF, the autoantibodies are directed against Dsg1, while Dsg3 antibodies cannot be detected. Thus, PF affects only the skin, while mucosal lesions are completely absent (39, 49). Skin lesions are also more superficial than in PV, with desquamation/scaling rather than erosions involving the deeper skin layers. The average age of onset for sporadic PF is between 50 and 60 years with no reported gender bias. There are endemic forms of PF in Tunisia, Brazil, Peru and Colombia, which diverge in rate of incidence and observed sexual predisposition. For example, the Brazilian and Tunisian forms of PF present with higher incident rates (50, 51). A male prevalence is observed in Colombian PF, where about 95% of the cases are reported in males (52). The endemic subtypes in particular, indicate the role of environmental factors in their pathogenesis. The hotspot regions for endemic PF are characterized by poor living standards and hygienic conditions, low age of onset (around 20 years), and a seasonally varying incidence rate, which is highest at the end of the rainy season and lowest in dry summers.

Previous studies have shown that the DSG1 gene is polymorphic and that a coding synonymous T/C single nucleotide polymorphism at position 809 is associated with PF. To determine whether the disease occurs due to complex genetic interactions, it was tested whether MHC class II genes and DSG1 polymorphisms contribute to PF sensitivity. An analysis performed in 31 PF patients and 84 healthy controls first confirmed the previously reported common DRB1*04 and DRB1*14 genetic background in PF and individualized DRB1*0102, DRB1*0402 and DRB1*0406, and DRB1*1404 as susceptibility MHC class II alleles in French Caucasian PF patients (47, 53).



1.1.3. Pemphigus Herpetiformis

Pemphigus herpetiformis (PH), also known as mixed bullous disease, eosinophilic spongiosis in pemphigus or acantholytic herpetiform dermatitis, is considered a clinical variant of pemphigus that combines the clinical features of dermatitis herpetiformis with the immunopathologic features of pemphigus. It accounts for 6–7.3% of all pemphigus patients. Clinically, PH is characterized by erythematous, itchy blisters and hive like swellings on several areas of the body. In contrast to PV and PF, the characteristic intense inflammation may not be associated with acantholysis (54, 55). Even though the phenotype closely resembles the features presented in dermatitis herpetiformis, its immunologic features conform to pemphigus (19). Autoantibodies in PH mainly target Dsg1 and, less commonly, Dsg3. Recently, several cases of PH without anti-Dsg1 or anti-Dsg3 autoantibodies have been reported with reactivity against other antigens such as desmocollin (Dsc) (56). It is currently unclear why the same autoantibodies result in a different clinical representation for PH and PF/PV. One explanation could be preferential binding to different epitopes on the same antigen molecule.



1.1.4. Paraneoplastic Pemphigus

Paraneoplastic pemphigus (PNP) is an AIBD that may be accompanied by both malignant and benign neoplasms which are often hematologic and lymphomatoid. The most frequently associated malignancies are chronic lymphocytic leukemia, B cell lymphoma, Castleman's disease, thymoma, and Waldenstrom's macroglobulinemia (21). Autoantibodies in paraneoplastic pemphigus typically target Dsg3 and proteins of the plakin family, including periplakin, envoplakin, plectin, desmoplakin 1 and 2, BP230, and the protease inhibitor alpha-2-macroglobulin-like-1 (57). The average age of onset for PNP is 51 years with no reported gender preference. Due to the association with neoplasms, PNP is hypothesized to be a side-effect of an antitumor response that cross-reacts with epithelial cells, either because the tumor is comprised of epithelial tissue or anomalously produces desmosome-like junctions (21). However, it should be considered that other pemphigus diseases may also be associated with malignancy (58).



1.1.5. IgA Pemphigus

IgA pemphigus is characterized by IgA autoantibodies against desmosomal and non-desmosomal keratinocyte cell surface components. The two major types of IgA pemphigus are subcorneal pustular dermatosis (SPD) and intraepidermal neutrophilic IgA dermatosis (IEN). The autoantigen of the SPD type was identified as Dsc1, while the antigen of the IEN type is variable (59, 60). However, in some reported cases of IEN type IgA pemphigus, IgA autoantibodies reacted with Dsg1 or Dsg3 (20, 59, 60). IgA pemphigus may be associated with monoclonal IgA gammopathy, multiple myeloma, HIV infection, Sjogren's syndrome, RA, and Crohn's disease. It is still unclear whether these diseases precede or follow IgA pemphigus. As one of the rarest AIBDs, the knowledge on IgA pemphigus is limited. No evident gender prevalence has been reported so far and the disorder may affect all age groups (22).



1.1.6. Pemphigus Erythematosus

Pemphigus erythematosus, also known as Senear-Usher syndrome, was originally described as a variant of pemphigus with features of lupus erythematosus but is today regarded as a localized form of PF and is considered an AIBD in it's own right. Autoantibodies target Dsg1, but may further target Ro, La, Sm, and double-stranded DNA antigens (23, 61). Clinically, blistering coincides with a seborrheic erythematous rash resembling the rash associated with lupus (61).




1.2. Pemphigoid Diseases

Pemphigoid diseases are characterized by autoantibodies against connective molecules at the DEJ, which is shown in Figure 1B. Binding of the autoantibodies leads to inflammation at the DEJ and degradation of the anchoring filaments and fibrils, resulting in sub-epidermal blistering. Accordingly, this group is also referred to as sub-epidermal blistering disorders. The most common pemphigoid diseases include bullous pemphigoid (BP), and mucous membrane pemphigoid (MMP). Other, less common types include pemphigoid gestationis (PG), epidermolysis bullosa acquisita (EBA), linear IgA dermatosis (LABD), and anti-laminin γ1 / p200 pemphigoid.


1.2.1. Bullous Pemphigoid

Bullous pemphigoid (BP) is the most common pemphigoid disease in Central Europe, with an incidence rate of about 10–20 per million/year. It is characterized by sub-epidermal blistering accompanied by inflammatory cell infiltration in the upper dermis (62). There are two major target antigens in BP patients: Bullous Pemphigoid Antigen 2 (BPAG2 also known as BP180 or type XVII collagen), and the Bullous Pemphigoid Antigen 1 (BPAG1, also known as BP230), a cytoplasmic plakin protein family member that links the hemidesmosome to the keratin of intermediate filaments. BP180 is a transmembrane glycoprotein that extends from the intracellular domain of basal keratinocytes to the lamina densa. The immunodominant region of BP180 is the noncollagenous domain 16A (NC16A). BP230 is a 230-kDa protein with an intracellular component associated with the hemidesmosome plate belonging to the family of plakin proteins [Figure 1B; (63, 64)]. The major immunoglobulin class in BP is IgG. It has been shown however, that some patients also develop anti-BP180 IgA and IgE autoantibodies. In fact, most of the BP sera contain both IgG and IgA autoantibodies to BP180 (65). Autoreactive CD4+ T lymphocytes recognize unique epitopes within the extracellular region of BP180. BP180-reactive Th cells and IgG autoantibodies recognize similar or identical epitopes clustered in distinct regions of the BP180 ectodomain and BP230. Many polymorphisms of HLA-II class alleles have been identified in patients with BP in several populations, especially HLA-DQ alleles. These polymorphic HLA class II alleles are likely to occur due to changes in the active binding site on the HLA molecules for binding autoantigenic peptides. A common HLA class II allele, HLA-DQB1*0301, is positively associated with BP in multiple populations and also appears to be associated with distinct clinical pemphigoid variants. Computer-based models demonstrate that the HLA-DQB1*0301 allele is capable of binding to multiple T cell epitopes within BP230 and BP180 for BP and α6 integrin, and β4 integrin for MMP. Binding leads to the activation of antigen specific T cells interacting with B cells through CD40/CD40L interaction, to produce four distinct anti-BMZ antibodies with different specificities. These antibodies bind to their specific target antigen resulting in the production of subepidermal blisters. In addition, the activation of BP180-autoreactive T cells from a cohort of BP patients with HLA-DQB1*03:01, was found to be restricted by this BP-associated HLA class II allele (46, 66–70).



1.2.2. Pemphigoid Gestationis

Pemphigoid gestationis (PG) is a rare dermatosis that occurs during pregnancy with a reported incidence rate between 0.5 and 2 per million/year (71–73). It usually affects pregnant women during the third trimenon and, less commonly, during the second trimenon or post-partum period (28, 74, 75). When occurring during the first pregnancy, the disease reoccurs in following pregnancies in 90% of the cases. PG persists and converts to BP in less than 5% of patients. In contrast to BP, blisters are infrequent and usually small in size with predominating urticarial erythema that first affects the periumbilical region. Autoantibodies are mainly directed against BP180 NC16A and in 10% of the cases against BP230. The main IgG subclasses are IgG1 and IgG3 and a strong association with maternal HLA-DR3 and HLA-DR4 exists (74, 75).



1.2.3. Epidermolysis Bullosa Acquisita

In epidermolysis bullosa acquisita (EBA), the autoantibodies are directed against type VII collagen, an anchoring fibril at the BMZ. Both skin and mucous membranes can be affected by EBA, albeit the latter to a lesser extent. The EBA incidence rate has been reported to be between 0.2 and 0.5 new cases per million/year (76). Clinically, mechanobullous (classical) EBA and inflammatory EBA can be distinguished. A characterizing feature of the classical variant is fragility of the skin that usually affects the trauma-prone areas, such as the extensor side of joints. The inflammatory subtype can resemble other AIBDs in clinical presentation as well as in serologic and histologic findings. Common to both types is the scarring and formation of milia. The scarring is particularly problematic in mucous membranes as it reduces the tissue function, even after successful suppression of the disorder (73). Inflammatory bowel disease (IBD) has been reported in 20% of the EBA patients. A link between IBD and EBA is strengthened by the presence of type VII collagen in the colon and the finding of its respective autoantibodies in IBD patients (33). EBA has been associated with environmental factors and genetically with the MHC locus HLA-DR2 notably the DRB1*15:03 allele in patients of African descent (73).



1.2.4. Anti-p200/Anti-Laminin γ1 Pemphigoid

Anti-p200 pemphigoid is a pemphigoid disease with IgG autoantibodies against a 200 kDa protein at the DEJ (77), while IgA reactivity has also been reported (78). In 90% of anti-p200 pemphigoid cases, laminin γ1 is the target antigen (34). Therefore, anti-p200 pemphigoid is also known as anti-laminin γ1 pemphigoid. However, because reactivity with laminin γ1 cannot be demonstrated in all patients with anti-p200 pemphigoid, it is recommended to restrict the term “anti-laminin γ1 pemphigoid” to those patients with reactivity against laminin γ1 (40). The clinical presentation is highly variable, often resembling BP or the inflammatory variant of EBA, and lesions heal without scarring or milia formation (77). Mucous membranes may be affected (79) and one third of the patients present with psoriasis as a co-morbidity (73). Due to variable clinical representation, histopathology, serological, and direct immunofluorescence microscopy findings, the diagnosis requires specialized assays. Therefore, anti-p200/ anti-laminin γ1 pemphigoid might be underdiagnosed (73).



1.2.5. Linear IgA Bullous Dermatosis

Linear IgA bullous dermatosis (LABD) is a pemphigoid disease with an incidence rate of about 0.2–2.3 per million/year. The autoantibodies (mainly IgA) are directed against antigens with various molecular weights, including 97-, 120-, 180-, 200-, 230-, 280-, 285-, and 290-kDa proteins (80–82). In the majority of patients, the autoantibodies target the soluble ectodomain of BP180, LAD-1, and 20% of the sera recognize BP180 NC16A (83). The disorder can affect both children and adults. The age of onset for the adult variant shows two peaks in the teenage years and around 60 years, respectively. The childhood variant has an age onset of 4.5 years (84). A significant association between the HLA locus and LABD has been reported. In particular, the haplotypes B8, DR3 and DQ2 increase the likelihood of an early onset and are thus commonly seen in the chronic bullous disease of childhood (CBDC) variant. In both children and adults alike, the tumor necrosis factor-2 (TNF-2) serves as an indicator of the increased duration of the disorder, whereas TNF-1 indicates a reduced duration and an overall better prognosis (85).



1.2.6. Mucous Membrane Pemphigoid

Mucous membrane pemphigoid (MMP) is a pemphigoid disease which predominantly affects the mucous membranes. It is also known as cicatricial pemphigoid and has an incidence of 0.5–2 new cases per million/year. In contrast to other pemphigoid diseases, a common characteristic of MMP is scarring, which may cause functional limitations of the affected tissue and adds to the severity of the disease. The age of onset varies between 60–65 years of age (71–73). The target antigens are hemidesmosome proteins, such as BP180, BP230, laminin 332, α6, β4 integrin, and collagen VII (63, 73).





2. OMICS APPROACHES TO AIBD DIAGNOSIS AND DISEASE ETIOLOGY

Clinical diagnosis of AIBD relies on the combination of clinical representation, i.e., mapping of a patients' symptoms to the aforementioned phenotypic characteristics and detection of tissue-bound auto-antibodies through direct immunofluorescence (DIF) microscopy as the de facto standard. Although a robust and successful approach, DIF microscopy requires cryosections of perilesional biopsies and only offers limited information about the target antigen. Circulating autoantibodies can be detected via indirect immunofluorescence (IIF) microscopy, incubating tissue substrates, e.g., monkey, rabbit or human esophagus with patient serum. Procedures that offer specific information about the autoantigen are, for example, enzyme-linked immunosorbent assays (ELISA), IIF microscopy assays, and immunoblotting/-precipitation (40).

Individual molecules and genetic associations have been unraveled in the context of AIBD pathogenesis. However, AIBDs are complex diseases, with many associations and factors contributing to their etiology (cf. Table 1). As such they should be investigated in light of a systems medicine approach on different, feedback-entangled regulatory layers such as the genome, transcriptome, epigenome, proteome, or microbiome (86–88).

However, despite recent developments in next generation sequencing and OMICS technologies, AIBDs are only now becoming the focus of genetic and high-throughput data studies, and are reviewed below.


2.1. OMICS Studies of AIBD

Beyond the directly affected genes and proteins listed in Table 1, there are few additional studies addressing unbiased, exploratory approaches to AIBD. We searched for AIBD OMICS datasets using Gene Expression Omnibus (GEO), European Nucleotide Archive (ENA), and the NCBI databases. Additionally, we searched for microbiome studies because of growing evidence on the microbiome-immune system crosstalk (89). All identified datasets are shown in Table 2.


Table 2. Available AIBD microarray or next generation sequencing datasets covering more than the known marker genes.

[image: Table 2]

Two whole transcriptome studies are currently publicly available. In both studies, microarrays were used to quantify transcriptome differences between patients with AIBD and the controls. Malheiros et al. (98) compared gene expression in isolated CD4+ T cells from 15 PF patients to five controls (Gene Expression Omnibus ID GSE53873). A patient subgroup comparison revealed few (up to 135) differentially regulated genes related to lymphocytes, apoptosis, proliferation and antigen presentation, which may however, be due to the small cohort size and inter-patient heterogeneity. A second, unpublished study quantified gene expression profiles in 12 patients with ocular MMP and 12 controls (Gene Expression Omnibus ID GSE77361).

More recently, the immune repertoire of PV, PF, and PE patients was classified using high-throughput sequencing methods. Two studies investigated four PV patients each (90–93). Additionally, two PF patients were investigated in (91). A third dataset is available that classifies the immune repertoire of two patients with pemphigus, without providing any further details [NCBI Bioproject ID (101)].

During the last decade, genome-wide association studies (GWAS) have become a popular approach to find genetic alterations, and so-called single nucleotide polymorphisms (SNPs) linked to diseases. Such studies compare the genotypes, i.e., a selected set of about 1-2 million SNPs, of large population cohorts in search of point mutations that significantly differ in the trait of interest. So far there are about 6,000 association studies that found more than 70,000 variant-trait associations (104). Further, association studies with gene expression as the trait (eQTL studies) (105) or methylation as the trait (meQTL) have been conducted (106). More recently, GWAS data have also been used for the computation of polygenic risk scores (107). Interestingly, the number of risk loci detected by GWAS studies scales linearly with the cohort size with no sign of saturation (108). Extrapolating on this circumstance, it is most likely that the whole genome of a person contributes to the individual disease risk. In fact, recent perspectives deny the existence of a few core genes that are causing adult-onset of disease. Instead, they argue for polygenicity or an “omnigenic” gene model, in which all mutations contribute with small effect sizes (109, 110). This is due to the robustness of biological systems, which can buffer many deleterious effects such as mutations through multiple back-up mechanisms, redundancy or feedback (111–113).

A number of GWAS for PV and PF were published recently for the Jewish (97) and Han Chinese population (94–96). Besides associations within the HLA locus, all studies found one or multiple significantly associated non-HLA SNPs, however, the associated genes differed between the studies. Another study found long non-coding RNA (lncRNA) polymorphisms associated with PF (100) using SNP data from 229 cases.

Besides the availability of just a small number of datasets for AIBDs, all studies were performed on a rather limited number of cases. Even the number of patients in the GWAS publications is low (between 100 and 365) compared to genome-wide association studies performed in other autoimmune disorders in which tens of thousands of patients were investigated [for review see e.g., (114)]. The small sample sizes lead to a small number of associated variants and genes identified by the use of GWAS.



2.2. Novel Approaches and Technologies in AIBD Research

Recent advances in mass spectrometry technology allows the unbiased quantification of protein abundance in an unprecedented way (115). Alongside proteomics, the field of degradomics has been established, which identifies proteases together with their cleaved substrates, or “degradomes” in vivo (116–118). Granzyme serine proteases in particular play important roles in the context of tissue injury and repair (119, 120). Granzyme B (GzmB) is involved in both intracellular and extracellular processes in immune cell-mediated apoptosis and extracellular proteolysis, respectively, which suggests a proteolytic role of GzmB in the pathogenesis of AIBD including BP (121). GzmB accumulated in the DEJ and blister fluid of AIBD, where it cleaved key anchoring proteins in a murine model of EBA. In line with this, GzmB deficiency reduced blistering (121).

A recent field of investigation is concerned with the organisms living in a state of symbiosis on and inside the human body. Only about 43% of cells in the human body are human, while the remaining 57% are comprised of bacterial (microbiome), fungal (mycobiome) and viral (virome) communities (122). Indeed, the total number of genes of the microbiome is ten times larger compared to the roughly 22,000 human genes. Physiological structures have adapted to the interplay between resident communities and the host, e.g., the vagus nerve represents an interface between the gut-microbiome and brain (123). The gut microbiome exists synergistically with its host to shape both metabolism and immunity. Details of this inter-dependency are still largely unknown, and it is unclear whether dysbiosis is an inducing factor leading to the exacerbation of symptoms or an epiphenomenon (124). There is also little understanding of the relationship between the skin microbiome and host defense. The communities populating the stratum corneum contribute to the first defensive line against outside influences. Furthermore, a connection between host genetics and microbial composition has been shown (125).

So far, one study investigated the role of the skin microbiota and BP with a rather limited number of patients and controls [12 per group; (102)], using a variety of skin locations (five different sampling sites). Despite the small sample size and the large heterogeneity of the skin microbiome, a significantly shifted microbiome at perilesional sites was identified.

Apart from detrimental environmental influences or lifestyle choices, e.g., injuries, pathogens and drug use, it is reasonable to assume that the respective diet has an impact. In their work Fedeles et al. (126) summarized research on the influence that dietary factors exert on bullous skin disorders. Both detrimental and advantageous effects of nutritional contents are presented, i.e., associations to exacerbation or even triggering of symptoms are drawn and protective effects are pointed out as well. This linkage is of particular interest with regards to the human microbiome.

A comparable line of investigation is the effect of the mitochondria on cellular processes. As the main source of cellular energy, mitochondria are essential constituents in signaling processes, cellular metabolism as well as inflammatory responses. It has been reported that changes in the mitochondrial genome can lead to pathological conditions and are implicated in various immune diseases. In particular, the mitochondrially encoded MT-ATP8 gene has been linked to BP susceptibility (127).

Single-cell RNA-sequencing (scRNA-seq) is another recent technology that will have a major impact on elucidating the molecular processes in AIBD. The technology allows the characterization of individual cells, leading to the discovery of new cell types and cellular states that echo the underlying heterogeneity and plasticity of the immune system. scRNA-seq opens up new possibilities to analyze the immune repertoire and its effects on immune cells while in parallel recording both the quantitative gene expression and the repertoire sequence information for both chains (α/β, light/heavy) of the receptor. This additional feature would identify subpopulations of immune cells, that drive the disease to paracrine stimulation or recruitment of further immune cells. Although recent progress in scRNA-sequencing has been achieved, there are currently only a few studies that have investigated the human epidermis. To date, there is still no approach for BP, only for psoriasis, where Cheng et al. (128) analyzed the scRNA-seq profiles of 92,889 human epidermal cells from nine normal and three inflamed skin samples. The analysis of transcriptome levels of keratinocyte subpopulations reflects classical epidermal layers, but also strongly segmented epithelial functions such as cell-cell communication, inflammation, and WNT pathway modulation. The identification of molecular fingerprints of inflammatory skin states, including the enrichment of the CD1C+CD301A+ myeloid dendritic cell population in psoriatic epidermis, provides a critical step toward elucidating epidermal diseases of development, differentiation and inflammation.



2.3. A Computational Approach to AIBD

Since the number of available genetic and/or OMICS datasets is limited and hitherto provides narrow insights into the disease etiology, one can ask whether it is possible to derive phenotype-specific pathways from given gene-sets, i.e., disease specific transcriptome patterns that allow patient stratification and also provide insight about the molecular processes involved. The exploratory approach of choice was a network diffusion in order to determine the impact of each gene-set on its biological neighborhood (129). It was followed by Gene Set Variation Analysis (GSVA) (130), which enables the assignment of sample-wise pathway enrichments on the basis of the calculated diffusion scores.

The inferred pathways do, however, not enable a clear separation of either phenotypes or clinical subclasses. It can be argued that the number of known associated genes is too small for an accurate inference of protein-protein interactions and related pathways, without a significant amount of noise. A closer investigation is warranted merely on account of the heterogeneity of phenotypes and the presumed multifactorial framework of disease genesis.




3. SUMMARY AND OUTLOOK

Autoimmune skin blistering diseases (AIBDs) are complex diseases, mostly with a late onset in life. They are driven by both genetic and environmental factors. So far, most of the research on AIBDs has been conducted on clinical and diagnostic aspects of the diseases. In AIBDs, autoreactive antibodies are generated that target proteins involved in cell-to-cell and cell-to-matrix adhesion in the epidermis/epithelium and at the dermal-epidermal junction. Binding of those autoantibodies leads to inflammation and the loss of function of those proteins. Depending on the autoantigen, AIBDs can be divided into pemphigus and pemphigoid diseases. However, knowledge on detailed disease mechanisms leading to the development of AIBDs is still scarce.

The limited availability of OMICS data-sets in AIBDs (cf. Table 2) illustrates the long road ahead in elucidating the causes of AIBDs. Limiting factors include low prevalence and high age of onset. Those factors hinder the acquisition of sufficient suitable test-subjects and also limit perceived importance of this topic, hence lowering the impact of scientific research in this field.

In recent years, significant efforts have been made to remedy the problem of cohort size by establishing programs that advance regional, national, and international cooperation between medical facilities and research institutions. European Reference Networks (ERN) for instance are part of the Directive on Patient Rights in Cross-Border Healthcare of 2011. They are oriented toward the handling of rare disorders through the interconnection of specialists and resources. An example, with regards to AIBDs, is the “Dimethyl fumarate for the treatment of bullous pemphigoid” (DPem) research network that connects study groups from four European countries. This particular initiative is funded by the ERA-Net for Research Programmes on Rare Diseases, an initiative with the expressed purpose of facilitating cooperative research into rare disorders (131, 132). Observance of incidence and distribution of AIBDs is the objective of the Regibul Register (133).

One way to make the best use of the limited patient data is to use theoretical concepts and test the idea of core vs. peripheral genes. Initial genome-wide association studies on bullous pemphigoid have predicted HLA genes as risk factors. These genes are common to autoimmune diseases but not specific to AIBDs and might be considered as core gene candidates. Alternatively, core genes might be those that are strongly linked to the disease phenotype. Therefore, one might expect immune system and cell adhesion related genes to be critical to AIBD. In addition to identifying core genes it will be important to find tissue specific regulatory networks that mediate the effect of the core genes to the phenotype. To study these networks, it might be important to develop further in vitro and in vivo models, be it active or passive mouse models or organotypic skin models. The latter might be generated from fibroblasts and keratinocytes of AIBD patients or derived from induced pluripotent stem cells, thereby harboring a disease genome. A third approach to better understand disease etiology is the integration of environmental factors through microbiome studies. The effect of microbiome- immune cell interaction is well established but has never been studied in detail in AIBDs. First studies indicate a dysbiosis of the skin microbiome in lesional skin, a mechanistic link to increased immune reaction or decreased barrier function of the skin which still needs to be established.

In summary, an integrated OMICS approach to study skin blistering diseases, comprising genomics, transcriptomics, and proteomics together with the microbiome and novel methods such as single cell RNAseq, is highly warranted. Research in this direction has only recently begun and much work and opportunities still remain. Besides increasing the numbers for further GWAS, we advocate for high-throughput deep phenotyping and whole genome sequencing and investigation of tissue specific gene expression to characterize cellular properties associated with disease-associated genomes. Further, the use of disease models may elucidate the polygenic complexity of the diseases.
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Pemphigus foliaceus (PF) is an autoimmune blistering skin disease that occurs sporadically across the globe and is endemic in Brazil. Keratinocyte adhesion loss (acantholysis) is associated with high levels of anti-desmoglein 1 IgG autoantibodies, but the role of cell death is poorly understood in PF. Current evidence disqualifies apoptosis as the major cell death mechanism and no other process has yet been investigated. To approach the role of variation in genes responsible for cell death pathways in pemphigus susceptibility, we systematically investigated the frequencies of 1,167 polymorphisms from genes encoding products of all 12 well-established cell death cascades (intrinsic and extrinsic apoptosis, necrosis, necroptosis, ferroptosis, pyroptosis, parthanatos, entotic, NETotic, lysosome-dependent, autophagy-dependent, and immunogenic). By multivariate logistic regression, we compared allelic and genotypic frequencies of 227 PF patients and 194 controls obtained by microarray hybridization. We found 10 variants associated with PF (p < 0.005), belonging to six cell death pathways: apoptosis (TNF, TRAF2, CD36, and PAK2), immunogenic cell death (EIF2AK3, CD47, and SIRPA), necroptosis (TNF and TRAF2), necrosis (RAPGEF3), parthanatos (HK1), and pyroptosis (PRKN). Five polymorphisms were associated with susceptibility: TNF rs1800630*A (OR = 1.9, p = 0.0003), CD36 rs4112274*T (OR = 2.14, p = 0.0015), CD47 rs12695175*G (OR = 1.77, p = 0.0043), SIRPA rs6075340*A/A (OR = 2.75, p = 0.0009), and HK1 rs7072268*T (OR = 1.48, p = 0.0045). Other five variants were associated with protection: TRAF2 rs10781522*G (OR = 0.64, p = 0.0014), PAK2 rs9325377*A/A (OR = 0.48, p = 0.0023), EIF2AK3 rs10167879*T (OR = 0.48, p = 0.0007), RAPGEF3 rs10747521*A/A (OR = 0.42, p = 0.0040), and PRKN rs9355950*C (OR = 0.57, p = 0.0004). Through functional annotation, we found that all associated alleles, with the exception of PRKN rs9355950*C, were previously associated with differential gene expression levels in healthy individuals (mostly in skin and peripheral blood). Further functional validation of these genetic associations may contribute to the understanding of PF etiology and to the development of new drugs and therapeutic regimens for the disease.

Keywords: pemphigus, cell death, skin disease, autoimmune disease, apoptosis, pyroptosis, necroptosis, immunogenic cell death


INTRODUCTION

Pemphigus foliaceus (PF) is an autoimmune bullous disease of the skin, characterized by the production of autoantibodies that recognize the desmosome protein desmoglein 1 (DSG1) (1, 2). The binding of antibodies to this cell adhesion molecule is accompanied by acantholysis (keratinocyte detachment) and lesions in the superficial granular layer of the epidermis. In contrast, a different form of pemphigus called pemphigus vulgaris (PV) is characterized by anti-desmoglein 3 antibodies, which bind in deeper layers of the skin and cause blisters in the skin and mucosa (3). PF occurs sporadically around the world−0.75–5 cases/million per year (4). In Brazil, PF is endemic and commonly known as fogo selvagem (“wild fire” in Portuguese). The prevalence of PF in Limão Verde, located in the Brazilian state of Mato Grosso do Sul, is of 3.04%, one of the highest prevalences ever reported for autoimmune diseases (5). PF pathogenesis is multifactorial, resulting from poorly understood interactions between multiple environmental and genetic factors (6, 7).


Cell Death in Pemphigus: An Unsolved Issue

Despite the pathogenic relevance of IgG autoantibodies in the acantholytic process, the exact mechanisms that lead keratinocytes to death remain unknown (8). Apoptosis has been suggested to play an important role in some dermatoses with positive Nikolsky's sign (skin detachment after slight rubbing) as in PV and PF (9–12), either prior (10, 13–15), or after the loss of cell adhesion (8, 16–18). As early as 1998, Gniadecki et al. reported many apoptotic keratinocytes in acantholytic tissue and in the cohesive epidermis just under the blisters of sporadic PF and PV lesional skin biopsies, as judged by positive TUNEL signs (terminal deoxynucleotidyl transferase dUTP nick end labeling) (9). Rodrigues et al. (19) also found TUNEL-positive keratinocytes in 12/13 biopsies of perilesional skin of endemic PF lesions. Among them, 10/13 presented keratinocytes with intense expression of proapoptotic inducible nitric oxide synthase (iNOS) and 3/13, with rather discrete-moderate expression of proapoptotic FAS protein. Anti-apoptotic Bcl-2 occurred in 4/13 biopsies only, being much more abundant in the inflammatory infiltrate, which also had discrete-moderate expression of interleukin 1, interferon gamma, and tumor necrosis factor alpha (TNF-α) proinflammatory cytokines (11/13) (19). After the passive transfer of sporadic PF-antibodies in the experimental neonatal mouse model, keratinocytes expressed the proapoptotic Bax factor, followed by activation of caspases (CASP) 3 and 6, and down-regulation of the anti-apoptotic Bcl-x(L) factor. In this model, apoptotic inhibitors abrogated the acantholytic process (14). Nevertheless, p38MAPK signaling occurred in this same model in two phases, and the first peak of activation coincided with acantholysis, prior to the second peak that induced activation of CASP-3 (18). Taking into account ultra-violet (UV) light exposure as a known risk factor for endemic PF, it is interesting that caspases-3 and -7 cleave desmoglein-1 intracellularly and that knock-down of desmoglein-1 protects cells from UV induced apoptosis in irradiated keratinocytes (20).

On the other hand, only few apoptotic cells were detected in skin biopsies of endemic PF patients, whereas p63 marked many undifferentiated cells distributed over the whole epidermis, both in injured and non-injured skin (21). Electron microscopy did not reveal any morphological signs of apoptosis—retraction of pseudopods, pyknosis, karyorrhexis, and plasma membrane blebbing—in acantholytic tissue of PV and PF patients (8, 22). There were, as well, no signs for activation of caspases (as cleaved CASP3 and CASP8, fractin, or nuclear poly (ADP-ribose) polymerase—PARP) in PV and PF biopsies, nor in PV or PF IgG–incubated healthy breast reduction skin biopsies (8). A possibility suggested by Schmidt and Waschke (16) is that caspase signaling adds in desmosome destabilization, but that apoptosis itself is not responsible nor needed for acantholysis to occur.

Thus, whereas some authors state that apoptosis causes cell death in PF (9, 19, 23), others found no clear evidence of such event (8, 17, 18, 22). The uncertainty about how cell death takes place in PF, as well as the scarcity of genetic association studies on this topic, prompted the current investigation encompassing genes of all known cell death routes. In fact, there are several pathways orchestrating cell death, classified following morphological, biochemical, and functional features. In 2018, the Nomenclature Committee on Cell Death (NCCD) proposed 12 pathways orchestrating cell death, supported by genetic, biochemical, and functional results: intrinsic apoptosis, extrinsic apoptosis, mitochondrial permeability transition (MPT)-driven necrosis, necroptosis, ferroptosis, pyroptosis, parthanatos, entotic, NETotic, lysosome-dependent, autophagy-dependent, and immunogenic pathways (24). All of them are classified as regulated cell death (RCD) routes. All routes depend on the molecular machinery (causing the activation of one or more signal transduction pathways), which can be pharmacologically and/or genetically modulated. RCD begins with excessive cellular stress, caused by non-coped perturbations of the intra- and extracellular environment (24, 25). Given the poorly understood underlying mechanisms leading to keratinocyte death in PF, we intended to identify genetic variants associated with PF analyzing variants from genes whose products are known to be directly involved in RCD routes.




MATERIALS AND METHODS


Population Sample

A total of 227 PF patients and 194 unrelated controls with no diagnosis or familial history of autoimmune illnesses were analyzed in this study. Patients received clinical and/or immunohistological diagnosis. Patients and controls were recruited from 1984 to 2015 in South/Southeastern/Central-Western Brazilian hospitals: Hospital Adventista do Pênfigo (Campo Grande, Mato Grosso do Sul), Lar da Caridade—Hospital do Fogo Selvagem (Uberaba, Minas Gerais), Hospital das Clínicas—University of São Paulo (Ribeirão Preto, São Paulo), Hospital de Clínicas—Federal University of Paraná, Hospital de Dermatologia Sanitária São Roque, and Hospital Santa Casa de Misericórdia (Curitiba, Paraná). All individuals enrolled in this study were unrelated, predominantly of European ancestry and living in rural endemic areas. No history of other autoimmune diseases was reported for patients, as well as no history of any autoimmune disease for the controls. The median age was 40.9 years for patients (minimum 6, maximum 83) and 44.8 years for controls (minimum 11, maximum 86). In both groups, 52% were women. Peripheral blood was collected, from which DNA was extracted by the phenol-chloroform-isoamyl alcohol protocol (26). Patients and controls voluntarily agreed to participate in the study and gave their informed consent. This study was carried out according to the Declaration of Helsinki, with the approval from the Brazilian National Ethics Committee (CONEP) under the protocol number CAAE 02727412.4.0000.0096 and approval number 505.988.



Selection of Candidate Genes and Genotyping

In agreement with NCCD, we selected genes encoding proteins involved in essential aspects of at least one of the following cell death cascade processes: intrinsic apoptosis, extrinsic apoptosis, mitochondrial permeability transition (MPT)-driven necrosis, necroptosis, ferroptosis, pyroptosis, parthanatos, entotic, NETotic, lysosome-dependent, autophagy-dependent, and immunogenic pathways (24). We identified the genomic positions of each gene, considering regulatory regions of one thousand base pairs upstream and downstream from the transcription start and end sites, respectively, of the longest transcript, according to the GRCh37/hg19 human genome version (available at: http://www.lgmh.ufpr.br/data/Supplementary_material_1_Bumiller-Bini_2019.xlsx).

Genotyping was performed using microarray hybridization (CoreExome-24 v1.1 Illumina®) in 194 and 227 DNA samples from controls and endemic PF patients, respectively. A total of 3,798 SNPs were extracted from DNA microarray data, filtered based on genotyping quality, and on population genetics criteria: excluding those SNPs with minor allele frequencies <1%, with genotypic distributions deviating from those expected by Hardy-Weinberg equilibrium in controls (p < 0.05) and/or with high linkage disequilibrium (r2 ≥ 0.8). After filtering, a total of 1,167 SNPs remained for subsequent analyses (Figure 1, set available at: http://www.lgmh.ufpr.br/data/Supplementary_material_2_Bumiller-Bini_2019.xlsx).
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FIGURE 1. Representation of the distribution of all 1,167 SNPs used in this study according to their related cell death pathway(s). Traced lines were used to represent additional shared SNPs (unions) between two pathways that were not otherwise graphically united. Genes from the intrinsic and extrinsic apoptosis pathways were represented together. Unrepresented SNPs, shared among pathways: one between apoptosis, immunogenic, lysosome, and necrosis pathways; two between apoptosis, immunogenic, lysosome, and pyroptosis pathways; two between necroptosis, necrosis, pyroptosis, NETotic, and immunogenic pathways; three between pyroptosis and necroptosis; three between apoptosis, necroptosis, necrosis, and NETotic pathways; four between apoptosis, necrosis, and immunogenic pathways; and four between apoptosis, entotic, and immunogenic pathways).




Association Analysis

Association analysis was carried out by binary logistic regression, using sex and two principal components (PCA) as co-variables. The PCA eliminates spurious associations due to possible population stratification. The significance level was set to p < 0.005 (27). The analyses were performed using PLINK software version 1.1.9 (28). We applied Fisher's exact test to perform the stratified association analysis (29), in this case, with a significance level set to p < 0.05.



In silico Analysis

We performed in silico analysis to explore the genetic associations identified in this study. Linkage disequilibrium within the Iberian population (major ancestral of the Euro-Brazilian population) was evaluated with LDlink (30). The predicted regulatory impact of the genetic variants was verified using ENSEMBL (31), GTEx portal (32), UCSC (https://genome.ucsc.edu/cgi-bin/hgGateway) (33), HaploReg (https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php) (34), Innatedb (https://www.innatedb.com) (35), and Blood eQTL (expression quantitative trait loci) browser (36), which assemble public datasets, and published data. GTEx portal and the Blood eQTL browser inform whether a SNP is an expression quantitative trait loci (eQTL). Innatedb informs whether there is a physical interaction between proteins.




RESULTS


Association Analysis

We found 10 SNPs associated with PF (p < 0.005) located in 10 different genes participating in six RCD routes: apoptosis (CD36, PAK2, TNF, and TRAF2), immunogenic cell death (CD47, EIF2AK3, and SIRPA), necroptosis (TNF and TRAF2), necrosis (RAPGEF3), parthanatos (HK1), and pyroptosis (PRKN) (Table 1). Altogether, the less frequent alleles of five SNPs were associated with PF susceptibility, while the less frequent alleles from the other five SNPs, with protection. All associated variants were located within non-protein coding regions.


Table 1. Cell death-related gene variants associated with PF.
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Functional Annotation in silico Analysis

To explore the potential effects of all 10 genetic variants associated with PF, we used functional annotation available in reference public databases. As outlined below, most of the associated variants are associated with gene expression in different tissues (Table 2). Nevertheless, the association of these variants (with disease and with gene expression) may also be explained by strong linkage disequilibrium with other causal variants (hitch-hiking effect).


Table 2. Cell death-related gene variants associated with PF.
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In accordance with functional annotation, TNF _rs1800630, TRAF2_rs10781522, PAK2_rs9325377, EIF2AK3_rs10167879, SIRPA_rs6075340, PRKN_rs9355950, and HK1_rs7072268 SNPs are located within predicted transcription factor binding sites. On the other hand, the location of TNF_rs1800630, TRAF2_rs10781522, PAK2_rs9325377, SIRPA_rs6075340, CD47_rs12695175, CD36_rs4112274, HK1_rs7072268, and PRKN_rs9355950 SNPs overlap with enhancers and/or promoters that are important in several tissues, including skin, T and B cells from blood (enriched in H3K27Ac) (33, 34). Despite being located downstream of the last exon of LTA and far from the transcription start site of TNF, TNF_rs1800630 is located in a DNase hypersensitive region bound by RNA polymerase II subunit A, providing strong evidence for active transcription of this region in B lymphocytes (33, 34).

Furthermore, the SIRPA protein interacts physically with CD47, suggesting a possible gene interaction/synergistic effect of the associated polymorphisms of both genes on disease susceptibility (35). In fact, carriers of SIRPA_rs6075340*A and CD47_rs12695175*G alleles were more frequent among patients than controls (OR = 2.02 [95%CI = 1.08–3.81], p = 0.0202). TNF also interacts physically with the TNF receptor TRAF2, as shown in a cervical cancer cell line (35). Thus, an additive susceptibility effect was evident in carriers of TNF_rs1800630*A and TRAF2_rs10781522*A (OR = 4.78 [95%CI = 2.18–10.94], p < 0.0001) (Supplementary Tables 1, 2).




DISCUSSION

Although the underlying molecular mechanisms of RCDs overlap considerably, our approach allowed us to suggest the possible role of non-apoptotic RCDs and raise hypotheses to explain the genetic associations that we observed.


TNF, TRAF2, and PAK2: Apoptosis and Necroptosis

The genetic associations of TNF_rs1800630*A (also known as −863*A, OR = 1.9, p = 0.0003) and TRAF2_rs10781522*G (OR = 0.64, p = 0.0014) with PF point to a specific role of the death receptor pathway in the disease. As the major proinflammatory cytokine mediating apoptosis and necroptosis, TNF binds TNF type I receptor (TNFRI), activating NF-kB through TRADD (TNFR-associated death domain), and TRAF2 recruitment. This sequence of events culminates in cell survival and inflammation (37, 38). In the absence of TRAF2, TNF binding to TNFRI builds “death-inducing signaling complexes” that can activate either necroptosis or caspase-dependent cell death. In the latter case, this leads to the activation of CASP8 and of the apoptotic cascade (37, 39). On the other hand, TRAF2 was recently reported to positively regulate caspase-2 activation, which initiates apoptosis and is a negative regulator of necroptosis (40, 41). For necroptosis to ensue, caspase inactivity or absence must prevail [thus, in the absence of TRAF2 (38)] (42). Interestingly, although TNF_rs1800630*A carriers present reduced TNF expression, TRAF2_rs10781522*G is associated with higher TRAF2 gene expression in peripheral blood (36). In contrast with TNF, the allele from TRAF2 was associated with PF protection. Since both molecules are known to interact physically (35), certain allelic combinations of these genes present an additive effect toward susceptibility to the disease.

Moreover, many associations of TNF_rs1800630*A with diseases have been reported. Those of enhanced susceptibility to cancer seem to indicate that reduced TNF levels increase the chance of inappropriate cell proliferation, due to insufficient signaling for apoptosis/necroptosis [e.g., hepatocellular carcinoma (43), non-Hodgkin lymphoma (44, 45), gastric cancer (46), and colon cancer (47)]. On the other hand, the same allele was associated with progression to and severity of infections, as for severe malaria, including cerebral malaria (48, 49), HPV-associated oral squamous carcinoma (50), HBV chronification (51), as well as with chronic disorders, which may rely on insufficient immunological response to different kinds of aggressors [steroid-induced osteonecrosis of the femoral head (52), progression of acute pancreatitis to systemic inflammation and multi-organ dysfunction syndrome (53), chronic periodontitis (54), and cardiovascular heart disease (55)].

The TNF_rs1800630*A was associated with predisposition to autoimmune disorders affecting the skin and mucosal tissue, as vitiligo (56), systemic lupus erythematosus (SLE) (57), and Crohn's disease (58). As in these autoimmune skin disorders, the rs1800630*A was associated with susceptibility to endemic PF, in the Brazilian population (OR = 1.9, p = 0.0003). Interestingly, TNF microsatellite polymorphisms were associated with susceptibility to PF in Tunisia, where the disease is also endemic (59). The rs1800630*A causes decreased TNF transcription and lower serum TNF levels (51, 60–62). Furthermore, carriers of rs1800629*A (also known as −308*A) presented higher susceptibility to pemphigus (both PV and PF) (63). This allele is associated with TNF expression levels in whole blood, similar as observed for rs1800630*A. Thus, although both occur in different haplotypes (rs1800630_rs1800629*CA and AG, with CG representing more than 70% of the allelic combinations in the Iberian population), both present the same effect on reducing gene expression and increasing PF susceptibility.

In addition, the TRAF2 PF protective allele is associated with altered expression of at least five genes implicated in cell survival or death (PHPT1, PTGDS, LCNL1, C8G, CLIC3). It is also associated with the expression of one gene related to size and inflammatory itching reaction, after mosquito bites (AGPAT2) (64–70). The AGPAT2 association is particularly interesting, given the epidemiological association of endemic PF with massive and continued exposure to mosquito bites (71, 72).

Another PF susceptibility allele, CD36_rs4112274*T, is associated with decreased CD36 gene expression in blood. This receptor is a mediator of both endoplasmic reticulum stress and the generation of reactive oxygen species in the intrinsic apoptosis pathway (73). Its predicted down-regulation in most PF patients is an additional argument favoring a less prominent role (if any) for apoptosis in the disease. Its expression in keratinocytes correlates with early wound healing (74). Thus, lower expression is also predicted to increase the extent of PF epidermal lesions.

The PAK2 rs9325377*A/A was associated with PF protection (OR = 0.48, p = 0.0023). The PAK2 product is activated through proteolytic cleavage, by caspase-mediated apoptosis. Cleavage of PAK2 regulates morphological changes in apoptotic cells and always correlates with apoptotic cell death (75). The variant PAK2_rs9325377*A occurs in strong linkage disequilibrium with the PAK2_rs6583176*A in the Iberian population (D' = 0.93), and both alleles were associated with increased susceptibility to gastric cancer (76). Thus, it is conceivable that they are associated with apoptosis failure, through yet unknown mechanisms. The association of the PAK2_rs9325377*A with higher PIGX expression further reinforces this possibility, since PIGX knockdown may inhibit breast cancer cell growth (77).

Taken together, decreased TNF gene expression (suggested by TNF_rs1800630*A association) increases PF susceptibility, whereas higher TRAF2 gene expression (suggested by TRAF2_rs10781522*G association) seems to protect against the disease, as well as PAK2_rs9325377*A/A. Moreover, TRAF2_rs10781522*G is associated with lower expression of C8G in the skin, expected to decrease the production of a complement component protecting keratinocytes against apoptosis and necroptosis (32). Higher TNF and TRAF2 levels are thus predicted to be protective against the disease, both preferentially leading to cell survival and inflammation. The fact that we did not find a clear association between any of these gene polymorphisms and apoptosis or necroptosis is in agreement with previous findings using electron microscopy (8, 22).



EIF2AK3, CD47, and SIRPA: Immunogenic Cell Death

We identified genetic associations of EIF2AK3_rs10167879*T with PF protection, and of SIRPA_rs6075340*A/A and CD47_rs12695175*G with susceptibility to PF. These genes encode products that participate in the immunogenic activation by CALR (calreticulin) (78), highlighting CALR as a molecule likely associated with damage-associated molecular patterns (DAMP) that may follow or precede the immunogenic pathway in PF. This cascade can be activated by a relatively limited set of stimuli, that may also include environmental factors associated with PF susceptibility, as UVB (79), thiol and other calcium-sequestering components (80), and components of fly saliva (71, 72) (Figure 2).
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FIGURE 2. Proposed role of the immunogenic cell death in pemphigus foliaceus. 1: Keratinocytes exposed to exogenous PF risk factors, such as mosquito saliva (71, 72), ultraviolet irradiation (79), and thiol molecules (80), present several stress-derived peptides through HLA class I molecules. These peptides are recognized by cytotoxic T CD8+ cells and natural killer (NK) cells, which launch the immunogenic pathway. 2: This pathway induces damage-associated molecular patterns, including membrane exposure of CALR (81). CALR is transported from the endoplasmic reticulum to the outer cell membrane (81), a process mediated by EIF2AK3 (24). Calreticulin then interacts with SIRPA on the surface of dendritic cells, giving it a signal known as “eat me,” responsible for stimulating phagocytosis (81). Relaying the opposite signal is CD47, an outer surface membrane protein that also interacts with SIRPA and antagonizes the activity of CALR, inhibiting phagocytosis (81). We hypothesize that in PF the “eat me” signals prevail over the “don't eat me” signals, increasing the phagocytosis of keratinocyte debris by dendritic cells. 3: Dendritic cells then present keratinocyte peptides, as those derived from desmoglein 1, to T helper cells. 4: T lymphocytes stimulate auto-antibody production by B lymphocytes. 5: The immunogenic cell death process initiated by exogenous stimuli also activates an adaptive immune response, which includes recruitment, and activation of both cytotoxic T lymphocytes and natural killer cells.


Besides its association with PF protection, EIF2AK3_rs10167879*T is also associated with higher EIF2AK3 and lower EIF2AK3-DT (its antisense lncRNA) expression (32). This is the first documented association between this allele and any disease. The association is supported by the fact that deregulation of EIF2AK3 (also known as PERK) has been reported as one of the earliest pathogenic events in PV independently of IgG. Also, EIF2AK3 is activated in keratinocytes exposed to PV serum, as demonstrated by an increase in its phosphorylated levels and in phosphorylation of its target, eIF2α. Decreased EIF2AK3 expression, mediated by small interfering RNA, reduced the effects of PV serum on cell cycle and keratinocyte viability, two PV hallmarks (82). In agreement with this, Cipolla et al. (83) formerly proposed that PF IgG and/or non-IgG extracellular factors may lead to endoplasmic reticulum (ER) stress, resulting in C/EBP-homologous protein (CHOP) induction via EIF2AK3 (PERK), and activation of transcription factor 6 (ATF6). The association with EIF2AK3_rs10167879*T is puzzling, since it would imply that high EIF2AK3 levels are protecting against PF. Nevertheless, it may be explained in the light of its pleiotropy and a possible effect on differential transcription of its two poorly characterized isoforms (31). The SIRPA_rs6075340*A and CD47_rs12695175*G alleles are associated with lower expression of their respective genes (36), in addition to their synergistic association with PF susceptibility. The interaction between CD47 and SIRPA is capable of antagonizing the activity of surface-exposed CALR, responsible for emitting “eat me” signals for phagocytosis (81). The lower expression of those two physically interacting molecules is expected to lead to excessive internalization of cell debris and antigen presentation, increasing PF autoantibody production (Figure 2). This hypothesis agrees with our prior results on complement receptor polymorphisms, which would protect against PF development by modulating scavenging efficiency of acantholytic cell debris (7). A further argument in favor of the importance of the immunogenic cell death pathway in PF is the up-regulated expression of immunogenic deadly granzyme GZMA and GZMB genes in T lymphocytes of untreated patients with generalized lesions (84).



PRKN, HK1, and RAPGEF3: Pyroptosis, Parthanatos and Necrosis

PRKN_rs9355950*C was associated with PF protection (OR = 0.57, p = 0.0004). This gene encodes the mitophagy-regulating Parkin protein, which prevents cell death by causing ubiquitination of mitochondrial proteins presented by damaged mitochondria. Pyroptosis amplifies mitochondrial damage through caspase 1-driven cleavage and inactivation of PRKN (85). Since the associated effects of this variant on gene expression are unknown, the importance of pyroptosis on PF susceptibility remains elusive.

HK1_rs7072268*A was associated with increased susceptibility to PF (OR = 1.48, p = 0.0045) and also with higher gene expression levels in nervous tissue (32). Furthermore, this variant is associated with glycated hemoglobin levels (86). It is conceivable that it may be actually associated with enhanced poly(ADP-ribosyl)ation of hexokinase 1, occurring through the activation of PARP [poly(ADP-ribose) polymerase], with consequent glycolysis inhibition and induction of parthanatos-induced cell death (87).

Finally, the RAPGEF3_rs10747521*A/A genotype of the necrosis pathway, associated with protection against the disease (OR = 0.42, p = 0.004), is also associated with lower RAPGEF3 gene expression, as well as of its neighboring gene, SLC18A1. This protein has a role in inhibiting the p38MAPK pathway (88), activated in PF (83). Higher PCED1B-AS1 lncRNA expression is also associated with the same variant, predicted to enhance monocyte apoptosis and reduce autophagy (89). The reasons subjacent to this association await the results of future functional studies.




CONCLUSION

For the first time, SNPs located within genes involved in all known cell death cascades were systematically investigated in a single disease. The genetic association profile with TNF, TRAF2, CD36, and PAK2 variants favors cell survival and inflammation, instead of apoptosis/necroptosis, to explain resistance against the disease. On the other hand, susceptibility is conferred by variants of CD47 and SIRPA of the immunogenic cell death pathway, proposed to lead to excessive internalization of cell debris, and antigen presentation, which may increase PF autoantibody production. The importance of other pathways as pyroptosis, parthanatos, and necrosis, represented by one association each in our setting, cannot be disclosed and shall be further investigated. Functional validation of these associations, especially of genes encoding common isoforms, as EIF2AK3, will provide a better understanding of PF pathogenesis and contribute to the development of new drugs and to therapeutic improvement for the disease.
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The many clinical aspects of anti-p200 pemphigoid are not well-characterized. We aimed to analyze and correlate known existing data on the epidemiological, clinical, histological, and immunological features of anti-p200 pemphigoid. We performed a review using Medline, Embase, and Web of Science databases (1900–2018). Case reports and series of patients were included. A total of 68 eligible studies that comprised 113 anti-p200 pemphigoid patients were included in the qualitative analysis, where there was a mean age of onset of 65.5 years. All patients presented with bullae/vesicles, and 54.3% had urticarial plaques. A similarity to bullous pemphigoid was reported in 66.1% of cases, but palmoplantar (51.4%), cephalic (40.3%), and mucosal (38.5%) involvement, besides frequent development of scars/milia (15.7%), were reported. Autoantibodies against recombinant laminin γ1 were detected in the sera of 73.1% of patients. Psoriasis was present in 28.3% of anti-p200 pemphigoid patients, particularly among Japanese patients (56.4%). The incidence of pustular psoriasis in this subgroup, was significantly greater than in the normal population. In conclusion, the diagnosis of anti-p200 pemphigoid may be suspected when a subepidermal autoimmune blistering disease develops in a younger age group, along with significant acral and cephalic distribution and mucosal involvement.

Keywords: anti-p200 pemphigoid, anti-laminin gamma-1 pemphigoid, IIF of salt-split skin, immunoblotting, ELISA, BMZ autoantibodies, mucosal disease, psoriasis


INTRODUCTION

Anti-p200 pemphigoid is a rare subepidermal autoimmune bullous disease (AIBD) initially described in 1996 (1, 2). This novel disease, presumed to be a subset of pemphigoid, was characterized by autoantibodies targeting a 200-kDa protein localized within the lower lamina lucida of the basement membrane zone (BMZ). Their sera bound to the dermal side of salt-split skin by indirect immunofluorescence (IIF) microscopy (3). Subsequent studies demonstrated that sera from 90% of anti-p200 pemphigoid patients recognized laminin γ1, which C-terminus was identified as an immunodominant region and utilized for immunoblotting and ELISA for diagnosis (4, 5). In outstanding research by German and Japanese investigators, using human foreskin and various mouse strains, the investigators clearly demonstrated that autoantibodies in anti-p200 pemphigoid sera are pathogenic, but their pathogenicity is not entirely mediated by autoantibodies against laminin γ1. The specific or precise role for laminin γ1 in pathogenesis requires further study, as ex vivo and in vivo studies did not show evidence of a direct pathogenic role of anti-laminin γ1 antibodies, leaving the true molecular identity of the pathogenic 200 kDa autoantigen yet to be fully characterized (6, 7). To elaborate, in two different mouse animal models for anti-laminin γ1 pemphigoid, although murine IgG of the recombinant laminin γ1 C-terminus bound to the epidermal basement membrane zone in the passive transfer model, no obvious blister formation was seen (7). In an earlier ex vivo model of autoantibody-mediated leukocyte-dependent neutrophil activation, human and rabbit IgG from the C-terminus of laminin γ1 failed to attract neutrophils at the dermal-epidermal-junction and to induce dermal-epidermal separation (6).

The clinical presentation of anti-p200 is polymorphic and may mimic bullous pemphigoid (BP), mucous membrane pemphigoid (MMP), and other subepidermal AIBD (8). However, data on its morphological features and the clinical course are limited, primarily because of the small number of reported cases and the lack of a large cohort of patients studied in detail with long-term follow-up.

We did not focus on therapy because it was considered beyond the scope of this analysis due to lack of uniformity, cohesive information, defined protocol, and outcome data. The aim of the current study was to perform a review of the available epidemiological, clinical, histological, and immunopathological data and the major comorbidities in patients with anti-p200 pemphigoid. The purpose was to help clinicians recognize this newly described clinical entity. This could result in early therapy and better prognosis.



MATERIALS AND METHODS


Data Collection

The literature review was conducted using Ovid-Medline (1946–present), Embase (1947–present), and Web of Science (1900–present) to identify eligible articles. Publications until August 9th 2018, were searched. The search strategies are detailed in Supplementary Table 1.



Selection of Articles

All publications reporting on one or multiple cases of anti-p200 pemphigoid were included. All cases were defined by the authors of the respective publications as anti-p200 pemphigoid based on the following three mandatory criteria: (i) clinical profile suggestive of subepidermal AIBD; (ii) reactivity to the 200 kDa protein or to the recombinant C-terminus of laminin γ1 by immunoblot analysis; and (iii) exclusion of other subepidermal AIBDs. Additionally, at least one of the following two minor criteria was required to establish the diagnosis of anti-p200 pemphigoid: (i) subepidermal cleft on histology; (ii) and direct immunofluorescence (DIF), demonstrating linear deposition of IgG and/or C3. Publications lacking these criteria were excluded.



Data Extraction

The following information was obtained when authors provided it: age at onset, sex, ethnicity, morphological features of the mucocutaneous manifestation and their anatomic distribution, histopathology, immunopathology, comorbidities, and triggering factors (if known). All statistical analysis was performed using SPSS software, version 23 (SPSS, Chicago, IL, USA).




RESULTS

After a full-text review, 68 articles fulfilled the inclusion criteria, thereby providing 113 patients from 15 different countries that were included in the qualitative synthesis. Between 1996 and 2018, 50 cases (44.2%) were reported from Japan (Table 1).


Table 1. Demographic characteristics of the patients reported with anti-p200 pemphigoid.
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Clinical Characteristics

The mean age at onset was 65.5 years (range 5–94) (9, 10). The majority of the patients were males (n = 85; 75.2%) and of Asian ancestry (n = 57, 50.4%; Table 1).

The clinical presentation was described as resembling other subepidermal AIBD and inflammatory dermatoses by authors in 68 (60.2%) patients. The leading similar condition was BP (n = 45; 66.2%), followed by linear IgA bullous dermatosis (LABD; n = 5; 7.4%) (9, 11–14), epidermolysis bullosa acquisita (EBA; n = 3; 4.4%) (15–17), dermatitis herpetiformis (DH; n = 3; 4.4%) (18–20), mucous membrane pemphigoid (n = 3; 4.4%) (21–23), and others (Table 2). In the remaining 45 patients, a similarity to a distinct clinical entity was not mentioned.


Table 2. Clinical and morphological characteristics of the reported patients with anti-p200 pemphigoid.
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All patients presented with bullae and/or vesicles, 54.3% (50/92) had urticarial plaques, 15.7% (16/102) had scars and/or milia (Table 2).

The distribution of cutaneous lesions was reported in 72 patients. The extremities were the most frequently involved (95.1%), the trunk in 70.7%, and palmoplantar and cephalic involvement in 51.4 and 40.3% of patients, respectively. Generalized involvement was reported in 41.5% of patients. Mucosal involvement was reported in 38.5% of patients, with the oral mucosa (32.3%) being the most frequently involved. None of the patients had exclusively mucosal diseases (Table 2). Of great interest, the prevalence of mucosal involvement among Japanese patients (22.5%) was significantly lower when compared to the remaining patients (48.2%; P < 0.001).



Histological Characteristics

Histology data was available on 100 (88.5%) patients. A subepidermal blistering was observed in all patients, along with mild to dense inflammatory infiltrates in the upper dermis composed of neutrophils and eosinophils in 41 (41.0%) and 15 (15.0%) patients, respectively. A mixed infiltrate of neutrophils and eosinophils was seen in 40 (40.0%) of patients. In two patients, an exclusively lymphocytic infiltrate was observed (24, 25); papillary microabscesses were observed in 11 (11.0%) patients, a predominantly neutrophilic infiltrate in 10 patients (2, 14, 18–20, 26–29) and a mixed infiltrate in one patient (3). Eosinophilic spongiosis was observed in two patients (3, 27) and ruptured secondary milia with inflammatory granulomatous in one patient (16).



Immunopathological Characteristics

DIF microscopy of perilesional skin was reported in 98 (88.1%) patients. Deposition of IgG and C3 was observed in 77 (78.6%), whereas the simultaneous deposition of IgG, IgA, and C3 was observed in 10 (10.2%) patients (3, 9, 12, 14, 20, 30). Deposition of IgG or C3 alone was observed in two (2.0%) (16, 31) and four (4.1%) patients (22, 32–34), respectively. N-serration deposition pattern from a BMZ immunoreactant was shown in 11 of 13 (84.6%) patients, whereas this pattern was undetermined in the remaining two (15.4%) patients (3, 35, 36) (Table 3).


Table 3. Immunopathological and immunological characteristics of the reported patients with anti-p200 pemphigoid.
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On salt-split skin, binding to the dermal side of the split was reported in 90 patients (83.3%) and binding to both the dermal and epidermal sides in 16 patients (14.8%) (Table 3). Immunoblot analysis demonstrated reactivity to the 200 kDa protein in all 111 patients tested using human dermal extract (n = 108), epidermal extracts (n = 11) (10, 37) and keratinocytes extracts (n = 2) (32). Sera of several patients were tested on multiple extracts, and 10 of the 11 patients reacting to the epidermal extract were also seropositive on dermal extracts (10). In the remaining two patients, immunoblotting showed reactivity only to the recombinant C-terminus of laminin γ1 (38, 39). Of significant interest is that the sera of patients who were positive for antibodies when tested using immunoblot analysis with the recombinant C-terminus of laminin γ1 was positive in 17 of 24, with a 70.8% sensitivity (3, 9, 31, 38–43). Sera of 10 patients was tested by ELISA bound to a recombinant monomeric C-terminal fragment of human laminin γ1 (10, 44, 45) (Table 3).

Autoantibodies targeting other antigens were detected in 20 (17.7%). Autoantibodies against BP-180 alone, BP-230 alone and both BP-180 and BP-230 were identified in two (1.8%) (19, 46), four (3.5%) (2, 36, 47), and three (2.7%) patients (10, 48), respectively. Antibodies to Type-VII collagen were found in three (2.7%) patients (15, 16, 49), whereas autoantibodies against different subunits of laminin 332 were detected in 7 (6.2%) patients (21, 22, 34, 44, 50–52).



Associated Comorbidities

An association with psoriasis was reported in 32 patients (28.3%). Psoriasis preceded the diagnosis of anti-p200 pemphigoid in all patients by a mean of 15.1 ± 10.4 years (median, 18 years; range, 0.1–30 years). Four (12.5%) patients had developed bullous disease with pustular psoriasis simultaneously (33, 35, 53, 54). The onset of anti-p200 pemphigoid was associated with erythrodermic psoriasis in one (3.1%) patient (55). The remaining patients (84.4%) had psoriasis vulgaris. Of interest, 28 (87.5%) patients with psoriasis were Japanese, whereas the remaining four (12.5%) were Europeans (10, 27, 56, 57).

Taken together, the prevalence of psoriasis in anti-p200 pemphigoid Japanese patients was 56.0% (95% CI, 42.3–68.8%) as compared to only 6.4% (95% CI, 2.5–15.2%) among non-Japanese patients (P < 0.001). There was a slightly higher frequency of males among anti-p200 pemphigoid patients with psoriasis compared to those without psoriasis (87.5 vs. 70.4%; P = 0.058). The age of presentation was comparable in the two subgroups (data not shown).

Concomitant malignancies were reported in three female patients. One had metastatic clear cell carcinoma of the ovary (21), one had uterine adenocarcinoma (58), and the other had metastatic esophageal adenocarcinoma (38). Other comorbidities reported included: end-stage kidney disease due to IgA nephropathy and glomerulonephritis (n = 2) (22, 34), ulcerative colitis (n = 1) (50), esophagitis (n = 1) (15), polyarteritis nodosa (n = 1) (59), and autosomal recessive congenital ichthyosis (n = 1) (36). Unproven trigger factors included scabies (n = 2) (60, 61) and use of penicillin (n = 1) (62).




DISCUSSION

This review highlights the multiple aspects of a recently described interesting subset of pemphigoid. Based on the current information, its main focus is the clinical features. Many of the unique characteristics and associations could be important to cutaneous biology and the pathogenesis of autoimmunity. A heterogeneous clinical profile that mimicked BP was present in the majority of patients, accompanied by a high prevalence of cephalic, palmoplantar and mucosal involvement. Autoantibodies against the recombinant C-terminus of laminin γ1 were detected by immunoblotting in 73.1% of patients. The prevalence of coexistent psoriasis was significantly higher than in the general population. Interestingly, the presence of psoriasis was very significantly higher in Japanese than non-Japanese patients (56.0 vs. 6.4%, respectively).

Palmoplantar lesions and mucosal involvement in BP has been reported in up to 20% of patients (63–65), and these regions were affected in 51.4 and 38.5% of patients with anti-p200 pemphigoid, respectively. Interestingly, scars and milia were reported in 3.4% of patients with BP (63) but in 15.7% of patients with anti-p200 pemphigoid. In the clinical criteria suggested by Vaillant et al. (66), which yield a positive predictive value of 95% for a clinical diagnosis of BP, it is the absence of each of the three aforementioned features that has been identified as an independent predictive criterion for the diagnosis of BP.

The age at onset of patients with anti-p200 pemphigoid (65.5 years) is younger than many with BP, where it commonly occurs in those older than 70 (67–69). An overwhelming preponderance of males (75.2%) were reported with anti-p200 pemphigoid, which contrasts with the female-to-male ratio ranges between 1.04 and 5.1 in different cohorts of BP (69).

In 2009, Dainichi et al. (4) found that 90% of sera tested from anti-p200 pemphigoid patients reacted to the C-terminus of recombinant laminin γ1, using an immunoblot assay. This observation has been confirmed by Groth et al. (5). This analysis demonstrates that sera from 73.1% of the patients reported reacting to the C-terminus of recombinant laminin γ1 protein using the immunoblotting assay. With respect to the ELISA using a monomeric C-terminal fragment of human laminin, the sensitivity was estimated at 68.6% (5).

The incidence of anti-p200 pemphigoid is considerably low amongst AIBD (70). In a cohort of 145 Japanese patients with various AIBDs, anti-p200 pemphigoid was the second most prevalent AIBD (37.2%). The prevalence of psoriasis among non-Japanese anti-p200 pemphigoid patients (6.4%) was greater than its incidence in the general population of the world (71, 72). The pathomechanism of this ethnic association is yet to be established (70). Pustular psoriasis was present in 12.5% of p-200 pemphigoid patients. This incidence is significantly higher than the 1.3% reported in a cohort of 104,669 patients with different variants of psoriasis (P < 0.001) (73). This observation confirmed an earlier Japanese study which reported that 53.8% of patients with pustular psoriasis and AIBD had anti-p200 pemphigoid (70). The molecular basis for this rare and unique combination of clinical entities has not been clearly defined and warrants attention. Senescence was suggested to alter the distribution and amount of proteins in the BMZ, thus increasing its antigenicity and raising the risk of the development of an autoimmune response against its components (74). Since the cell cycle and turnover of the epidermal keratinocytes are extremely accelerated in psoriasis, it was recently assumed that the extracellular matrix in psoriatic skin may simulate the senescent extracellular matrix and contribute to the development of BP and other AIBDs that were found to be associated with psoriasis (75).

Our current knowledge of anti-p-200 pemphigoid brings into focus several important and interesting issues. Traditionally, pemphigoid is divided into BP and mucous membrane pemphigoid. It is possible that because anti-p200 pemphigoid has certain features of both conditions, it could be the bridge or missing link between them. Some anti-p200 pemphigoid also has features of other AIBD, since their sera contain autoantibodies associated with them. It would be interesting to speculate whether this was due to epitope spreading (76). Patients with systemic lupus erythematosus have multiple pathogenic autoantibodies per patient (77), including multiple phenotypes and symptomatologies.

An additional unsolved question is whether anti-p-200 pemphigoid is truly rare or whether it is rather underdiagnosed worldwide. In the US, tests for detecting autoantibodies to laminin γ1 are commercially unavailable, though they are available in Germany and Japan. Moreover, investigators in those countries, whose laboratories are equipped to perform these assays, provide them to their colleagues. The majority of patients are thus reported from Japan and Europe. Unless there are very specific unidentified reasons, there are generally no reasons to believe that it cannot not be as prevalent in other countries. Unless more patients are studied, serologically characterized and followed up for several years, this challenging variant of pemphigoid will remain less well-studied and understood. This would be tragic, because it could help advance our knowledge.

The main limitations of this review are that it was based on case reports and small case series and that it is retrospective. Some of the variables were not provided by some authors. Data on treatment were scarce, limited and not comprehensive. Limited follow-up did not provide a clear clinical course or an overview of the impact of treatment on clinical course. The universal lack of the ELISAs makes it impossible to assess its global presence. Since psoriasis is present universally, its relationship could not be accurately assessed.

In conclusion, this new subset provides, to clinicians and scientists alike, a unique opportunity to study several new frontiers of cutaneous biology, inflammation, immunology, scar formation and disease pathogenesis. The location of laminin γ1 provides the opportunity to study interactions amongst other BMZ proteins. An association with psoriasis provides a playground to study what influences neutrophils to cause different pathologies and clinical profiles. The presence of scarring in mucosal tissues of some patients and not in others could provide important leads into what thrusts patients into one direction or the other. This opportunity, provided by nature, should not be missed but utilized to the advantage of our patients and the progress of our specialty.
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Blue and Long-Wave Ultraviolet Light Induce in vitro Neutrophil Extracellular Trap (NET) Formation
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Neutrophil Extracellular Traps (NETs) are produced by neutrophilic granulocytes and consist of decondensed chromatin decorated with antimicrobial peptides. They defend the organism against intruders and are released upon various stimuli including pathogens, mediators of inflammation, or chemical triggers. NET formation is also involved in inflammatory, cardiovascular, malignant diseases, and autoimmune disorders like rheumatoid arthritis, psoriasis, or systemic lupus erythematosus (SLE). In many autoimmune diseases like SLE or dermatomyositis, light of the ultraviolet-visible (UV-VIS) spectrum is well-known to trigger and aggravate disease severity. However, the underlying connection between NET formation, light exposure, and disease exacerbation remains elusive. We studied the effect of UVA (375 nm), blue (470 nm) and green (565 nm) light on NETosis in human neutrophils ex vivo. Our results show a dose- and wavelength-dependent induction of NETosis. Light-induced NETosis depended on the generation of extracellular reactive oxygen species (ROS) induced by riboflavin excitation and its subsequent reaction with tryptophan. The light-induced NETosis required both neutrophil elastase (NE) as well as myeloperoxidase (MPO) activation and induced histone citrullination. These findings suggest that NET formation as a response to light could be the hitherto missing link between elevated susceptibility to NET formation in autoimmune patients and photosensitivity for example in SLE and dermatomyositis patients. This novel connection could provide a clue for a deeper understanding of light-sensitive diseases in general and for the development of new pharmacological strategies to avoid disease exacerbation upon light exposure.
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INTRODUCTION

Neutrophilic granulocytes (hereafter referred to as neutrophils) are able to expel fibril networks of decondensed chromatin, decorated with a variety of antimicrobial substances, in a process termed neutrophil extracellular trap (NET) formation or NETosis (1). Initially, NETosis was described as an immune defense strategy against intruding pathogens, distinct from phagocytosis and the release of cytotoxic substances. Apart from their role in the defense within the innate immune system, the dysregulation of NETosis appears to be involved in the pathology of various diseases (2) such as rheumatoid arthritis (3), systemic lupus erythematosus (SLE) (4), psoriasis (5, 6), thrombosis (7), atherosclerosis (8), and cancer (9). The activation mechanisms and underlying cascades of NETosis depend highly on the particular stimulus (10, 11). Additionally, neutrophils and therefore also neutrophils undergoing NETosis, are very sensitive to environmental cues that affect, for example, adhesion (12–15).

In most scenarios, the cell undergoes a characteristic sequence of morphological changes during NETosis including chromatin decondensation, cytoskeleton degradation, cell rounding, and softening, which ultimately lead to NET expulsion and cell death (“suicidal” NETosis) (16, 17). Initially, active enzyme-dependent mechanisms dominate these processes. For instance, the initiation of chromatin decondensation often involves the release of neutrophil elastase (NE) and myeloperoxidase (MPO) from the neutrophilic granules and subsequent translocation to the nucleus (18, 19). Following initiation of chromatin decondensation, which represents the point of no return in NETosis, further progression until the NET release is mainly driven by the material properties of the NETotic cell such as the entropic swelling of its chromatin (17).

Interestingly, a connection between dysregulated NET formation and the production of autoantibodies against NET components has been described in several diseases including SLE, rheumatoid arthritis and small-vessel vasculitis (20, 21). Mechanistically, NET formation in this context often relies on the activity of peptidylarginine deiminase 4 (PAD4), which citrullinates histones contributing to chromatin decondensation (22–25). This hypercitrullination has been linked to the development of autoantigens against citrullinated histones, for instance in the pathogenesis of rheumatoid arthritis (26). Interestingly, autoimmune disorders such as systemic lupus erythematosus (SLE) or dermatomyositis, can also be triggered and/or aggravated by light. Although for these diseases both the increased propensity for NET formation as well as the marked light sensitivity is well-documented (27–30), the connection between these two phenomena remains elusive.

Electromagnetic radiation of wavelengths above ultraviolet C (UVC) light passes the ozone layer of the stratosphere and can thus reach the human skin (31). Within the human skin, light intensity is modified by reflection, absorption as well as scattering and its penetration depth increases with higher wavelengths (32–34). However, the actual penetration of each wavelength also strongly depends on the specific skin composition, as well as body region, age, gender, skin type, pigmentation, and therefore ethnicity.

High-energy UV light causes severe skin damage. This has been linked not only to photodermatoses but also to phototoxic and photoallergic reactions, skin cancer and photoaging (35, 36). Many of these reactions are mediated by highly reactive radicals and/or reactive oxygen species (ROS) originating from the excitation of photosensitive substances (37). Prominent examples are flavin-based molecules originating from riboflavin (also known as vitamin B2) (38). Under physiological conditions, these reactions are kept in balance by antioxidants, but they can be strongly dysregulated in the context of diseases and after persistent exposure to UV light.

Additionally, light can have several direct effects on neutrophils. Irradiation with UVB light has been reported to recruit neutrophils into upper layers of the skin and has been linked to photoaging (35, 39). Furthermore, increased apoptosis rates of neutrophils occur upon direct irradiation with high doses of UVB or UVC (40, 41) and UVC light can also induce a unique form of NADPH oxidase (NOX)-independent NETosis (named apoNETosis) (41). However, the connection between NET formation and light in a physiologically relevant setting with light which penetrates deeper into the skin such as UVA or blue light, has not been investigated. Thus, a deeper understanding of direct effects of light on immune cells could greatly add to our understanding of light-induced or -aggravated diseases and facilitate the development of therapeutic strategies.



MATERIALS AND METHODS


Isolation of Neutrophils

All experiments with human neutrophils were approved by the Ethics Committee of the University Medical Center (UMG) Göttingen (protocol number: 29/1/17). Neutrophils were isolated from fresh venous blood of healthy donors. Beforehand, all donors were fully informed about possible risks, and their informed consent was obtained in writing. The consent could be withdrawn at any time during the study. Blood was collected in S-Monovettes EDTA (7.5 ml, Sarstedt), and neutrophils were isolated according to previously published protocols based on histopaque 1119 (Sigma Aldrich) as well as Percoll (GE Healthcare) density gradients (17, 42). Neutrophils were resuspended in HBSS−Ca2+/Mg2+ and further diluted in the desired medium as described in the appropriate methods sections and figure legends. Purity of the cell preparation was >95% as assessed by cytospin (Cytospin 2 centrifuge, Shanson) and Diff Quick staining (Medion, Diagnostics).



Irradiation of Neutrophils With LED Light

Neutrophils were suspended in either Roswell Park Memorial Institute (RPMI) comp. [RPMI without phenol red (Gibco) + 0.5% heat-inactivated (at 56°C) fetal calf serum (hiFCS, Biochrom GmbH, Merck Millipore)] ± 10 mM HEPES (Roth) or Hank's balanced salt solution (HBSS) comp. [HBSS+Ca2+/Mg2+ without phenol red (Lonza) containing 0.5% hiFCS and glucose (AppliChem) equalized to RPMI]. If applicable, these media were supplemented with 0.2 or 2 mg/l riboflavin (Sigma-Aldrich) and 1 mM tryptophan (Sigma-Aldrich) as indicated in the figure captions. Cells were seeded at 10,000 cells per well in CELLviewTH black glass-10-well-slides (Greiner bio-one) and left to settle for 30 min (37°C, 5% CO2). Afterward, the appropriate medium was added, and cells were irradiated with the indicated LED-light at 37°C (ibidi heating system). Cells were irradiated in the heating chamber from below with LEDs of 375 nm (ultraviolet light, M375L3 Mounted LED, Thorlabs GmbH), 470 nm (blue light, M470L3 Mounted LED, Thorlabs GmbH), or 565 nm (green light, M565L3 Mounted LED, Thorlabs GmbH), which were attached to an uncoated convex lens (PLANO-CONVEX LA1131, f = 50.0 mm, uncoated, Thorlabs GmbH) and a T-cube LED Driver (Thorlabs GmbH). For evaluation of light dose-dependent effects, cells were irradiated with cumulative doses of 3.5, 18, 35, and 70 J/cm2 at 375 nm or 21, 54, 107, and 214 J/cm2 at 470 nm. The light doses were calculated with respect to the actual power of the LED as measured with the PM12-122 Compact USB Power Meter (Thorlabs GmbH), taking into account the actual distance between the light source and the cells as well as the light transmission through the CELLviewTH glass-10-well-slides according to the manufacturer's specifications. For experiments with an equal light energy-dose or photon flux, the light-doses or duration of exposure, respectively, were adjusted for 470 and 565 nm, the reference value was irradiation with 70 J/cm2 at 375 nm. Exclusive treatment with the indicated medium without irradiation was used as a negative control and activation with 100 nM PMA (Sigma Aldrich) as a positive control. Before, during, and after activation with light or PMA, the cells were carefully shielded from other light sources. After the activation, the cells were incubated for 3 h, and NETosis was stopped by fixing the cells in 2% paraformaldehyde (PFA, Roth). Before further staining, the cells were kept at 4°C.



Inhibitor Experiments

For inhibition experiments, cells were isolated, settled in RPMIcomp. supplemented with 10 mM HEPES and activated as described above. Inhibitors or ROS scavengers were added at least 20 min (in case of MitoTEMPO 1 h) before cell irradiation with 70 J/cm2 of 375 nm or 214 J/cm2 of 470 nm, at 37°C. For an additional control experiment, Trolox and catalase/SOD were added separately after irradiation. The cells were then incubated for an additional 3 h without an additional washing step in the presence of the inhibitors to allow for NET formation and fixed by 2% PFA. Pure medium or 100 nM PMA without irradiation were used as negative and positive controls, respectively. The following inhibitors and ROS scavengers were used in this study: GW-311616A hydrochloride (iNE, Axon Medchem) at 5 μM, 4-aminobenzoic acid hydrazide (4-ABAH, Cayman chemicals) at 100 μM, z-VAD-FMK (Promega) at 20 μM, necrostatin-1 (Nec-1, Enzo) at 50 μM, Y-27632-dihydrochloride (Abcam) at 20 μM, Cl-amidine (Merck Millipore) at 200 μM, MitoTEMPO (Sigma-Aldrich) at 5 μM, diphenyleneiodonium chloride (DPI, Sigma-Aldrich) at 1 μM, Trolox (Sigma-Aldrich) at 50 μM, PEG-catalase at 2,000 U/ml (Sigma-Aldrich), and a mixture of catalase (filtered, Worthington) and superoxide dismutase (SOD, Sigma Aldrich/Merck) at 2,000 and 50 U/ml, respectively.



NET Quantification

To investigate levels of NETosis, cells were washed twice with PBS (Sigma-Aldrich) and, subsequently, neutrophilic DNA was stained with 1.62 μM Hoechst 33342 (Thermo Fisher Scientific) for 15 min. After staining, the cells were stored in PBS for further analysis. For blinded quantification, six microscopic fluorescence images (16×) were obtained in a standardized manner (Axiovert 200 equipped with EC Plan-Neofluar Ph1 and DAPI filter Set 49, Zeiss, software: Metamorph 6.3r2., Molecular Devices or Micro Manager 1.4) using the camera CoolSNAP ES (Photometrics). The number of decondensed vs. condensed nuclei was counted in these images using ImageJ 1.46r (National Institutes of Health), and the relative number of decondensed nuclei/expelled NETs was determined as a percentage of total cells (‘NETotic cells’) according to previously published studies (17, 43). Relative rates of NETotic cells were normalized to NETs after light-irradiation without any inhibitor (“Rel. number NETotic cells”). The amount of released NETs was determined by counting SYTOX Green-positive cells with decondensed nuclei.



Live Cell Imaging/Discontinuous Irradiation of Neutrophils

Neutrophils (5 × 106 per ml in RPMI + 0.5% FCS or HSA + 10 mM HEPES) were seeded in ibidi channel slides (μ-Slide l0.6 Luer, ibidi) and stained with 1.62 μM Hoechst and, if indicated, 5 μM SYTOX Green (life technologies) at 37°C for 10 min. Cells were irradiated with broad-spectrum UVA light (300–400 nm) for 3 min using the DAPI filter Set 49. For life cell imaging, NET formation was observed in real time for 3.5 h with a frame rate of one picture per min (Uniblitz stutter driver, model VCM-D1, Visitron Systems) and a 15 ms exposure time. To exclude the toxic effects of the photo-activation of Hoechst, a control experiment was performed without DNA staining during live cell imaging. In this case, NET rates were determined by Hoechst staining directly after 3.5 h. For The SYTOX Green/Hoechst double staining, NETosis was observed for 3 h with a frame-rate of 15 min per image. Images were recorded at 10 × or 16 × magnification. Images in the center of the light beam and in non-irradiated areas were obtained in a standardized pattern and in a blinded manner, and NETosis rates were determined as described above. The representative combined panorama image in Figure 1 was obtained with the Plugin MosaicJ for ImageJ (44).
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FIGURE 1. UVA light-induced, locally restricted decondensation of chromatin. UVA light (300–400 nm, ~60 J/cm2) leads to chromatin decondensation and expulsion of the chromatin into the extracellular space as indicated by SYTOX green positive staining of decondensed chromatin. This effect is locally restricted to the area of irradiation. Irradiation: 3 min to induce NET formation + intermittent irradiation during live-cell imaging (3 h; frame rate: 15 min/image). Cells were kept in RPMIcomp. + 10 mM HEPES.




Immunofluorescence Staining

To confirm colocalization of MPO with decondensed chromatin and histone citrullination as a marker for NETosis, activated cells were analyzed by immunofluorescence according to previously published protocols (17). Here, a permeabilization buffer containing 0.1% tritonX and a BSA-based blocking solution (from TSA-kit, Perkin Elmer) was used. Cells were stained with the primary monoclonal anti-human antibody against myeloperoxidase (IgG1, mouse, clone:2C7, ab25989, 1:500, Abcam) and the polyclonal antibody against citrullinated histone 3 (H3Cit, rabbit, ab5103, 1:500, Abcam) and visualized with the polyclonal anti-mouse Alexa488 secondary antibody (IgG, goat, 1:300, #4408, Cell Signaling Technology) or the anti-rabbit Alexa555 secondary antibody (IgG, goat, 1:500, A211428, Life technologies), respectively. Directly before mounting with fluorescence mounting medium (Dako), DNA was stained with Hoechst. Colocalization of MPO, H3Cit and DNA was imaged at 100× magnification by confocal fluorescence microscopy (IX83, Olympus; software: Olympus Fluoview Ver.4.2, Olympus). All pictures were recorded at equal exposure times for MPO and H3Cit within the same experiment, to ensure comparability.



ROS (H2O2) Detection/AmplexRed Assay

Cells were seeded at 10,000 cells per well in RPMIcomp. + 10 mM HEPES, HBSScomp. or HBSScomp. + 2 mg/l riboflavin + 1 mM tryptophan and activated at 70 J/cm2 of 375 nm light. After activation, 5 μl samples of the supernatant were taken at defined time points (0, 10, 20, or 30 min) close to the slide bottom for reactive oxygen species (ROS) detection. As controls, cells in all three media were either left without irradiation, only media was irradiated, or cells were treated with 100 nM PMA without irradiation. The obtained samples were diluted in a black 96-well-plate (BRANDplates, BRAND GMBH) with PBS containing 50 μM of AmplexRed reagent (Thermo Fisher Scientific), a highly sensitive probe for H2O2, and 0.5 U/ml horseradish peroxidase (HRP, Sigma-Aldrich/Merck). Additionally, 10 U/ml SOD (Sigma Aldrich/Merck) were added, to ensure complete detection of ROS by transformation of superoxide radicals to H2O2. During the sample collection, cells were gently rocked to ensure equal distribution of ROS. For all samples, the fluorescence intensities of the formed resorufin were measured with the microplate reader Clario Star (software 5.40.R3, BMG labtech), and the results were processed with the software MARS (version 3.32, BMG labtech). Absolute H2O2 concentrations were determined via calibration with H2O2 (Roth) in HBSScomp. After ROS detection, cells were further incubated for a total of 3 h before terminating the activity with 2% PFA, and the number of NETotic cells was determined.



Light Absorption by Riboflavin

The absorbance spectrum of riboflavin (Sigma-Aldrich) was obtained in PBS against PBS alone with the UV-VIS-NIR spectrometer (JASCO V-670, Spectra Manager Software) using a 10 mm-path cuvette.



Statistics

Statistical analysis was performed using GraphPad Prism (version 6.0 for Mac or Windows, GraphPad Software Inc.). If applicable, GAUSS distribution was confirmed by the Shapiro-Wilk normality test. Significance was confirmed on unnormalized data by a two-tailed paired t-test or a one-way ANOVA/Bonferroni's multiple comparisons test with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error = mean ± standard error of the mean (SEM) or standard deviation (SD), as indicated.




RESULTS


UVA and Blue Light Induce NETosis Dose-Dependently

To investigate whether UVA light is sufficient to activate NETosis, freshly isolated human neutrophils were irradiated for 3 min with physiologically relevant broad-spectrum UVA light in a standard microscopy setup (wavelengths 300–400 nm, ~60 J/cm2). Morphological changes of the nuclei were recorded using Hoechst staining over 3.5 h in real-time (Supplementary Movie). Neutrophilic chromatin readily decondensed over time, rounded up and finally formed cloud-like structures of decondensed chromatin 1–2 h after exposure to light. This characteristic rearrangement of chromatin is consistent with previously published live-cell studies of NETosis (17, 45–47). The fully decondensed chromatin stained positive for SYTOX Green within 3 h, indicating cell membrane rupture and NET release. The counting of decondensed nuclei led to slightly higher cell counts than SYTOX Green-positive cells since not all NETotic cells had already released the final NET into the medium. This was particularly prominent in the transition zone between irradiated and non-irradiated regions. Strikingly, this dramatic effect was restricted to the light-exposed area and did not occur in unexposed areas (Figure 1) and was reproducible with neutrophils from different donors (Supplementary Figure 1). To exclude light-induced cytotoxic effects of the Hoechst staining, neutrophils were stained after the full incubation period as control (Supplementary Figure 1).

For the initial experiments in Figure 1, broad-spectrum UVA (300–400 nm) light was used, and cells were observed over 3–3.5 h with a combination of continuous and intermittent light exposure during live-cell imaging. To verify the obtained results in a more controlled fashion, we established a precisely defined LED-light-based setup and irradiated the cells from below with light of distinct wavelengths and doses (Figure 2). Cells were exposed to 3.5, 18, 35, or 70 J/cm2 of UVA light (375 nm) and 21, 54, 107, or 214 J/cm2 of visible blue light (470 nm). The LED-light clearly induced chromatin decondensation dose-dependently starting with significant rates of NETosis at 70 J/cm2 for 375 nm and at 107 J/cm2 for 470 nm, respectively (Figures 2A,B). Interestingly, the morphology of NETs induced by LED-light slightly differed from PMA-induced NETs. Light-induced NETs, as well as the remaining cell body, appeared smaller compared to NETs stimulated with PMA. These differences possibly originate from the strong PMA-induced cell adhesion, which typically occurs in early stages of NETosis. For both tested wavelengths, the decondensed chromatin colocalized with MPO, a typical feature of NET formation (Figure 2C). Additionally, a clear citrullination of histone 3 (H3Cit) could be observed. This citrullination typically appeared during early stages of chromatin decondensation whereas MPO seemed to colocalize more with strongly decondensed chromatin and was especially prominent in the released NET fibers (Figure 2C).
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FIGURE 2. UVA and blue light induce the formation of NETs in a dose-dependent manner. (A) Representative fluorescence images of neutrophils exposed to different doses of LED-light [375 nm (3.5, 18, 35, and 70 J/cm2) or 470 nm (21, 54, 107, and 214 J/cm2)]. Decondensation of chromatin, stained by Hoechst, clearly increases with duration of light exposure. (B) NET rates significantly increase for both tested LEDs with light doses. Statistics: one-way-ANOVA with Bonferroni's multiple comparisons test (tested against unstimulated cells). **p < 0.01, ***p < 0.001, ****p < 0.0001. N = 3–5 independent experiments. Error bars = SEM. (C) Histone 3 becomes citrullinated (red/Alexa555) in early stages of chromatin decondensation (blue/Hoechst) after irradiation with both wavelengths. The decondensed chromatin colocalizes with MPO (green/alexa488) most prominently within the released NET fibers (arrows), similar to PMA-induced NETs. Confocal microscopy imaging of fixed samples. Cells were kept in RPMIcomp. + 10 mM HEPES.




Light-Induced NETosis Depends on MPO and NE

One of the hallmarks of NET formation is the strong dependency on enzyme activity, especially in the first phase of NETosis, enabling histone modification and, consequently, chromatin decondensation (17). The involved enzymes can vary among different stimuli. In most cases, the activation of granular enzymes such as NE and MPO or members of the PAD family, particularly PAD4, are indispensable (11). Therefore, we inhibited the activity of various enzymes known to be involved in chromatin decondensation or that are required for associated signaling cascades of well-described activators of NETosis.

For both tested wavelengths a significant reduction of NETosis was observed in the presence of the MPO-inhibitor 4-aminobenzoic acid hydrazide (4-ABAH, 100 μM) (48) or the NE-inhibitor GW-311616A (iNE, 5 μM) (49) (Figures 3A,B). Both inhibitors efficiently blocked the decondensation of chromatin (Figure 3A), thus indicating that decondensation in light-induced NETosis depended on MPO and NE activity as reported for PMA-induced NETosis (18, 19). Additionally, inhibition of PAD activity by Cl-amidine (200 μM) (50) reduced NET formation after irradiation with light of both wavelengths by around 25-50% (Figure 3B). Therefore, it is likely that the activity of PAD enzymes can enhance light-induced NETosis by modifying proteins, particularly histones, by citrullination (23, 51, 52). Dependency on Rho-associated coil kinase 1 and 2 (ROCK 1/2) activity, which is implicated in cytoskeleton regulation, has only recently been linked to PMA-induced NETosis (17). Nonetheless, irradiation of neutrophils in the presence of Y-27632 (20 μM) blocking the ATP binding site of ROCK 1/2 (53), showed no effect on NETosis rates in response to light (Figure 3B). It is important to note that inhibitors were still functional after irradiation with UVA light as demonstrated in PMA-induced NET formation (Supplementary Figure 2).


[image: Figure 3]
FIGURE 3. Neutrophil elastase (NE) and myeloperoxidase (MPO) are indispensable for light-induced NETosis. (A) Representative images of neutrophil nuclei stained by Hoechst after exposure to UVA (70 J/cm2 of 375 nm) or blue light (214 J/cm2 of 470 nm) in the presence of specific inhibitors. NETosis is clearly reduced upon inhibition of MPO (4-ABAH, 100 μM), NE (GW-311616A, iNE, 5 μM) and, to a lower extent, of PAD enzymes (Cl-amidine, 200 μM). However, neutrophils are still able to undergo NETosis in the presence of ROCK 1/2 inhibition by Y-27632 (20 μM). (B) Quantification of NETotic cells after irradiation with LED-light of 375 or 470 nm, respectively, in the presence of Y-27632, Cl-amidine, 4-ABAH, or iNE. The inhibition of MPO and NE significantly reduces light-induced NET formation. Inhibition of PAD-enzymes decreases the number of NETotic cells induced by LED-light. However, NETosis appears independent of ROCK 1/2 activity. Statistics: two-tailed paired t-test. *p < 0.05, **p < 0.01. N = 4–5 independent experiments. Error bars = SEM. Cells kept in RPMIcomp. + 10 mM HEPES. (C) Light-induced NETosis (70 J/cm2 of 375 nm) occurs independently of z-VAD-FMK (20 μM, pan-caspase inhibitor) and is reduced by Nec-1 (50 μM, RIP1 kinase inhibition). Statistics: two-tailed paired t-test. *p < 0.05. N = 4 independent experiments. Error bars = SEM. Cells were kept in RPMIcomp. + 10 mM HEPES.


In order to exclude that the observed effects were associated with neutrophil apoptosis, the involvement of caspases after UVA irradiation was investigated. To this end, cells were irradiated in the presence of the pan-caspase inhibitor z-VAD-FMK (20 μM) (54). Indeed, the involvement of apoptotic pathways was not detected. In contrast, a contribution of the receptor-interacting protein kinase (RIPK) 1/3-mixed lineage kinase domain-like protein (MLKL)-necroptosis-pathway, which has been reported for instance in PMA-induced NETosis (55), could not be excluded. Inhibition by the RIP1 kinase inhibitor necrostatin-1 (Nec-1, 50 μM) (56) decreased the rate of NETotic cells by ~25% (Figure 3C).

Altogether, these findings suggest that UVA and blue light induce NETosis in an MPO- and NE-dependent manner. This process can be supported by PAD enzymes and appears to be independent of caspase activity.



Light-Induced NETosis Is Mediated by Riboflavin Excitation and Subsequent ROS Generation

The penetration of light through the human skin depends strongly on the wavelength. Approximately 10–15% of UVA light and 40–50% of blue light can pass the epidermis and reach deeper layers (33, 34). In principle, light of higher wavelengths penetrates deeper into the skin (33). To evaluate whether light of higher wavelengths is also sufficient to induce NET formation, we irradiated neutrophils with light up to 700 nm (565 nm LED; green light), of which more than 60% reach the dermis and in part, even the subcutaneous tissue (34, 57). To make comparisons possible, cells were irradiated with the same light energy-dose (Figure 4A) and the same photon flux for each wavelength (Figure 4B). The calculations were based on 70 J/cm2 375 nm-LED light. Interestingly, at the same energy-dose and same photon flux, neutrophils did not undergo NETosis after exposure to green light, whereas irradiation with UVA or blue light revealed robust NETosis (Figures 4A,B). However, irradiation with 375 nm induced higher rates of NETotic cells compared to 470 nm. Possible explanations for this phenomenon include the slightly higher absorption of riboflavin at 375 nm (0.138 vs. 0.130) as well as the higher energy of the photons at 375 nm, leading to higher energy within the riboflavin molecule and subsequent excitation.


[image: Figure 4]
FIGURE 4. Wavelength-dependency of NET formation correlates with light absorption of riboflavin. UVA and blue light significantly induce NET formation at (A) the same energy-dose and (B) the same photon flux, whereas green light (565 nm) does not induce NETosis under either condition. Statistics: repeated measure one-way-ANOVA with Bonferroni's multiple comparisons test (tested against unstimulated cells). **p < 0.01, ***p < 0.001, ****p < 0.0001. N = 3 independent experiments. Error bars = SEM. Cells kept in RPMIcomp. + 10 mM HEPES. (C) Riboflavin absorbs light in the UVA-blue light region with maxima at 373 and 445 nm. At 375 nm, the absorption is slightly higher (0.138), than at 470 nm (0.130).


Several substances, which are present at high concentrations in human skin, can absorb light in the UV-VIS region and were reported to enhance light-mediated tissue damage. One of the most prominent and well-documented photosensitizer is riboflavin (38, 58). Riboflavin is present in tissues with permanent light exposure such as the skin and eyes [3 and 1.7 mg/kg dry matter, respectively (38)] and has multiple essential biological functions. Most prominently, it acts as a precursor for FAD and FMN in flavoprotein-dependent processes (58, 59). Photosensitizing mechanisms of riboflavin are based on the absorption of UVA and blue light with maxima at 373 and 445 nm as confirmed within this study in line with previously published data (60) (Figure 4C). Riboflavin is excited to a stable triplet-state via a short-lived singlet-state. The excited triplet-state can directly react with oxygen (type II photoreaction) or with reactive substrates (type I photoreaction) to radicals or radical anions. These radicals can then further react with molecular oxygen to hydrogen peroxide (H2O2) or hydroxyl radicals via superoxide anion radicals (38, 61, 62) (for a potential type I photoreaction with tryptophan see Supplementary Figure 3). Importantly, riboflavin is present in the culture medium RPMI at 0.2 mg/l and was previously linked to an increased phototoxicity in culture media in in vitro studies. Such reactions were observed for instance in combination with the culture buffer 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (63) or amino acids like tryptophan and tyrosine supplemented to RPMI (64).

Given the wavelength-dependency of NETosis, the absorption spectra of riboflavin (Figure 4) and the fact that H2O2 as a ROS can induce NETosis (16, 65–67), it appeared likely that the observed light-induced NETosis was mediated by the excitation of riboflavin and subsequent ROS production. To test this hypothesis, we first scavenged ROS by the cell-permeable vitamin E derivate Trolox at a concentration of 50 μM (68). Indeed, scavenging ROS with Trolox significantly reduced NET formation in response to UVA irradiation (Figure 5A). To further analyze this mechanism, extra- and intracellular ROS generation were addressed separately. Extracellular ROS was scavenged by a mixture of catalase and superoxide dismutase (SOD) (2,000 U/ml and 50 U/ml, respectively) (69, 70), NADPH oxidase-derived ROS was blocked by diphenyleneiodonium chloride (DPI, 1 μM) (71) and mitochondrial-derived ROS was inhibited by MitoTEMPO (5 μM) (72). While the inhibition of NADPH oxidase- and mitochondrial ROS generation showed no effect on the obtained NETosis rates, scavenging extracellular ROS by catalase and SOD abrogated NETosis completely (Figure 5A). This result strongly supported the hypothesis that extracellular substrate-mediated production of ROS facilitated light-induced NETosis. Furthermore, the addition of the catalase-SOD-mixture after the irradiation was still fully sufficient to inhibit NETosis (Supplementary Figure 4A) excluding the fact that side products of catalase or SOD themselves induced by UVA irradiation were responsible for the observed effect. These results also highlight the differences between the here-studied light-induced NET formation and the “classical” PMA-induced NETosis. In contrast to light-induced NETosis, the formation of NETs in response to PMA depended on the activity of the NADPH-oxidase, which is in agreement with several previous reports (16) and was independent of mitochondrial ROS generation. Additionally, we observed a decreased NETosis rate following PMA stimulation after scavenging extracellular ROS and/or intracellular H2O2 (Supplementary Figure 4B). However, H2O2 scavenging was not sufficient to completely block NETosis. Therefore, especially the activity of NADPH oxidase and the subsequent ROS-mediated signaling appears to be a requisite for PMA-induced NETosis.
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FIGURE 5. Light-induced NETosis depends on extracellular reactive oxygen species (ROS) generation. (A) Light-induced NETosis is significantly inhibited by the ROS scavenger Trolox (50 μM) and by exclusively scavenging external ROS by a combination of catalase/SOD (2,000 and 50 U/ml). NETosis appears to be independent of intracellular ROS production by NADPH oxidase, as shown by inhibition with DPI (1 μM) or mitochondrial ROS, inhibited by MitoTEMPO (5 μM). Statistics: two-tailed paired t-test. *p < 0.05. N = 4 independent experiments. Error bars = SEM. Cells were kept in RPMIcomp. + 10 mM HEPES. (B) 70 J/cm2 of 375 nm light clearly induces NET formation in HBSScomp. + riboflavin (2 mg/l) + tryptophan (1 mM). The obtained NET rates are comparable with NETosis induced in RPMIcomp. (containing 0.2 mg/l riboflavin) + 10 mM HEPES. In contrast, irradiation in HBSScomp. alone or supplemented only with riboflavin (0.2 or 2 mg/l) does not lead to NET formation. N = 3–5 independent experiments. Error bars = SEM. (C) Induction of extracellular H2O2 levels by light measured by AmplexRed. Irradiation of HBSScomp. (red) + 2 mg/l riboflavin + 1 mM tryptophan or RPMIcomp. (0.2 mg/l riboflavin, 0.024 mM tryptophan) + 10 mM HEPES (blue) induces stable extracellular H2O2 levels between 60 and 100 μM. Similar H2O2 levels are measurable after irradiation of neutrophils in these two media. In the presence of neutrophils, the H2O2 levels are continuously reduced over 30 min to around 30–40 μM. In HBSScomp. without riboflavin and tryptophan, neither direct irradiation nor irradiation in the presence of neutrophils causes any increase in H2O2 levels. “+” = addition of 2 mg/l riboflavin and 1 mM tryptophan. “(+)” = 0.2 mg/l riboflavin and 0.024 mM tryptophan within RPMI. N = 3–4 independent experiments. Error bars = SEM.


In a second step, we studied the mechanism of extracellular ROS generation in greater depth. As described above, aromatic amino acids such as tryptophan can react with excited riboflavin/flavoproteins. As essential components of proteins, these amino acids are frequently expressed in human skin and can, therefore, contribute to ROS formation triggered by riboflavin excitation. To precisely evaluate the contribution of tryptophan to NET formation, neutrophils were irradiated in the culture buffer HBSS containing 0.5% FCS (HBSScomp.) and supplemented with 0.2 or 2 mg/l riboflavin, a reasonable physiological range of riboflavin within human skin (38), in the presence or absence of 1 mM tryptophan. Indeed, in comparison to non-irradiated cells, UVA light exposure resulted in marked NETosis in the presence of both riboflavin and tryptophan. This effect was increased with the higher riboflavin concentration. In contrast, no NET formation was observed in pure HBSScomp. or in buffer supplemented exclusively with riboflavin (Figure 5B). These results strongly support the hypothesis that riboflavin mediated NET formation increases in the presence of additional substrates like tryptophan. Interestingly, a similar effect was observed for HEPES-buffer in RPMIcomp. NET rates markedly increased in the presence of HEPES, the standard medium condition used for this study, compared to RPMIcomp. without HEPES (Supplementary Figure 5A).

To confirm this hypothesis, extracellular ROS levels were measured after irradiation in the above-described solutions in an AmplexRed assay. In line with the observed NET rates (Figure 5B), irradiation with UVA light led to dramatically increased extracellular H2O2 levels in both RPMIcomp. + HEPES as well as HBSScomp. + riboflavin (2 mg/l) + tryptophan (Figure 5C). Sole irradiation of these two media compositions consistently resulted in stable H2O2 levels of 60–100 μM. In contrast, irradiation of supplement-free HBSScomp. as well as culturing of cells in media without irradiation did not lead to H2O2 production (Figure 5C; Supplementary Figure 5B). As a control, extracellular H2O2 levels were determined after activation with 100 nM PMA. As depicted, lower levels of extracellular H2O2 were observable after PMA treatment, which increased over time (Supplementary Figure 5B) (70). Importantly, in this experimental setup, we obtained NET rates comparable to the rates displayed in Figure 5B after UVA irradiation of cells in RPMIcomp. + HEPES or HBSScomp. + riboflavin (2 mg/l) + tryptophan (Supplementary Figure 5C). Overall, these results support the hypothesis that ROS-mediated UVA/blue light-induced NET formation is a consequence of riboflavin excitation. Our findings indicate that excited riboflavin reacts with biological substrates such as tryptophan and thus causes ROS production.




DISCUSSION

UVA and blue light penetrate human skin, and the energy-rich UV light in particular, can cause severe tissue injury via immunological and inflammatory effects (73). Both UVA and blue light from the sun reach the earth's surface and penetrate the human epidermis.

It has been shown that in vitro irradiation of neutrophils with UVB (40) or UVC light (74) can cause cell death and that exposure to UVA light can enhance ROS production (75). Activation of NETosis has also been considered in response to UVC light (41) However, the exact mechanisms behind it and the influence of blue and long-wave UV light on NET formation remains enigmatic. We have discovered that light of the UVA or blue spectrum is able to induce the release of NETs. The formation of NETs in this scenario depends on extracellular ROS, which are generated through the excitation of riboflavin in conjunction with substrates such as tryptophan. During the “classical” NETosis cascade, NE and MPO are typically released from neutrophil granules and translocate to the nucleus where they promote chromatin decondensation. According to our findings, light-induced NET formation also depends on MPO and NE. Additionally, inhibition of PAD activity by Cl-amidine during irradiation with UVA or blue light clearly showed reduction in NET formation, and histones were citrullinated after light irradiation with both wavelengths. Therefore, the citrullination of histones most likely contributes to decondensation of chromatin in this setting. Altogether, these results imply that this novel light-mediated NET formation culminates in the initiation of the “classical” pathway of suicidal NETosis by engaging the enzymes MPO, NE and PAD4 (Figure 6), as extensively described for different stimuli throughout the last years (11).
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FIGURE 6. Proposed mechanism of light-induced NETosis. (1) Riboflavin absorbs UVA and blue light and is excited to the triplet state. (2) Tryptophan or other substrates (e.g., HEPES-buffer, tyrosine) transfer electrons or protons to triplet-riboflavin, which leads to ROS production. (3) Extracellular ROS generation (e.g., H2O2/OH· or O.−2) by excited riboflavin in the presence of reactive substrates is required for further progression of NET formation. Extracellular ROS is scavenged by Trolox or catalase/SOD. (4) Extracellular ROS most likely activates the translocation of granular enzymes like NE and MPO to the nucleus, which leads to the decondensation of chromatin. The activation of NE and MPO is mandatory for chromatin decondensation and can be inhibited by 4-ABAH and iNE. Citrullination by PAD enzymes can presumably enhance decondensation. (5) After full decondensation, cells release the NET.


Interestingly, in response to near infrared (980 nm) laser light, a ROS-dependent form of NET formation has recently been reported (76), which was shown to involve autophagy signaling. In spite of the fact that NETs have been shown to impair wound healing (43), this laser light-mediated NET formation was suggested to be particularly relevant in the context of photobiostimulation with 980 nm diode lasers used to improve wound healing (76). However, the exact mode of action of the laser light remains unclear. The question whether autophagy is implicated in the here-described mechanism of light-induced NETosis warrants further studies.

In a different study, UVC light was reported to trigger apoptosis and/or NOX-independent suicidal NETosis in a dose-dependent manner (41). Highly energetic UVC light had triggered NETosis dependent on mitochondrial ROS and p38 MAPK activation. Additionally, certain biochemical features of apoptosis accompanied UVC-dependent NETosis. Therefore, the authors termed this new NETosis pathway “ApoNETosis” (41). Of note, one must bear in mind that naturally occurring UVC light is almost completely absorbed by the ozone-layer (31) and thus does not reach the human skin. Moreover, while artificial light sources are able to generate UVC light, this would not be expected to penetrate in high amounts across the stratum corneum of the skin. Thus, the physiological relevance of UVC light in the context of NETosis remains disputable. Nevertheless, there may be some relevance for ex vivo neutrophil studies.

The mechanism we described here is NOX-independent, similarly to “ApoNETosis.” However, UVA or blue light-induced NETosis does not involve mitochondrial ROS production, but clearly depends on MPO and NE activation (Figures 3, 5A). The release of NE from the azurosome depends on MPO activity and NADPH-dependent ROS generation (19). In this study, we detected a high extracellular light-induced ROS production in riboflavin-containing media, which was stable for over 30 min after irradiation (Figure 5C). This result indicates that riboflavin excitation together with reactive substrates induces high levels of stable ROS species like H2O2 (77). H2O2 can easily diffuse into the cell and could therefore directly activate the release of serine proteases from the neutrophilic granules. Thus, in NETosis induced by extracellular ROS, additional production of ROS via NADPH-oxidase would not be required, which explains our observation that light-induced NETosis was independent of NADPH.

Importantly, the production of H2O2 in these media (especially RPMI + HEPES) and the subsequent release of NETs has to be considered for live cell imaging of neutrophils, especially when working with light of the blue or UVA spectrum. Choosing media without light-sensitive substances would avoid light-induced, ROS-mediated NETosis ex vivo.

Typically, in non-inflamed skin, neutrophils closest to the skin surface are found within the superficial arterio-venous plexus of the papillary dermis (57). The transmission of light depends on the local skin composition, but one can estimate that 10–15% of UVA light and 40–50% of blue light reach the upper papillary dermis (33, 34).

In our study, we observed NET formation after irradiation of neutrophils starting with 18 J/cm2 of 375 nm and 54 J/cm2 of 470 nm LED-light (Figure 2). These doses correspond to around 40 h (375 nm) or 9 h (470 nm LED spectrum) sun exposure at the specific wavelength, respectively. However, under real-life conditions one must consider the complex spectrum of sunlight, which is not limited to single wavelengths, as well as factors such as the thickness of the local ozone-layer, location on earth, weather, irradiation angle, level above the sea as well as time of day and season which will affect light penetration (31). Also, UVA and blue light-induced NET formation may play a more important role in pathological situations of skin if patients suffer from a generally heightened propensity for light-induced NET formation. Additionally, neutrophils may be more strongly affected by light, for example if they are present in higher layers of the skin under inflammatory conditions. Indeed, inflammatory skin diseases are often associated with enhanced vasodilation, perivascular inflammatory infiltrates and even neo-angiogenesis. In many cases, this is associated with an enhanced infiltration of neutrophils and other inflammatory cells into the epidermis, which would again facilitate light-induced NET formation. Additionally, exposure to UV-Vis light particularly of the UVB region appears to directly recruit neutrophils into upper layers of the skin (39). This phenomenon has been proposed to be mediated for instance by the production of cytokines like IL-8 or TNFα by other cell types such as keratinocytes and fibroblasts in response to UVB irradiation (78, 79).

In healthy skin, ROS levels are closely regulated by enzymatic and non-enzymatic antioxidant like glutathione-peroxidase and catalase, vitamin C, and vitamin E. As human skin contains significant amounts of riboflavin, ROS generation by excitation of riboflavin and subsequent reaction with active substrates (e.g., in a type I photoreaction) including aromatic amino acids is very likely (38, 62, 64, 80, 81). Nonetheless, the antioxidants systems mentioned above balance out these reactions under normal circumstances. In the context of diseases, this complex antioxidant system can be dysregulated or exhausted. For instance, extensive or continuous exposure of sunlight causes increased ROS levels with associated inflammation and tissue damage, even in healthy individuals (82). This ROS-associated oxidative tissue damage is mostly mediated by the deeper-penetrating UVA portion of the spectrum.

Interestingly, increased redox stress has been documented in autoimmune disorders (83). For instance, SLE appears to be frequently associated with high oxidative stress indicated by decrease in antioxidant systems, general increased ROS levels as well as elevated antibodies against oxidatively modified proteins (84). In fact, neutrophils from SLE patients reveal higher oxidative burst (85) with decreased intracellular antioxidant systems (86), what makes them less resistant toward extracellular ROS generation.

Additionally, neutrophils of patients suffering from psoriasis and SLE were reported to be generally primed for NETosis (5, 87) and NETosis is clearly involved in the pathogenesis of many chronic inflammatory and autoimmune diseases (2). For example, autoantigens against NET components were detected in SLE (88). Furthermore, impaired clearance of NETs has been described in the pathogenesis of SLE, leading to an accumulation of potential autoantigens in the form of NET components (89).

Most likely, both conditions–ROS imbalance and an increased propensity for NET formation–will add to one another and result in a ROS-mediated inflammatory loop. To what extent NETosis induced by light contributes to this cycle, has to be investigated within in vivo studies.

Several autoimmune diseases, most prominently the above-mentioned systemic and cutaneous lupus erythematosus as well as dermatomyositis, show severe photosensitivity. Patients suffering from lupus, whether acute, subacute, or chronic, develop new cutaneous lesions after sun exposure. Even an exacerbation of SLE like fatigue or joint pain has been well-documented after light-exposure (28). Nevertheless, the exact pathophysiological mechanism has not been unraveled yet and involves a differential interplay between different light-induced effects (28).

Most likely, the abnormal response of lupus patients to light is not a monocausal one but given the importance of NETs in this disease and other autoimmune disorders it appears likely that a connection between light exposure and NET formation is an important factor. The question of whether neutrophils of lupus and dermatomyositis patients are per se more prone to light-induced NETosis and whether these reactions can be prevented warrant further translational studies. In this context, the question as to what extent light-induced NETs are targets for autoantibody formation, also remains a highly interesting one.

Altogether, it is important to bear in mind that, according to our calculations, NET formation in response to moderate doses of light is most likely not a frequent event and that in healthy individuals NETs are usually rapidly cleared by DNases and subsequent phagocytosis (90, 91). Thus, it is unlikely that exposure to modest doses of sunlight in healthy individuals will lead to a profound inflammatory reaction. However, the here-presented mechanism could be highly important in pathological conditions, such as those discussed above.

On the other hand, light-mediated, ROS-dependent NETosis may also be instrumentalized in a clinical setting to help fight bacteria in bacterial keratitis, as a recent study has impressively shown. Here, the combination of UVA light with riboflavin was used in the “photochemical” therapy of bacterial keratitis due to its bactericidal effect (92). Furthermore, one may speculate whether at least a part of the effect of photodynamic therapy (PDT), can be explained by NET generation. Visible light irradiation, especially of the red but also blue light spectrum, is used in combination with photosensitizers such as aminolevulinic acid (ALA) or methyl aminolevulinate (MAL) in the therapy of basal cell carcinomas, Bowen's disease, and actinic keratosis (carcinoma in situ) (93). This therapy is based on the excitation of the photosensitizer porphyrin originating from ALA or MAL and subsequent ROS generation similar to what we have reported in this study for riboflavin. Therefore, the highly interesting question remains whether NETosis can also be activated by ROS generation in this therapeutic context.

In conclusion, we show that UV-Vis light causes ROS-dependent NET formation, which most likely bears great clinical relevance for important diseases such as SLE and dermatomyositis.
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Paraneoplastic Pemphigus Revealed by Anti-programmed Death-1 Pembrolizumab Therapy for Cutaneous Squamous Cell Carcinoma Complicating Hidradenitis Suppurativa
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A 64-year-old patient developed a widespread autoimmune mucocutaneous blistering disease 3 weeks after the initiation of the anti-programmed death-1 (anti-PD-1) pembrolizumab therapy administered for a locally advanced cutaneous squamous cell carcinoma (SCC) of the buttocks arising from hidradenitis suppurativa. A diagnosis of paraneoplastic pemphigus (PNP) was made based on the presence of a suprabasal acantholysis associated with intercellular deposits of immunoglobulin G and C3 on basement membrane zone. Analysis of the patient's sera was positive on monkey bladder and detected circulating antibodies against desmoglein 3 and desmoplakin I prior to the initiation of pembrolizumab. At that time, the patient had few localized blisters limited to the peri-tumoral skin of the buttocks with acantholysis but without in vivo immune deposits. Pembrolizumab therapy was discontinued and a complete remission of PNP was obtained using oral steroids. Reintroduction of pembrolizumab resulted in flare of PNP. Given the close temporal relation between pembrolizumab initiation and the subsequent clinical expression of a widespread PNP, the patient was diagnosed with pre-existing subclinical PNP exacerbated by PD-1 inhibitor. The extreme rarity of PNP in the setting of cutaneous SCC and the effects of challenge, dechallenge, and rechallenge of pembrolizumab argue in favor of a checkpoint inhibitor related adverse effect. Our case is the first PNP associated with anti-PD-1 therapy and serological follow-up suggest that one infusion of pembrolizumab is sufficient to allow clinical expression of underlying pemphigus auto-immunity.
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BACKGROUND

The immune system has developed sophisticated negative regulatory mechanisms to contain the development of autoimmunity. These regulatory mechanisms can be diverted by cancer cells to limit antitumor immunity. By counteracting these inhibitory signals, cancer immunotherapy aims to enhance immune responses to fight against tumors. Among several immunotherapeutic strategies tested these recent years, immune checkpoint inhibitors have come to the forefront in cancer treatment, showing remarkable benefit in the treatment of a wide range of cancer. By blocking negative regulators of lymphocyte activation, such as cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed cell death protein 1 (PD-1) or its ligand, programmed cell death ligand 1 (PD-L1), immune checkpoint inhibitors restore the function of effector T cells to target and destroy cancer cells. The drawback of inducing an effective immunity targeting cancers is the potential for autoimmune side effects, which are commonly termed immune-related adverse events (irAEs) (1). These manifest usually as organ-specific autoimmunity such as thyroiditis, colitis, hepatitis, or hypophysitis, among many others (2). A major challenge in the cancer immunotherapy field is therefore to increase the antitumor activity without promoting additional immune-related side effects.

Cutaneous side effects are among the most frequent checkpoint inhibitor irAEs. Skin related toxicity of any grade may be seen in up to 25% of patients treated with antibodies targeting CTLA-4 (3) and around 20% of patients undergoing anti-PD-1 treatments (4). These cover a wide range of clinical presentation such as pruritus sine materia, maculopapular eruption, vesicular or pustular lesions, alopecia, and acneiform and neutrophilic dermatosis (5). Although skin toxicity of immune checkpoint inhibitors is usually mild in severity, there are several reports of life-threatening dermatologic reactions to checkpoints blockage including drug reaction with eosinophilia and systemic symptoms (6), Stevens-Johnson syndrome (7), and toxic epidermal necrolysis (8). Moreover, several cases of autoimmune blistering diseases have been observed in patients receiving checkpoint inhibitors. So far, 34 cases of bullous pemphigoid (BP) associated with anti-PD1/PD-L1 therapy have been reported, as well as 2 cases of mucous membrane pemphigoid (MMP) (9) and 2 cases of atypical pemphigus with no mucosal involvement (10, 11). Here, we report the first case of a widespread mucocutaneous paraneoplastic pemphigus (PNP) associated with pembrolizumab therapy given for a locally advanced cutaneous Squamous Cell Carcinoma (SCC) complicating Hidradenitis Suppurativa (HS).



CASE PRESENTATION

A 64-year-old man of Algerian origin presented with a 20-year history of sinuses and abscesses of the buttocks that had been treated with several minor surgical procedures over the past 10 years. A family history was noted because the patient's son had similar early-stage lesions. Clinical examination revealed a diffuse involvement of the buttocks, perineal, and perianal regions, with multiple interconnecting tracts and abscesses across entire areas (Figure 1A). He was diagnosed with severe Hurley stage III HS. Multiple ulcerated lesions on his buttocks and large inguinal lymphadenopathies were noted. The computed tomodensitometry revealed deep tumor infiltration associated with large inguinal and external iliac lymphadenopathies, multiple abscesses of the gluteal fold, internal obturator muscles and gluteus maximus, and a sacrococcygeal osteomyelitis. Histological examination of surgical biopsies performed on skin lesions revealed moderate or well-differentiated SCC. Given the extensive local spread, the tumor was deemed inoperable.


[image: Figure 1]
FIGURE 1. (A) Initial clinical presentation of the patient's buttocks showing severe hidradenitis suppurativa lesions complicated with multifocal squamous cell carcinoma. (B) Inflammatory swelling of the patient's buttocks and surrounding squamous cell carcinoma localization, 1 week after pembrolizumab administration. (C–H) Widespread mucocutaneous blistering disease 3 weeks after pembrolizumab with tense blisters (indicated by arrows) (C), erythema and edema of the face, pseudomembranous conjunctivitis and eyelid erosions (D), pustular lesions (E), large erythematous plaques (F), erosive stomatitis (G), and erosions of the glans penis (H).


Physical examination also revealed few small intact bullae on the buttocks and painful erosions of the buccal mucosa. There were no vesicular or bullous lesions on the upper trunk, arms, legs or extremities, and no history of a prior bullous eruption. Mouth swabs were positive for herpes simplex virus 1 (HSV-1) DNA. Histopathological examination of a buttock blister revealed intraepidermal blistering and suprabasal acantholysis. Direct immunofluorescence (DIF) was negative for deposits of immunoglobulin (Ig) G, IgA, IgM, and C3. A diagnosis of pemphigus could therefore not be confirmed. The patient was treated with oral valaciclovir, which resulted in the almost complete healing of the oral and cutaneous lesions.

Due to the poor performance status (stage 4 in ECOG scale) and high-risk of sepsis-related complications, cytotoxic chemotherapy was contraindicated for SCC treatment, and a treatment by anti-programmed cell death protein 1 (anti PD-1) was decided. One week after the first pembrolizumab administration (2 mg per kg), an intense inflammatory swelling affecting the HS areas was noted, followed by a relapse of the bullous cutaneous eruption (Figures 1B,C). Three weeks after the infusion, the patient developed erythema and edema of the face, bilateral pseudomembranous conjunctivitis with mucus discharge, and eyelid erosions (Figure 1D). Concomitantly, widespread polymorphic cutaneous lesions including flaccid and tense blisters, erosions, erythematous plaques, and pustular lesions occurred (Figures 1E,F). Mucosal examination revealed a severe stomatitis, crusting and bleeding erosions on the lips that extended beyond the vermilion border (Figure 1G), as well as erosions of the glans penis (Figure 1H). Ear, nose and throat endoscopic examination demonstrated erosions affecting the nasal mucosa, the arytenoids (75% of the surface), and the aryepiglottic folds (75%). The clinical differential diagnosis included PNP, pemphigus vulgaris (PV) and toxic epidermal necrolysis.



LABORATORY INVESTIGATIONS

Several series of skin punch biopsies were performed for histopathologic examination and DIF studies (Table 1). Histological examination by hematoxylin and eosin staining showed a suprabasal acantholysis and intraepidermal blister formations, without keratinocyte necrosis (Figure 2A), supporting the hypothesis of a pemphigus and ruling out drug-induced toxic epidermal necrolysis. A second biopsy demonstrated a spongiotic dermatitis with exocytosis of eosinophils, intraepidermal pustule formation (Figure 2B), and superficial perivascular dermal infiltrate of eosinophils and lymphocytes. Scattered necrotic keratinocytes were observed in the second biopsy. DIF of the peribullous skin revealed intercellular deposits of IgG between keratinocytes, associated with linear deposits of C3 along the basement membrane, without IgA deposits. This combined pattern (intercellular and basement membrane staining) was suggestive of PNP. Indirect immunofluorescence (IIF) testing of the patient serum on monkey bladder epithelium revealed a staining of urothelial cell surface supporting the diagnosis of PNP. Characterization of circulating autoantibodies was performed using enzyme-linked immunosorbant assay (ELISA) and immunoblotting. ELISA did not detect IgG autoantibodies to desmoglein 1, desmoglein 3, BP180 (NC16A), BP230, or envoplakin. Immunoblotting using human amniotic membrane extracts revealed a 250 kDa band corresponding to desmoplakin I but did not detect autoantibodies to periplakin (Table 1). According to the clinical presentation, the immunofluorescence pattern and the immuno-serological profile, a diagnosis of probable PNP was made.


Table 1. Clinical and laboratory investigations.
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FIGURE 2. Histological examination by hematoxylin and eosin staining of skin biopsies. (A) Suprabasal acantholysis and intraepidermal blister formation (original magnification x100). (B) Intraepidermal pustule containing neutrophils and eosinophils, as well as epidermal spongiosis with exocytosis of eosinophils (original magnification x100).


Given the presence of a localized acantholytic disease prior to immunotherapy and the short delay (<3 weeks) between pembrolizumab initiation and the widespread mucocutaneous eruption, we suspected that PD-1 blockage was associated with the aggravation of a preexisting condition, rather than the development of a de novo autoimmune disease. Therefore, we performed immunoblot analysis on the patient's serum collected 7 days before initiation of pembrolizumab therapy. Immunoblotting indicated the presence of circulating antibodies against the desmosomal components desmoplakin I and desmoglein 3. Consistently, IIF performed on monkey bladder epithelium using the same serum revealed a positive staining. Together, these results supported the presence of a subclinical PNP before the initiation of pembrolizumab (Table 1).

The pembrolizumab therapy was withheld and oral prednisone at 1 mg per kg daily was started. After 3 weeks of steroid treatment, complete clinical remission of the PNP was obtained and anti-desmoplakin I antibodies were no more detectable by immunoblotting (Table 1). Given the rapid progression of the SCC and the lack of alternative options, pembrolizumab therapy was restarted 6 weeks after the initial infusion while the patient remained under high dose of oral steroids (1 mg per kg daily). Pembrolizumab (2 mg per kg) resuming was associated with a PNP relapse affecting the oral cavity and nasopharyngeal mucous membrane. Immunotherapy was definitely discontinued after the third pembrolizumab dose due to grade II/III (CTCAE classification v4.0) relapsing symptoms resulting from PNP. The patient died of sepsis 3 months after initiation of corticosteroids.



DISCUSSION

A wide range of inflammatory skin disorders has been observed in patients treated with checkpoints inhibitors, including autoimmune blistering diseases. Current anti-PD1/PD-L1 therapy-associated autoimmune blistering diseases reported in the literature (including our patient) are presented in Table 2. To date, 34 cases of BP have been described in association with PD1 inhibitors, including 29 cases reviewed by Zumelzu (9) and five additional cases (13–16). In addition, a pharmacovigilance analysis performed on the Adverse Event Reporting System database of Food and Drug Administration recently demonstrated an increased risk to develop BP in patients treated by pembrolizumab or nivolumab (17); this signal was based on 35 case reports. Two cases of mild MMP limited to the oral cavity have also been described in patients under anti-PD1 therapy (9, 12). Apart from immune-mediated subepithelial blistering diseases, atypical suprabasal acantholytic dermatosis represents another emerging group of checkpoint inhibitor related skin toxicities. These are mainly Grover-like reactions (8 cases) and lichenoid dermatitis with suprabasal acantholysis (4 cases), without immune deposits or circulating antibodies targeting desmosomal components [reviewed in (11)]. Suprabasal acantholysis associated with immune deposits at the surface of keratinocytes has been reported in only two patients under anti-PD1 therapy. The first case reported by Ito et al. was a 68-year-old man with urothelial carcinoma treated with nivolumab who developed a polymorphic cutaneous eruption with bullae, pustules, and erosions. He had circulating autoantibodies targeting desmocollin-2 and -3, which are usually found in atypical types of pemphigus but not classical pemphigus (10). The second case was a 75-year-old man with SCC of the tongue who developed, under pembrolizumab therapy, a bullous eruption with a histopathology image and DIF pattern suggestive of PNP (11). Both cases did not show any mucosal involvement nor any other typical manifestations of PV or PNP. In contrast, our patient developed after pembrolizumab therapy a diffuse mucocutaneous eruption highly suggestive of PNP. The histopathology and serum analysis confirmed the diagnosis of PNP although immunological results were atypical by the absence of anti-envoplakine and periplakine antibodies, which are however only found in 60 and 90% of PNP cases (18). Our patient had anti-desmoplakin I antibodies which are associated with PNP in up to 47% of patients (19).


Table 2. Autoimmune blistering diseases associated with anti-PD1/PD-L1 therapy.
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PNP may have developed independently of pembrolizumab therapy. However, several data are suggestive of a checkpoint inhibitor related adverse effect in our patient: (1) PNP has never been reported previously in the setting of a cutaneous SCC, making the combination of PNP and cutaneous SCC an extremely rare phenomenon; (2) the close temporal relation between pembrolizumab initiation and the subsequent development of PNP clinical lesions (challenge); (3) the favorable outcome after pembrolizumab interruption and corticosteroids treatment (dechallenge); (4) the relapse after pembrolizumab reintroduction (rechallenge). Using the Begaud scoring system (20), we assessed the intrinsic accountability score of anti-PD1 therapy in PNP expression for our patient. With a chronological scoring (combining status of challenge, dechallenge, and rechallenge) of C3 (likely) and a symptomatological scoring of S2 (plausible), the intrinsic accountability scoring is high (I5) in our case. The two previously reported cases of pemphigus associated with anti-PD1 blockage also have high intrinsic accountability scores (I3 and I5), while <37% of induced BP reported cases were given high accountability scores (9). Although autoimmune diseases, such as inflammatory bowel diseases and spondyloarthritis, seems to occur more frequently in patients with HS, there is no association (to our knowledge) between HS and pemphigus. Interestingly, a recent article reports the development of a localized acantholytic disease associated with anti-desmoglein 1 and 3 circulating antibodies in a patient with HS of the buttocks (21). This case highlights the possibility that autoimmunity against desmosomal components might be triggered by a chronic skin inflammatory process like HS. Thus, we cannot rule out that PNP in our patient was induced by HS-related inflammation rather by the cutaneous SCC.

Several pathophysiologic models for PNP have been proposed. First, neoplasms arising from immune cell expansion have been shown to dysregulate B-cell homeostasis resulting in the subsequent production of autoantibodies targeting desmosome components. This is best illustrated by the identification of B-cell tumor clones producing antibodies targeting desmosomal plakin proteins in resected Castleman tumors (22), thymoma, and follicular dendritic cell sarcoma (23). However, this tumor antibody production hypothesis may not apply to other solid cancers associated with PNP. Alternatively, autoimmunity against keratinocytes may be the consequence of cross-reactivity between tumor antigens and normal epithelial proteins. Autoantigens routinely identified in PNP are expressed by epithelial malignancies. In our case, the patient had a skin SCC, a cancer arising from keratinocytes. Thus, antitumor immune responses to his carcinoma could cross-react with normal epidermal antigens. Therefore, distinct pathophysiologic mechanisms might explain PNP arising in the context of neoplasms involving B-cells vs. PNP associated to solid tissue epithelial tumors. Importantly, the fact that PNP is rarely associated with epithelial malignancies, which comprise the majority of human cancers, indicates that autoimmunity arising from tumor antigen cross-reactivity remains a marginal, very contained situation. This could be explained by at least two mechanisms. First, cancer cells adopt a variety of mechanisms to avoid immune recognition. Second, the immune system has evolved negative feedback mechanisms, known as checkpoints, to prevent autoimmunity. In both mechanisms, inhibitory receptors such as PD-1 and CTLA-4 have been found to play important functions (24). In our case, PD-1 blockage was rapidly associated with the expression of a severe PNP, supporting a central role of PD-1 signaling in the suppression of immune responses against antigens shared between normal and transformed keratinocytes. Because checkpoint inhibitors are now used in a growing number of human cancers, one could expect an increase in the future of cross-reactivity mediated paraneoplastic syndromes such as PNP associated to epithelial malignancies or paraneoplastic neurological syndromes triggered by the ectopic expression of neuronal antigens by tumors (25).

In summary, we reported a patient with extensive skin SCC who developed PNP after one infusion of pembrolizumab. The presence of autoantibodies directed against desmoplakin I and desmoglein 3 was demonstrated before the anti-PD-1 therapy. PNP in this patient was clearly induced since rechallenge was positive. So PNP should be added to the list of immune-related adverse events associated with checkpoint blockade such as BP.
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Pemphigus, an autoimmune blistering disease that affects the skin and mucous membranes, adversely impacts patients' quality of life (QOL). While there are various QOL measurement tools that can be used in this disease, few studies have assessed how a patient's change in disease severity can affect their QOL. This study aims to identify which disease severity index correlates best with the change in QOL. Fifty pemphigus patients completed QOL surveys with disease severity scored over two visits. QOL was assessed with the Autoimmune Bullous Disease Quality of Life (ABQOL), Dermatology Life Quality Index (DLQI), Skindex-29, and Short Form Survey 36 (SF-36). Disease severity was scored with the Pemphigus Disease Area Index (PDAI) and Autoimmune Bullous Skin Disorder Intensity Score (ABSIS). Correlations between the change in QOL scores and change in disease severity were analyzed using Spearman's coefficient (r). The change in PDAI showed a strong correlation (r = 0.60–0.79) with changes in the ABQOL, Skindex-29 symptoms (Skindex-S), and Skindex-29 functioning (Skindex-F) subscales for all patients (n = 50). For patients with mucosal disease (n = 24), the change in PDAI showed a strong correlation with changes in the ABQOL and Skindex-S subscale. For patients without mucosal disease, the change in PDAI showed a strong correlation with the Skindex-S. The change in ABSIS showed a strong correlation with Skindex-S for all patients and patients with no mucosal involvement, but showed no strong correlations for patients with mucosal involvement. The changes in PDAI always had a stronger correlation than the changes in ABSIS scores to changes in the ABQOL, DLQI, and Skindex-29 subscales, except where the PDAI and ABSIS scores were about the same for the Skindex-S subscale in patients with no mucosal involvement (r = 0.76 and r = 0.77, respectively). PDAI is superior to ABSIS in its correlation with validated QOL tools. The QOL tools that appear to be of most use in clinical trials and patient management are the Skindex-S and ABQOL.

Keywords: pemphigus, disease severity, autoimmunity, dermatology, skin, outcome measures, autoimmune bullous disease


INTRODUCTION

Pemphigus is a rare but serious autoimmune blistering disease caused by autoantibodies against desmosomes (1, 2). Although a previously deadly diagnosis because of skin barrier breakdown leading to infection, the advent of steroids and steroid-sparing agents have allowed pemphigus to be considered a less-fatal, chronic disease (3). Therefore, assessing a pemphigus patient's quality of life (QOL) has become an important part of monitoring the disease (3). Despite the limited literature on QOL in pemphigus (3–12), it is clear that this disease greatly affects patients' emotions, physical health, and social functioning (12, 13). The number of clinical trials in pemphigus have increased immensely over the past decade (14), creating a growing need for objective measurements in both QOL and disease severity to monitor improvement.

Health related QOL outcomes are becoming important measurements when conducting clinical trials and assessing new pharmaceutical treatments (15). Therefore, multiple QOL measurement tools across all fields, including dermatology, have been created. QOL outcome measurements can also be useful for physicians, patients, and health insurers when deciding on therapeutic options and allowing for shared-decision making (15). In regard to QOL in pemphigus, dermatologists have used general health QOL measurement tools including the Short Form Survey 36 (SF-36), as well as dermatology specific tools such as the Dermatology Life Quality Index (DLQI) and the Skindex-29 (12, 16). An autoimmune blistering disease-specific QOL measurement tool has also been created, the Autoimmune Bullous Disease Quality of Life (ABQOL) (3, 6).

In addition to the various QOL assessment tools, there are also two commonly used validated objective disease severity indices: the Pemphigus Disease Area Index (PDAI) and the Autoimmune Bullous Skin Disorder Intensity Score (ABSIS) (17–19). Just as it is important to have a validated QOL measurement tool for clinical trials, there is a similar need for understanding the properties of QOL measures in blistering diseases and to have an established disease severity index to compare and assess results across the field.

The purpose of this study is to evaluate which disease severity score correlates best with the change in QOL scores. This may help in clinical trial design when choosing a measurement tool that captures both disease severity and QOL.



PATIENTS AND METHODS

Patients with the appropriate clinical presentation, histological findings on biopsy, and at least one positive immunochemical test consistent with pemphigus (direct or indirect immunofluorescence, and/or ELISA), provided written consent to study participation in a prospective autoimmune blistering disease database at the Hospital of the University of Pennsylvania (HUP) between April of 2016 and February of 2019. The study protocol was approved by the institutional review board. Of the 107 patients in our database who were diagnosed with pemphigus vulgaris (PV) or pemphigus foliaceus (PF), 50 patients completed both an enrollment and a follow-up visit. Patients with no disease activity at both enrollment and follow-up visits were not included in the study. Subcategorization was performed for patients with mucosal disease and patients without mucosal disease. Patients with mucosal disease had documented mucosal findings at enrollment and/or follow-up visits. Patients without mucosal disease did not have mucosal findings at both enrollment and follow-up visits, regardless of a prior history of mucosal involvement. At each visit, patients completed four QOL forms: the ABQOL, DLQI, Skindex-29, and SF-36. Patients' skin was examined and assessed during the visits using the PDAI and the ABSIS scoring systems. Patient demographics, including age, sex, and disease type, were recorded.


Pemphigus Disease Area Index (PDAI)

The PDAI scores disease activity based on anatomical location and the size of lesions. A maximum of 120 points are available to score skin activity excluding the scalp, 10 for scalp activity, and 120 points for mucosal activity, with a maximum score of 250 points (20–22). Damage or post-inflammatory hyperpigmentation is scored separately from the activity score, with a maximum of 13 points available (20–22). The PDAI has been validated and shown to have an intra-rater intra-class correlation coefficient (ICC) of 0.98 and an inter-rater ICC of 0.86 for skin activity (23–25).



Autoimmune Bullous Skin Disorder Intensity Score (ABSIS)

The ABSIS ranges from 0 (no activity or damage) to 206, with 150 points for skin activity or damage, 11 for mucosal involvement, and 45 for oral pain or bleeding (a subjective/patient reported measurement). The ABSIS score combines disease activity and damage together, by scoring the quality of the skin lesion (26). The ABSIS applies the “rule of nines,” which measures amount of disease by body surface area (BSA), where the palm of the patient's hand is one BSA (26). The percent BSA is multiplied by whether the lesion is re-epithelialized (0.5), dry and erosive (1.0), or exudative and erosive (1.5) (21, 22, 26). The lowest BSA score that can be assigned is a 1, even if a patient only has one small lesion with a BSA of 0.1%. Therefore, using this example, if this patient had an exudative lesion with a BSA of 0.1%, then the score would be 1.5 (1% BSA × 1.5), rather than 0.15 (0.1% BSA × 1.5) (23).



Quality of Life Measurement Tools

Many QOL measurement tools have been developed to assess various diseases. The SF-36 is a form used for all disease entities, not limited to dermatology. It looks at eight different QOL categories: physical functioning, role limitations due to physical health, role limitations due to emotional problems, energy/fatigue, emotional well-being, social functioning, pain, and general health. Higher SF-36 scores indicate a more favorable QOL (27).

The DLQI and the Skindex-29 are both QOL measurement tools developed specifically for dermatologic diseases. The DLQI is a 10-question survey: scores range from 0 to 30, with a higher score indicating worse QOL. Questions concern topics such as patients' symptoms and feelings, daily activities, leisure, personal relationships, work and school, as well as treatment (12, 28). The Skindex-29 has 29 questions split into three subscales: Skindex-29 symptoms (Skindex-S), emotions (Skindex-E), and functioning (Skindex-F) (29, 30).

The ABQOL is a 17 question QOL measurement tool specific for autoimmune blistering diseases that was developed to capture issues related to the disease that may not be reflected in skin-specific instruments (31). The ABQOL has shown reliable internal constancy and test-retest reliability, with an intra-class correlation coefficient of 0.93 (95% confidence interval, 0.88–0.94) (3).



Statistical Analysis

The difference, or change, in score for each QOL measurement tool, as well as the difference in disease severity index scores, were calculated from enrollment to follow-up visits. The correlation between change in QOL scores and change in disease severity scores were analyzed using Spearman's correlation coefficient (r) for all combinations of the QOL measurement tools and the disease severity indices (PDAI and ABSIS). Spearman correlation coefficient cutoffs for very weak, weak, moderate, strong, and very strong were the absolute value of 0.0–0.19, 0.20–0.39, 0.40–0.59, 0.60–0.79, and 0.80–1.0 respectively, which has been classified by the British Medical Journal guidelines (32). This analysis was completed for all patients, as well as for the subcategorization of patients who had mucosal involvement at some point during their two visits and patients who did not have mucosal involvement during their visits. GraphPad Prism was used to conduct the analyses.




RESULTS

A total of 50 patients, 43 (86%) with PV and 7 (14%) with PF completed both an enrollment and follow-up visit. Twenty-four (48%) patients had mucosal involvement at some point during their two visits, and 26 (52%) did not have mucosal involvement. Further patient characteristics are summarized in Table 1. Median time from disease onset to enrollment visit was 2.8 years (IQR = 0.8–5.4) for all patients, 1.9 years for patients with mucosal involvement, and 4.5 years for patients with no mucosal involvement. Median time from enrollment to follow-up visit was 0.45 years. Median PDAI scores at enrollment for all patients, patients with mucosal disease, and those without mucosal disease were 5.00, 5.30, and 3.50 respectively, while median PDAI scores during follow-up were 3.00 for all patients and patients with mucosal disease, and 4.30 for patients without mucosal disease. Median ABSIS scores at enrollment for all patients, patients with mucosal disease, and those without mucosal disease were 4.00, 6.28, and 1.50, while median ABSIS scores during follow-up were 2.00, 2.50, and 2.00, respectively (Figure 1 and Table 2).


Table 1. Patient characteristics.
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FIGURE 1. Median PDAI and ABSIS with IQR from enrollment to follow-up visit.



Table 2. Median PDAI score and IQR.
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For all patients (n = 50), the change in PDAI showed a strong correlation (r = 0.60–0.79) with changes in the ABQOL (r = 0.60), Skindex-S (r = 0.75), and Skindex-F (r = 0.61) subscales. For patients with mucosal disease (n = 24), the change in PDAI showed a strong correlation with changes in the ABQOL (r = 0.67) and Skindex-S subscale (r = 0.62). For patients without mucosal disease during the two visits, the change in PDAI showed a strong correlation with the Skindex-S subscale (r = 0.76). The change in ABSIS displayed a strong correlation with Skindex-S for all patients (r = 0.73) and patients with no mucosal involvement (r = 0.77), but showed no strong correlations for patients with mucosal involvement (Table 3).


Table 3. Correlation using Spearman's correlation coefficient (r) of the change in quality of life score with the change in disease severity from enrollment to follow-up visit.
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The eight different SF-36 subscales as well as the DLQI primarily displayed weak to moderate correlations to both the PDAI and ABSIS. For all patients (n = 50), the change in the SF-36 role limitations due to physical heath, energy/fatigue, and pain subscales showed weak to moderate correlations with the change in PDAI (r = −0.38, −0.41, and −0.33, respectively) and ABSIS (r = −0.37, −0.40, and −0.45, respectively). A weak correlation was also found with the change in the SF-36 emotional well-being subscale to the change in PDAI (r = −0.33). For patients with mucosal disease (n = 24), the change in the SF-36 energy/fatigue subscale showed moderate correlations with the change in PDAI (r = −0.59) and ABSIS (r = −0.44). For patients with no mucosal disease (n = 26), the change in SF-36 pain subscale showed a moderate correlation with the change in PDAI (r = −0.58), and a strong correlation with the change in ABSIS (r = −0.63) (Table 3). In regard to the change in PDAI, the DLQI showed moderate correlations to all patients, patients with mucosal involvement, and no mucosal involvement (r = 0.58, 0.50, and 0.58, respectively). Similarly, in regard to the ABSIS, all patients and patients with no mucosal involvement remained in the moderate range when correlating to the DLQI, however, patients with mucosal involvement had a weak correlation of the ABSIS to the DLQI (r = 0.29).

The Skindex-29, specifically the Skindex-S, and ABQOL displayed generally stronger correlations than the other measurement tools. Strong correlations were found with the change in Skindex-S to both the PDAI and ABSIS for all patients (r = 0.75 and r = 0.73, respectively), patients with no mucosal involvement (r = 0.76 and 0.77, respectively), and patients with mucosal involvement for PDAI only (r = 0.62) (Table 3). A moderate correlation was noted for the Skindex-S and ABSIS for patients with mucosal involvement (r = 0.52). The Skindex-E and Skindex-F showed weak and moderate correlations to the PDAI and ABSIS, except for a strong correlation with the change in Skindex-F and change in PDAI for all patients (r = 0.61) (Table 3). For the ABQOL, strong correlations were found with the change in PDAI for all patients (r = 0.60) and patients with mucosal involvement (r = 0.67). The change in ABQOL also showed moderate correlations with the change in ABSIS for all patients (r = 0.51) and patients with no mucosal involvement (r = 0.49), and with the change in PDAI in patients with no mucosal involvement (r = 0.56). A weak correlation was noted for patients with mucosal involvement in regard to the ABSIS (r = 0.38). There were no strong correlations found with the DLQI; however, moderate correlations were noted for each category, except for a weak correlation with the ABSIS for patients with mucosal involvement (r = 0.29) (Table 3).



DISCUSSION

Treatment options for pemphigus have greatly improved over the past two decades (13). Nonetheless, there is a high unmet need for FDA-approved therapies, and many agents have entered, or are entering, clinical trials for pemphigus. To optimize these trials, standard measurement tools should be used to assess skin disease severity as well as QOL. Assuming QOL decreases with skin severity, we conducted this study to identify which disease severity index correlates best with QOL.

Our data revealed that the SF-36 did not correlate strongly with the PDAI or ABSIS for the majority of analyses (Table 3). Most SF-36 and DLQI correlations were weak or moderate, except for the SF-36 pain subscale. We hypothesize that the SF-36 showed generally weak correlations because it addresses overall health rather than specific dermatologic symptoms. This relates to our patient population, where 40% are over the age of 65 and likely suffering from other health conditions or limitations of older age (33, 34). The age group of our cohort (median age = 60) is consistent with the general pemphigus population, who tend to present in their fifth to sixth decade of life (35).

Assessment of the QOL measurement tools showed largely strong correlations with the Skindex-S subscale to both the PDAI and ABSIS for all patients as well as patients with and without mucosal disease, demonstrating its use, and potential preference, in patient management and clinical trials (Table 3). On the contrary, the Skindex-S unexpectedly showed only a moderate, rather than strong, correlation to the ABSIS for patients with mucosal disease (r = 0.52). This finding was surprising, as the ABSIS contains QOL questions regarding mucosal involvement (pain and bleeding). It was therefore believed that a score that addressed oral symptoms would show a strong correlation with the Skindex-S subscale score for patients with mucosal disease. However, of the 206 possible points in the ABSIS, only 56 of those points directly address mucosal involvement (11 points) as well as subjective oral pain and bleeding (45 points). In contrast, the PDAI allocates more points toward mucosal involvement (120 out of 250 total points). Therefore, although the ABSIS may include QOL questions, this aspect is only a minor part of the disease severity index.

The ABQOL was also found to show strong correlations with the PDAI in regard to all patients (r = 0.60) and patients with mucosal involvement (r = 0.67), and was the strongest correlation found in patients with mucosal disease. It is likely that the ABQOL correlated best with the PDAI for patients with mucosal disease because this disease-specific QOL measurement tool directly addresses painful erosions in the mouth. For instance, 3 of the 17 questions in the ABQOL assess for mucosal involvement, compared to the other QOL measurement tools, like the DLQI, that only emphasize skin disease, which patients often interpret as not including the mucosa. The ABQOL assessment may therefore be a useful tool in clinical trials for pemphigus patients with mucosal involvement, such as PV specific trials.

Correlations of the change in PDAI were superior to those of the ABSIS in regard to the change in the majority of QOL tools. Looking at all patients, those with mucosal involvement, and those without, there were a total of 13 analyses conducted for the ABQOL, DLQI, the three subscales of the Skindex-29, and the eight subscales of the SF-36 in correlation with the PDAI and ABSIS. Ten of the 13 (76.9%) analyses showed a stronger correlation with the PDAI over the ABSIS. The analysis that showed a stronger correlation with the ABSIS was the Skindex-S for patients without mucosal involvement, although the ABSIS and PDAI values were about the same (r = 0.77 and r = 0.76, respectively). While some correlations did not vary greatly between the two severity tools, the fact that the PDAI had largely stronger correlations suggests that the PDAI may be better at capturing disease activity that correlates with QOL. This finding is consistent with a prior study that showed ABSIS data to be skewed to the left (lower scores) as compared to the PDAI (23). The lower scores seen in the ABSIS support its limitation in its ability to evaluate changes in skin disease severity in patients with mild disease and, given the generally mild disease in our cohort, may be why this index did not correlate well with the changes in QOL measurement tools.

This study had several strengths as well as limitations. The strengths included data collection in a prospective manner and a relatively large pemphigus database, although the cohort size was small for the statistical analyses. Additionally, this study included a patient population similar to those who may be eligible to enter future pemphigus clinical trials. The limitations included a retrospective analysis, a cohort from a single institution that is a tertiary center, and the absence of data on comorbid conditions when assessing the QOL tools.

Our cohort had relatively mild disease, with low PDAI and ABSIS scores, which may have prevented our results from being fully applicable to patients with moderate to severe disease. Patients typically present with highly active disease for a short period of time because steroids are fast-acting and effective, lowering disease activity by their first follow-up visit. However, our first study visit was not always with new patients, and many may have been well-controlled by the time they were enrolled in our database. At initial visit for our database, 14 patients displayed a PDAI of ≥9 and 7 patients had a PDAI of ≥15, which are considered two different “moderate” disease cutoff points (17, 36). Only 4 patients displayed both a PDAI of ≥25 and ≥45, two different “severe” disease cutoff points (17, 36). Our results may therefore have been different if we gathered data at the peak of their disease. Often, however, patients who are enrolled in clinical trials have been initially controlled on steroids or other first-line treatments prior to receiving further therapy or interventions.

Our study identified disease severity index and QOL measurement tools that should be used in clinical trials and patient management. The PDAI and the Skindex-S subscale of the Skindex-29 showed excellent promise for use in such settings, in a patient population that is representative of those seen during routine practice at a tertiary referral medical center. Future studies of the ABQOL in patients with mucosal involvement and in those with higher disease activity scores may further elucidate the utility of the various QOL measurement tools in relation to disease activity.
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Pemphigus foliaceus is an autoimmune disease that is sporadic around the world but endemic in Brazil, where it is known as fogo selvagem (FS). Characterized by autoantibodies against the desmosomal cadherin desmoglein 1, FS causes painful erosions, and crusts that may be widespread. The recognition of antigens, including exposed sugar moieties, activates the complement system. Complement receptor 1 (CR1, CD35), which is responsible for the Knops blood group on erythrocytes (York and McCoy antigens), is also expressed by antigen-presenting cells. This regulates the complement system by removing opsonized antigens, blocking the final steps of the complement cascade. Membrane-bound CR1 also fosters antigen presentation to B cells, whereas soluble CR1 has anti-inflammatory properties. CR1 gene polymorphisms have been associated with susceptibility to complex diseases. In order to investigate the association of CR1 polymorphisms with FS susceptibility, we developed a multiplex sequence-specific assay to haplotype eleven polymorphisms in up to 367 FS patients and 242 controls from an endemic area and 289 from a non-endemic area. We also measured soluble CR1 (sCR1) in the serum of 53 FS patients and 27 controls and mRNA levels in the peripheral blood mononuclear cells of 63 genotyped controls. The haplotypes CR1*3B2B (with the York antigen–encoded by p.1408Met) and CR1*3A2A (with p.1208Arg) were associated with protection against FS (OR = 0.57, P = 0.027, and OR = 0.46, P = 0.014, respectively). In contrast, the CR1*1 haplotype (with the McCoy antigen – encoded by p.1590Glu) was associated with FS susceptibility (OR = 4.97, P < 0.001). Heterozygote rs12034383*A/G individuals presented higher mRNA expression than homozygotes with the G allele (P = 0.04). The lowest sCR1 levels occurred in patients with active disease before treatment (P = 0.036). Patients in remission had higher levels of sCR1 than did healthy controls (P = 0.013). Among those under treatment, patients with localized lesions also presented higher sCR1 levels than those with generalized lesions (P = 0.0073). In conclusion, the Knops blood group seems to modulate susceptibility to the disease. Furthermore, corticosteroid treatment might increase sCR1 serum levels, and higher levels may play an anti-inflammatory role in patients with FS, limiting the distribution of lesions. Based on these results, we suggest CR1 as a potential new therapeutic target for the treatment of FS.

Keywords: pemphigus foliaceus, complement receptor 1, CR1, CD35, polymorphism, York blood antigen, McCoy blood antigen, fogo selvagem


INTRODUCTION

Pemphigus foliaceus (PF) is an autoimmune blistering skin disease presenting with erosions and crusts that may be widespread and painful (1). Around the world, PF occurs sporadically, with an incidence of 0.75–5 cases/million per year (2, 3). In Brazil, it reaches up to 3% prevalence and is also known as fogo selvagem (FS, meaning “wild fire” in Portuguese) (2–6). While major immunopathological and histological characteristics are similar in both endemic and sporadic forms, the clinical presentation may differ (3, 7). The etiology of FS is little understood, but environmental factors are being considered. The bites of black mosquitoes (Simuliidae) and sand flies (Phlebotominae) are associated with an almost five times increased susceptibility to FS. Elements delivered in the saliva of these hematophagous insects are thought to trigger a cross-reaction against keratinocyte surface epitopes in genetically susceptible individuals living in endemic regions (8–10).

The intraepidermal blisters of PF are due to keratinocyte detachment, a process known as acantholysis (11). FS patients generate pathogenic IgG4 autoantibodies against desmoglein 1 (Dsg1) and occasionally and to a much lesser extent, against Dsg3, which are important structural components of desmosomes (1, 12). Altered cell-associated molecular patterns activate the complement system, and this is responsible for the recurrent observation of C3 component deposits along the basement membrane zone and in intercellular spaces of the perilesional and lesional epidermis of FS patients (13–16). Deposits of complement membrane attack complexes, in contrast, were only found in injured skin, whereas pathogenic IgG4 anti-desmoglein 1 autoantibodies—which cannot activate complement—were also abundant in apparently healthy tissue in FS patients (14, 17).

Although not required to initiate blister formation (18, 19), complement activation enhances acantholysis in cell culture (20, 21). Furthermore, FS patients with active disease present enhanced expression of the C1QA gene (an initiator molecule of the classical pathway) and increased serum levels of C3 and C-reactive protein (opsonins), of the cleaved factors resulting from the activation of the alternative pathway (Ba factor), or of the classical/lectin complement pathways (C4d factor), as well as a trend to decreased mannose-binding lectin serine protease 2 levels, reflecting activation of the lectin pathway (14, 22–24).

Complement receptor 1 (CR1, CD35) is a glycoprotein with ~200 kDa encoded by the CR1 gene (on chromosome region 1q32). The extracellular domain of the most common form of CR1 is composed of a series of 30 repeating units named short consensus repeats (SCRs). The SCRs are distributed in four long homologous repeats (LHRs A, B, C, and D), arising from duplication of a seven-SCR unit (Figure 1) (26–28). CR1 is primarily expressed in erythrocytes, B and T cells, neutrophils, monocytes, and dendritic cells, as well as in neurons, microglia, and the choroid plexus of the brain, in the membrane or in soluble form (29). The soluble CR1 (sCR1) form results from proteolytic cleavage in terminal secretory vesicles or in the cell membrane (30, 31). Both CR1 forms act to regulate complement activity by binding cleaved C3b and C4b components as well as the complement cascade initiation molecules mannose-binding lectin (MBL-2), ficolins (FCN1, FCN2, and FCN3), and C1q deposited in altered cell components or pathogens. CR1 competes with serine proteases (MASPs) for the same binding sites on the collagenous tails of MBL and FCNs, inhibiting the initiation of the lectin pathway of complement (32). Upon binding, the membrane-bound form of CR1 internalizes the opsonized elements or presents them to other immune cells, preventing the formation of the C5 convertase. This blocks the formation of the membrane attack complex (MAC). CR1 might also prevent excessive complement activation, acting as a cofactor for the Factor I-mediated cleavage of soluble/bound C3b and C4b (33). On the other hand, binding of opsonized elements fosters antigen presentation to lymphocytes, increasing antibody production, and the humoral response (29, 34). In the presence of excess interleukin 2, CR1 expressed on activated T lymphocytes generates regulatory T cells in secondary lymphoid organs, where they may interact with B cells (35). In fact, CR1 ligation inhibits B cell receptor-mediated activation and differentiation to plasma cells (36).


[image: Figure 1]
FIGURE 1. CR1 gene and protein structure and localization of the investigated SNPs. Each circular block represents a SCR (short consensus repeat, numbered 1–30), encoded by the exons 2–35, listed immediately above. There are three C4b binding sites (SCR 1-3, 8-10, and 15-17, in green and orange) and two C3b binding sites (SCR 8-10 and 15-17, both in orange). SCRs 22-28 bind C1q, MBL, and ficolins, and SCRs 22, 24, and 25 (red dashed blocks) carry Knops blood group antigens. The SNPs analyzed in this study are indicated in the gene, and the amino acid substitutions resulting from polymorphisms located in exons are indicated on the protein. The dashed lines indicate coding exons of the main parts: the aminoterminal region (NH2, exon 1), transmembrane domain (TM, exons 36-37), the intracytoplasmic carboxi-terminal domain (IC COOH, exons 38-39), and the four long homologous repeats (LHR), responsible for complement decay-accelerating, and cofactor activities (exons 1-7, 8-14, 15-21, 22-28). The functional sites in 8-10 and 15-17 are nearly identical. Repeats in green are required for C4b binding and decay-accelerating activity, while those in orange are required for C3b and C4b binding and cofactor activity [adapted of (25)].


In a recent study by our group that encompassed polymorphisms of all genes encoding complement components, we found evidence for an association with gene variants of almost all complement elements previously detected in the epidermis or with altered serum levels in FS patients. In addition, we identified the association of four opsonin-binding complement receptors (CR1-4, encoded by CR1, CR2, ITGAM, and ITGAX) (37). Among them, we found that a CR1 haplotype with the major rs6656401*G allele was associated with increased susceptibility to FS (37). This prompted us to thoroughly investigate the CR1 gene for other polymorphisms, including those encoding blood group antigens that may affect the binding of C1q, MBL, and FCNs, as well as to measure the expression of this gene at the mRNA and soluble protein levels.



MATERIALS AND METHODS


Ethics Statement

This transversal case-control study was approved by the National Committee for Ethics in Research (CONEP 02727412.4.0000.0096, protocol 505.988). All study participants were informed about the research and signed a term of informed consent.



Research Participants

For the association study, a total of 367 FS patients and 242 controls from an endemic area and 289 individuals from a non-endemic area (among accompanying persons, health workers, and other volunteers) were analyzed. The participants were recruited from four centers: Hospital Adventista do Pênfigo (Campo Grande-MS, Central Western Brazil), Lar da Caridade (Uberaba-MG, Southwestern Brazil), Hospital das Clínicas da Faculdade de Medicina de Ribeirão Preto (Ribeirão Preto-SP, Southwestern Brazil), and Hospital das Clínicas da Universidade Federal do Paraná (UFPR) (Curitiba-PR, South Brazil). Data for both patients and controls were collected through interviews and medical records. Inclusion criteria were: written informed consent, being a resident in the endemic region, and for the patients, FS diagnosis based on clinical evidence and positive anti-Dsg1 serology. Exclusion criteria were: consanguinity with a control or a patient and a familial history of autoimmune diseases. All subjects were classified according to ancestral origin, based on physical characteristics and self-reported ancestry, as previously described (38, 39). The demographic characteristics of the participants in this study are listed in Table 1.


Table 1. Demographic data on endemic pemphigus foliaceus patients and controls.

[image: Table 1]

For the analysis of sCR1 levels in serum, we selected 53 FS patients and 27 healthy controls, matched for sex, age, and previously genotyped for CR1 polymorphisms. Eighteen of the patients were in complete remission, nine were without treatment and nine were under immunosuppressive treatment; 35 patients presented with active fogo selvagem, six of whom were still untreated and 29 of whom were already being treated. Among all treated patients with known information regarding the distribution of lesions, five had localized lesions, and 21 had generalized lesions.

In order to evaluate a possible correlation between CR1 polymorphisms and mRNA levels from peripheral blood mononuclear cells (PBMC), we also genotyped 158 healthy unrelated Euro-Brazilian volunteers, resident in Curitiba, Brazil, and surrounding areas. We selected 63 individuals from this group with the following inclusion criteria: no previous history of an autoimmune disease, an obvious skin disease, and presenting CR1 alleles and haplotypes associated with the disease (to quantify mRNA levels).



CR1 Genotyping

Blood was collected with anticoagulant EDTA, and DNA was extracted from PBMC as previously described, using phenol-chloroform-isoamyl alcohol (40).

We selected 11 single nucleotide polymorphisms (SNPs) based on [1] being previously associated with a disease, [2] being a tag SNP with r2 ≥ 0.8 in the European (Utah—USA), Mexican, Colombian, or Yoruba populations of the 1000 Genomes Project (41); and/or [3] by presenting a minor allele frequency higher than 0.05. The CR1 SNPs evaluated were: rs6656401*a>G (intron 4); rs3849266*c>T (intron 21); rs2274567*a>G (exon 22, p.His1208Arg); rs12034598*a>G (intron 24), rs1746659*t>A (intron 24), rs3737002*c>T (exon 26, p.Thr1408Met, responsible for the York blood group antigen); rs11118131*c>T (intron 26); rs11118167*t>C (intron 28); rs17047660*a>G (exon 29, p.Lys1590Glu, responsible for the McCoy blood group antigen); rs4844610*a>C (intron 37); rs12034383*g>A (intron 37).

We developed two multiplex Polymerase Chain Reaction-Sequence Specific Primer (PCR-SSP) reactions for simultaneous identification of four SNPs and two simple PCR-SSPs for one SNP each. All PCRs co-amplified a Human Growth Hormone (HGH) or Human Leukocyte E antigen (HLA-E) fragment as internal control. The sequences of specific and control primers are shown in Table 2. All reactions were carried out in a final volume of 8 μl, containing 20 ng of genomic DNA, 0.2 mM each of dNTP and 1x Coral Buffer (Invitrogen Life Technologies, Carlsbad, USA) (Supplementary Table 1). Thermal cycling began with 95°C for 5 min, followed by 33 (PCR-SSP-1) or 30 (PCR-SSP-2, 3 and 4) cycles, for which each cycle began with 94°C for 20 s and ended with 72°C (extension step) for 40 s (Supplementary Table 1). We submitted the amplified fragments to an electrophoretic run on 1% agarose gel, stained with Sybersafe (Invitrogen Life Technologies, Carlsbad, USA).


Table 2. Primers for CR1 sequence-specific amplification.

[image: Table 2]

Genotyping of the rs6656401, rs3849266, rs3737002, rs11118131, rs11118167, rs17047660, and rs12034383 polymorphisms was performed with the iPLEX platform of the MassARRAY system (Agena Bioscience, San Diego, USA) at the Insitut für Klinische Molekularbiologie (IKMB), Christian-Albrechts-Universität, Kiel, Germany (42), in order to technically validate the results obtained by PCR-SSP. Genotypes were called using the software MassARRAY Typer (v4.0) (Agena Bioscience, San Diego, USA) with standard settings. The sequences of specific and control primers are shown in Table 3.


Table 3. Primers for the CR1 Sequenom massARRAY iPLEX Platform.
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sCR1 Quantification

We measured sCR1 levels in the serum (collected without anticoagulant) by using a SEB123Hu ELISA kit (USCN Life Science Inc., Wuhan, China) according to the manufacturer's instructions. Anti-Dsg1 and anti-Dsg3 levels were previously measured using commercial ELISA kits (RG-M7593-D and RG-7680-EC-D, respectively) (MBL, Woburn, USA) (43).



mRNA Quantification

Total RNA was isolated from PBMC lysed in TRIzol (Ambion, Austin, USA) and reverse-transcribed with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, USA). Gene expression levels were quantified by qPCR using TaqMan (Applied Biosystems, Foster City, USA) chemistry for the CR1 (Hs00559348_m1, the most common CR1 transcript) and the housekeeping Glucuronidase Beta (GUSB) gene (4333767F). All assays were performed in triplicate, and the relative mRNA levels were normalized for mRNA expression of the GUSB gene. Cq values (threshold cycle) were calculated using the Viia 7 Software v1.2 Kit (Applied Biosystems, Foster City, USA), and gene expression was calculated via the comparative Cq method 2-ΔΔCq (44).



Statistical and Bioinformatics Analysis

We obtained allele, genotype and two-SNP haplotype frequencies by direct counting, and the hypothesis of Hardy-Weinberg equilibrium was calculated with the exact test of Guo & Thompson. We also compared haplotype distribution between the investigated groups, using the exact test of population differentiation of Raymond and Rousset. All tests were performed in Arlequin v.5.1, a population genetics software package (45).

We reconstructed extended haplotypes based on linkage disequilibrium (LD) and phase information about the two-SNP haplotypes obtained by PCR-SSP amplification, compared the results with the haplotypes estimated using the EM algorithm (Expectation-Maximization) implemented in PLINK software (46), and found 2.9% of haplotypes with discrepant results in accordance with the literature (47). We also used PLINK for analysis of possible SNP interactions and evaluated LD with Haploview 4.2 (48). We used Mega Software v.6 to name the haplotypes according to the phylogenetic nomenclature suggested by the literature (49) and adapted them for recombinant haplotypes (Figure 2). We further compared the distribution of polymorphisms and haplotypes in patients and controls adjusted for the proportion of ancestry groups using the Fisher exact test in the online software VassarStats (VassarStats: Website for Statistical Computation; available at: http://vassarstats.net). We adjusted all associations for the possible effects of confounding factors (age, sex, ancestry group) by logistic regression in total patient and control groups using the software STATA v.9.2 (Statacorps, Lakeway Drive, USA). To check for false discovery rate, we used the correction of Benjamini and Hochberg (50) on all significant results (“q” values lower than 0.05 were considered significant).


[image: Figure 2]
FIGURE 2. Maximum parsimony tree of CR1 haplotypes with nucleotide changes and phylogenetic nomenclature. Underlined: amino acid substitutions.


Normality tests (D'Agostino & Pearson and Shapiro-Wilk), correlation tests (Spearman), and non-parametric comparisons of CR1 mRNA and sCR1 levels (Mann-Whitney and Kruskal-Wallis tests) were carried out using GraphPad Prism v.5.01 (GraphPad Software). The use of different dosages of corticosteroids was evaluated in the group of patients undergoing treatment in order to verify whether there were differences between them.

To predict the functional effects of associated SNPs, we explored data from the ENCODE project contained in the Regulome-DB (51) and Haploreg (52) databases. To evaluate the effect of non-synonymous SNPs, we used Polyphen-2 (53) and SNiPA (54).




RESULTS


CR1 Polymorphisms and Susceptibility to Fogo Selvagem

None of the groups had genotype distributions that deviated from those predicted under Hardy-Weinberg equilibrium. The allele frequencies for each SNP did not differ between controls and the Iberian population from the 1,000 Genomes Project. In contrast, CR1 haplotype distributions differed between the endemic and non-endemic controls, even within each ancestry group (P < 0.0001). This led us to compare the patient group with endemic and non-endemic control groups separately. We found differences between the allelic distributions of isolated SNPs of non-endemic controls and patients.

Comparing these two groups (Table 4, Supplementary Table 2), we found evidence for a disease association with the minor allele of rs17047660*G in exon 29. This variant encodes p.1590Glu, which is responsible for positive McCoy blood group antigen. Its allelic frequency was higher among FS patients [OR = 3.77 (95%CI = 1.52–9.35), q = 0.005]. rs17047660*A/G heterozygote individuals were more frequent among those with generalized lesions [OR = 3.06 (95%CI = 1.09–8.56), q = 0.025]. The rs3849266 within intron 21 occurs in a region with enhancer histone H3K4me1 marks, binding at least 23 different regulatory proteins, according to the ENCODE Database. rs3849266*C/T presented an association with increased susceptibility to the disease [OR = 1.54 (95%CI = 1.03–2.31), q = 0.030]. We also found an additive effect of carrying the “wild type” haplotype with rs3737002*C in exon 26 (p.1408Thr, York negative) and rs11118131*C in intron 26 [OR = 1.5 (95%CI = 1.00–2.26), q = 0.049] with susceptibility to severe FS. The minor allele rs2274567*G, encoding p.1208Arg, occurred more frequently among non-endemic controls than among patients [OR = 0.58 (95%CI = 0.38–0.87), q = 0.035].


Table 4. Association of CR1 variants with endemic pemphigus foliaceus.

[image: Table 4]

There was strong pairwise LD between the SNPs in intron 21 (rs3849266), exon 22 (rs2274567), exon 26 (rs3737002), and intron 37 (rs12034383) (Supplementary Figure 1). Based on LD and phase information, we haplotyped all SNPs in a subset of 146 FS patients and 126 controls from an endemic area and 156 from a non-endemic area and identified 21 haplotypes (Figure 2). In fact, we obtained the most conspicuous association results with CR1 haplotypes (Table 5), revealing synergistic, additive/epistatic effects between variants located on the same DNA string. The carrier status of the *3B2B haplotype (GTHMCTKCA), the most common haplotype encoding the York blood group antigen (rs3737002, p.1408Met), protects against FS [OR = 0.57 (95%CI = 0.35–0.93), q = 0.042] as well as against the localized form of the disease [OR = 0.25 (95%CI = 0.089–0.72), q = 0.01]. In contrast with all other results, this association agreed for comparisons with both endemic and non-endemic controls. A similar protective effect was observed from carrying the *3A2A (GCRTTTKCG) haplotype, presenting p.1208Arg and p.1408Thr [OR = 0.46 (95%CI = 0.25–0.85), q = 0.033]. This protective effect agreed with the aforementioned association results of rs2274567 (p.His1208Arg). In contrast, the frequency of the *1 haplotype (GCHTCTKCG) was higher among FS patients with both localized and generalized distributions of cutaneous lesions than in controls (OR = 5.50 [95%CI = 1.84–16.45], q = 0.016 and OR = 4.33 [95%CI = 1.74–10.77], q = 0.002, respectively).


Table 5. Association of CR1 haplotypes with endemic pemphigus foliaceus.
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sCR1 Levels and Susceptibility to Fogo Selvagem

sCR1 levels differed according to treatment and disease manifestations but not according to the genotypes of the investigated SNPs and haplotypes (Figure 3). Patients in complete remission on treatment had higher sCR1 levels (median 1.82 ng/mL) than did controls and patients that had not yet initiated therapy (medians 1.23 and 0.61 ng/mL, P = 0.013 and 0.036, respectively). On the other hand, there was no difference between sCR1 levels in controls and patients with active fogo selvagem on treatment (medians 1.2 ng/mL vs. 1.39 ng/mL, respectively, P = 0.188). However, those with localized lesions revealed higher sCR1 levels than did patients with generalized lesions (medians 2.39 ng/mL vs. 1.24 ng/mL, respectively, P = 0.0073). The sCR1 levels of patients with localized lesions on immunosuppressive treatment were also significantly higher than in controls (P = 0.0112). Of note, no difference in sCR1 levels was found between patients treated with low and high corticosteroid doses (P = 0.1897, data not shown).


[image: Figure 3]
FIGURE 3. sCR1 serum levels in endemic controls and FS patients. P-values were obtained with the Mann-Whitney test. Interquartile median and range are indicated. We excluded two outliers with very high levels (one with 7.14 ng/mL in controls and another with 10.2 ng/mL in FS patients with active disease, but under treatment).




CR1 mRNA Expression Levels

One out of eleven CR1 SNPs analyzed (rs12034383) was associated with differential mRNA expression levels. Controls with the rs12034383*A/G genotype had higher mRNA levels than controls with the rs12034383*G/G genotype (median fold changes 0.96 vs. 0.62, respectively, P = 0.04) (Figure 4). Carriers of the protective GTHMCTKCA haplotype, which includes the rs12034383*A allele, presented instead lower mRNA expression (P = 0.03) (Figure 5).


[image: Figure 4]
FIGURE 4. Association between the expression of CR1 mRNA and CR1 rs12034383 polymorphism. Fold-change values were calculated through the 2–ΔΔCt method. The horizontal bars in the clusters indicate the median. P-values indicate a statistical significance at the 0.05 level and were calculated by Mann–Whitney's test. Scatter plots were constructed from the raw non-normalized, fold change data using GraphPad 6.0 software (La Jolla, California, USA).
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FIGURE 5. Association between the expression of CR1 mRNA and the *1.3B2B– GCHMCTKCA haplotype. +GCHMCTKCA: homozygote or heterozygote individuals. Fold-change values were calculated through the 2–ΔΔCt method. The horizontal bars in the clusters indicate the median. P-values indicate a statistical significance at the 0.05 level and were calculated by Mann–Whitney's test. Scatter plots were constructed from the raw non-normalized, fold change data using GraphPad 6.0 software (La Jolla, California, USA).





DISCUSSION

CR1 plays a major role in inhibiting the complement system, removing immune complexes, and activating B cells, important events that are deregulated in autoimmune diseases (35, 55, 56). Polymorphisms that alter CR1 gene expression or protein activity are also common worldwide (57–60) and have been associated with different infectious, autoimmune, and neurological/neurodegenerative diseases (61–67). Those in exon 29 encode antigens of the Knops blood group system, the 22nd system recognized by the International Society of Blood Transfusion (68): e.g., rs3737002 (p.Thr1408Met) defines the York blood antigen and rs17047660 (p.Lys1590Glu), the McCoy blood antigen (69, 70). These polymorphisms may modulate the success of Plasmodium falciparum and Leishmania major, as well as mycobacteria that invade erythrocytes and macrophages, respectively (71–75). Most of the time, however, disease associations are related to complement subversion/deregulation and consequent alterations in phagocytosis and cytokine release, even in infectious diseases (29, 76–78). For example, in HIV infection, CR1 molecules expressed on erythrocytes bind C3b-opsonized HIV particles. They act as cofactors for factor I conversion of C3b to inactivated iC3b. This allows the virus to survive anti-retroviral therapy and spread as iC3b-opsonized particles, captured by CR2 on B cells, and presented to other lymphocytes (79). In systemic lupus erythematosus, a low CR1 density on neutrophils and other phagocytes causes excessive C3 activation, the release of proinflammatory cytokines, and immune-complex overload (80–82). The risk for Alzheimer's disease increases with the preferential, low expression of a long CR1 isoform, which is ineffective in the removal of beta-amyloid plaques (83–86). Furthermore, CR1 polymorphisms also modulate the response to eculizumab therapy, which targets complement protein C5 (87).

Here, the York blood group, encoded by the CR1*3B2B haplotype, was associated with higher protection against FS. The p.1408Met amino acid substitution (rs3737002*T) is responsible for this antigen and is considered as “probably damaging” (a Polyphen-2 score of 0.9 or higher and a CADD score of 19.52). This substitution modifies the first SCR in the LHR-D module (SCR 22), responsible for the recognition of the initiation molecules of the classical (C1q) and lectin (MBL and FCNs) pathways, and may reduce the recognition of IgG1-bound C1q as well as of MBL/FCNs (32) bound to exposed glycosilated/acetylated residues on desmosomes and epithelial cells, decreasing internalization of neoantigens by antigen-presenting cells (Figure 6).


[image: Figure 6]
FIGURE 6. Proposed role of CR1 polymorphisms of the Knop blood group and soluble CR1 in susceptibility to endemic pemphigus foliaceus. (A) The p.1408Met amino acid substitution (York antigen) in the SCR22 module of the protein is proposed to reduce the affinity of CR1 molecules for C1q/collectin/ficolin to IgG1-bound C1q as well to exposed glycosilated/acetylated residues on desmosomes and epithelial cells, decreasing internalization of neoantigens by antigen-presenting cells. (B) In contrast, CR1 molecules with p.1590Glu (McCoy antigen) are proposed to have enhanced affinity for C1q/collectin/ficolins due to a negative charge already provided by Glu at the 1595 and 1597 positions, increasing the internalization of cell debris and other opsonized complexes, fostering the autoimmune reaction by renewing the presentation of self-peptides, and consequent B and T cell activation. (C) The soluble CR1 molecule has anti-inflammatory properties. As cell membrane-bound CR1, sCR1 acts as a cofactor for the Factor I-mediated cleavage of soluble/bound C3b and C4b, reducing opsonization and phagocytosis. Furthermore, sCR1 and exosomal-bound CR1 are unable to mediate the LHR-D-mediated internalization of opsonized complexes by phagocytes, inhibiting both complement activation, and complement-driven phagocytosis (by the author).


As expected, the most ancestral *1 haplotype, encoding p.1408Thr, seems to increase susceptibility to FS. Interestingly, although this association was found by comparing patients with non-endemic controls, a CR1 haplotype with p.1408Thr was found to increase FS susceptibility 1.4x within the endemic population in our previous study (37). Furthermore, the same haplotype has recently been associated with increased susceptibility to the more severe multibacillary clinical forms of leprosy (25).

On the other hand, the p.1408Met amino acid substitution was also recently associated with susceptibility to idiopathic pulmonary fibrosis (88). Affected patients present an increase of serum proteins of the complement cascade and higher complement activation in the lung (89). The same allele was also reported to increase the susceptibility to late-onset Alzheimer's disease in Han Chinese (90). Compared to the York antigen, the opposite is expected to occur with the amino acid substitution that creates the McCoy “b” antigen in SCR25, namely p.Lys1590Glu (rs17047660*G). This SNP is also deemed to be damaging (although with a low Polyphen score: 0.597) or deleterious, according to SIFT (score of 0.02). It increases the amount of glutamic acid residues in a sequence of only 10 residues, strengthening the negative charge already provided by Glu at the 1595 and 1597 positions and thus most probably increasing the affinity of this LHR-D domain for C1q/MBL/FCNs (91). This could explain the association found with increased susceptibility to FS, since it could potentially increase the capture of complement-opsonized elements, their internalization, and consequent B cell activation (Figure 6). The association found with the McCoy antigen (p.1590Glu), however, did not resist correction for demographic factors, which may stem from its higher frequency in African-derived populations and the small sample size of this study. Interestingly, homozygosity for p.1590Glu was also associated with higher susceptibility to repetitive malaria-associated seizures in patients with cerebral malaria (66). The susceptibility associations found for the intronic polymorphisms rs6656401*G and rs3849266*T are in accordance with our previous results (37), but the latter may also result from strong linkage disequilibrium with rs3737002.

Last, but not least, we found a protective association with the *3A2A haplotype, containing the p.1208Arg (rs2274567*G) amino acid substitution. Among the investigated SNPs, this allele was, as expected, also associated with FS resistance. However, both associations only occurred when comparing patients with non-endemic controls. Thus, we recommend caution in interpreting these results until they are replicated in an independent sample.

In accordance with the proposed anti-inflammatory role of the York antigen in disease resistance, we found an association of higher levels of sCR1, a molecule known for its anti-inflammatory properties (92), with less severe clinical presentation of FS, disease remission, and corticoid therapy. This leads us to suggest that sCR1 plays a protective role in the evolution of the disease. The soluble CR1 molecule shares all LHR domains with exosomal-bound CR1 and cell membrane-bound CR1, as well as all functions mediated by LHRs A-C, including the ability to cleave C4b, accelerating the decay of C3 and C5 convertases, and to cleave C3b, reducing opsonization and phagocytosis (27, 93). Nevertheless, sCR1 and exosomal-bound CR1 are unable to mediate the LHR-D-mediated internalization of opsonized complexes by phagocytes, thus acting as a “sink” for initiation molecules of the complement cascade and inhibiting both complement activation and complement-driven phagocytosis (92). Taking into account that human sCR1 has been demonstrated to reduce acute inflammation and autoimmunity, even preventing disease progression in a rat arthritis model (94, 95), and as the potential application of sCR1 in therapeutic settings has been shown (96), its role in susceptibility to pemphigus and its clinical evolution might be highly relevant. A longitudinal follow-up study would be necessary to find out whether patients with localized lesions that have progressed to the generalized form also present a decline in sCR1 concentration. In the present study, CR1 genotypes were not correlated with sCR1 serum levels, which might rely on the fact that the sCR1 form does not result from alternative splicing of the gene but from proteolytic cleavage (31).

CR1 gene expression was higher in healthy individuals with the genotype A/G (rs12034383) than in G/G homozygotes. This latter genotype is also associated with impaired removal of amyloid Aß in the cerebrospinal fluid of Alzheimer patients compared with A/A homozygotes (83). Interestingly, the recombinant *1.3B2B (GCHMCTKCA) haplotype, containing the proposed protective York antigen (p.1408Met), was associated with lower gene expression, lending support to the hypothesis that low CR1 levels would protect against the production of autoantibodies, as previously discussed.

In conclusion, our data lead us to suggest that CR1 polymorphisms of the Knops blood group modulate susceptibility to FS. Furthermore, higher sCR1 levels may limit FS lesions and promote/accelerate disease remission. CR1 may thus be regarded as a candidate for new therapeutic interventions in the disease.
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Supplementary Figure 1. Pairwise linkage disequilibrium plot based on investigated CR1 SNPs. Colors are indicative of D'/logarithm of odds (LOD), and values correspond to r2. Bright red represents LOD score for LD ≥ 2 and D = 1, shades of pink/red represent LOD ≥ 2 and D < 1, blue represents D = 1 but LOD < 2, and white squares represent LOD < 2 and D < 1. (A) Euro-Brazilian patients. (B) Euro-Brazilian controls. (C) Afro-Brazilian patients. (D) Afro-Brazilian controls. The SNPs rs12034598 and rs1746659 are not represented in the plot because they were not genotyped for all individuals.

Supplementary Table 1. PCR conditions. HGH was used as an internal amplification control for simple PCR 1, 2 and multiplex 1; HLA-E was used as an internal amplification control for multiplex PCR 2; Simple PCR 1: CR1 forward primer-1 pair detects rs6656401 alleles; Simple PCR 2: CR1 forward primer-1 pair detects rs12034598 alleles and CR1 reverse primer-1 pair detects rs1746659 alleles; Multiplex PCR 1: CR1 forward primer-1 pair detects rs3849266 alleles and CR1 reverse primer-1 pair detects rs2274567 alleles; and CR1 forward primer-2 pair detects rs4844610 alleles and CR1 reverse primer-2 pair detects rs12034383 alleles; Multiplex PCR 2: CR1 forward primer-1 pair detects rs3737002 alleles and CR1 reverse primer-1 pair detects rs11118131 alleles; and CR1 forward primer-2 pair detects rs11118167 alleles and CR1 reverse primer-2 pair detects rs17047660 alleles; C, Celsius; min: minute; sec: seconds.

Supplementary Table 2. Allele and genotype distributions of CR1 polymorphisms investigated in this study.



REFERENCES

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

 2. Meyer N, Misery L. Geoepidemiologic considerations of auto-immune pemphigus. Autoimmun Rev. (2010) 9:A379–82. doi: 10.1016/j.autrev.2009.10.009

 3. Alpsoy E, Akman-Karakas A, Uzun S. Geographic variations in epidemiology of two autoimmune bullous diseases: pemphigus and bullous pemphigoid. Arch Dermatol Res. (2015) 307:291. doi: 10.1007/s00403-014-1531-1

 4. Castro R, Roscoe J, Sampaio S. Brazilian pemphigus foliaceus. Clin Dermatol. (1983) 1:22–41. doi: 10.1016/0738-081X(83)90021-4

 5. Bastuji-Garin S, Souissi R, Blum L, Turki H, Nouira R, Jomaa B, et al. Comparative epidemiology of pemphigus in Tunisia and France: unusual incidence of pemphigus foliaceus in young Tunisian women. J Invest Dermatol. (1995) 104:302–5. doi: 10.1111/1523-1747.ep12612836

 6. Diaz L, Sampaio SA, Rivitti E, Martins C, Cunha P, Lombardi C, et al. Endemic pemphigus foliaceus. (Fogo Selvagem) II. Current and historic epidemiologic studies. J Invest Dermatol. (1989) 92:4–12. doi: 10.1111/1523-1747.ep13070394

 7. Baum S, Sakka N, Artsi O, Trau H, Barzilai A. Diagnosis and classification of autoimmune blistering diseases. Autoimmun Rev. (2014) 13:482–9. doi: 10.1016/j.autrev.2014.01.047

 8. Lombardi C, Borges PC, Chaul A, Sampaio SA, Rivitti E, Friedman H, et al. Environmental risk factors in the endemic pemphigus foliaceus. (fogo selvagem). J Invest Dermatol. (1992) 98:847–5. doi: 10.1111/1523-1747.ep12456932

 9. Vernal S, Pepinelli M, Casanova C, Goulart TM, Kim O, Paula NA De, et al. Insights into the epidemiological link between biting flies and pemphigus foliaceus in southeastern Brazil. Acta Tropica. (2017) 176:455–62. doi: 10.1016/j.actatropica.2017.09.015

 10. Qian Y, Culton DA, Jeong JS, Trupiano N, Valenzuela JG, Diaz LA. Non-infectious environmental antigens as a trigger for the initiation of an autoimmune skin disease. Autoimmun Rev. (2016) 15:923–30. doi: 10.1016/j.autrev.2016.07.005

 11. Amagai M, Stanley JR. Desmoglein as a target in skin disease and beyond. J Invest Dermatol. (2012) 132:776–84. doi: 10.1038/jid.2011.390

 12. Culton DA, Qian Y, Li N, Rubenstein D, Aoki V, Filhio GH, et al. Advances in pemphigus and its endemic pemphigus foliaceus. (Fogo Selvagem) phenotype: a paradigm of human autoimmunity. J Autoimmun. (2008) 31:311–24. doi: 10.1016/j.jaut.2008.08.003

 13. Messias IT, von Kuster LC, Santamaria J, Kajdacsy-Balla A. Complement and antibody deposition in Brazilian pemphigus foliaceus and correlation of disease activity with circulating antibodies. Arch Dermatol. (1988) 124:1664–8. doi: 10.1001/archderm.124.11.1664

 14. Pegas JRP, dos Reis VMS. Direct immunofluorescence on uninvolved, lesional and perilesional skin in patients with endemic pemphigus foliaceus. (fogo selvagem). Med Sci Monitor. (2004) 10:CR657–61.

 15. Odo M, Rodrigues R, Miyauchi L. Direct immunofluorescence in skin biopsy of Brazilian pemphigus foliaceus. An Bras Dermatol. (1981) 56:1–5.

 16. Hernandez C, Amagai M, Chan L. Pemphigus foliaceus : preferential binding of IgGl and C3 at the upper epidermis. Br J Dermatol. (1997) 136:249–52. doi: 10.1046/j.1365-2133.1997.d01-1180.x

 17. Abreu-Velez AM, Upegui-Zapata YA, Valencia-Yepes CA, Upegui-Quiceno E, Mesa-Herrera N-R, Jiménez-Echavarria AM, et al. Membrane attack complex. (C5b-9 complex or Mac), is strongly present in lesional skin from patients with endemic pemphigus foliaceus in El Bagre, Colombia. J Cuton Pathol. (2019) 1–5. doi: 10.1111/cup.13565

 18. Rock B, Labib RS, Diaz LA. Monovalent Fab′ immunoglobulin fragments from endemic pemphigus foliaceus autoantibodies reproduce the human disease in neonatal Balb/c mice. J Clin Invest. (1990) 85:296–9. doi: 10.1172/JCI114426

 19. España A, Diaz LA, Mascaró JM, Giudice GJ, Fairley JA, Till GO, et al. Mechanisms of acantholysis in pemphigus foliaceus. Clin Immunol Immunopathol. (1997) 85:83–9. doi: 10.1006/clin.1997.4407

 20. Xia P, Jordon RE, Geoghegan WD. Complement fixation by pemphigus Antibodt. Science. (1988) 82:1939–47. doi: 10.1172/JCI113813

 21. Hashimoto K, Shafran K, Webber P, Lazarus G, Singer K. Anti-cell surface pemphigus autoantibody stimulates plasminogen activator activity of human epidermal cells – a mechanism for the loss of epidermal cohesion and blister formation. J Exp Med. (1983) 157:259–72. doi: 10.1084/jem.157.1.259

 22. Ablin R. Levels of C'3 in the serum of patients with pemphigus. J Invest Dermatol. (1971) 56:450–3. doi: 10.1111/1523-1747.ep12261375

 23. Franquini J, Adad S, Murta A, de Morais C, Teixeira Vde P, Júnior V. Tests of inflammatory activity in endemic pemphigus foliaceus. Rev Soc Bras. (1994) 27:25–9. doi: 10.1590/S0037-86821994000100006

 24. Messias-Reason I, Bosco DG, Nisihara RM, Jakobsen LH, Petzl-Erler ML, Jensenius JC. Circulating levels of mannan-binding lectin. (MBL) and MBL-associated serine protease 2 in endemic pemphigus foliaceus. Clin Exp Dermatol. (2008) 33:495–7. doi: 10.1111/j.1365-2230.2008.02743.x

 25. Kretzschmar GC, Oliveira LC, Nisihara RM, Velavan TP, Stinghen ST, Stahlke ERS, et al. Complement receptor 1 (CR1, CD35) association with susceptibility to leprosy. PLoS Neglected Trop Dis. (2018) 12:1–16. doi: 10.1371/journal.pntd.0006705

 26. Klickstein BYLB, Wong WW, Smith JA, Weis JH, Wilson JG, Fearon DT. HUMAN C3b/C4b RECEPTOR. (CR1) - demonstration of long homologous repeating domains that are composed of the short consensus repeats characteristic of C3/C4 binding proteins. J Exp. (1987) 165:1095–112. doi: 10.1084/jem.165.4.1095

 27. Wong WW, Cahill JM, Rosen MD, Kennedy CA, Bonaccio ET, Morris MJ, et al. Structure of the human CR1 gene. Molecular basis of the structural and quantitative polymorphisms and identification of a new CR1-like allele. J Exp Med. (1989) 169:847–63. doi: 10.1084/jem.169.3.847

 28. Moulds JM, Zimmerman PA, Doumbo OK, Kassambara L, Sagara I, Diallo DA, et al. Molecular identification of Knops blood group polymorphisms found in long homologous region D of complement receptor 1. Blood. (2001) 97:2879–85. doi: 10.1182/blood.V97.9.2879

 29. Khera R, Das N. Complement Receptor 1: disease associations and therapeutic implications. Mol Immunol. (2009) 46:761–72. doi: 10.1016/j.molimm.2008.09.026

 30. Danielsson C, Pascual M, French L, Steiger G, Schifferli JA. Soluble complement receptor type 1. (CD35) is released from leukocytes by surface cleavage. Eur J Immunol. (1994) 24:2725–31. doi: 10.1002/eji.1830241123

 31. Hamer I, Paccaud J, Belin D, Maeder C, Carpentier J. Soluble form of complement C3b/C4b receptor. (CR1) results from a proteolytic cleavage in the C-terminal region of CR1 transmembrane domain. Biochem J. (1998) 190:183–90. doi: 10.1042/bj3290183

 32. Furtado PB, Huang CY, Ihyembe D, Hammond R, Marsh HC, Perkins SJ. The partly folded back solution structure arrangement of the 30 SCR domains in human complement receptor type 1. (CR1) permits access to its C3b and C4b ligands. J Mol Biol. (2008) 375:102–18. doi: 10.1016/j.jmb.2007.09.085

 33. Liu D, Niu Z-X. The structure, genetic polymorphisms, expression and biological functions of complement receptor type 1. (CR1/CD35). Immunopharmacol Immunotoxicol. (2009) 31:524–35. doi: 10.3109/08923970902845768

 34. Anna S, Heyman B. Specific IgM and regulation of antibody responses. Curr Top Microbiol Immunol. (2017) 408:67–87. doi: 10.1007/82_2017_24

 35. Török K, Dezso B, Bencsik A, Uzonyi B, Erdei A. Complement receptor type 1 (CR1/CD35) expressed on activated human CD4+ T cells contributes to generation of regulatory T cells. Immunol Lett. (2015) 164:117–24. doi: 10.1016/j.imlet.2015.02.009

 36. Jozsi M, Prechl J, Bajtay Z, Erdei a. Complement receptor type 1 (CD35) mediates inhibitory signals in human B lymphocytes. J Immunol. (2002) 168:2782–8. doi: 10.4049/jimmunol.168.6.2782

 37. Bumiller-Bini V, Cipolla GA, Almeida RC De, Ludwig RJ, Beate A, Boldt W. Sparking fire under the skin? Answers from the association of complement genes with pemphigus foliaceus. Front Immunol. (2018) 9:1–9. doi: 10.3389/fimmu.2018.00695

 38. Probst CM, Bompeixe EP, Pereira NF. HLA polymorphism and evaluation of European, African, and Amerindian contribution to the white and mulatto populations from Paraná, Brazil. Hum Biol. (2000) 72:597–617. doi: 10.1590/S0001-37652000000400010

 39. Braun-Prado K, Vieira Mion AL, Farah Pereira N, Culpi L, Petzl-Erler ML. HLA class I polymorphism, as characterised by PCR-SSOP, in a Brazilian exogamic population. Tissue Antigens. (2000) 56:417–27. doi: 10.1034/j.1399-0039.2000.560504.x

 40. Sambrook JR. Molecular Cloning: A Laboratory Manual Cold Spring, NY: CSHL Press (2001).

 41. Durbin RM, Abecasis GR, Altshuler DL, Bentley DR, Chakravarti A, Clark AG, et al. A map of human genome variation from population-scale sequencing. Nature. (2010) 467:1061–73. doi: 10.1038/nature09534

 42. Gabriel S, Ziaugra L, Tabbaa D. SNP genotyping using the sequenom massARRAY iPLEX Platform. Curr Protocols Hum Genet. (2009) Chapter 2:Unit 2.12. doi: 10.1002/0471142905.hg0212s60

 43. Oliveira LA, Marquart-filho A, Trevilato G, Timóteo RP, Mukai M, Roselino AMF, et al. Anti-desmoglein 1 and 3 autoantibody levels in endemic pemphigus foliaceus and pemphigus vulgaris from Brazil. Clin Lab. (2016) 62:1209–16. doi: 10.7754/Clin.Lab.2015.150628

 44. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and 2CT Method. Methods. (2001) 25:402–8. doi: 10.1006/meth.2001.1262

 45. Excoffier L, Lischer HE. Arlequin suite ver 3.5: a new series of programs to perform population genetics analyses under Linux and Windows. Mol Ecol Resour. (2010) 10:564–7. doi: 10.1111/j.1755-0998.2010.02847.x

 46. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, et al. PLINK: a tool set for whole-genome association and population-based linkage analyses. Am J Hum Genet. (2007) 81:559–75. doi: 10.1086/519795

 47. Boldt ABW, Messias-Reason IJ, Meyer D, Schrago CG, Lang F, Lell B, et al. Phylogenetic nomenclature and evolution of mannose-binding lectin (MBL2) haplotypes. BMC Genet. (2010) 11:38. doi: 10.1186/1471-2156-11-38

 48. Barrett JC, Fry B, Maller J, Daly MJ. Haploview: analysis and visualization of LD and haplotype maps. Bioinformatics. (2005) 21:263–5. doi: 10.1093/bioinformatics/bth457

 49. Nebert DW. Proposal for an allele nomenclature system based on the evolutionary divergence of haplotypes. Hum Mutat. (2002) 20:463–72. doi: 10.1002/humu.10143

 50. Benjamini Y, Hochberg Y. Controlling the false discovery rate : a practical and powerful approach to multiple testing. JR Statist Soc. (1995) 57:289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

 51. Boyle AP, Hong EL, Hariharan M, Cheng Y, Schaub MA, Kasowski M, et al. Annotation of functional variation in personal genomes using RegulomeDB. Genome Res. (2012) 22:1790–1797. doi: 10.1101/gr.137323.112

 52. Ward LD, Kellis M. HaploReg: a resource for exploring chromatin states, conservation, and regulatory motif alterations within sets of genetically linked variants. Nucl Acids Res. (2012) 40:930–4. doi: 10.1093/nar/gkr917

 53. Adzhubei IA, Schimidt S, Peshkin L, Ramensky VE, Gerasimova A, et al. A method and server for predicting damaging missense mutations. Nat Methods. (2010) 7:248–9. doi: 10.1038/nmeth0410-248

 54. Arnold M, Raffler J, Pfeufer A, Suhre K, Kastenmüller G. SNiPA: an interactive, genetic variant-centered annotation browser. Bioinformatics. (2015) 31:1334–6. doi: 10.1093/bioinformatics/btu779

 55. Arora V, Grover R, Kumar A, Anand D, Das N. Relationship of leukocyte CR1 transcript and protein with the pathophysiology and prognosis of systemic lupus erythematosus: a follow-up study. Lupus. (2011) 20:1010–8. doi: 10.1177/0961203311400112

 56. Donius LR, Handy JM, Weis JJ, Weis JH. Optimal germinal center B cell activation and T-dependent antibody responses require the expression of the mouse complement receptor Cr1. J Immunol. (2013) 191:434–47. doi: 10.4049/jimmunol.1203176

 57. Birmingham DJ, Irshaid F, Gavit KF, Nagaraja HN, Yu CY, Rovin BH, et al. A polymorphism in the type one complement receptor (CR1) involves an additional cysteine within the C3b/C4b binding domain that inhibits ligand binding. Mol Immunol. (2007) 44:3510–6. doi: 10.1016/j.molimm.2007.03.007

 58. Duru KC, Noble JA, Guindo A, Yi L, Imumorin IG, Diallo DA, et al. Extensive genomic variability of Knops blood group polymorphisms is associated with sickle cell disease in Africa. Evol Bioinform. (2015) 11:25–34. doi: 10.4137/EBO.S23132

 59. Yoon JH, Oh S, Shin S, Park JS, Roh EY, Song EY, et al. The polymorphism of Knops blood group system in Korean population and their relationship with HLA system. Hum Immunol. (2013) 74:196–8. doi: 10.1016/j.humimm.2012.10.024

 60. Xiang L, Rundles JR, Hamilton DR, Wilson JG. Quantitative alleles of CR1: coding sequence analysis and comparison of haplotypes in two ethnic groups. J Immunol. (1999) 1:4939–45.

 61. Luo J, Li S, Qin X, Song L, Peng Q, Chen S, et al. Meta-analysis of the association between CR1 polymorphisms and risk of late-onset Alzheimer's disease. Neurosci Lett. (2014) 578:165–70. doi: 10.1016/j.neulet.2014.06.055

 62. Fontes AM, Kashima S, Bonfim-Silva R, Azevedo R, Abraham KJ, Roberto S, et al. Association between Knops blood group polymorphisms and susceptibility to malaria in an endemic area of the Brazilian Amazon. Genet Mol Biol. (2011) 34:539–45. doi: 10.1590/S1415-47572011005000051

 63. Sweet RA, Seltman H, Emanuel JE, Lopez OL, Becker JT, Bis JC, et al. Effect of Alzheimer' s disease risk genes on trajectories of cognitive function in the cardiovascular health study. Am J Psychiatr. (2012) 169:954–62. doi: 10.1176/appi.ajp.2012.11121815

 64. Keenan BT, Shulman JM, Chibnik LB, Raj T, Tran D, Sabuncu MR, et al. A coding variant in CR1 interacts with APOE-ε4 to influence cognitive decline. Hum Mol Genet. (2012) 21:2377–88. doi: 10.1093/hmg/dds054

 65. Arakelyan A, Zakharyan R, Khoyetsyan A, Poghosyan D, Aroutiounian R, Mrazek F, et al. Functional characterization of the complement receptor type 1 and its circulating ligands in patients with schizophrenia. BMC Clin Pathol. (2011) 11:1–7. doi: 10.1186/1472-6890-11-10

 66. Kariuki SM, Rockett K, Clark TG, Reyburn H, Agbenyega T, Taylor TE, et al. The genetic risk of acute seizures in African children with falciparum malaria. Epilepsia. (2013) 54:990–1001. doi: 10.1111/epi.12173

 67. Shen N, Chen B, Jiang Y, Feng R, Liao M, Zhang L, et al. An updated analysis with 85,939 samples confirms the association between CR1 rs6656401 polymorphism and Alzheimer's disease. Mol Neurobiol. (2014) 1–7. doi: 10.1007/s12035-014-8761-2

 68. Daniels GL, Fletcher A, Garratty G, Henry S, Jørgensen J, Judd WJ, et al. Blood group terminology 2004 : from the International Society of Blood Transfusion committee on terminology for red cell surface antigens. Vox Sanguinis. (2004) 87:304–16. doi: 10.1111/j.1423-0410.2004.00564.x

 69. Moulds JM, Thomas BJ, Doumbo O, Diallo DA, Lyke KE, Plowe CV, et al. Identification of the Kna / Knb polymorphism and a method for Knops genotyping. Transfusion. (2010) 44:164–9. doi: 10.1111/j.1537-2995.2004.00615.x

 70. Veldhuisen B, Ligthart PC, Vidarsson G, Roels I, Folman CC, van der Schoot CE, et al. Molecular analysis of the York antigen of the Knops blood group system. Transfusion. (2011) 51:1389–96. doi: 10.1111/j.1537-2995.2010.02999.x

 71. Awandare GA, Spadafora C, Moch JK, Dutta S, Haynes JD, Stoute JA. Plasmodium falciparum field isolates use complement receptor 1 (CR1) as a receptor for invasion of erythrocytes. Mol Biochem Parasitol. (2011) 177:57–60. doi: 10.1016/j.molbiopara.2011.01.005

 72. Schlesinger LS, Horwitz MA. Phagocytosis of leprosy bacilli is mediated by complement receptors CR1 and CR3 on human monocytes and complement component C3 in serum. J Clin Invest. (1990) 85:1304–14. doi: 10.1172/JCI114568

 73. Bermudez LE, Young LS, Enkel H. Interaction of Mycobacterium avium complex with human macrophages : roles of membrane receptors and serum proteins. Infect Immun. (1991) 59:1697–702.

 74. Noumsi GT, Tounkara A, Diallo H, Billingsley K, Moulds JJ. Knops blood group polymorphism and susceptibility to Mycobacterium tuberculosis infection. Transfusion. (2011) 51:2462–9. doi: 10.1111/j.1537-2995.2011.03161.x

 75. Rosenthal LA, Sutterwala FS, Kehrli ME, Mosser DM. Leishmania major - Human Macrophage Interactions: cooperation between Mac-1 (CD11b/CD18) and Complement Receptor Type 1 (CD35) in Promastigote Adhesion. Infect Immun. (1996) 64:2206–15.

 76. Fernandez-Arias C, Lopez JP, Hernandez-Perez JN, Bautista-Ojeda MD, Branch O, Rodriguez A. Malaria inhibits surface expression of complement receptor-1 in monocyte/macrophages causing decreased immunecomplex internalization. J Immunol. (2014) 190:3363–72. doi: 10.4049/jimmunol.1103812

 77. Teeranaipong P, Ohashi J, Patarapotikul J, Kimura R, Nuchnoi P, Hananantachai H, et al. A functional single-nucleotide polymorphism in the CR1 promoter region contributes to protection against cerebral malaria. J Infect Dis. (2008) 198:1880–91. doi: 10.1086/593338

 78. Gomes JAS, Campi-Azevedo AC, Teixeira-Carvalho A, Silveira-Lemos D, Vitelli-Avelar D, Sathler-Avelar R, et al. Impaired phagocytic capacity driven by downregulation of major phagocytosis-related cell surface molecules elicits an overall modulatory cytokine profile in neutrophils and monocytes from the indeterminate clinical form of Chagas disease. Immunobiology. (2012) 217:1005–16. doi: 10.1016/j.imbio.2012.01.014

 79. Bánki Z, Wilflingseder D, Ammann CG, Pruenster M, Müllauer B, Holländer K, et al. Factor I-mediated processing of complement fragments on HIV immune complexes targets HIV to CR2-expressing B cells and facilitates B cell-mediated transmission of opsonized HIV to T cells. J Immunol. (2006) 177:3469–76. doi: 10.4049/jimmunol.177.5.3469

 80. Arora V, Verma J, Dutta R, Marwah V, Kumar A, Das N. Reduced complement receptor 1 (CR1, CD35) transcription in systemic lupus erythematosus. Mol Immunol. (2004) 41:449–56. doi: 10.1016/j.molimm.2004.03.004

 81. Arora V, Matin A, Grover R, Kumar A, Chattopadhyay P, Das N. Modulation of CR1 transcript in systemic lupus erythematosus (SLE) by IFN- y and immune complex. Mol Immunol. (2007) 44:1722–8. doi: 10.1016/j.molimm.2006.07.300

 82. Kavai M. Immune complex clearance by complement receptor type 1 in SLE. Autoimmun Rev. (2008) 8:160–4. doi: 10.1016/j.autrev.2008.06.002

 83. Brouwers N, Van Cauwenberghe C, Engelborghs S, Lambert J-C, Bettens K, Le Bastard N, et al. Alzheimer risk associated with a copy number variation in the complement receptor 1 increasing C3b/C4b binding sites. Mol Psychiatr. (2012) 17:223–33. doi: 10.1038/mp.2011.24

 84. Hazrati L-N, Van Cauwenberghe C, Brooks PL, Brouwers N, Ghani M, Sato C, et al. Genetic association of CR1 with Alzheimer's disease: a tentative disease mechanism. Neurobiol Aging. (2012) 33:2949.e5–e12. doi: 10.1016/j.neurobiolaging.2012.07.001

 85. Mahmoudi R, Kisserli A, Novella J-L, Donvito B, Dramé M, Réveil B, et al. Alzheimer's disease is associated with low density of the long CR1 isoform. Neurobiol Aging. (2015) 36:1766.e5–12. doi: 10.1016/j.neurobiolaging.2015.01.006

 86. Mahmoudi R, Feldman S, Kisserli A, Tabary T, Bertholon L, Badr S, et al. Inherited and Acquired Decrease in Complement Receptor 1 (CR1) density on red blood cells associated with high levels of soluble CR1 in alzheimer's disease. Int J Mol Sci. (2018) 19:1–18. doi: 10.3390/ijms19082175

 87. Rondelli T, Risitano AM, Latour RP De, Sica M, Peruzzi B, Barcellini W, et al. Polymorphism of the complement receptor 1 gene correlates with the hematologic response to eculizumab in patients with paroxysmal nocturnal hemoglobinuria. Hematologica. (2014) 9:262–6. doi: 10.3324/haematol.2013.090001

 88. Deng Y, Li Z, Liu J, Wang Z, Cao Y, Mou Y, et al. Targeted resequencing reveals genetic risks in patients with sporadic idiopathic pulmonary fibrosis. Hum Mutat. (2018) 39:1238–45. doi: 10.1002/humu.23566

 89. Gu H, Mickler EA, Cummings OW, Sandusky GE, Weber DJ, Gracon A, et al. Crosstalk between TGF-β1 and complement activation augments epithelial injury in pulmonary fibrosis. FASEB J. (2014) 28:4223–34. doi: 10.1096/fj.13-247650

 90. Ma XY, Yu JT, Tan MS, Sun FR, Miao D, Tan L. Missense variants in CR1 are associated with increased risk of Alzheimer' disease in Han Chinese. Neurobiol Aging. (2014) 35:443:e17–21. doi: 10.1016/j.neurobiolaging.2013.08.009

 91. Jacquet M, Lacroix M, Ancelet S, Gout E, Gaboriaud C, Thielens NM, et al. Deciphering complement receptor type 1 interactions with recognition proteins of the lectin complement pathway. J Immunol. (2013) 190:3721–31. doi: 10.4049/jimmunol.1202451

 92. Hess C, Sadallah S, Hefti A, Landmann R, Schifferli JA. Ectosomes Released by human neutrophils are specialized functional units. J Immunol. (1999) 163:4564–73.

 93. Krych-goldberg M, Atkinson JP. Structure-function relationships of complement receptor type 1. Immunol Rev. (2001) 180:112–22. doi: 10.1034/j.1600-065X.2001.1800110.x

 94. Goodfellow RM, Williams AS, Levin JL, Williams BD, Morgan BP. Local therapy with soluble complement receptor 1 (sCR1) suppresses inflammation in rat mono-articular arthritis. Clin Exp Immunol. (1997) 110:45–52. doi: 10.1046/j.1365-2249.1997.5111408.x

 95. Dreja H, Annenkov A, Chernajovsky Y. Soluble complement receptor 1 (CD35) delivered by retrovirally infected syngeneic cells or by naked DNA injection prevents the progression of collagen-induced arthritis. Arthr Rheumat. (2000) 43:1698–709. doi: 10.1002/1529-0131(200008)43:8<1698::AID-ANR5>3.0.CO;2-8

 96. Keshavjee S, Davis RD, Zamora MR, de Perrot M, Patterson GA. A randomized, placebo-controlled trial of complement inhibition in ischemia-reperfusion injury after lung transplantation in human beings. J Thor Cardiovascul Surg. (2005) 129:423–8. doi: 10.1016/j.jtcvs.2004.06.048

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.

Copyright © 2019 Oliveira, Kretzschmar, dos Santos, Camargo, Nisihara, Farias, Franke, Wittig, Schmidt, Busch, Petzl-Erler and Boldt. 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: 22 November 2019
doi: 10.3389/fimmu.2019.02200






[image: image2]

Polymorphisms in the Mitochondrial Genome Are Associated With Bullous Pemphigoid in Germans

Juliane Russlies1, Anke Fähnrich1,2, Mareike Witte1,3, Junping Yin4, Sandrine Benoit5,6, Regine Gläser6,7†, Claudia Günter6,8, Rüdiger Eming6,9, Jeanette Erdmann2, Damian Gola10, Yask Gupta1, Maike Marleen Holtsche3, Johannes S. Kern6,11,12, Inke R. König10, Dimitra Kiritsi6,11, Wolfgang Lieb13,14, Christian D. Sadik3, Miklós Sárdy6,15,16, Franziska Schauer6,11, Nina van Beek3, Anke Weidinger6,7, Margitta Worm6,17, Detlef Zillikens3,6, Enno Schmidt1,3,6, Hauke Busch1,2, Saleh M. Ibrahim1,6 and Misa Hirose1*


1Luebeck Institute of Experimental Dermatology, University of Luebeck, Luebeck, Germany

2Institute for Cardiogenetics, University of Luebeck, Luebeck, Germany

3Department of Dermatology, University of Luebeck, Luebeck, Germany

4Research Center Borstel, Leibniz-Center for Medicine and Bioscience, Borstel, Germany

5Department of Dermatology, Venereology and Allergology, University Hospital Würzburg, Würzburg, Germany

6The German Autoimmune Bullous Disease Genetic Study Group, Germany

7Department of Dermatology, Venereology and Allergology, University Hospital Schleswig-Holstein, Kiel, Germany

8Department of Dermatology, University Hospital of Dresden, Dresden, Germany

9Department of Dermatology and Allergology, Phillips-Universität Marburg, Marburg, Germany

10Institute of Medical Biometry and Statistics, University of Luebeck, Luebeck, Germany

11Department of Dermatology, Faculty of Medicine, Medical Center-University of Freiburg, University of Freiburg, Freiburg, Germany

12Dermatology Department, Faculty of Medicine, Dentistry and Health Sciences, The Royal Melbourne Hospital, University of Melbourne, Melbourne, VIC, Australia

13Institute of Epidemiology, Christian-Albrecht University of Kiel, Kiel, Germany

14Popgen Biobank, Christian-Albrecht University of Kiel, Kiel, Germany

15Department of Dermatology, Venereology and Dermatooncology, Semmelweis University, Budapest, Hungary

16Department of Dermatology and Allergy, University Hospital, LMU Munich, Munich, Germany

17Department of Dermatology, Venereology and Allergology, Allergy Center Charité, Charité Medical University Berlin, Berlin, Germany

Edited by:
Attila Mócsai, Semmelweis University, Hungary

Reviewed by:
Takashi Hashimoto, Osaka City University, Japan
 Wataru Nishie, Hokkaido University, Japan
 Teruki Dainichi, Kyoto University, Japan

*Correspondence: Misa Hirose, misa.hirose@uksh.de

†ORCID: Regine Gläser orcid.org/0000-0002-5819-777X

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

Received: 31 May 2019
 Accepted: 30 August 2019
 Published: 22 November 2019

Citation: Russlies J, Fähnrich A, Witte M, Yin J, Benoit S, Gläser R, Günter C, Eming R, Erdmann J, Gola D, Gupta Y, Holtsche MM, Kern JS, König IR, Kiritsi D, Lieb W, Sadik CD, Sárdy M, Schauer F, van Beek N, Weidinger A, Worm M, Zillikens D, Schmidt E, Busch H, Ibrahim SM and Hirose M (2019) Polymorphisms in the Mitochondrial Genome Are Associated With Bullous Pemphigoid in Germans. Front. Immunol. 10:2200. doi: 10.3389/fimmu.2019.02200



Bullous pemphigoid (BP) is the most prevalent autoimmune skin blistering disease and is characterized by the generation of autoantibodies against the hemidesmosomal proteins BP180 (type XVII collagen) and BP230. Most intriguingly, BP is distinct from other autoimmune diseases because it predominantly affects elderly individuals above the age of 75 years, raising the question why autoantibodies and the clinical lesions of BP emerges mostly in this later stage of life, even in individuals harboring known putative BP-associated germline gene variants. The mitochondrial genome (mtDNA) is a potential candidate to provide additional insights into the BP etiology; however, the mtDNA has not been extensively explored to date. Therefore, we sequenced the whole mtDNA of German BP patients (n = 180) and age- and sex-matched healthy controls (n = 188) using next generation sequencing (NGS) technology, followed by the replication study using Sanger sequencing of an additional independent BP (n = 89) and control cohort (n = 104). While the BP and control groups showed comparable mitochondrial haplogroup distributions, the haplogroup T exhibited a tendency of higher frequency in BP patients suffering from neurodegenerative diseases (ND) compared to BP patients without ND (50%; 3 in 6 BP with haplogroup T). A total of four single nucleotide polymorphisms (SNPs) in the mtDNA, namely, m.16263T>C, m.16051A>G, and m.16162A>G in the D-loop region of the mtDNA, and m.11914G>A in the mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 4 gene (MT-ND4), were found to be significantly associated with BP based on the meta-analysis of our NGS data and the Sanger sequencing data (p = 0.0017, p = 0.0129, p = 0.0076, and p = 0.0132, respectively, Peto's test). More specifically, the three SNPs in the D-loop region were negatively, and the SNP in the MT-ND4 gene was positively associated with BP. Our study is the first to interrogate the whole mtDNA in BP patients and controls and to implicate multiple novel mtDNA variants in disease susceptibility. Studies using larger cohorts and more diverse populations are warranted to explore the functional consequences of the mtDNA variants identified in this study on immune and skin cells to understand their contributions to BP pathology.

Keywords: mitochondrial DNA, mitochondrial haplogroup, polymorphisms, autoimmune skin diseases, bullous pemphigoid, mitochondrial function, next generation sequencing


INTRODUCTION

A number of studies to identify candidate genes in autoimmune blistering skin diseases, particularly bullous pemphigoid (BP) have been conducted to date. These studies predominantly identified associated gene polymorphisms in immune system-related genes, e.g., HLA region (1–6), Fc gamma receptor genes (7), and cytokine genes (8). In addition to these nuclear-encoded genes, our group has recently shown that polymorphisms in a gene encoded in the mitochondrial genome, MT-ATP8, are associated with BP (9). Considering the nature of autoimmune diseases, the causal factors of BP are not only limited to genetics, but also involve environmental factors. For example, our recent findings showed that the composition of skin microbiota was altered in BP patients compared to healthy controls (10).

The mitochondrial genome (mtDNA) is a circular DNA molecule with a length of ~16 kilobase pairs. The mtDNA encodes 13 protein-coding genes, 22 transfer RNA genes, and 2 ribosomal RNA genes (11, 12). Multiple copies of the mtDNA exist in a single mitochondrion. All of the 13 mtDNA-encoded proteins consist of subunits of the oxidative phosphorylation (OXPHOS) complexes, which are responsible for cellular energy production in the form of ATP, as well as for the production of reactive oxygen species (ROS) as a by-product of the OXPHOS reaction. The mtDNA is polymorphic, and variations in the mtDNA are known to be associated with alterations in mitochondrial functions (13). The mtDNA variations in humans are categorized into the following three groups: (1) recent maternally inherited deleterious mutations; (2) ancient adaptive polymorphisms; and (3) somatic mutations that accumulate during development and in tissues with age (14). Recent maternally inherited deleterious mtDNA mutations have been well-described in rare mitochondrial disorders, including familial mitochondrial encephalomyopathy (15) and Leber's hereditary optic neuritis (16). Ancient adaptive polymorphisms are commonly used to establish haplogroup ancestry, as these variations are believed to have occurred during the migration of human ancestors in order to adapt different environments (e.g., nutritional availability and climates) (17). Furthermore, several ancient polymorphisms in the mtDNA have been reported to be associated with common diseases, including chronic inflammation and autoimmune diseases (18, 19). These are not surprising because the fate and the function of immune cells are largely determined by cellular metabolism (immunometabolism), which is to a large extent controlled by mitochondrial functions (20–22). One example of such immune cell types is regulatory T cells, which have been reported to be involved in the pathology of BP (23–25), and their differentiation is determined by the levels of fatty acid synthesis, one of the mitochondrial functions (26). Longevity and aging have also been associated with certain mtDNA polymorphisms (27–29). Another unique characteristic of the mtDNA is the higher frequency of somatic mutations in aging compared to the nuclear genome (30), indicating the presence of variations identified only in elderly people. In fact, BP is the most prevalent autoimmune blistering skin disease and predominantly affects the elderly population, i.e., usually in late 70s (31, 32). As mentioned above, our group has recently demonstrated changes in the skin microbiota composition having been observed in BP patients compared to healthy controls (10). Recently, certain mtDNA haplogroups have been reported to be associated with the abundance of certain bacterial taxa (33). Consistent with these findings, our group recently identified that variations in the mtDNA are associated with the composition of microbiota in the gut (34) and the skin of mice (unpublished), suggesting that the variations in the mtDNA observed in BP patients contribute to a shift of the skin microbiota composition, which in turn enhances susceptibility to the disease. All of the abovementioned characteristics of the mtDNA support its potential involvement in BP.

Therefore, we have explored here the whole mitochondrial genome by next generation sequencing technology in German BP patients and their age- and sex-matched controls.



MATERIALS AND METHODS


Study Cohorts

DNA samples for the NGS discovery study and the Sanger sequencing replication study were obtained from the German AIBD Genetics Study Group and PopGen Biobank. BP patients were diagnosed by clinicians at the participating centers. All included patients satisfied all of the following criteria; (i) a compatible clinical presentation, (ii) the detection of linear deposits of IgG and/or C3 at the dermal-epidermal junction by direct immunofluorescence (IF) microscopy of a perilesional skin biopsy, and (iii) the detection of serum autoantibodies against BP180 NC16A and/or BP230 by ELISA, according to the guideline of the German Dermatological Society for the diagnosis of BP (35). DNA samples from a total of 270 BP patients (180 for the NGS and 90 for a replication study using Sanger sequencing) and 294 controls (188 for the NGS and 106 for Sanger sequencing) were used in this study. The description of the cohort is summarized in Supplementary Table 1.

Of the samples tested by the NGS, 180 BP patients and 144 controls were evaluated for their genetic ancestry using their genome-wide SNP data, which were previously obtained using Affymetrix Biobank Axiom ArrayTM (Thermo Fisher Scientific, MA, USA). Principal components analysis (PCA) (Supplementary Figure 1) plots of the 180 BP and 144 control samples almost overlapped, suggesting that the BP patients and controls in this study belonged to the same population.

Of the 180 BP patients whose mtDNA was sequenced, clinical history of neurodegenerative disease (dementia and Parkinson's disease) was available in 58 patients. Of the 58 BP patients, data on their anti-BP180 NC16A IgG titer were available in 49 patients.

The study was approved by the ethical committees of the University of Lübeck (10-026 and 15-051) and the individual study centers.



Next Generation Sequencing of the Whole Mitochondrial Genome

Genomic DNA samples were processed for library preparation, as previously described in the Human mtDNA Genome protocol for Illumina Sequencing Platform (36). In brief, two primer sets [MTL-F1 (AAAGCACATACCAAGGCCAC) and MTL-R1 (TTGGCTCTCCTTGCAAAGTT); MTL-F2 (TATCCGCCATCCCATACATT) and MTL-R2 (AATGTTGAGCCGTAGATGCC)] were used to amplify the mtDNA by long-range PCR. Library preparation was performed using a Nextera XT DNA Library Preparation Kit (Illumina Inc., CA, USA), and the 10-pM library was sequenced on the Illumina MiSeq sequencing platform (2 × 150 bp paired-end reads) (Illumina Inc.).



NGS Data Analysis

Our previously described data analysis method (37) was modified and adapted for human mtDNA analysis. After quality control, the reads were mapped to the revised Cambridge Reference Sequence (rCRS; NC_012920.1) using Burrows-Wheeler Aligner bwa version 0.705 (38), and bam files were generated. Duplicated reads generated during PCR were removed using Markduplicates (Picard tools version 1.119) (39), and indels were realigned using IndelRealigner (Genome analysis tool kit version 3.3) (40). The processed bam files were assessed for frequency and base quality (≥30) for each reference and alternate base in the mtDNA using pysamstats (version 0.24.3) (41). When the frequency of the alternate allele compared with the reference allele was >90%, it was considered as homoplasmic mutation, whereas the 10–90% range was considered as heteroplasmy. Additionally, bam files were manually inspected for the presence of mutations and indels using IGV software (42). mtDNA variants were annotated using MSeqDR mvTool (43), a DNA Web resource for comprehensive variant annotation.



Mitochondrial Haplogroup Analysis

Mitochondrial haplogroup assignment was conducted using HaploGrep 2 (44). In brief, HaploGrep weighs each polymorphism present in PhyloTree17 (45) based on its informativeness to define haplogroups. The set of SNPs in the input file were classified as informative or remaining (not informative). A score is given based on the weights of the informative SNPs, and the offset was determined based on the number of remaining SNPs.



Replication Study (Sanger Sequencing)

DNA samples for the replication study were prepared using standard DNA extraction kits (Qiagen, Hilden, Germany). SNP regions were amplified by standard PCR. The primers used for the PCR reaction are listed in Supplementary Table 2. The PCR products were sent to Genewiz (Essex, UK) for Sanger sequencing, and the obtained data were analyzed using the freely available software Unipro UGENE (46).



Statistical Analysis

Data from the mtSNP association study and the mitochondrial haplogroup association study were analyzed using R package “exact2 × 2,” which provides a non-central confidence interval matching the two-sided Fisher's exact test based on the principle of likelihood estimation (47).

The meta-analysis was conducted using Peto's method (48) from the R package “metaphor” (49). This method provides a weighted estimate of the log odds ratio under a fixed-effects model. We used Hommel's method (50) to give strong control of the family-wise error rate, i.e., the probability of at least one type I error, by adjusting each p-value obtained from Peto's method.

Statistical analyses for other studies were performed using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA). Statistical tests used for the analysis are indicated in the figure legends.




RESULTS


BP Patients in the Mitochondrial Haplogroup T May Exhibit a Higher Co-incidence With Neurodegenerative Conditions

Mitochondrial haplogroup analysis in this German population revealed that 47.28% of the sequenced individuals belonged to the haplogroup H, which is the major haplogroup in Europeans, followed by haplogroup U (18.21%), haplogroup J (10.05%), and haplogroup T (8.42%). When the data were analyzed for disease association, there was no association between BP status and the mtDNA haplogroups (p = 0.7963, Fisher's exact test, Figure 1A, Supplementary Table 3).
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FIGURE 1. Mitochondrial haplogroup distribution in BP patients and controls. (A) BP patients and controls showed similar mitochondrial haplogroup distributions. (B) Mitochondrial haplogroup distribution when BP patients were stratified for clinical history of neurodegenerative diseases (ND). BP patients with the haplogroup T background tended to have higher incidence of ND.


Among the 180 BP patients sequenced for the whole mtDNA, 58 cases had clinical history of neurodegenerative diseases (ND; e.g., Parkinson's disease and dementia), consistent with recent studies that reported an association between neurodegenerative diseases and BP in different populations (51). We analyzed the mitochondrial haplogroup associations in these 58 BP patients and found that BP patients in the mitochondrial haplogroup T tend to have higher risk of ND (Figure 1B, p = 0.1448, Fisher's exact test). We additionally evaluated 49 BP patients with available records of autoantibody (anti-BP180 NC16A IgG) levels. While no associations between the autoantibody titers and mitochondrial haplogroups were observed (Figure 2A), BP patients with concurrent ND showed significantly higher variation in autoantibody titers compared to BP patients without ND (Figure 2B, p = 0.027, Mann–Whitney test).
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FIGURE 2. (A) The levels of anti-BP180 antibodies in individuals with each haplogroup. The mean values of anti-BP180 IgG were 223.8 U/L in haplogroup H, 101 U/L in haplogroup U, 326.7 U/L in haplogroup T, 106.4 U/L in haplogroup J, 144 U/L in haplogroup I, 113 U/L in haplogroup V, 27 U/L in haplogroup L, 114 U/L in haplogroup W. (B) The levels of the autoantibodies BP180 NC16A were highly varied in BP patients who also suffer from neurodegenerative diseases. P = 0.0272, Mann–Whitney test.




Novel Candidate SNPs in the mtDNA-Associated With BP in Germans

A total of 1,010 SNPs in the mtDNA (mtSNPs) were identified in this study. The mtSNPs associated with BP (exploratory p < 0.1) are listed in Table 1. Of the five listed variants, the three mtSNPs; m.16263T>C, m.11914G>A, and m.15904C>T; were selected for the replication study using Sanger sequencing in the replication cohort of an additional independent 90 BP and 106 control samples. In this replication study, two relevant mtDNA sequences covering all three mtSNPs were PCR-amplified (Supplementary Table 2) and processed for Sanger sequencing. The Sanger sequencing data confirmed the validity of the NGS results obtained from the individuals carrying a variant from each of the three mtSNPs. In addition to the analysis of the three targeted SNPs, the design of the primers used for the Sanger sequencing replication study enabled us to evaluate the sequencing data of the locus ranging from m.15800 to m.16290 (covering a part of the displacement-loop region; D-loop region), as well as the locus ranging from m.11870 to m.12137 (covering a part of the mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 4 gene; MT-ND4) in the replication cohorts.


Table 1. Five candidate BP-associated SNPs in the mtDNA identified by the next-generation sequencing were selected for the replication study.
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The meta-analysis of the NGS and the Sanger sequencing data revealed that m.16263T>C, m.11914G>A, m.16051A>G, and m.16162A>G were significantly associated with BP in Germans. Variants in the three mtSNPs in the D-loop region were more frequent in controls, while the variant in the m.11914G>A in the MT-ND4 gene was more frequent in BP (Table 2). Meta-analysis revealed no significant association between m.15904C>T and BP (p = 0.2629, Peto's test).


Table 2. Meta-analysis of NGS data and Sanger sequencing data of BP patients and controls.
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DISCUSSION

In this study, we performed NGS of the whole mitochondrial genomes of 180 BP patients and 188 controls, followed by a replication study using Sanger sequencing of independent samples of up to 90 BP patients and 104 controls from Germany. With cohorts tested in this study, we estimated the power of our study to detect mitochondrial variants. For the NGS study to detect SNPs to forward to replication, we used threshold of alpha = 0.1. Based on this, we estimated that for variants with frequencies of about 5% in controls, odds ratios of about 2.6 and higher would be detectable at a power of 80%; if the variants are more frequent with about 10% in controls, odds ratios of about 2.2 and higher are detectable reliability. For the replication study, Sanger sequencing on 90 independent cases and 104 independent controls was performed; applying a replication significance level of 0.05, this study was well-powered with a power of at least 80% to detect odds ratios of at least 4.2. This might explain why we were not able to replicate the variant m.15904C>T because the power for this SNP might have been too low. The study cohort is the largest for this disease worldwide, however, it is still relatively small in size compared to those used in genetic studies of other chronic inflammatory skin diseases, e.g., psoriasis or atopic dermatitis. This is primarily due to the rarity of the disease. Nevertheless, this study is highly valuable to the field as it is the first to interrogate the whole mitochondrial genome by sequencing in autoimmune blistering skin diseases.

The whole mtDNA sequencing data were analyzed for mitochondrial haplogroup associations with BP. As mentioned above, mitochondrial haplogroups are defined by specific combinations of ancient adaptive polymorphisms in the mtDNA and often reflect on mitochondrial functionality to adapt to the specific environments according to the geographical locations where our ancestors migrated. Therefore, mitochondrial haplogroups have been used to define ethnic origins on mostly prehistoric time scales. In fact, as previously shown (52), combinations of the adaptive polymorphisms in the mtDNA altered the mitochondrial functions, which are causal for common complex diseases in certain populations.

Our findings showed that the haplogroup distribution between BP and controls in this study was comparable. However, interestingly, when we correlated the mitochondrial haplogroup and the presence of neurodegenerative diseases (ND; i.e., dementia and Parkinson's disease) in BP patients, the analysis revealed that the haplogroup T appeared more frequent in BP patients suffering from ND comorbidity. Haplogroup T is known to be associated with ND (53, 54). In parallel, the levels of anti-BP180 antibodies in individuals with haplogroup T exhibited a tendency of higher levels though the result is exploratory (average values of 326.7 U/L in individuals with haplogroup T, while the average values in all BP patients were 175.6 U/L). Together with the positive association between the levels of anti-BP180 antibodies and the presence of ND, the link between mitochondrial haplogroup, neurodegenerative disease and the levels of anti-BP180 autoantibodies among BP patients may be plausible. The haplogroup J, in contrast, did not share the same tendency, even though haplogroup J and T belong to the same sub-cradle of the haplogroup JT. These results are in agreement with those of previous studies demonstrating that the haplogroup J is protective against Parkinson's disease (18, 55), which suggested that the mtDNA variants defining the haplogroup J may be protective from concurrent ND in BP patients. Furthermore, the average levels of autoantibodies in individuals with haplogroup J were 106.4 U/L, which were lower than the average values of all BP patients in this analysis. Nevertheless, to confirm this exploratory observation, further studies should analyze a larger patient cohort with available clinical histories.

Next, whole mtDNA sequencing data were analyzed for associations between the single nucleotide polymorphisms in the mtDNA (mtSNPs) and BP. The analysis identified five top candidate mtSNPs. The meta-analysis of the discovery study (whole mtDNA NGS data) and the replication study (Sanger sequencing data of partial mtDNA region) revealed four mtSNPs that were significantly associated with BP. The three mtSNPs located in the non-coding D-loop region, namely, m.16051A>G, m.16162A>G, and m.16263T>C, were all enriched in the controls, while the mtSNP m11914 in the MT-ND4 gene was more frequent in BP patients. The D-loop is a non-coding region of the mtDNA, including the replication origin of the H (heavy) strand (OriH), the promoters for transcription of the H and L (light) strand (HSP and LSP) and two hyper variable segments (HVS1: m.16,024-m.16,383, and HVS2: m.57-m.372), constituting the most variable regions in the mtDNA (56). All three mtSNPs in the D-loop region are located in HVS1. Functional consequences of the variants in this non-coding D-loop region, particularly the HVS, remain unknown to date. Interestingly, most carriers of a variant from any of these three mtSNPs in the D-loop region belong to haplogroup H; two of the 81 BP patients belonged to haplogroup H, and 14 of 93 controls belonged to haplogroup H. Given that the three mtSNPs serve as defining SNPs for haplogroup H-subgroups, i.e., m.16051A>G for H1a3 and H2a2a1c (45), the functional relevance of these mtSNPs may be linked with other haplogroup H-subgroups-defining SNPs. Considering the limited sample size of patients with a rare disease, a more finely-branched subgroup haplogroup analysis cannot be conducted in this study. This also applies to the mtSNP m.11914G>A. The A variant enriched in the BP group is a synonymous mutation in the MT-ND4 gene, suggesting that its functional relevance is unlikely. The variant in m.11914G>A is also a defining SNP for several haplogroups-subgroups U, K, T, and H (45). Three of 12 BP patients and one of 15 controls belonging to haplogroup K carried the A variant in m.11914G>A.

Previously, our group has reported an association between a rare variant in the MT-ATP8 gene and BP in Germans (9). The current study is an extension of the previous study to explore the whole mtDNA in a German cohort, including other individuals than those enrolled in the previous study. The BP-associated mtSNP, m.8519G>A, which was identified in our previous study, was found in one BP patient among newly sequenced 137 BP patients and 20 controls in the current study (p = 1.000, Fisher's exact test). The meta-analysis of the NGS data and the previously published Sanger sequencing data still showed a positive association between m.8519G>A and BP (p = 0.0151, Peto's test, odds ratio 7.3454, 95% confidence interval 1.4718–36.6594).

We utilized peripheral blood DNA samples in this study. Somatic mutations accumulate over time in tissues with age (17), and the levels of the mutant mtDNA, i.e., levels of heteroplasmy, can be different between various tissues and organs (30, 57). Therefore, an evaluation of the whole mtDNA sequence in other tissues of importance, i.e., skin samples obtained from BP patients and controls, is warranted. Within BP skin samples, site different samples, i.e., peri-lesional and unaffected, are also of great interest to evaluate differential levels of the mtDNA mutations within the same individual. Such age-dependent and tissue-specific changes in the mtDNA may elucidate the pathways in late-onset diseases such as BP. Thus, the interpretation of the results in this study needs to be cautious as the results obtained from this study using peripheral blood DNA might not be the same as those using tissue DNA. As aforementioned, BP is a multifactorial disease, and the involvement of immune cells and skin microbiota in the disease has been proposed (10, 58). Both the immune system and the composition of microbiota are altered in aging (59–62), interact with each other (63), and are associated with mitochondrial functions (21, 64). Complex interactions between these age-related alterations and age- and tissue-specific mtDNA variants could provide key insights to the pathways in diseases with complex traits. To date, only a few studies using mice proposed an association between mtDNA variants, microbiota and clinical phenotypes have been reported (34, 65), but none in humans.

In summary, we investigated genetic variants in the whole mtDNA genome in German BP patients and their age- and sex-matched controls, which is currently the largest available study cohort for BP worldwide. Our findings showed that the maternally inherited natural variants in the mtDNA are associated with BP, which predominantly affects the elderly population. Therefore, more complex interactions between nuclear genome variants and mtDNA variants, as well as aging, are likely to be involved in the pathogenesis of BP. To identify the functionally relevant mtDNA variants in BP, studies with the larger sample sizes and analysis of the mtDNA genome in the skin should be conducted.
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Pemphigus vulgaris is an autoimmune skin disorder with development of blisters in the skin and mucosa, and it can be a life-threatening disease if not treated. Corticosteroids have been a cornerstone for treating PV, but because of side effects the treatment is combined with other conventional immune modulating drugs and rituximab. The Danish treatment protocol for pemphigus vulgaris is similar to the other Scandinavian countries, and therefore this study is of importance for clinicians in the Scandinavian countries as well as other European countries. We retrospectively identified all patients with Pemphigus vulgaris in our tertiary center over a 7-year period in order to register patient characteristics, treatment, adverse events, comorbidities and the effect of prednisolone dose on remission. In this study 19 patients met the inclusion criteria and remission was seen after a mean of 19.9 weeks, and relapse was seen in 50% after the mean time of 15 weeks. Time to relapse in our study is relatively short compared to studies in which rituximab is used as a first-line drug in treating pemphigus vulgaris.
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INTRODUCTION

Pemphigus vulgaris (PV) is an autoimmune skin disorder with development of blisters in the skin and in mucosa. PV is caused by autoantibodies attacking desmoglein 1 (Dsg1) and 3 (Dsg3), which are responsible for cell-cell adhesion. Binding of autoantigens to the intercellular connections leads to disruption of cell-cell adhesion, called acantholysis (1, 2).

Clinical features of PV consist of blisters in the oral cavity and cutaneous flaccid blisters that easily rupture, leaving the skin with painful erosions that easily become infected (3). Immunofluorescence is used to detect immunoglobulin (IgG) or C3 deposition on the basement membrane.

PV is a chronic disorder and can be fatal if not treated (3). Systemic treatment with high doses of corticosteroids is regularly given. Because of the severe side effects of corticosteroids, treatment is combined with other immune modulating drugs and/or rituximab to keep the steroid dose as low as possible (1, 4–6).



BACKGROUND

From former studies of bullous pemphigoid (7), we know that high dose prednisolone (>45 mg/day) treatment is associated to longer admission time. However, no association between high/low corticosteroid dose and remission rate, relapse rate and treatment length was found. We considered whether corticosteroid treatment regimen was associated to remission, relapse and/or comorbidities in patients with pemphigus vulgaris? Therefore, the aim of the present study was to record total doses of prednisolone given to patients with PV either solely or in combination with other immunosuppressants. Additionally, comorbidities acquired before, during, or after diagnosis of PV were listed and a mortality rate was calculated (8–10).



METHODS

The medical records were retrieved for all patients admitted with a diagnosis of PV at the Department of Dermatology and Venereology at Aarhus University Hospital, Aarhus, Denmark, in the timespan 2011–2018. The project was approved by the Danish Data Protection Agency. Patients were included if they had had a biopsy that verified a diagnosis of PV according to the Danish pathology database, Patoweb. Patients younger than 18 years were excluded. A biopsy was considered diagnostic for PV if direct immunofluorescence showed deposits of IgG or C3 on the basement membrane.

Treatment was based on the department of dermatology's guidelines for patients with PV.

SPSS package software was used for statistical analysis. Graphpad Prism and Excel were used for figures. The descriptive analysis is made on the basis of continuous variables given as means with 95% confidence intervals (CI) and standard deviations (SDs) and categorical variables given in percentages. Treatment outcomes were categorical and compared using p-values computed from Fisher's exact test. p-values < 0.05 were considered statistically significant.



RESULTS

In the period 2011–2018, 64 patients were identified, and 19 of these fulfilled the inclusion criteria. Ten patients were excluded because they appeared twice. A total of 15 patients did not fulfill the diagnostic criteria for PV and were all excluded. Due to limited access to patients' medical records before 2011, this research was limited to the time period 2011–2018. Nineteen patients were excluded because they were diagnosed with PV before 2011. Furthermore, one patient diagnosed with PV was below 18 years of age and was therefore excluded.

The age of PV onset ranged from 21 to 101 years, with a mean of 57.8, 95% CI (48.4–67.3), SD 21.06. Female: male ratio was 0.82. Five patients were of other ethnic origin than Danish, 14 patients were ethnically Danish. There was no significant difference in age at PV onset between male and female patients (56.3 ± 20.7 vs. 60.0 ± 22.8 years, respectively; p = 0.7).

A DXA (dual-energy X-ray absorptiometry) was performed in 9/19 patients. Four patients developed osteopenia and one patient was diagnosed with osteoporosis during the first 12-month period (Figure 2). Seven patients never had a DXA scan even though they met the national guideline criteria for being in a special risk category for developing osteoporosis. At the time of diagnosis of PV nine patients had no comorbidities but two of them developed osteopenia. Two patients did not receive any prednisolone and one patient died within 2 months of diagnosis (Supplementary Figure 1).

One patient became diabetic and had many prednisolone side effects, including moon face, buffalo hump, and myopathy. The same side effects appeared in another patient, presumably caused by very high doses of prednisolone.

Some of the patients had comorbidities before being diagnosed with PV, see Table 1. Three patients had hypertension, and two of these also had hypercholesterolemia. One patient had chronic heart failure, one had aorta insufficiency, one had migraine, and one patient had epilepsy. Two patients had previously been treated for cancer: one for breast cancer and the other for colorectal cancer. Two of the nineteen (2/19) PV patients were treated with ACE inhibitors (Enalapril) at PV diagnosis. ACE inhibitors are known to be able to elicit or maintain PV. However, one of the two patients discontinued Enalapril when PV had been diagnosed. Yet, the PV disease was unaffected by the discontinuation of ACE inhibitor in this patient.


Table 1. Treatment specifications and comorbidities.
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Prednisolone was the most widely used treatment. Seventeen of the 19 patients received prednisolone. One patient refused to receive prednisolone because of obesity and was treated with cyclosporine, and the other patient was well treated on azathioprine and topical corticosteroids. The remaining 17 patients received prednisolone along with other adjuvants.

The primary treatment regimen was prednisolone and azathioprine, some were also given rituximab later in their course of treatment. Rituximab was used only for recalcitrant patients, for patients with very severe PV disease and for patients with contraindications to other immunosuppresants, e.g., patients with a history of malignant disease. The mean prednisolone doses (mg/d) were at baseline 0–3 months 27.15 mg/d SD 14.9 (19 patients), 3–6 months 9.26 mg/d SD 9.3 (18 patients), 6–9 months 3.46 mg/d SD 5.4 (18 patients), and 9–12 months 2.71 mg/d SD 49 (18 patients). A comparison of baseline prednisolone doses to the other time periods revealed that the dose of prednisolone decreased significantly over time. The changes in prednisolone dose are shown in Figure 1.


[image: Figure 1]
FIGURE 1. Mean dose prednisolone per interval with the standard error of mean SEM.
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FIGURE 2. Seventy six years old (at diagnosis of PV) ethnically danish woman with mucocutaneous PV, celiac disease, and former dermatitis herpetiformis as well as essential hypertension. The patient did not receive treatment with ACE inhibitor. Skin biopsy showed acantholysis. DIF on the skin biopsy showed intercellular deposition of IgG. The patient was treated with oral prednisolon, Methotrexate and two times Rituximab. Time to remission was 20.7 weeks which is close to mean time to remission (19.9 weeks) in the 19 included patients. The patient received a total dose of 2,495 mg prednisolone, which placed her in the “low dose prednisolone” group. This patient was later diagnosed with osteoporosis on DXA scan.


In the 19 included PV patients, none were exclusively mucosal dominant. Four patients had cutaneous PV, and 14 patients had mucocutaneous PV. Most of the patients (10/19) with mucocutaneous PV had affection of skin and oral mucosa. Three patients with mucocutaneous PV had affection of skin, oral mucosa, and genital (vagina or penis, respectively) mucosa.

No patients had deposition of C3 only in DIF. Eight patients had IgG only in DIF, seven of these DIFs were done on a skin biopsy and two were done on a mucosal biopsy from gingiva and vagina, respectively. Five patients had C3 as well as IgG deposition in DIF on a skin biopsy, and one patient had C3 and IgG deposition in DIF on a mucosal biopsy from gingiva. In only one patient of the nineteen included patients DIF was done on both a skin and a mucosal biopsy. In this patient DIF showed IgG deposition on the skin biopsy but no specific reactions in DIF on mucosal (gingiva) biopsy. For additional information of DIF data, please see Supplementary Table 1.

Almost every patient started treatment with an adjuvant within the 1st week after onset of prednisolone treatment or 1 week later. Rituximab (1,000 mg) was given as an I:V: infusion two times at an interval of 2 weeks. This treatment was initiated after approximately 2 months of treatment with prednisolone and other adjuvants.

One patient had recalcitrant PV and was also treated with plasmapheresis once a month. Despite this, the patient never achieved remission.

By dividing patients into two groups, treatment outcomes could be compared. The groups were classified as receiving more than or <3,782 mg prednisone (mean total dose) during the first 12 months of treatment. Treatment outcome was measured as remission or no remission during the 12 months of follow-up time. Remission was defined as healing of blisters and no appearance of new blisters. The p-value was >0.05 and therefore prednisolone dose did not have any statistically significant effect on remission.

Remission was achieved in 16 patients at a mean of 19.9 weeks. Relapse was defined as appearance of new bullae. Remission followed by relapse was seen in nine patients (50%). We calculated mean time to relapse for the whole studied group (19 patients). The mean time from remission to the appearance of new bullae (relapse) was 15 weeks.

Minor adverse events like scalp infection, candida albicans in the oral cavity, diarrhea, urinary tract infection, and skin infection with Staphylococci aureus were seen in 9/19 (47%) patients during the first 12-month period.

Three patients (16%) had major adverse events. One patient had a single incidence of pneumonia. Another had pneumonia followed by septicemia, and a third patient had a reactivation of herpes zoster followed by pneumonia and septicemia and died. Thus, the mortality rate among our patients with PV was 5.3% (1/19) during the first 12 months of follow-up. The mortality rate was calculated to be 37 patients per 1,000 person years.

A PDAI score was found for 18 of the 19 patients. For one patient, it was not possible because of the poor quality of the description in the medical record. The majority of patients had a moderate PV according to PDAI score. Four patients had a significant PV, and only one had an extensive disease.

Results did not show a significant correlation between PDAI status and prednisolone dose.



DISCUSSION

We found no association between prednisolone dose (mean total dose more than or <3,782 mg) and time to remission. The patients in this study were down-regulated in prednisolone dose if they experienced clinical improvement. This makes remission and prednisolone dose dependent variables, and can explain why no association between the two variables was found. A prospective study in which patients are randomized to either low- or a high-dose prednisolone treatment could contribute with valuable information on prednisolone's role in inducing remission.

The mean time to relapse was relatively short in this study compared to other studies of patients with PV. This might be due to the fact that Prednisolone treatment was tapered too fast and before the patient achieved maximum effect of the Rituximab treatment. It is our clinical experience that most patients do not achieve maximum effect of the Rituximab infusion until 8–12 weeks after Rituximab infusion.

We attempted to determine the severity of PV disease by calculating PDAI based on information from the patient record (11). The ability to perform precise PDAI ranging was difficult. In a few cases, the clinician had thoroughly described size, number, and placement of the blisters. But in the vast majority, the information lacked precise details on location and total number of the blisters. In particular, blisters in the oral cavity were not described as located to a particular region of the oral cavity. This complicated the ranging of patients according to the PDAI and may possibly have underestimated the real PDAI score. In a prospective study, clinicians can be educated to register objective findings and comorbidities precisely so that the clinical data can be used in research.

The strengths of this study are the long study period and the validation of all PV diagnoses with direct immunofluorescence. The Danish civil registration number register in Denmark ensures that all procedures, administered medicine, and consultations are systematically documented. Furthermore, all patients' medical records were reviewed individually.

Selection bias may have had an influence on outcomes because the most severe cases in the region are referred to the Department of Dermatology and Venereology at Aarhus University Hospital. Also, the lack of patients with exclusive mucosal PV in this study group might reflect that these patients may primarily be referred to other departments in the hospital such as the oral surgeon unit.

The limitation of this study was the small sample size, hence the limited use of statistics. It should be taken into consideration that this is a retrospective study; the associations are therefore not conclusive.

Tavakolpour et al. report that relapse of disease is expected 6–10 months after infusion of rituximab (12). In this study, we found that 50% of the patients had a relapse after a mean of 15 weeks. This is a markedly shorter time period than expected. Relapse was assessed on clinical features alone and by different clinicians every time. In the future, it could be intriguing to also observe the serologic response in the same way as Horváth et al. did. In Horváth et al.'s study CD20+ B cells and specific antibodies against Dsg1 and Dsg3 were measured at the beginning of therapy and at every scheduled visit. Horváth et al. showed that a single course of two infusions of rituximab (500 mg each) at an interval of 2 weeks had a great effect on B-cell number and less on Dsg3 levels (13).

Knowledge of the serologic aspects of PV could clarify the disease process and elucidate how remission is accomplished and maintained.

In a multiprotocol for treatment of patients with pemphigus vulgaris or pemphigus foliaceus, Grando showed that repeated cycles with immunoglobulin (IVIg) infusion and Rituximab treatment combined with mitochondrion protecting drugs resulted in rapid disease control (0.2 months), short time to remission (1.7 months), and long time to relapse (mean time to relapse off drugs, 15.8 months). This seems to be a very efficient and safe treatment regimen for pemphigus vulgaris. However, the treatment is very expensive and hence will not be applicable to all patients or health care systems. In comparison the mean time to relapse in our study group was 15 weeks (14).

A study by Kanwar et al. investigated the clinical and serological difference between patients receiving two doses of 1,000 mg rituximab or 500 mg rituximab 14 days apart. Their results showed a statistically significant decline in Dsg1 and Dsg3 antibodies and a greater fall in clinical scoring in the group receiving 1,000 mg rituximab (15).

The above-mentioned studies enhance the serologic effect of rituximab on PV. Joly et al. showed a significant reduction in prednisolone dose in patients treated with rituximab (4). The patients in the study by Joly et al. had recalcitrant PV. Results showed that a single cycle of rituximab decreased the prednisolone dose required from 94 to 12 mg per day. Patients in this study were down-regulated in prednisolone dose to approximately 3.46 mg/d after only 6 months. This dose is considered a low dose with limited side effects.

In this study, one patient had recalcitrant PV and was treated with plasmapheresis once a month along with other adjuvants. Despite this, the patient never achieved remission. Kridin et al. states that immunoadsorption is superior to plasmapheresis. Plasmapheresis unselectively and inadvertently removes all plasma proteins in contrast to immunoadsorption, which removes circulating IgG autoantibodies (7).

In the study by Pfütze et al. patients treated with immunoadsorption had lower Dsg1 and Dsg3 antibody titres and a decrease in both skin and mucosal ABSIS (Autoimmune Bullous Skin Disorder Intensity Score). ABSIS and PDAI are the most often used scoring system to determine PV severity (11). In Pfütze's study, prednisolone was also reduced within 12 months (16). This points at immunoadsorption as a relevant treatment option for patients with recalcitrant PV. There are, however, some disadvantages associated with immunoadsorption because it is expensive and not generally available.



CONCLUSION

In conclusion, patients in this study showed clinical improvement and remission after a mean period of 19.9 weeks. Remission did not seem to correlate with prednisolone dose. The time to relapse (15 weeks) was relatively short in the studied PV group compared to other studies. This calls for a revision of our treatment guidelines in favor of more liberal use of Rituximab and IVIg treatment. The PV treatment in this study was primarily a combination of prednisolone and azathioprine or rituximab. Prednisolone was reduced considerably after 12 months, and consequently the risk of side effects was lowered over time. DXA scans must be used systematically in the clinical setting to reduce the risk of prednisolone-induced osteoporosis in patients with PV.
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Accumulating data on cellular and molecular pathways help to develop novel therapeutic strategies in skin inflammation and autoimmunity. Examples are psoriasis and atopic dermatitis, two clinically and immunologically well-defined disorders. Here, the elucidation of key pathogenic factors such as IL-17A/IL-23 on the one hand and IL-4/IL-13 on the other hand profoundly changed our therapeutic practice. The knowledge on intracellular pathways and governing factors is shifting our attention to new druggable molecules. Multiple cytokine receptors signal through Janus kinases (JAKs) and associated signal transducer and activators of transcription (STATs). Inhibition of JAKs can simultaneously block the function of multiple cytokines. Therefore, JAK inhibitors (JAKi) are emerging as a new class of drugs, which in dermatology can either be used systemically as oral drugs or locally in topical formulations. Inhibition of JAKs has been shown to be effective in various skin disorders. The first oral JAKi have been recently approved for the treatment of rheumatoid arthritis and psoriatic arthritis. Currently, multiple inhibitors of the JAK/STAT pathway are being investigated for skin diseases like alopecia areata, atopic dermatitis, dermatomyositis, graft-versus-host-disease, hidradenitis suppurativa, lichen planus, lupus erythematosus, psoriasis, and vitiligo. Here, we aim to discuss the immunological basis and current stage of development of JAKi in dermatology.

Keywords: inflammatory skin diseases, JAK (Janus kinase), JAK inhibition, pathophysiology, immunopathogenesis, autoimmune skin diseases, JAK/STAT pathway


INTRODUCTION

The classification of skin diseases and their treatment options are becoming more and more complex. While for a long period of time the morphology of diseased skin was prominent for disease classification and therapeutic procedures, we now have the methodologies for a deep analysis of molecular processes and immunological pattern analysis responsible for the pathophysiological alterations. These advances enlarged our therapeutic repertoire in dermatology remarkably. Deep analysis of skin biopsies allows us to define pathophysiological factors like cytokines, receptors or signaling molecules that are ultimately present at different levels in distinct skin diseases (1–3). This ultimately leads to the identification of new targets and, if these targets are druggable, to new treatments. One striking example of the aforementioned process is the development of a therapeutic variety with monoclonal antibodies (mabs) and small molecules in the treatment of psoriasis (PSO). Traditionally, PSO was treated with topical corticosteroids or dithranol, with phototherapy or immunosuppressive drugs such as cyclosporine. Nowadays, patients with this chronic inflammatory disease are frequently treated with biologicals, either of the first generation (anti-TNF) or the second generation (anti-IL-17/anti-IL-23) (4–7). In recent years, our better understanding of further inflammatory skin diseases such as lupus erythematosus (LE), lichen planus (LP) or atopic dermatitis (AD) also resulted in the development of novel treatment strategies (8–11). At the same time, we have gained more insight into the role of proteins propagating the intracellular effects of activated cytokine receptors (12). Again, when we pay attention to PSO, small molecules like dimethylfumarate or apremilast are good examples of intracellularly acting compounds that interfere directly or indirectly with signaling pathways (13). Most recently, first inhibitors of signaling proteins directly linked to cytokine receptors have been introduced into the clinics for treating patients with psoriatic arthritis (tofacitinib) and rheumatoid arthritis (tofacitinib and baricitinib). These inhibitors target so-called Janus kinases (JAKs), a family of four proteins: JAK1, JAK2, JAK3, and TYK2 (12). These proteins modulate the inflammatory process by activation of intracytoplasmic transcription factors called signal transducer and activator of transcription (STAT). Once activated, these proteins form dimers, translocate into the nucleus and either positively or negatively modulate the expression of thousands of different genes (12, 14) (Figure 1). Since JAK inhibition is not only restricted to systemic drugs administrated orally but has also been developed as a topical treatment option, it is not surprising that inhibitors of JAKs are receiving growing attention from dermatologists and are tested as systemic and/or topical treatment options in various skin diseases (15).


[image: Figure 1]
FIGURE 1. Schematic presentation of the JAK/STAT pathway and the role of JAK inhibitory drugs. Binding of cytokines to receptors, which rely on the JAK/STAT pathway for signal transduction, leads to phosphorylation of JAK and STAT proteins. The latter dimerize, translocate into the nucleus and regulate the expression of inflammatory factors. JAK inhibitors (JAKi) prevent JAK phsophorylation and STAT activation. Figure was created with the help of Biorender.com.




THE JAK FAMILY AND THEIR FUNCTION

The importance of protein kinases and their crucial enzymatic activity was initially determined in 1966 by the work of Krebs and Fischer who showed the essential role of phosphorylation as a mechanism of cell physiology (16). The primary function of protein kinases is to transfer phosphate groups from adenosine triphosphate (ATP) or guanosine triphosphate (GTP) to the hydroxyl groups of amino acids of their protein targets (12). This mechanism is also important for cytokine receptors, which lack intrinsic enzymatic activity (Figure 2). In principle, the binding of cytokines to their receptors typically initiates an inflammatory signal (Figure 1). A large group of cytokines composed of central interleukins (IL) such as IL-2, IL-6, IL-12, IL-21, IL-22, IL-23, or interferons such as IFN-γ interacts with so-called type I and II cytokine receptors (Figure 2). Both of these receptor types lack intrinsic enzyme activity and strongly rely on JAKs for signal transduction (17). After binding, recruited JAKs initiate a signaling pathway from cellular membrane that ultimately should end in the nucleus: cytokine receptors of type I and II undergo oligomerization, leading to the recruitment of JAKs, which (auto-)phosphorylate tyrosine residues including such within the receptor chains (Figure 1). Successively, STAT proteins will be recruited, which then bind to the phosphorylated residues and become activated due to phosphorylation by JAKs. The now activated STAT proteins undergo dimerization. This last step enables the translocation of STAT proteins into the nucleus and the modulation of gene expression (14). Interestingly, most of cytokine receptors use a combination of JAKs for their activity; this could therefore hamper the idea of targeting single JAKs and instead favor a rationale for the use of pan-JAKi under certain settings. However, one should consider that toxicities may limit a strong and ubiquitous JAK blockade (Table 1).


[image: Figure 2]
FIGURE 2. Selectivity of JAKi toward type I and type II cytokine receptors. JAKi display different capacities to block cytokine receptor signaling. Pan-JAK inhibitors for example have a broad inhibitory effect, while drugs, which target selectively JAK3 or TYK2 have a more limited mode of action (+, inhibition; -, no inhibition). Figure was created with the help of Biorender.com.



Table 1. Selected adverse effects observed under treatment with JAK inhibitors.
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JAK DEFICIENCY IN HUMANS AND MICE

The crucial role of JAKs and the relevance of their function can be observed in patients with mutations in genes encoding JAKs or in mice carrying JAK mutations. Here, we will briefly summarize some loss of function (LOF) mutations of JAKs found in humans or by genetic manipulation of mice. Functional deletion of JAK1 or JAK2 in mice results in perinatal or embryonic lethality, respectively. Likewise, reports regarding individuals with deficiency of either JAK1 or JAK2 proteins have not been described, indicating that functional JAK1 and JAK2 are required for embryonic development and survival. In contrast, JAK3 knockout (KO) mice and TYK2 KO mice are both viable. JAK3 is widely expressed in immune cells. Consequently, JAK3 KO mice present a strong reduction of T and B cell numbers and residual immune cells show an impaired activity, exposing mice to multiple infections (18). In agreement with these findings, mutations within the JAK3 gene can present in humans as severe combined immunodeficiency syndrome (SCID) (19, 20). Patients with SCID lack T, NK and diverse B cell populations in the peripheral blood. As a result of this mutation, these patients are constantly exposed to a risk of bacterial, fungal or viral infections (21). The devastating effect on lymphocytes explains the crucial role of JAK3 in lymphocyte biology. JAK3 is the only JAK protein capable of phosphorylating receptors carrying the γc receptor and this receptor chain is exclusively used by receptors for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 (20). LOF mutations within the TYK2 gene are even rarer than JAK3 mutations (22). The few patients reported carrying the mutation show an increased susceptibility for infections, like severe infections of the skin. TYK2 LOF mutations essentially block the signal transduction of the receptors for IL-12, IL-23, and type I IFN (IFN-α/β), resulting in impaired IFN-γ+ Th1 responses and possibly IL-17+ Th17 responses (23). Similarly, TYK2 KO mice present a defective response to aforementioned stimuli and have an impaired macrophage activity with increased risk for viral and bacterial infections (24). Based on the selective expression and function of JAK3 in the hematopoietic system, early research focused on the generation of selective JAK3 inhibitors. However, the first inhibitors brought to clinical practice were less selective than expected. The JAK3 inhibitor tofacitinib showed additional activities against JAK1 and to some extent toward JAK2. In contrast, baricitinib is a JAK1/JAK2 inhibitor. However, even these less selective JAKi seem to have acceptable toxicities. Yet, recent efforts in the field of pharmacological chemistry demonstrated that it is possible to generate JAKi with improved selectivity. For instance, second generation JAK3 inhibitors with high selectivity have been synthesized in the last years (25–28). Accumulating data from published studies and ongoing clinical trials will show which type of JAK blockade—low or highly selective compounds—will improve skin diseases without inducing major side effects.



RATIONAL FOR THE USE OF JAKi IN DERMATOLOGY

The perpetuation of inflammation in diseased skin strongly relies on the interaction between cytokines, immune, and tissue cells propagating distinct inflammatory cascades. Some of these immunological processes in the skin, as in PSO or AD, have been deeply elucidated in recent years. The findings led to a radical change of therapeutic approaches. Based on our better understanding of the immunological mechanisms in PSO and AD, a variety of mabs targeting cytokines and small molecules interfering with intracellular signaling pathways have been developed. In this context, it is not surprising that JAKi are gaining increasing attention for the treatment of inflammatory skin diseases (15, 29, 30). Differently than biologics, which target cytokines by intravenous or subcutaneous injection, JAKi target cytokine signaling by either oral or topical administration. The latter way of application may minimize the risk of side effects as observed by systemic JAK inhibition (Table 1). Moreover, topical JAKi do not bear the risk of skin atrophy or telangiectasia as observed under long-term use of topical corticosteroids. In the following paragraphs, we aim to present the current position of JAKi in dermatology focusing on inflammatory skin diseases for which JAKi are at least in phase II investigation according to announced trials at clinicaltrials.gov.



ALOPECIA AREATA

Alopecia areata (AA) is the most common immunological cause of hair loss (31). AA can affect both, adults and children. Although certain ethnic groups are more frequently affected than others, the disease does not prefer certain hairs types or color (31). Sudden hair loss is a hallmark of AA. In most of the cases, it appears in a circular well-circumscribed region of the scalp or the beard. AA can eventually lead to the loss of all the hairs of the scalp (alopecia totalis) or, in its most severe form, to the loss of hair of the whole body (alopecia universalis) (31). Frequently, the disease is accompanied by atopic dermatitis or by other autoimmune disorders such as autoimmune thyroiditis (32, 33). AA is determined by the loss of the immune privileged status of the hair follicles, which are then attacked by autoreactive CD8+ T cells and by NK T cells. Remarkably, hair follicles have developed different mechanisms to maintain their privileged immune status. For example, they express molecules such as transforming growth factor (TGF-)β1 and TGF-β2, α melanocyte stimulating hormone (α-MSH) and macrophage migration inhibitory factor (MIF), which hinder activation of T cell and NK T cell functions (31). Additionally, genetic background plays a prominent role in AA. Studies revealed that patients with positive family history for AA have a poorer prognosis and show a recalcitrant disease course often not responding to any treatments (34). Genome-wide-association studies (GWAS) showed the presence of diverse susceptibility loci possibly involved in the pathogenesis of AA like genes encoding for HLA, ULB1, IL12RA, and PTPN22 (35). ULB1 encodes for ligands involved in the activation of NKG2D cells, which in C3H/HeJ mice have been shown to be responsible for the destruction of hair follicles (36). Recent findings increased the evidence that JAKs play a crucial role in the pathogenesis of AA. Recipient mice of skin grafted C3H/HeJ mice were treated with mabs targeting IFN-γ, IL-2, and IL-15 each preventing the development of severe AA (36). Furthermore, Xing et al. showed that AA patients and experimental AA mouse models present increased levels of phosphorylated STAT proteins, specifically STAT1, STAT3, and STAT5. These STAT proteins are activated downstream the signals from IFN-γ, IL-2, and IL-15. When using the experimental model of C3H/HeJ mice, systemic treatment with the JAK1/JAK3i tofacitinib or with the JAK1/JAK2i baricitinib protected from hair loss and topical application of tofacitinib stimulated hair regrowth in C3H/HeJ mice (36, 37). In addition, three AA patients were treated orally with the JAK1/JAK2 inhibitor ruxolitinib. This therapeutic approach led to a decrease of CD8+NKG2D+ cells and a rapid amelioration of AA (36). Further, microRNAs that influence the expression of the IL2RA gene seem to be implicated in AA pathogenesis (38). Although the rationale for treating AA with JAKi is given, the clinical introduction of JAKi for the treatment of AA is still at an early stage (Figure 3) (39). Data from phase 2 and 3 studies are needed to clarify the clinical impact of JAKi in patients with AA (Table 2; Figure 3). Some first clinical experiences with JAKi for the treatment of AA have been published and seem to be promising (40–42). Treatment with oral ruxolitinib showed hair regrowth in 9 out of 12 treated patients without causing severe adverse events. JAK1/JAK2 inhibition by ruxolitinib reduced the expression of cytotoxic markers and IFN-γ expression in lesional skin (43). Similarly, Kennedy-Crispin et al. reported hair regrowth in a subset of patients with AA, AA totalis, or AA universalis treated with tofacitinib 5 mg twice daily. During this study, only low-grade infections were documented (Table 1). However, the positive effect on hair regrowth was lost after treatment discontinuation (NCT02197455 and NCT02312882) (44). A recently published case series also reports from the phenomenon of hair loss rebound in AA patients following discontinuation of tofacitinib (45). These first experiences were confirmed by subsequent studies in adults and children using oral or topical JAKi, respectively (46–49). Currently, various double-blind placebo-controlled phase II and III trials testing the efficacy and safety of oral and topical JAKi in AA are ongoing, underlining the growing interest toward these compounds (Table 2). One caveat of this promising approach in AA is the preliminary experience that the effect of oral JAKi seems to be timely restricted and hair loss has been reported to reappear upon cessation of pharmacological JAK inhibition in a substantial number of patients (50).


[image: Figure 3]
FIGURE 3. Efficacy of JAKi in dermatology. The scheme summarizes the level of efficacy (as represented by colors) and the level of evidence (as represented by size of circles) in the indicated skin diseases. In diseases, where results from phase II/III studies are available as published, evaluation of JAKi in case series or single case reports was omitted. The scheme was adapted from Eyerich et al. (1). AA, alopecia areata; AD, atopic dermatitis; DM, dermatomyositis; GVHD, graft versus host disease; LE, lupus erythematosus (efficacy on skin lesions); LPP, lichen planopilaris; PSO, psoriasis; PsA, psoriasis arthritis; S'S, Sjögren's syndrome; SScl, systemic sclerosis; SAR, sarcoidosis; VIT, vitiligo; (L), left; and (R), right half of the circle.



Table 2. Clinical trial program of JAKi in alopecia areata and subtypes according to clinicaltrials.gov.
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ATOPIC DERMATITIS

Atopic dermatitis (AD) is a common chronic disease of the skin, which severely impairs patient's quality of life. The prevalence of AD is higher in children and adolescents, but the disease can manifest at any age. Clinically, AD is characterized by the presence of pruriginous eczematous lesions, typically on flexural sites (8). In almost 80% of AD patients, skin integrity is altered due to LOF mutations within the gene encoding filaggrin (FGN). Impaired FGN expression promotes the loss of transepidermal water resulting in xerosis and eczema. The skin barrier dysregulation together with the “atopic” cytokine milieu increases the risk for skin superinfections with bacteria or viruses (51). Historically, AD is thought to be a Th2 dominated disease. Nonetheless, there is growing evidence that the immunological environment of AD is not solely defined by Th2 cells and related cytokines (IL-4, IL-5, IL-10, IL-13, and IL-31) but also by cytokines linked to other Th cell responses such as IFN-γ (Th1), IL17, or IL-22 (Th17) and IL-33 (an alarmin) (8, 52–56). Dupilumab, a mab against IL-4Rα has shown efficacy in a large number of patients and is the first approved biological for AD (57). Nonetheless, the cytokine microenvironment in AD seems to be complex and patients seem to present with different cytokine signatures at different stages. Several mabs are in phase 2/3 development, including mabs neutralizing IL-13 (tralokinumab and lebrikizumab), IL-31 (nemolizumab) (58–60), and IL-33 (etokimab) (61). The neutralization of other cytokines is being tested in patients with AD including secukinumab and ustekinumab, mabs against IL-17A and p40 subunit of IL-23/IL-12, respectively. Given the diversity of cytokines implicated in the inflammatory processes of AD, there is growing interest toward JAKi, which could interfere with the signaling of multiple cytokines simultaneously (62). Tofacitinib and baricitinib are so far the best-studied JAKi in AD (63). The JAK1/JAK3i tofacitinib abrogates IL-4 signaling and the differentiation of Th2 cells (64). Oral tofacitinib has been shown to be effective in patients with moderate to severe AD (65, 66) and topical tofacitinib is effective in mild forms of AD (67). The latter formulation is of special interest in topical AD treatment, which is mostly based on topical corticosteroids or calcineurin inhibitors (67). The JAK1/JAK2i baricitinib is also being tested in AD patients. Guttman-Yassky et al. showed that oral baricitinib at a dose of 2 or 4 mg strongly ameliorates AD, helping patients to spare long-lasting application of topical corticosteroids (68). Other compounds, like the JAK1i oclacitinib or the pan-JAKi JTE-052 showed efficacy when orally administrated in small-sized cohorts (69, 70). Currently, two different phase III studies are investigating the efficacy and safety of oral baricitinib as a monotherapy for AD. Other systemically applied JAKi under clinical investigation for AD include the JAK1 inhibitors upadacitinib (71) and PF-04965842. Topically applied JAKi tested for adult and pediatric AD include the pan-JAKi delgocitinib (LEO124249) (Table 3). Positive results, in absence of severe side effects when using topical JAKi, could enormously help young patients in which the application of topical corticosteroids and systemic immunosuppressive drugs are often precarious.


Table 3. JAKi tested for atopic dermatitis.
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DERMATOMYOSITIS

Dermatomyositis (DM) is an ab-mediated autoimmune disease, which affects skin and muscles with variating extent (72, 73). A complex auto-ab profile (74) is helpful for diagnosing DM and for estimating the risk for developing distant organ involvement like lung, larynx, gastrointestinal tract, or heart during the disease course. Adult DM is frequently associated with malignancies (75). The pathophysiology is not completely understood, nonetheless multiple studies showed a pivotal role played by IFN-γ producing Th1 cells in DM (72, 76, 77). The standard treatment regimen in DM includes high-dose corticosteroids, non-steroidal immunosuppressants like azathioprine and often requires additional intravenous immunoglobulins (IVIG) (73, 78). In addition, diagnosis and treatment of disease-associated cancer is important. More recently, different case reports and small case studies showed a positive outcome of recalcitrant chronic DM after treatment with either ruxolitinib or tofacitinib (79–82) (Figure 3). Remarkably, JAKi seem to have a positive effect on lung involvement in DM (79, 82–84), which often represents a high-risk-mortality complication. The efficacy of tofacitinib is currently under investigation in a small cohort of 10 patients with recalcitrant DM (NCT03002649) (Table 4). If JAKi can improve non-cancer associated DM with limited toxicities, this treatment option would be of help and spare long-term use of high dose corticosteroids.


Table 4. JAKi trial in patients with dermatomyositis.
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GRAFT-VERSUS-HOST DISEASE

Graf-versus-Host Disease (GVHD) is a serious though common systemic reaction following hematopoietic stem cell transplantation or donor lymphocyte infusion (85). It is caused by donor T lymphocytes activated by host antigens. Different organs may be affected during GVHD and the skin is one of the most commonly targeted organs. Cutaneous GVHD presents in an acute and/or a chronic form. Acute (aGVHD) is clinically characterized by maculopapulous rash, disseminated erythematous skin areas, which can eventually converge in a generalized erythroderma (86). The chronic GVHD (cGVHD) shows a heterogeneous clinical presentation and can develop from the acute form. Lesions often present as LP-like or scleroderma-like lesions, nonetheless the disease can present differently and resemble PSO or keratosis pilaris (86). Immunologically, the aGVHD of the skin shows a T cell infiltration made up mostly by Th2 type cells. In contrast, in cGVHD the skin contains an infiltrate rich in type 1 and type 17 cells. In peripheral blood, cGVHD patients present lower numbers of Treg cells and the expression of their transcription factor FOXP3 is strongly reduced (87, 88). Glucocorticosteroids, both as topical and in oral form together with other immunosuppressants and phototherapy or extracorporeal photopheresis are the mainstay treatment for cGVHD (89). Given the important role of T cells and their associated cytokines, the application of JAKi may theoretically be of benefit for patients with GVHD. Experimental studies showed that pro-inflammatory mediators such as IL-6 and IFN-γ play a major role in the pathogenesis of GVHD (90). Furthermore, polymorphisms on genes encoding for IL-6 and IFN-γ have been associated with disease severity (91, 92). Accordingly, Choi et al. showed that IFN-γ receptor (IFN-γR)-deficient allogeneic Tconv reduced the risk for GVHD in mice (93). They tested the efficacy of ruxolitinib in wild type T cells in two murine MHC mismatched models, showing that inhibition of JAK proteins induce an effect similar to the genetic loss of IFN-γR in vitro and in vivo (93). Other experimental studies confirmed that JAKi like ruxolitinib (94) or tofacitinib improve or even prevent severe GVHD (95). The benefit of ruxolitinib in preclinical models was translated to humans and, also here, showed improvement of GVHD in six patients (96). After preliminary encouraging results regarding the effect of ruxolitinib in cGVHD in humans (97) (Figure 3), different studies are now investigating the possibly beneficial role of JAK inhibition in aGVHD and cGVHD. A multicenter, randomized phase 2 trial has been initiated, to test the efficacy of oral ruxolitinib in steroid-refractory aGVHD (98). The GRAVITAS-301 study (NCT03139604) is investigating the efficacy of itacitinib (a JAK1 inhibitor) in acute GVHD in a randomized, double-blind placebo-controlled phase 3 study. This compound as well as ruxolitinib and baricitinib are currently under investigation in cGVHD (Table 5). Most recently, itacitinib even entered two phase I studies for prophylactic use to prevent GVHD after cell stem transplantation (Table 5).


Table 5. Clinical trials using JAKi in Graft-versus-Host-Disease according to clinicaltrials.gov.
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HIDRADENITIS SUPPURATIVA

Hidradenitis suppurativa (HS) (also designated as acne inversa) is a chronic debilitating inflammatory skin disease frequently occurring in skin areas with substantial presence of follicles (99). The disorder is characterized by occlusion of follicular ducts with consequent increase in local bacteria. This process evolves in cyst rupture and generalized local tissue inflammation (99). Of note, it is probable that a sublatent skin inflammatory process precedes bacterial accumulation; this could be triggered e.g., by behavioral factors like smoking and obesity, which typically worsen the course of HS (99). Moreover, HS patients often carry mutations in the γ-secretase encoding gene PSEN (100). Due to the important role played by bacteria in HS, first line treatments are based on antibiotic therapy with anti-inflammatory properties (101, 102). Nonetheless, recent studies elucidated the role of cytokines present in the inflammatory milieu of HS skin showing an overexpression of IL-17A, IL-26, IFN-γ, IL-27, and IL-β, and, a concomitant downregulation of IL-22 (103, 104). This moved the focus of researchers from the role of bacteria to the function of cytokines in HS. Adalimumab, a mab against TNF, is the first biological approved for the treatment of HS (105). Targeting cytokines like IL-1 or IL-17/IL-23 have been reported to have mixed results (37, 106) or are presently under intensive clinical investigation. Given that cytokines are crucial in HS pathogenesis, inhibition of the JAK/STAT pathway could help to regulate the expression of inflammatory factors like IL-6 or IL-23 simultaneously. Clinical studies like NCT03607787 and NCT03569371 are evaluating the safety of INCB054707, a JAK1 inhibitor in HS (Table 6).


Table 6. Trials on JAKI in hidradenitis suppurativa according to clinicaltrials.gov.
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LICHEN PLANUS

LP is a common inflammatory disease of the skin and mucous membranes, clinically characterized by polygonal papules presenting a characteristic white, reticulate on their surface (Wickham striae). Frequently, the oral cavity is affected by LP (OLP) (107). Rarely, LP can affect the scalp, LP planopilaris (LPP), or the nails (nail LP) (107). A classic feature of this inflammatory disorder is the histological presence of a dense T cellular infiltrate disposed in a band like pattern (lichenoid infiltrate) (10). The need of new therapeutic options is given, since LP often presents a challenging chronic recalcitrant course (especially OLP) and the traditional therapeutic options are of limited efficacy. Treatment of LP is mainly based on oral or topical glucocorticosteroids, phototherapy, retinoids or immunosuppressive drugs such as cyclosporine or methotrexate (107). There is growing evidence that LP is a Th1 driven disease (10, 108, 109), although Th17-associated cytokines have also been reported in LP (110–112). A recent study showed that the T cell infiltrate presents high numbers of Th1/Tbet+ cells and the presence of IL-17A+ cells, disposed beneath the basal cells of the epidermis (10). Peripheral Th1/Th17 cell reactive against skin autoantigens further underlines the proposed autoreactive pathophysiology of LP (10). Finally, therapeutic blockade of IL-17 or of IL-23 seems to be a promising approach for the treatment of LP (11). The dominance of IFN-γ in LP skin suggests that JAK inhibition could be a therapeutic option. A small retrospective study consisting of 10 patients with LPP treated with oral tofacitinib as monotherapy or as adjunctive therapy showed mixed clinical efficacy in 8/10 patients (113). According to clinicaltrials.gov, the study NCT03697460 is testing the efficacy of ruxolitinib cream in LP (Table 7). It is likely, that JAKi will be a therapeutic option for patients with steroid-refractory LP variants. Given the beneficial effect of tofacitinib on nail PSO (114), a possibly similar effect on nail LP is conceivable. This should be addressed in the future, since nail LP is very painful and cicatrial.


Table 7. Trial on JAKi in lichen planus.
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LUPUS ERYTHEMATOSUS

Lupus erythematosus (LE) is a severe, chronic autoimmune ab-mediated disorder with variable clinical presentation and difficult-to-treat clinical course. The disease is widely known for the presence of a butterfly-like rash on the face of affected patients with systemic LE (SLE) (115). Based on the diverse subtypes, LE can be restricted to the organ skin or present a systemic course with manifestation at multiple organs (115). Both environmental and behavioral factors (such as smoking or sun exposure) and genetic factors are meant to play a role in the pathogenesis of LE (115–117). Possibly, gut pathobionts and in general, bacterial and viral stimuli could trigger the onset of the disease (118). In LE there is evidence that multiple cytokines such as IL-16, IL-17, IL-18, and TNF are implicated in the inflammatory process. In any event, type I IFNs are thought to play a major role in LE pathogenesis (119). The latter family of cytokines strongly relies on the JAK/STAT pathway for signal transmission (Figure 2). In addition, the role of STAT proteins has been widely investigated (120). The pivotal role of STAT1 in LE has been analyzed in mice and in humans. In the MRL/lpr mouse model, STAT1 is overexpressed in both B and T cells. STAT1 gene silencing (STAT1−/−) in this mouse model is accompanied by a decrease of CD4+ producing IFN-γ T cells, a milder course of nephritis and a remarkable decrease of auto-ab levels (121–123). In humans diagnosed with LE as in mice, STAT1 is overexpressed in T and B cells. STAT1 levels correlate with clinical disease activity and with the level of expression of IFN-γ-induced genes (124–126). In addition, STAT3 and STAT4 seem to be relevant in the pathogenesis of LE. The lack of STAT3 seems to be protective in a LE murine model (127, 128). In MRL/lpr LE prone mice treatment with tofacitinib led to a decrease of auto-ab production and amelioration of nephritis and skin inflammation. Similarly, two different LE mouse models showed a decrease of several cytokines (IL-12, IL-17A, IFN-γ, and TNF), and a decrease of antinuclear auto-ab levels upon treatment with CEP-33779, a JAK2 inhibitor (129). However, in humans, the JAK1 inhibitor GSK2586184 showed to be ineffective in a small size study of patients with SLE (130). Conversely, baricitinib has been tried in patients with SLE in a double blind, randomized, placebo-controlled phase 2 trial (NCT02708095) (Figure 3) (131). Baricitinib was administered at 2 or 4 mg daily. Results showed that the 4 mg dose leads to a consistent clinical improvement in SLE, especially on arthritis. Of note, adverse events were almost comparable to the placebo group (132). At the time of this writing, different compounds targeting different JAKs are under clinical investigation for the treatment of SLE or discoid LE (Table 8).


Table 8. Clinical trials of JAKi in systemic and/or discoid lupus erythematosus according to clinicaltrials.gov.
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PSORIASIS VULGARIS

PSO is a common inflammatory skin disease with well-defined pathogenesis. Based on the research of recent years numerous targeted treatments have been developed for PSO (4). In its classic appearance, this chronic inflammatory disorder presents with erythematous scaly plaques, which are preferentially disposed at extensor sites and in areas of mechanic stress. In addition, scalp, nails and inverse regions are frequently affected. In around 20–30% of cases, patients with PSO also suffer from joint involvement (psoriatic arthritis, PSA) (4). There is a wide range of treatment possibilities for PSO. Topical treatments include glucocorticosteroids, vitamin D derivatives, and dithranol. While phototherapy is becoming less important, oral drugs like methotrexate, acitretin, dimethylfumarate, or apremilast are widely used (4). Cyclosporine should be avoided due to its toxicities compared to the numerous less-toxic alternatives. Besides oral drugs, various biologics have been established for PSO (6). The first generation of antipsoriatic biologics targets TNF. Since PSO is widely accepted as the prototypic Th17 driven disease, multiple second-generation biologics have been approved in the meanwhile. These either neutralize IL-17A, bind its receptor or target IL-23. Although the neutralization of IL-17A is effective in most patients, some patients do not respond. The implication of multiple cytokines like IL-6, IL-22, IL-23, or IFN-γ in psoriasis pathogenesis suggests that the inhibition of JAKs could be a powerful and more profound treatment than a treatment with a single mab. Of note, STAT3 is a key factor in IL-23/Th17 signaling. Active JAKs and active STAT3 are typically found in psoriatic skin (133, 134). The role of IL-23 and Th17 cells has also been studied in the imiquimod (IMQ) PSO mouse model. In this model, silencing of TYK2 by gene targeting abrogated skin inflammation (135). Likewise, the use of JAKi successively ameliorated skin inflammation with a concomitant decrease of cytokine levels in the IMQ PSO mouse model (136). In humans, Krueger et al. showed in a small cohort (n = 12) that treatment with tofacitinib (10 mg twice daily) ameliorated PSO and this was accompanied at a molecular level by the decrease of phosphorylated STAT1 and STAT3. Similarly, tofacitinib decreased epidermal thickness, reduced the number of T cells infiltrating the skin and suppressed the IL-23/Th17 pathway (137). These preliminary findings paved the way for JAKi application in humans with PSO. A phase III randomized double-blind placebo-controlled study (NCT01815424) demonstrated the efficacy of tofacitinib at doses of 5 or 10 mg twice daily in patients with moderate to severe PSO (138). The oral PSO trial (OPT) pivotal I and II studies confirmed these positive results by oral tofacitinib in chronic plaque PSO (Figure 3). Importantly, only 6% of treated patients experienced adverse events (139). Notably, treatment discontinuation was associated with a risk of relapse; however, re-initiation of the treatment rapidly resolved psoriatic inflammation (140). Another phase III randomized multicenter study showed that the efficacy of tofacitinib 10 mg twice daily is similar to the efficacy of etanercept 50 mg twice weekly in PSO (141). Tofacitinib (5 or 10 mg daily) is also beneficial in nail PSO (114). The OPAL study showed that the JAK1/JAK3i is highly effective in the control of PSA in patients not responding to anti TNF-α treatment. In 2018, tofacitinib 5 mg twice daily was approved by the FDA for the treatment of PSA (142). Under this therapeutic regimen tofacitinib seems to have an acceptable safety profile without severe adverse events even during long-term application (143, 144). Based on the experience with tofacitinib, numerous JAKi are tested as oral drugs or as topical formulation for PSO (Table 9) (145–147). So far, the efficacy of topical JAKi for psoriasis is not convincing (148–150). In a double-blind study, topical application of the JAK1/JAK2i ruxolitinib (1 or 1.5%) showed comparable reduction of skin inflammation as calcipotriene 0.005% cream or betamethasone dipropionate 0.05% cream (151). Oral JAKi are more promising. In a randomized, double blind, placebo controlled phase IIb study the JAK1/JAK2i baricitinib at 2, 4, 8, or 10 mg daily dose showed encouraging results in the treatment of moderate to severe PSO (152). Lastly, selective inhibition of TYK2 with the oral compound BMS-986165 seems to be another very promising therapeutic option for the treatment of PSO. In a phase II trial BMS-986165 given at 3, 6, 9, or 12 mg daily over a period of 12 weeks resulted in an impressive clearing of PSO compared to placebo (153). According to clinicaltrials.gov, the number of registered studies on JAKi for PSO is rapidly growing (Table 9). Both oral and topical compounds are currently under clinical investigation for PSO. These include the oral compounds solcitinib, filgotinib, upadacitinib, and delgocitinib (LEO124249), a topical pan-JAKi (154). The selective TYK2 inhibitors PF-06826647 and BMS-986165 are under investigation for PSO or PSO/PSA, respectively (Table 9). The expected results from these clinical trials will be a major step toward extending the therapeutic spectrum of PSO and PSA by oral compounds.


Table 9. JAKi trials in psoriasis vulgaris, psoriatic arthritis and psoriasis inversa according to clinicaltrials.gov.

[image: Table 9]



VITILIGO

Vitiligo is a skin disease with severe psychological impact on patients. The disease is characterized by the presence of white depigmented skin spots due to melanocytic destruction by self-reactive CD8+ T cells (155). There is an enormous need for effective treatment options since presently the limited treatment modalities are only effective in some patients. Currently, patients with vitiligo are either treated with topical glucocorticosteroids, topical calcineurin inhibitors (off-label), or with phototherapy (narrowband UVB). In addition, systemic administration of glucocorticosteroids or other immunosuppressive drugs are used. Mechanistically, type I immune responses seem to be responsible for the development of vitiligo (156–159). In lesional skin, overexpression of IFN-γ, which translates its intracellular signal through STAT1, and associated chemokines like CXCL10 and its receptor CXCR3 are found (158). The biological relevance of these clinical findings was confirmed in mouse models of vitiligo. For instance, transfusion of CXCR3−/− PMEL T cells in vitiligo prone mice did not evolve to phenotypic alterations. Similarly, interfering with the CXCL10-CXCR3 interaction through targeting of CXCL10 with mabs results in vitiligo reversal in mice with established disease (160). These and other findings helped to elucidate the copious immunological players dominating vitiligo and underlined the crucial role of the JAK/STAT pathway and their related factors in the pathogenesis of this disorder. First small-size case series report from the efficacy of JAKi in vitiligo (161). Rothstein et al. used ruxolitinib 1.5% cream over a period of 20 weeks in a small group of 12 patients with vitiligo. They reported successful repigmentation of facial spots, while repigmentation of other anatomical sites showed mixed results (162). Similar results with better responses of facial spots than non-facial spots were reported by a recently published cohort study with 16 patients receiving 2% tofacitinib cream (163). A retrospective case study of 10 patients treated with oral tofacitinib 5 or 10 mg once daily suggests that a combination of phototherapy with JAKi is therapeutically more effective than JAKi monotherapy (164) (Figure 3). These reports indicate that JAKi in combination with UV exposure are required for stimulating repigmentation. Currently, different JAKi are under investigation in phase II trials for topical application in patients with vitiligo (Table 10).


Table 10. Clinical trials on JAKi for treating patients with vitiligo according to clinicaltrials.gov.
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POSSIBLE FUTURE APPLICATIONS

The introduction of JAKi is enlarging the therapeutic repertoire of dermatologists and is proving efficacy in numerous inflammatory diseases. Disorders like vitiligo or AA are in high need for efficient treatments. Increasing evidence confirming the beneficial role of systemic or topical JAKi in the treatment of these disorders is accumulating. Since the JAK/STAT signaling pathway plays a crucial role for many cytokines (Figure 2), a variety of inflammatory dermatological disorders may benefit from this new class of immunomodulators. For instance, lichen sclerosus et atrophicans (LSA) is an inflammatory disorder of skin and genital mucosa associated with severe pruritus and scaring. Many patients do not respond adequately to topical steroids (165). Due to its frequent recalcitrant course, there is an urgent need of new therapeutics for LSA. Inflammatory factors like IFN-γ, CXCL10, and CCR5 are highly expressed in lesional skin, suggesting that LSA is a Th1-dominated disorder (166). Oral or topical application of JAKi could stop the inflammatory circuit in LSA. Case reports on positive effects of JAKi exist for LSA and for patients with other sclerosing skin diseases like morphea, eosinophilic fasciitis, or systemic sclerosis (167, 168). These results are in agreement with experimental findings demonstrating a pivotal role of STAT3 in the activation of profibrotic pathways in vivo and in vitro (169). JAK inhibitors also improve inflammatory bowel diseases (IBD) like ulcerative colitis. Based on this data, it can be argued that IBD-associated skin diseases such as cheilitis granulomatosa (CG), pyoderma gangrenosum (PG) or erythema nodosum (EN) could also benefit from JAKi. CG shows a similar immunological profile as Crohn's disease with overexpression of IFN-γ (170–172). Patients with CG benefit from drugs such as thalidomide or lenalidomide (173, 174), which suppress Th1 cell responses (175). In contrast, analysis of PG and EN lesional skin revealed overexpression of TNF and STAT3, the latter one suggesting a rationale for the application of JAKi in these diseases (176). Other inflammatory diseases, where the use of JAKi seems to be desirable include sarcoidosis (177–180), and Sjögren's syndrome (SS), autoimmune diseases with strong molecular association to the JAK/STAT signaling pathway (181–184). Patients with blistering skin diseases like bullous pemphigoid, dermatitis herpetiformis Duhring and pemphigus vulgaris may also benefit from JAKi (185–187). JAKi have been shown to inhibit auto-ab production in preclinical models (188). Moreover, different studies highlighted the crucial role of STAT1 and STAT3 in transporting the signals derived from IL-6 and IL-21, two crucial cytokines for germinal centers formation. Lack of IL-6 and IL-21 leads to a strong reduction of T follicular helper (TFH) cell levels and consequently to impaired germinal center formation and suppression of IgG levels, since TFH cells provide unavoidable help for B cells' ab production (189, 190). Due to this preliminary data, JAKi could dramatically improve patients' quality of life in auto-ab-mediated bullous skin disorders, where high doses of oral glucocorticosteroids are currently the therapeutic gold standard and where the need of new therapeutic approaches is high, even though the B cell depleting mAb rituximab has been approved recently (191, 192). Another group of skin disorders that could benefit from JAKi are eczema. Delgocitinib, a pan-JAKi is currently under investigation in patients with chronic hand eczema (Table 11) and shows some first promising results (193). In nickel-induced allergic contact dermatitis there is evidence of an important involvement of the JAK/STAT pathway (194). Accordingly, mouse models for contact dermatitis show positive response to treatment with topical tofacitinib (JAK1/JAK3i) (195, 196), thus suggesting a possible application of topical JAKi also in humans. In Behcet's disease, an autoimmune disorder with unsolved pathogenesis experimental studies showed overexpression of Th17 related genes, overexpression of type I IFN-inducible genes and activation of the JAK/STAT pathway (197–199). These first experimental results pave the way for a future tentative application of JAKi in this disorder. Lastly, JAKi could improve autoinflammatory disorders. A patient with synovitis, acne, pustulosis, hyperostosis, and osteitis (SAPHO), has been successfully treated by a combination of methotrexate and oral tofacitinib (200). Similarly, the clinical trials NCT01724580 and NCT02974595 proved efficacy of baricitinib in a small group of patients affected by CANDLE (chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperatures) and SAVI (stimulator of IFN-genes associated vasculopaty with onset in infancy) (201, 202).


Table 11. Clinical trials of JAKi in chronic hand eczema. cHE, chronic hand eczema according to clinicaltrials.gov.
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CONCLUDING REMARKS

The introduction of JAKi in dermatology will revolutionize the therapeutic outcome of various inflammatory skin diseases. There is growing evidence that the JAK/STAT signaling pathway is a key pathway in numerous skin disorders. However, we are facing several hurdles. First, the development of selective JAKi was harder than initially thought. First generation JAKi, like tofacitinib and baricitinib, which were thought to be highly selective, target more than one single JAK. This is not necessarily a disadvantage regarding efficacy, but of course may bear a higher risk for toxicities (17). For instance, significant inhibition toward JAK2 leads to anemia. Some unexpected adverse events were also observed when using first generation JAKi (203–205). One example is the increase in cholesterol levels by tofacitinib (144, 206–208), which could be a paradox effect induced by the reduction of inflammation (209). The more recently developed JAKi seem to have improved selectivity (25, 27, 210). The other caveat for treating skin disorders via topical route is to generate formulations that allow small molecules like JAKi to penetrate the skin. Here, improvements like nanocarriers may be helpful (211–213). We still have a high therapeutic need for several skin diseases like vitiligo, AA, AD, LPP, LSA, and others. JAKi as topical formulation or systemic drug could be an outstanding improvement without side effects typically observed when using topical or systemic glucocorticosteroids. Yet, in the majority of the aforementioned skin diseases, we urgently need more evidence and larger double-blind placebo-controlled studies to confirm efficacy and safety of JAKi. The safety profile of JAKi reported so far seems to be acceptable, at least when used as monotherapy. One important question, which could favor the introduction of JAKi in dermatological daily routine, is the comparison of these with the well-established application of mabs. Even though studies directly comparing JAKi with biologicals are widely missing for dermatological indications, the anti-inflammatory properties of JAKi are conceivably profound. Nonetheless, the safety profile of these new compounds compared to the safety profile of mabs seem not to be very different (214–216). Experience from the here discussed studies show that severe adverse events are rare. Common adverse events like infections of the upper respiratory tract or common disturbances such as headache or diarrhea can be frequent, but easy to manage (217–219) (Table 1; Supplementary Tables 1–3). The reactivation of herpes zoster infection seems to be more frequent in patients treated with JAKi compared to those receiving biologicals and therefore vaccination prior to treatment initiation should be discussed (220–223). Blood count alterations seem to be reversible and normalize after withdrawal (224, 225) (Table 1). Published studies with different JAKi indicate an increased risk for bacterial and viral infections (226–230). From an economic point of view the lower production costs of JAKi compared to mabs may favor their application in dermatology (231). However, the simultaneous inhibition of multiple cytokines by systemic JAKi bears the risk for fatal outcomes during severe infections and possibly also the risk for cancer development on the long run (232). Moreover, the dose and half-life of JAKi is an important issue. It will be crucial to lower the threshold of JAK/STAT activation but not to permanently block this pathway. Notably, another major issue which must be addressed in the future and which is presently unknown is the impact of these drugs on long-term treatments setting. First data from non-dermatological studies will be available soon, but data from longer observational periods after approval for dermatological indications are needed (233–236). This will be important for calculating the risk for both, infectious and tumor diseases (237). In conclusion, JAK inhibitory drugs are emerging as a new and effective treatment for various diseases. So far, the results arouse enthusiasm among dermatologist; nonetheless, further studies will decide about the real-world efficacy and safety profiles of this new class of immunomodulators.
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Epidermolysis bullosa acquisita (EBA) is an autoimmune skin blistering disease characterized by IgG autoantibodies (aAb) against type VII collagen (COL7). The mechanisms controlling the formation of such aAbs and their effector functions in the skin tissue are incompletely understood. Here, we assessed whether the inhibitory IgG Fc receptor, FcγRIIB, controls the development of autoimmune skin blistering disease in an active model of EBA. For this purpose, we immunized congenic EBA-susceptible B6.SJL-H2s (B6.s) and B6.s-Fcgr2b−/− mice with the immunodominant vWFA2 region of COL7. B6.s-Fcgr2b−/− mice developed a strong clinical phenotype with 15 ± 3.3% of affected body surface area at week 4. In contrast, the body surface area in B6.s mice was affected to a maximum of 5% at week 6 with almost no disease signs at week 4. Surprisingly, we already found strong but similar COL7-specific serum IgG1 and IgG2b aAb production at week 2. Further, aAb and C3b deposition in the skin of B6.s and B6.s-Fcgr2b−/− mice increased between weeks 2 and 6 after vWFA2 immunization. Importantly, neutrophil skin infiltration and activation was much stronger in B6s-Fcgr2b−/− than in B6.s mice and already present at week 2. Also, the early aAb response in B6.s-Fcgr2b−/− mice was more diverse than in wt B6.s mice. Reactive oxygen species (ROS) release from infiltrating neutrophils play a crucial role as mediator of skin inflammation in EBA. In line, sera from B6.s and B6.s-Fcgr2b−/− mice induced strong ROS release from bone marrow-neutrophils in vitro. In contrast to the antibody-transfer-induced EBA model, individual targeting of FcγRIII or FcγRIV decreased ROS release to 50%. Combined FcγR blocking abrogated ROS release from BM neutrophils. Also, ROS release induced by COL7-specific serum IgG aAbs was significantly higher using BM neutrophils from B6.s-Fcgr2b−/− than from B6.s mice. Together, our findings identified FcγRIIB as a suppressor of skin inflammation in the active EBA model through inhibition of early epitope spreading, protection from strong early neutrophil infiltration to and activation of neutrophils in the skin and suppression of FcγRIII activation by IgG1 aAbs which drive strong ROS release from neutrophils leading to tissue destruction at the dermal-epidermal junction.
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INTRODUCTION

FcγRs are a heterogeneous receptor family. Aggregation by IgG immune complexes (IC) results in the initiation of activating or inhibitory signaling cascades. With the exception of the inhibitory FcγRIIB, all other FcγRs trigger cellular activation. FcγRs are predominantly expressed by innate immune cells. The relative distribution of activating/inhibitory FcγR expression sets the threshold of innate immune cell activation through IgG ICs (1). FcγRs play an important role in the host defense against pathogens as receptors for pathogen phagocytosis. Further, they promote protective immunity against pathogens (2).

In addition to their important and desirable role in immune defense, FcγRs may also contribute to disease pathogenesis, especially in autoimmune diseases. In this setting, aAbs activate myeloid cells through FcγR aggregation after the formation of soluble or tissue-bound ICs comprising their cognate auto-antigens (3). Therefore, IC/FcγR interactions have become a potential drug target for the treatment of aAb-mediated diseases such as rheumatoid arthritis or pemphigoid diseases. More specifically, IC/FcγR interactions can be blocked by modulating Fc-glycosylation patterns (4, 5) or by competitive binding of soluble FcγRIIB (sCD32, SM101) to IC (6, 7). Hence, understanding FcγR biology has facilitated the drug development in autoantibody-mediated diseases. This is of particular interest for pemphigoid diseases, where high dose corticosteroids, often associated with severe adverse events, form the backbone of the therapeutic regimen (8, 9).

Due to the availability of a highly reproducible animal model (10), the pemphigoid disease EBA has been relatively well-studied in the past (11). In EBA, aAbs directed against COL7, an integral structural protein of the skin, cause chronic subepidermal blistering, a variable degree of cutaneous inflammation and scaring, as well as organ damage at sites of COL7 expression including the gastro-intestinal tract, eyes, and larynx (12).

The generation of the autoimmune response in EBA depends on B cells, dendritic cells and macrophages as antigen-presenting cells, CD4+ T helper cells and neutrophils as the dominant effector cells in skin lesions (13). At the molecular level, formation of anti-COL7 humoral immune response is enhanced by GM-CSF (14). The initial step in disease development is the binding of anti-COL7 aAbs to their target antigen, which is predominantly expressed in the skin. The formation of tissue-bound IC in the skin drives the activation of the complement system, a ß2-integrin-mediated migration of myeloid cells to skin and subsequent production and release of proinflammatory mediators including cytokines, chemokines and leukotrienes (15–18). Within the skin, myeloid cells interact with the ICs. In humans, this process depends on FcγRIIA and IIIB (19). In a neonatal mouse model of EBA, induced by the intradermal transfer of rabbit anti-mouse COL7 IgG, EBA development was driven by FcγRIII activation on neutrophils (20). In contrast, in an antibody-transfer model of EBA, activation FcγRIV on neutrophils was identified as a crucial step for disease induction (21). Absence of FcγRIIB expression was associated with a higher disease score (21, 22).

These findings suggest that activating FcγRs drive disease development during the effector phase using COL7-specific rabbit IgG and that FcγRIIB protects from disease development to some extent. Genetic association studies point toward a possible contribution of FcγRs to pemphigoid disease susceptibility. In humans, susceptibility to bullous pemphigoid is associated with a gain in FCGR2C and loss of FCGR3B gene copy numbers (23), as well as differences in the FCGR3A allotypes (24). In mice, blister formation in response to immunization with COL7 in an active model of EBA is linked to the H2s haplotype (25). Further, some EBA-resistant C57BL/6j (B6.j) mice developed disease symptoms when FcγRIIB-deficient mice on the B6.j background were repeatedly immunized with a COL7-GST fusion protein (26). Under these conditions, they found that around 50% of B6.j-Fcgr2b−/− but none of the B6.j mice developed a clinical phenotype, while all mice developed aAbs which were deposited in the skin. Here, we aimed to determine whether FcγRIIB controls the development of autoimmune skin blistering disease in an active model of EBA. For this purpose, we crossed FcγRIIB-deficient mice to the EBA-susceptible inbred B6.s background (13, 27) and immunized B6.s and B6.s-Fcgr2b−/− mice with the immunodominant von-Willebrand-factor-A-like domain 2 (vWFA2) region of COL7 (13). Then, we assessed the impact of FcγRIIB on the disease-permitting H2s haplotype on the formation of COL7-specific IgG aAbs, their epitope specificity, and functional properties, i.e., recruitment of neutrophils into the skin and their activation by activating FcγRs.



MATERIALS AND METHODS


Mice

B6.SJL-H2s C3c/1CyJ (B6.s), C57Bl/6J (B6.j) and Fcgr2b−/− on the B6.SJL (B6.s-Fcgr2b−/−) or C57Bl/6J (B6.j-Fcgr2b−/−) genetic background were bred and housed in a 12-h light-dark cycle at the animal facility of the University of Lübeck. Mice were killed by cervical dislocation and organs were harvested after intraperitoneal administration of a mixture of ketamine (100 μg/g) and xylazine (15 μg/g).



Immunization-Induced EBA Model

Mice were immunized as previously described with some modifications (10, 26). Briefly, after anesthesia, B6.s wt and B6.s-Fcgr2b−/− mice were immunized once with 60 μL of 1 mg/ml recombinant murine COL7 vWFA2 emulsified (1:1 mixture) in the non-ionic block copolymer adjuvant TiterMaxTM (ALEXIS Biochemicals, Norcross, GA) into each of the hind footpads. vWFA2 was produced after cloning of a commercially synthesized codon (Mr. Gene, Regensburg, Germany) optimized sequence in pTWIN (NEB, Frankfurt, Germany). In a second step, proteins were expressed in E. coli ER2566 and purified according to IMPACT™-TWIN protocol (NEB) as described (13). Subsequently, mice were evaluated for 6 weeks in 2-week intervals for the presence of skin lesions (i.e., erythema, blisters, erosions, crusts, and alopecia). Disease severity was expressed as percentage of body surface area affected by skin lesions. Serum samples were collected every second week. Serum, ear skin, and tail skin samples were obtained 2, 4, or 6 weeks after immunization and prepared for histopathologic examination and immunofluorescence (IF) microscopy. In accordance with animal welfare regulations, individual mice were sacrificed, if they lost more than 10% weight within 1 week and/or the affected skin surface reached >25% of the total skin surface area. Photographs were taken with standardized camera settings from multiple angles.



Antibodies

For the antibody transfer-induced model, we used rabbit anti-vWFA2 antibodies (20 mg/mL) produced as described (28). For histology, we used AF647-labeled antibodies against IgG (Jackson Immuno Research; 25 μg/ml) or FITC-labeled antibodies against C3b (MP Biomedicals; 55500; 66 μg/mL). Further, we used polyclonal goat anti-mouse IgG directed against myeloperoxidase (MPO) (R&D Systems, AF3667, 0.2 mg/mL) and the monoclonal rat anti-mouse IgG antibody RB6-8C5 against Ly6G (Abcam, ab25377, 0.1 mg/mL). As secondary antibodies, we used goat anti rat IgG (H+L) labeled with Alexa Fluor 594 (Thermo Fisher Scientific, Invitrogen, A-11007, 2 mg/mL) or donkey anti goat IgG (H+L) labeled with Alexa Fluor 488 (Thermo Fisher Scientific, Invitrogen, A-11055, 2 mg/mL). Also, we used DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride, Life Technologies; D3571, 5 mg/mL) for all immunofluorescence stainings. In addition, we used monoclonal rat anti-mouse IgG2a directed against CD19 labeled with Alexa Fluor 647 (Biolegend, 115522, 0.5 mg/mL) and monoclonal hamster anti-mouse IgG1 directed against CD3 labeled with FITC (BD, 553062, 0.5 mg/mL). For flow cytometric analysis, we used BV421-labeled antibodies against FcγRI (Biolegend; 139309; 0.2 mg/mL); FITC-labeled antibodies against FcγRIIB (provided by Falk Nimmerjahn; clone Ly17.2; 0.5 mg/mL), APC-labeled antibodies against FcγRIV (Biolegend; 149506; 0.2 mg/mL), APC-Cy7-labeled antibodies against Ly6G (Biolegend; 127623; 0.2 mg/mL) and secondary PE-labeled anti-goat antibodies (Santa Cruz biotechnology; sc-3857 0.4 mg/mL). Unlabeled antibodies against FcγRIII (Thermofisher; PA5-47230; 0.2 mg/mL); and against FcγRIV (Biolegend; 149506; 0.2 mg/mL) were used for blocking experiments.



Reactive Oxygen Species (ROS) Release Assay

In this assay, intra- and extracellular ROS production from neutrophils were measured using luminol-amplified chemiluminescence after incubation with IC and controls, respectively. Neutrophils were isolated from bone marrow by flushing the femur and tibia with PBS using a 26G needle and red blood cells were removed with red blood cell lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA at pH 7.2). Neutrophils were transferred to and kept in RPMI1640 (Genaxxon bioscience; C4116.0500) containing 1% fetal calf serum (PAA Cell Culture Company; A15-043) until use. For FcγR blocking, we incubated neutrophils with anti-FcγRIII (0.8 μg/mL) and/or anti-FcγRIV (8.5 μg/mL) for 1 h at 37°C, 5% CO2. Ninety-six-well microtiter plates (Greiner bio one; 655074) were coated with 20 μg/mL vWFA2 in PBS buffer. After washing with PBS-Tween (0.5%), sera from immunized B6.s wt mice were added in a 1:10 dilution for 1 h. After a second washing step neutrophils (2 × 106/mL) with 5% of Luminol (Sigma Aldrich; 123072-5G) were added to each well. The luminescence, corresponding to the amount of liberated ROS in form of OH−, [image: image], and H2O2 was measured for 1 h using a Fluostar Omega ELISA reader (BMG Labtech) at an absorbance rate up to 3600 and an average measurement interval of 1 s at 37°C.



Determination of COL7-Specific IgG Serum Auto-Antibody Titers

Ninety-six-well plates were coated with vWFA2 (2.5 μg/ml) in 0.05M sodium-carbonate buffer for 10 min at room temperature. After blocking with 1% BSA-PBS, sera from immunized mice taken 2, 4, or 6 weeks after immunization were incubated on the plate for 1 h. The sera were diluted 1:103, 1:104, and 1:105 in PBS. Then, HRP-coupled anti-mouse IgG (IgG1, IgG2b, IgG2c, or IgG-total; 1:6000 in PBS) were added for 1 h. Finally, 50 μL of Trimethoprim (TMP) was added and samples were measured on a Fluostar Omega (BMG Labtech) ELISA reader at 450 nm.



vWFA2 Epitope Mapping of Sera From Immunized B6.s and B6.s-Fcgr2b−/− Mice

Ninety-six-well plates were coated with vWFA2-derived polypeptides (2.5 μg/ml). The peptides were generated by peptides & elephants (Heringsdorf, German). Altogether, 19 20-mer peptides with 10 amino acid overlap (Table 1) were generated. They were dissolved in 0.05M sodium-carbonate buffer for epitope mapping for 10 min at room temperature. After blocking with 1% BSA-PBS, sera from immunized B6.s and B6.s-Fcgr2b−/− mice were diluted 1:104 and incubated for 1 h. Then, HRP anti-mouse was added for 1 h. Finally, 50 μL of TMB were added and samples were measured on a Fluostar Omega (BMG Labtech) at 450 nm.


Table 1. vWFA2-derived polypeptides used for epitope mapping.

[image: Table 1]



IgG Auto-Antibody and C3b Deposition

Tissue-bound IgG aAb and C3b deposition was determined by direct IF microscopy of frozen sections in TissueTek (Sakura; Ref4583) using AF647-conjugated goat anti-mouse IgG (Jackson Immuno Research; 25 μg/mL), or FITC-conjugated goat anti-mouse C3b (MP Biomedicals; 55500; 66 μg/mL). Staining was evaluated using the Keyence BZ-9000E microscope with the BZII viewer and analyzer software. Intensity analysis was performed with the ImageJ comparison tools and results were compared by one-way ANOVA. First, we identified the basal membrane in bright field setting and then measured the intensity on the corresponding spot in the AF647 or FITC channel; subsequently we repeated this process for the epidermis as a negative control, where we found no specific IgG or C3 binding, and eventually calculated the difference between the measured intensities.



Determination of FcγR Expression on Bone Marrow Neutrophils

To identify BM neutrophils, freshly harvested lower extremities were stored in PBS, flushed with PBS through 26G needles and red blood cell lysis was performed with lysis buffer (155 mM NH4CL; 10 mM KHCO3; 0.1 mM EDTA; pH = 7,22). First, we set a gate in the FSC SSC blot on lymphocytes excluding debris (Figure 6A). Within this gate, we identified neutrophils as Ly6G+ cells using APC-Cy7-labeled antibody against Ly6G (Biolegend; 127623; 0.7 μg/mL). To determine activating and inhibitory FcγR expression, the cell suspension was then stained with specific FcγRIIB (1.7 μg/mL), FcγRI, FcγRIII, FcγRIV (all 0.7 μg/mL) antibodies for 15 min at 4°C. Cells were washed and analyzed on the BD LSRII cell analyzer. Results were analyzed via FlowJoV10 (Tree Star, Ashland, OR).



Assessment of MPO+, Ly6G+, CD3+, or CD19+ Cells in Mouse Ear Tissue

We identified MPO+ or Ly6G+ cells by direct IF microscopy of frozen ear sections in Tissue-Tek (Sakura, Ref4583) using polyconal goat IgG antibodies directed against mouse MPO (R&D Systems, AF3667) at a concentration of 2 μg/mL or monoclonal rat anti mouse Ly6G IgG (Abcam, ab25377, RB6-8C5) at a concentration of 1 μg/mL. Binding of the MPO or Ly6G-specific Abs was detected using either goat anti rat IgG (H+L) labeled with Alexa Fluor 594 (Thermo Fisher Scientific, Invitrogen, A-11007, 2 mg/mL) or donkey anti goat IgG (H+L) labeled with Alexa Fluor 488 (Thermo Fisher Scientific, Invitrogen, A-11055, 2 mg/mL) at a concentration of 4 μg/mL. To detect CD19+ B cells or CD3+ T cells via IF microscopy in frozen ear sections, we performed the following staining. Sections were stained with monoclonal rat anti-mouse IgG2a directed against CD19 labeled with Alexa Fluor 647 (Biolegend, 115522, 0,5 mg/mL) or monoclonal hamster anti-mouse IgG1 directed against CD3 labeled with FITC (BD, 553062, 0,5 mg/mL). Both antibodies were used at a concentration of 8,33 μg/mL. MPO and Ly6G stainings were evaluated using the EVOS M7000 imaging system (Thermo Fisher Scientific, Germany) and Celleste imaging analysis software (Thermo Fisher Scientific, Germany). CD3 staining was evaluated using the Olymus Fluor 1000 (Olympus, Germany) and FV10-ASW 4.2 (Olympus, Germany). Cell counting and fluorescence intensity analysis was performed with the ImageJ comparison tools. To enumerate MPO+ or Ly6G+ cells, we evaluated 10 pictures each with a size of 0.15 mm2 and 10 pictures for CD3+ and CD19+ with a size of 0.21 mm2 each.



Statistical Analysis

Data were analyzed with GraphPad Prism Version 8.0. All data shown in the graphs are presented as mean values ± standard error of the mean (SEM). All groups analyzed for ROS release showed a normal distribution as tested by the Kolmogorov–Smirnov test. Two group comparison were done via unpaired Student's t-test or Mann Whitney U-test. Comparisons between multiple groups were done via non-parametric one-way ANOVA and Dunn's multiple comparisons as a post-hoc test. Differences between groups were considered significant when the p-value was < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001).




RESULTS


B6.s-Fcgr2b−/− Mice Developed a Severe Clinical Phenotype Early After Immunization With COL7

B6.s wt and B6.s-Fcgr2b−/− were injected with vWFA2 together with Titermax to induce experimental EBA. Mice were scored as outlined in material and methods. We found that B6.s wt mice developed clinical symptoms between weeks 4 and 6 after vWFA2 immunization. In contrast, B6.s-Fcgr2b−/− mice showed first clinical signs of skin blistering between weeks 2 and 4 after antigen administration. Importantly, the frequency of skin lesions was significantly higher in B6.s-Fcgr2b−/− mice. The affected body surface area in wt mice was 4.9 ± 2.1% but 23.1 ± 5.7% in B6.s-Fcgr2b−/− mice 6 weeks after immunization (Figure 1A). Already after 4 weeks, the affected body surface area reached 15.0 ± 3.3% in B6.s-Fcgr2b−/− mice. At this time point, we observed almost no lesions in the skin of B6.s wt mice. Interestingly, lesions in wt mice at the early disease stage were limited to the ears and the head neck region, whereas in FcγRIIB-deficient mice extensive lesions occurred also on the torso and the upper limbs (Figure 1B). Due to the fulminant disease progression in mice lacking FcγRIIB, three mice needed to be sacrificed already 4 weeks after the initiation of the experiment. Such mice exceeded 25% of affected body surface area, which was set as the threshold to abort the experiment. None of the B6.s wt mice reached this criterion.


[image: Figure 1]
FIGURE 1. Disease development in B6.s-Fcgr2b−/− mice compared to B6.s wt controls. vWFA2 was injected at a dose of 60 μg/mouse s.c. into each of the hind footpads of B6.s mice (n = 12) and B6.s-Fcgr2b−/− mice (n = 12). Animals were monitored for 6 weeks. They developed erosions and crusts around the eyes, snout, ears, neck and torso. (A) Cumulative disease score of the affected body surface area between weeks 0 and 6 in B6.s-Fcgr2b−/− mice as compared with B6.s wt controls. Statistical differences between wt and Fcgr2b−/− mice were determined by an unpaired t-test. Values shown are the mean ± SEM; n = 12 for each group. (*p < 0.05; ***p < 0.001). (B) Representative pictures of non-immunized (upper row) and immunized (lower row, week 4) B6.s wt controls (left) and B6.s-Fcgr2b−/− mice (right).




The Production of vWFA2-Specific IgG Serum Auto-Antibodies Is Similar in B6.s and B6.s-Fcgr2b−/− Mice

In search for mechanisms underlying the early disease development in mice lacking FcγRIIB, we first determined the vWFA2-specific serum IgG aAb titers in B6.s wt and B6.s-Fcgr2b−/− mice 2, 4-, and 6-weeks post immunization. We analyzed the total IgG (Figure 2A) as well as the IgG1 (Figure 2B), IgG2b (Figure 2C) and IgG2c (Figure 2D) aAb subclasses. In both strains, we found significant amounts of anti-vWFA2 specific IgG1 and IgG2 aAbs 2 weeks after immunization, demonstrating that the generation of these aAbs starts during the first 2 weeks after immunization. Importantly, we observed no significant differences in the amount of IgG aAbs produced in mice lacking FcγRIIB when compared to B6.s wt mice (Figures 2A–D). Of note, the amount of vWFA2-specific IgG2c aAbs was lower than that of IgG1 or IgG2b aAbs in the two strains (Figure 2D). Taken together, the data show that the absence of FcγRIIB has no obvious impact on the quality and the quantity of IgG aAb production.


[image: Figure 2]
FIGURE 2. Comparison of vWFA2-specific serum IgG levels and epitope mapping during the first 6 weeks after vWFA2 immunization. Course of vWFA2-specific (A) total IgG, (B) IgG1, (C) IgG2b; and (D) IgG2c serum aAb levels. The IgG serum levels between B6.s wt and B6.s-Fcgr2b−/− mice were similar. n = 4/group and time point. (E) Linear epitope mapping of vWFA2-specific total IgG using 20 amino acids long polypeptides of vWFA2 with an overlap of 10 amino acids. IgG peptide binding was determined via ELISA. n ≥ 3/group and time point. The depicted frequencies (0, <20, <40, <80, and 100%) relate to the percent of sera in B6.s wt or B6.s-Fcgr2b−/− mice that reacted with respective peptide.


We next evaluated if differences in epitope specificity of the IgG aAb response could explain the observed clinical differences. For this purpose, we performed an epitope mapping with 19 overlapping 20-mer polypeptides spanning the entire NC1 domain of vWFA2 using the serum aAbs from B6.s wt and B6.s-Fcgr2b−/− collected at weeks 2, 4, and 6. In week two, some sera from B6.s wt and B6.s-Fcgr2b−/− mice both recognized an N-terminal peptide (peptide 4) and a peptide in the middle of vWFA2 (peptide 11). Interestingly, all sera from B6.s-Fcgr2b−/− mice but none of the sera from B6.s wt mice recognized an epitope within the C-terminal peptide 17. Further, some sera from B6.s-Fcgr2b−/− mice recognized epitopes in peptides adjacent to peptide 17, i.e., peptides 13–16 and peptide 18. Four weeks after immunization the number of epitopes recognized by the sera from B6.s wt mice increased markedly. Similar to the sera from B6.s-Fcgr2b−/− mice, wt sera now recognized an epitope within peptide 17 and in the C-terminal part of vWFA2. Several of these epitopes overlapped with those recognized by the sera from FcγRIIB mice. Interestingly, sera from both mouse strains recognized an epitope within peptide 5. The epitope pattern recognized by the sera from B6.s-Fcgr2b−/− mice was similar between weeks 4 and 6 with a dominant binding to C-terminal peptides and peptide 5 from the N-terminal part of vWFA2. Sera taken 6 weeks after immunization from B6.s wt mice showed a recognition pattern similar to that from B6.s-Fcgr2b−/− mice, except that a few more epitopes within peptides from the N-terminal half of vWFA2 were recognized (peptides 6, 7, and 9) (Figure 2E). Taken together, our findings demonstrate that the early aAb response 2 weeks after immunization is more diverse in B6.s-Fcgr2b−/− mice and already results in the formation of IgG aAbs that recognize epitopes within the C-terminal part of vWFA2. Importantly, several of these epitopes are also immunodominant in B6.s wt mice, although at a later time point (i.e., in weeks 4 and 6).



IgG Auto-Antibody and C3b Deposition at the Dermal-Epidermal Junction Is Similar in B6.s and B6.s-Fcgr2b−/− Mice

A prerequisite for the recruitment of effector cells to the skin that drive the formation of blisters, is the deposition of COL7-specific aAbs and the activation of complement at the (DEJ) zone. To assess, if the higher disease score seen in FcγRIIB deficient mice is associated with an increased IgG antibody or complement deposition at the DEJ, we stained skin samples taken 2, 4, or 6 weeks after vWFA2 immunization with IgG or C3b-specific antibodies. This was of particular interest, as our epitope mapping showed a more diverse epitope recognition using sera from B6.s-Fcgr2b−/− mice (Figure 2B). As shown in Figures 3A,B, we found only minor IgG or C3b deposition 2 or 4 weeks after disease initiation in both strains. Disease-related IgG aAb and C3b deposition slightly increased 4 weeks after immunization in B6.s wt and B6.s-Fcgr2b−/− mice (Figures 3A,B). However, we observed no significant differences between the two strains. Six weeks after antigen immunization, the deposition of IgG aAb and C3b increased markedly in both strains (Figure 3B), but still we observed no significant differences between the two strains. Collectively, our findings identified no major differences in IgG or C3b deposition during the first 6 weeks after disease initiation in B6.s wt or B6.s-Fcgr2b−/− mice. These findings suggest that differences in IgG aAb or C3b deposition during the first 6 weeks after vWFA2 immunization do not account for the differences in disease development that we have observed between B6.s wt and B6.s-Fcgr2b−/− mice. Surprisingly, the very high disease score that we found 6 weeks after immunization in B6.s-Fcgr2b−/− mice seems to be independent of altered IgG aAb or C3b deposition at the DEJ.


[image: Figure 3]
FIGURE 3. Direct immunofluorescence staining showing the deposition of IgG aAbs and C3b in perilesional biopsies of ear skin from B6.s wt and B6.s-Fcgr2b−/− mice. (A) Linear deposits of murine IgG and C3b along the basal membrane zone. Representative immunofluorescence pictures of skin sections were taken at weeks 2, 4, and 6. Red = IgG aAb deposition; Green = C3b deposition. (B) Quantitative evaluation of IgG aAb and C3 deposition in B6.s wt and B6.s-Fcgr2b−/− mice. Microscopic pictures were analyzed via ImageJ software. The staining intensity of the basal membrane zone was measured, and a reference area of the epidermis was subtracted from it defining the intensity value MFI[Δ] for each sample in three different high-power fields; Data are shown as scattered dot plot with mean and standard error of the mean. Differences between groups were analyzed by non-parametric one-way ANOVA with post-hoc Dunn's multiple comparisons test, (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).




FcγRIIB-Deficient Mice Suffer From Strong Early Neutrophil Recruitment Into the Skin Associated With Strong Neutrophil Activation

Recruitment and activation of neutrophils to the DEJ is an important effector mechanism that drives blister formation in EBA (29). Therefore, we determined the number of Ly6G+ cells and the expression of MPO within the hole ear skin cut. First, we already observed the recruitment of Ly6G+ neutrophils into the skin of B6.s and B6.s-Fcgr2b−/− mice 2 weeks after vWFA2 immunization (Figures 4A–D, Supplementary Figure 1). Importantly, the number of neutrophils was significantly higher in B6.s-Fcgr2b−/− than in B6.s mice (32.5 ± 23 vs. 88.7 ± 42, Figure 4D, left panel). After 4 weeks of immunization the number of neutrophils further increased in the skin of B6.s-Fcgr2b−/− mice but not in B6.s mice (24.1 ± 9 vs. 134.8 ± 29, Figure 4D, middle panel). After 6 weeks of immunization the number of neutrophils in the skin of B6.s-Fcgr2b−/− mice somewhat decreased. Here, we need to take into account that 4–6 weeks after vWAF2 immunization, several B6.s-Fcgr2b−/− mice had reached the termination criteria and had to be sacrificed. The number of neutrophils in B6.s wt mice increased 6 weeks after immunization as compared to the 4 week time point and reached numbers comparable to that of B6.s-Fcgr2b−/− mice (70.3 ± 41 vs. 91.1 ± 26, Figure 4D, right panel).


[image: Figure 4]
FIGURE 4. Strong early migration of Ly6G+ neutrophils to and MPO induction in the skin of B6.s-Fcgr2b−/− but not B6.s wt mice. (A) Presence of Ly6G+ neutrophils in the skin of B6.s wt and B6.s-Fcgr2b−/− mice. Representative immunofluorescence staining of ear sections taken 2, 4, and 6 weeks after immunization with vWAF2 antigen. Red = Ly6G+ neutrophils; Blue = DAPI. (B,C) Quantitative evaluation of Ly6G+ neutrophils in 0.15 mm2 sections of B6.s wt (B) and B6.s-Fcgr2b−/− mice (C) during the 6 weeks observation period at week 2, 4, and 6. Titermax Control: representative staining of skin sections from B6.s wt and Fcgr2b−/− mice treated with Titermax (D). Comparison of the Ly6G+ neutrophil numbers in the skin of B6.s and B6.s-Fcgr2b−/− mice at week 2 (left panel), 4 (middle panel), and 6 (right panel). Pictures were analyzed via ImageJ and Celleste software. (E) Presence of MPO+ signals in the skin of B6.s wt and B6.s-Fcgr2b−/− mice. Representative immunofluorescence staining of ear sections taken 2, 4, and 6 weeks after immunization with vWAF2 antigen. Green = MPO+ signals; Blue = DAPI. (F,G) Quantitative evaluation of MPO+ signals in 0.15 mm2 sections of B6.s wt (G) and B6.s-Fcgr2b−/− mice (G) during the 6 weeks observation period at week 2, 4, and 6. Control: Representative staining of skin sections from B6.s wt and Fcgr2b−/− mice treated with Titermax (D). Comparison of the MPO+ signals numbers in the skin of 6.s and B6.s-Fcgr2b−/− mice at week 2 (left panel), 4 (middle panel), and 6 (right panel). Data in (B–D) and (F–H) are shown as scatter blot with mean ± SEM. Differences between week 2, 4, and 6 in (B,C,F,G) were analyzed by non-parametric one-way ANOVA. Differences between B6.s and B6.s-Fcgr2b−/− mice (D,H) were evaluated by unpaired Student's t-test (*p < 0.05, **p < 0.01, ****p < 0.0001).


Since not only the infiltration of the neutrophils into the skin, but also their activation plays a decisive role in disease development, we also determined the expression of MPO in the skin (Figures 4E–H, Supplementary Figure 1). Here, the difference in MPO expression between wild-type and FcyRIIB-deficient animals was even more striking than that observed for neutrophil infiltration. We found strong MPO signals in B6.s-Fcgr2b−/− but not in B6.s wt animals already in week 2 after immunization (Figure 4H). This signal increased toward week 4 in B6.s-Fcgr2b−/−, while it was still very low in B6.s wt mice. Only 6 weeks after immunization, we observed a strong MPO signal in B6.s wt mice, which was ever higher than that observed in B6.s-Fcgr2b−/− mice. Again, the data in the B6.s-Fcgr2b−/− mice are biased toward the phenotypically less affected animals. Together, these findings demonstrate a stronger and earlier recruitment of neutrophils into the skin of B6.s-Fcgr2b−/− mice that were activated to produce high amounts of MPO when compared to B6.s wt mice. Next, we analyzed the infiltration of CD3+ cells into the skin, as previous publications have shown that T cells make an important contribution to the pathogenesis of EBA (30) (Figures 5A–D, Supplementary Figure 1). As compared with neutrophils, the infiltration with T cells was much lower. In B6.s wt mice we observed no significant differences between vWFA2-immunized and titermax-only treated mice (titermax: 1.4 ± 1, w2: 2.5 ± 2, w4: 2.7 ± 1.25, w6: 1.1 ± 0.8, Figure 5B). In B6.s-Fcgr2b−/− mice, we noticed a decrease of CD3+ cells in the skin over time (titermax: 3.9 ± 2.3, w2: 2.6 ± 2, w4: 1.3 ± 1.1, w6: 1.4 ± 1.2, Figures 5C,D). In contrast to T cells, we did not find any B cells by direct IF in the skin cryosections. This is in accordance with previous studies, in which autoreactive B cells were almost exclusively found in the peripheral lymph nodes in the immunization-induced EBA mouse model (21, 31) (data not shown).
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FIGURE 5. CD3+ numbers in the skin of B6.s wt and B6.s-Fcgr2b−/− mice. (A) Presence of CD3+ T cells in the skin of B6.s wt and B6.s-Fcgr2b−/− mice 2, 4, and 6 weeks after immunization with vWAF2 antigen. Pictures show immunofluorescence staining from ear sections (green = CD3+ T cells; blue = DAPI). Positive signals are indicated by arrows. (B,C) Quantitative evaluation of CD3+ T cells in 0.21 mm2 sections of B6.s wt (B) and B6.s-Fcgr2b−/− mice (C) during the 6 weeks observation period at weeks 2, 4, and 6..(D) Comparison of the CD3+ T cells numbers in skin of B6.s and B6.s-Fcgr2b−/− mice at week 2 (left panel), 4 (middle panel), and 6 (right panel). Pictures were analyzed via ImageJ. Data in b-d are shown as scatter blot with mean ± SEM. Differences between week 2, 4, and 6 in (B,C) were analyzed by non-parametric one-way ANOVA test. Differences between B6.s and B6.s-Fcgr2b−/− mice (D) were evaluated by unpaired Student's t-test (**p < 0.01).




Neutrophils From FcγRIIB- Deficient Mice Are More Sensitive to FcγRIII- and FcγRIV-Driven ROS Release by vWFA2-Specific IgG Auto-Antibodies

The most important effector function of neutrophils in the skin is the release of ROS through aggregation of activating FcγRs (22). Thus, we tested the potential of the sera from immunized wt and B6.s-Fcgr2b−/− mice to induce ROS release. For this purpose, we used bone marrow neutrophils. In a first step, we determined the expression of activating FcγRs and the inhibitory FcγRIIB. We found that Ly6G+ bone marrow neutrophils are expressing the activating FcγRs FcγRIII (98.4%) and FcγRIV (86%), whereas FcγRI is barely detectable. Similar to FcγRIII and FcγRIV, FcγRIIB was strongly expressed on 90% of all bone marrow neutrophils (Figures 6A,B). In the antibody transfer model of EBA, an exclusive role for FcγRIV activation has been shown regarding the induction of ROS release by COL7-specific rabbit IgG (21). In mice, FcγRIV activation is largely independent from FcγRIIB counterbalance (32). In contrast, FcγRIII activation by IgG1 antibodies heavily depends on FcγRIIB expression, as IgG1 antibodies bind to FcγRIIB and FcγRIII with similar affinity (1).

In the second step, we thus aimed to determine, which FcγRs are activated by the sera from immunized B6.s wt and B6.s-Fcgr2b−/− mice to drive ROS release from bone marrow neutrophils. For this purpose, we stimulated bone marrow neutrophils with sera from wt mice. As shown in Figure 6C, wt sera induced a strong peak within the first 10 min after administration. Thereafter, ROS production steadily declined during the next 50 min. FcγRIII blockade did not change the kinetic of the ROS release. However, the total amount of generated ROS decreased to 67.9 ± 4.5% of that induced in the presence of the isotype control. In contrast, the ROS release was delayed when FcγRIV was targeted. Further, the amount of ROS released from the bone marrow neutrophils decreased to 42.4 ± 5.3% of that induced by the B6.s wt serum in the presence of the isotype control. The joint blocking of FcγRIII and FcγRIV abrogated the wt serum-induced ROS release from bone marrow neutrophils. In fact, the amount of ROS production (13.8 ± 2.0%) reached the level of unstimulated neutrophils (Figure 6D and data not shown). In a similar experimental setup, we tested the potential of rabbit anti-mouse COL7-antibodies to induce ROS in the presence of absence of blocking antibodies against FcγRIII and/or FcγRIV. Confirming previous findings (21), we found that vWFA2-specific rabbit IgG, that are used in antibody-transfer model of EBA, drive ROS release through exclusive activation of FcγRIV, whereas FcγRIII does not seem to play any role (Figure 6E).
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FIGURE 6. FcγR expression in bone marrow neutrophils and impact of vWFA2-specific IgG auto-antibodies on ROS release. (A) Flow cytometric analysis of FcγR expression in Ly6G+ bone marrow neutrophils. First, bone marrow cells were pregated using the FSC/SSC to exclude cell debris, residual erythrocytes, and lymphocytes, then singlets were excluded via FSC-A/FSC-H gating. In the last step, we gated on Ly6Ghi positive neutrophils, which were either stained for FcγRIII and FcγRIV expression (upper panel) or FcγRI and FcγRIIB expression (lower panel). (B) Quantitative assessment of FcγR expression in bone marrow neutrophils. High expression of FcγRIIB, FcγRIII, and FcγRIV (90.7 ± 1.4%; 98.4 ± 4.4%, and 86.43 ± 9.9%, respectively) but almost no FcγRI expression (0,96% ± 0,6%) in Ly6G+ neutrophils; n = 6/group, scatter blot with mean ± SEM. (C) ROS release from bone marrow neutrophils in response to sera from immunized wt B6.s mice (week 4) in the presence or absence of individual or combined FcγRIII/FcγRIV targeting. The graph is representative of 9 independent experiments. (D) Impact of FcγRIII and/or FcγRIV targeting on immune serum-driven ROS release from wt bone marrow neutrophils.; n = 25/group. Data are shown as scatter blot with mean ± SEM. The immune sera were from immunized wt B6.s mice (week 4). A non-parametric One-way ANOVA was used to determine significant differences and post-hoc Dunn's multiple comparison test to assess differences between individual groups (*p < 0.05; **p < 0.001; ****p < 0.0001). (E) Impact of FcγRIII and/or FcγRIV targeting on immune serum-driven ROS release from wt bone marrow neutrophils. The immune sera were taken from rabbits immunized with vWFA2, n = 6/group. Data shown are scattered dot blot with mean ± SEM (*p < 0.05; **p < 0.01) (F) Potency of sera from B6.s and B6.s-Fcgr2b−/− mice to induce ROS release from B6.s wt (green) or B6.s-Fcgr2b−/− (blue) neutrophils. Neutrophils from B6.j-Fcgr2b−/− mice produced more ROS than those from wt B6.s mice in response to sera from either B6.s or B6.s-Fcgr2b−/− mice. n = 10 / group. Data shown are scattered dot blot with mean ± SEM. Unpaired Mann–Whitney test was used to determine significant differences between groups (**p < 0.01).


Finally, we compared the ROS-inducing potential of anti-vWFA2 IgG aAbs from B6.s wt or B6.s-Fcgr2b−/− mice using bone marrow neutrophils from either B6.j wt or B6.j-Fcgr2b−/− mice. We found a markedly and significantly increased ROS production induced by sera from either B6.s wt or B6.s-FcγRIIB-deficient mice, when we used bone marrow neutrophils from B6.j-Fcgr2b−/− mice instead of neutrophils from B6.j wt mice (Figure 6F). These findings demonstrate a critical role for FcγRIIB in controlling IgG aAb -driven ROS release from neutrophils suggesting that the main effect underlying the increased phenotype that we observed in B6.s-Fcgr2b−/− mice results from insufficient control of FcγRIIB-deficient neutrophil activation by IgG aAbs through FcγRIII activation.




DISCUSSION

EBA is a rare autoimmune skin disease, with an incidence of 0.08–0.5 new cases per million per year, in which autoantibodies to COL7 bind to the DEJ and induce blister formation on the skin and erosions on the mucus membranes (33–35). Such aAbs against COL7 are detectable in the basement membrane and in the serum. Despite advancements in the understanding of the pathogenesis, effective treatment still remains a challenge (35). Experimental models of EBA support the idea that binding of aAbs to COL7 mediates inflammation and triggers blister formation (18, 36). In an antibody-transfer model (passive model) of EBA, using rabbit-derived antibodies against COL7, it was shown that these antibodies activate the complement system, resulting in the release of pro-inflammatory cytokines and chemokines, and neutrophil recruitment into the skin (18). In this model neutrophils interact with the rabbit anti-mouse COL7 IC exclusively via FcγRIV, resulting in the release of ROS and proteolytic enzymes (18, 21, 37). The different subclasses of IgGs differ in their ability to bind to distinct FcγRs and their potency activate them. Further, the relative distribution of activating FcγRs and the inhibitory FcγR, FcγRIIB, determines the magnitude of IgG-driven immune cell activation. Despite their undisputed beneficial role in translating antibody-responses into cellular responses, they are also involved in the pathogenesis of various autoimmune bullous diseases. Clearly, FcγRs play an essential role in the pathogenesis of EBA (38). The main goal of this study was to assess whether the inhibitory FcγR, FcγRIIB, controls the development of autoimmune skin blistering disease in the active model of EBA, in which we immunized mice with the immunodominant vWFA2 region of COL7.

To the best of our knowledge, this is the first report on the role of FcγRIIB in an active model of EBA, in which congenic FcγRIIB-deficient and wt mice with the same disease-permitting H2s haplotype (B6.s background) have been compared side-by-side regarding the impact of FcγRIIB on the B and the effector cell responses. Sitaru et al. used FcγRIIB-deficient mice on the EBA-resistant C57BL/j (B6.j) background (H2b haplotype) and immunized the mice repeatedly (4 x) with GST-tagged COL7. Under these conditions, they found that around 50% of B6.j-Fcgr2b−/− but none of the B6.j mice developed a clinical phenotype, while all mice developed aAbs which were deposited in the skin (26). Importantly, GST-peptide tag coupled to the murine fibronectin III–like domains (FNIII) 7 and 8 of COL7 (termed mCOL7C) modulates the mCOL7C-specific plasma cell response and the induction of EBA (13, 31). The immunization scheme that we used in our study drives disease development independent from immune responses to other antigens, i.e., GST. Also, the vWFA2 domain of COL7 is an immunodominant epitope in humans (13, 39), which is why we used this part of the COL7 protein without GST-tag for immunization. Thus, the active EBA model used in this study is based on a more specific immune response to a more EBA-relevant protein fragment of COL7.

In a first step, we analyzed the role of the inhibitory FcγRIIB in controlling the disease and its impact on aAb formation, since this is the only FcγR expressed on B lymphocytes (40). We found that B6.s-Fcgr2b−/− mice suffer from earlier disease onset and faster disease progression resulting in more severe disease phenotype than their B6.s wt counterparts. Interestingly, B6.s wt mice show first signs of the disease between week 4 and 6, whereas FcγRIIB-deficient mice were already affected between week 2 and 4 after immunization. Even more striking was the fact that all wt mice reached the endpoint of the experiment after 6 weeks, while some of the FcγRIIB-deficient mice had to be sacrificed, as they reached the pre-defined abortion criterium of more than 25% affected body-surface area. This finding of an important contribution of FcγRIIB to disease onset and severity is in agreement with previous reports that have linked polymorphisms in FcγRIIB with autoimmune diseases including SLE (41, 42), rheumatoid arthritis (43), anti-GBM diseases (44), IC-mediated alveolitis (45), and collagen-induced arthritis (46).

To further delineate the role of FcγRIIB in EBA development, we characterized the antibody response in B6.s wt and B6.s-Fcgr2b−/− mice during the course of the disease to determine whether the lack of FcγRIIB would affect the vWFA2-specific IgG response. In the past, it was shown that polymorphisms in the promoter and regulatory region of FCGRIIB are associated with a reduced expression of this receptor, which caused a higher susceptibility for autoimmune diseases (47–49) suggesting an important role for FcγRIIB in controlling B cell activity to prevent autoimmune responses. This was confirmed by a study using B cell-specific conditional FcγRIIB-deficient mice, in which the absence of FcγRIIB on B cells increased the humoral response after T-dependent immunization and aggravated disease severity in chicken collagen-induced arthritis (50). In contrast, the humoral immune response decreased in the same arthritis model, when mice were used that overexpress FcγRIIB on B cells (51). However, Yilmaz-Elis et al. (52) were not able to reproduce the increased levels of aAbs. In light of these findings, we determined in the present study the aAb response in B6.s wt and B6.s-Fcgr2b−/− mice during the course of EBA. To our surprise, we found no differences in the levels of vWFA2-specific IgG aAbs during the course of the disease. B6.s wt and B6.s-Fcgr2b−/− mice showed the same kinetic and amount of IgG aAb production, suggesting that the early disease onset and the severe clinical phenotype in B6.s-Fcgr2b−/− mice were caused by other mechanisms.

During an autoimmune response, tissue damage can lead to the priming of self-reactive T or B cells, regardless of the initial insult resulting in a phenomenon known as epitope spreading. Thus, we tested whether the severe lesions with massive tissue destruction of the skin observed in FcγRIIB-deficient mice would lead to strong epitope spreading and/or IgG aAbs produced in FcγRIIB-deficient mice would recognize epitopes different from those recognized by IgG aAbs from B6.s wt mice as a measure that might account for the aggravated phenotype in B6.s-Fcgr2b−/− mice. In epitope-mapping experiments, we observed several immunodominant epitopes that were recognized by IgG aAbs from B6.s wt and FcγRIIB deficient sera [i.e., (5, 13, 17)]. However, B6.s-Fcgr2b−/− mice showed an accelerated target evolution. All sera from B6.s-Fcgr2b−/− mice but none from B6.s wt mice recognized the immunodominant epitope in peptide 17 already 2 weeks after vWFA2 immunization. Further, <20% of FcγRIIB- but none of the B6.s wt sera reacted with the immunodominant epitope in peptide 13 at this time point. Also <20% of the B6.s-Fcgr2b−/− sera already recognized several peptides that overlapped with peptides 13 (i.e., peptide 14) or 17 (i.e., peptides 16 and 18) in this early stage of disease development, while B6.s wt mice reached the highest diversity in their aAb response only in week 6 (11 targets, 40–100%). These findings suggest a direct effect of FcγRIIB on B cells for antibody profiling or an indirect effect through increased antigen presentation on APCs such as skin DCs, eventually resulting in a more severe inflammation at the DEJ. Clearly, the early disease onset with a higher magnitude of inflammation in the absence of FcγRIIB is associated with strong antibody spreading before disease onset.

Interestingly, we found almost no (week 2) or only weak (week 4) IgG aAb deposition and consecutive complement deposition in the early stage of the disease in both mouse strains although IgG aAb serum titers were already high 2 weeks after immunization. However, 6 weeks after immunization we found markedly increased levels of IgG aAb and complement deposition at the DEJ, but—as for the IgG serum titers—there was no detectable difference between wt and B6.s-Fcgr2b−/− mice. Based on these findings we concluded that the massive clinical phenotype that we observed in FcγRIIB-deficient mice was not caused by an aggravated IgG aAb or C3b deposition, since there was no detectable difference compared to the wt mice.

Next, we investigated whether the absence of FcγRIIB affects the recruitment and activity of neutrophil granulocytes into the skin. Interestingly, we already found strong neutrophil migration into the skin of B6.s-Fcgr2b−/− mice 2 weeks after immunization, when aAb deposition at the DEJ was low. At week 4, the number of neutrophils was even higher and exceeded by far the number of neutrophils in B6.s wt mice. In week 6, neutrophil skin infiltration was high in B6.s wt and B6.s-Fcgr2b−/− mice. This observation matches the strong disease phenotype in B6.s-Fcgr2b−/− that we had observed in week 4 and the delayed disease onset in B6.s wt mice at week 6. This view was supported by the MPO expression as an indicator of neutrophil activity. The strong MPO expression in B6.s-Fcgr2b−/− mice in weeks 2 and 4 paralleled the high number of number of neutrophils. Even more striking, we found at best minor MPO expression in the skin of B6.s wt mice suggesting minor activation of the recruited neutrophils. These findings suggest that FcγRIIB activation controls the recruitment and the activation of neutrophils into the skin. In future studies, it will be important to delineate the mechanisms underlying the FcγRIIB-mediated regulation of neutrophil homing into the skin and their activation in the skin tissue. Clearly, FcγRIIB expression controls FcγRIII-driven activation of neutrophils. Interestingly, in the antibody-transfer model of EBA, in which COL7-specific Abs from rabbits are injected into mice, the activation of neutrophils and the development of skin lesions is exclusively mediated through FcγRIV (21). Based on our findings that vWFA2-immunized B6.s wt and B6.s-Fcgr2b−/− mice produced IgG1, IgG2b and IgG2 aAbs, which were deposited at the DEJ and resulted in distinct recruitment and neutrophil activation, we aimed to determine the individual contribution of each IgG isotype and the corresponding FcγR to disease development. For this purpose, we conducted in vitro experiments, in which we induced ROS release from bone marrow neutrophils using sera from B6.s wt mice. The B6.j wt neutrophils that we used as ROS producers were treated with antibodies to block either FcγRIII, FcγRIV individually or in combination. In these experiments, we showed that the blockade of FcγRIV was not sufficient to completely block the ROS release by bone marrow neutrophils. In contrast to the findings with rabbit anti-mouse COL7 Abs, the sole blockade of FcγRIII was almost as efficient in reducing ROS release from neutrophils as FcγRIV targeting. Importantly, only the combined targeting of FcγRIII and FcγRIV reduced ROS release to the baseline level. This finding is of major importance, as it demonstrates that not only IgG2b/c but also IgG1 aAbs can drive neutrophil activation in the active EBA model. Obviously, the passive EBA model using rabbit IgG Abs is biased toward FcγRIV-mediated neutrophil activation due to the fact that rabbit IgG seems to exclusively bind to FcγRIV in the murine systems. Our findings demonstrate that IgG aAbs raised in response to vWFA2 are heterogenous and comprise Abs of the IgG1 and the IgG2 subtype, both of which drive neutrophil activation. Importantly, IgG1-mediated FcγRIII activation is controlled by FcγRIIB co-expression, whereas IgG2c-driven neutrophil activation by FcγRIV is largely independent of FcγRIIB co-expression (53). We found that stimulation of bone marrow neutrophils from FcγRIIB-deficient mice with sera from either B6.s wt or B6s.FcγRIIB-deficient mice immunized with vWFA2 resulted in a markedly higher ROS release than stimulation of bone marrow neutrophils from FcγRIIB-sufficient wt mice. These data confirm the importance of FcγRIIB as an important negative regulator of IgG aAb-driven ROS release from neutrophils in active experimental EBA, most likely induced through IgG1 aAbs that trigger FcγRIII. Future studies that aim to determine the immune mechanisms underlying EBA development should take this difference into account.

The current standard EBA treatment comprising corticosteroids, rituximab, intravenous immunoglobulins (IVIG), colchicine and other broadly immune suppressive drugs is associated with several severe side effects. Clearly, an unmet need exists for more specific therapies. Our data suggest that controlling FcγRIIB or targeting FcγRIII and FcγRIV might serve as a novel treatment strategy in EBA patients.

In summary, we found that FcγRIIB is crucially involved in the development of skin blistering in an immunization-induced mouse model of EBA. It results in an early disease onset and the development of a very severe disease phenotype through regulation of the immune response at several levels. First, FcγRIIB suppresses early epitope spreading and strong production of IgG aAbs that recognize an immunodominant epitope within the C-terminus of the NC-1 domain of vWFA2. Secondly, FcγRIIB protects from strong early neutrophil infiltration to and activation of neutrophil granulocytes in the skin. Thirdly, FcγRIIB is critical to counterbalance FcγRIII activation by IgG1 aAbs which drive enhanced ROS release from neutrophils leading to tissue destruction at the DEJ. Our findings that FcγRIII and FcγRIV drive disease development in active EBA should be considered in future studies that aim to delineate the immune mechanisms underlying EBA development.
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Supplementary Figure 1. Isotype Control staining of cryosections from B6.s mice. Representative pictures of direct IF staining taken 6 weeks after vWFA2 immunization from B6.s mice. Shown is the direct comparison of IgG Ab isotype control staining (left) vs. IgG antigen-specific staining (right) for (A) Ly6G; (B) MPO; and (C) CD3.
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Psoriasis is a chronic, inflammatory disease affecting the skin and joints. The pathogenesis of this disease is associated with genetic, environmental and immunological factors, especially unbalanced T cell activation and improper keratinocyte differentiation. Psoriatic lesion infiltrate is composed of monocytes and T cells, and most studies have focused on the participation of T cells in the pathogenesis of this disease. Here we investigated the contribution of mononuclear phagocytes in the immunopathology observed in psoriatic patients. Significant increases in the levels of TNF, IL-1β, CXCL9, as well as the soluble forms of CD14 and CD163, were observed within the lesions of psoriatic patients compared to skin biopsies obtained from healthy individuals. Moreover, we found an association between the levels of CCL2, a monocyte attractant chemokine, and disease severity. In conclusion, our findings suggest a potential role for mononuclear phagocytes in the pathogenesis of psoriasis.
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INTRODUCTION

Psoriasis is an autoimmune skin disorder that affects ~2% of the world's population, and is characterized by the exacerbated proliferation/activation of keratinocytes (1). Most studies designed to elucidate the pathogenesis of psoriasis have documented the notable participation of T cells, particularly Th1, in the development of psoriatic skin lesions (2). In this context, IFN-γ production has been found to be increased within psoriatic lesions (2). TNF, a cytokine produced by a variety of cells, including T cells, NK cells and mononuclear phagocytes, is also known to participate in the pathogenesis of psoriasis by promoting the infiltration of inflammatory cells, as well as inducing the production of proinflammatory cytokines through the activation of the transcriptional factor NFκB (3). More recently, it was documented that IL-23, produced by dendritic cells, activates Th17 cells to produce IL-17A, IL-17F and IL-22 (4, 5). These cytokines are known to contribute to neutrophil recruitment and directly activate keratinocytes, thereby promoting hyperplasia in these cells (4–6).

Less attention has been paid to the contribution of mononuclear phagocytes in the immunopathology observed in psoriatic individuals. Human circulating monocytes constitute a heterogeneous population of cells with distinct phenotypical and functional features. Based on surface CD14 and CD16 expression, these cells can be subdivided into classical (CD14++CD16–), intermediate (CD14++CD16+) and non-classical (CD14+CD16+) subsets (7, 8). High frequencies of intermediate monocytes producing TNF and IL-1β have been associated with immunopathology and documented in inflammatory diseases, such as rheumatoid arthritis and cutaneous leishmaniasis (9, 10).

To investigate the contribution of mononuclear phagocytes to the pathogenesis of psoriasis, we determined the frequency of monocyte subsets and markers of mononuclear phagocyte activation at lesion sites in psoriatic patients. Although no alterations in the frequencies of monocyte subsets were detected in these patients, we found increased levels of mononuclear phagocyte activation markers within psoriatic lesions, and established a positive correlation between levels of the monocyte attractant CCL2 and severity of disease.



METHODS


Patients

The present cross-sectional study involved 26 patients with active psoriasis vulgaris and 16 healthy subjects (HS), all aged 18 years or older. The patients either had no history of systemic treatment, or had not underwent phototherapy or systemic therapy for no less than the minimum time necessary to completely eliminate the previously used drug. This study received approval from the Institutional Review Board of the School of Medicine of the Federal University of Bahia (FMB-UFBA), and all subjects provided written informed consent.



ELISA

Serum and biopsies were collected from each study subject. Biopsies were extracted from lesions using a 4mm punch and placed in sterile medium containing 1 ml of RPMI-1640 (Gibco Laboratories, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Gibco Laboratories, Grand Island, NY, USA), 10 IU/ml penicillin and 100 μg/ml streptomycin. Culturing was carried out for 48 h at 37°C under 5% CO2. Biopsy and serum supernatants were collected and stored at −70°C. The levels of TNF, IL-1β, sCD14, sCD163, CCL2, and CXCL9 were determined by ELISA (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. Results are expressed in pg/ml.



Flow Cytometry

To determine the frequency of cells expressing CD14 and CD16, peripheral blood mononuclear cells (PBMC) (500,000 cells) were obtained from heparinized blood and stained with anti-MHC II, anti-CD14 and anti-CD16 antibodies (BD biosciences, San Jose, CA, USA) for 20 min at 4°C. Cells were then fixed with 2% paraformaldehyde and acquired on a FACScanto II cell counter (BD bioscience, San Jose, CA, USA) (200,000 events/sample). To determine the cell frequency in skin biopsies, a punch (4 mm) biopsy was performed in healthy skin and in psoriatic lesions. Tissue biopsies were incubated with Liberase TL (200 μg/ml) (Roche Diagnostics, Germany) for 1 h at 37°C. They were then macerated and filtered with a 40 μm BD (Falcon cell strainer, BD Pharmingen). Cells were stained with anti-MHC II, anti-CD14 and anti-CD16 antibodies (BD biosciences, San Jose, CA, USA), as described above and acquired on a FACScanto II cell counter (BD bioscience, San Jose, CA, USA).



Immunohistochemistry

Tissues obtained from 5 psoriatic skin and 5 controls, fixed in buffered formaldehyde and embedded in paraffin. Deparaffinization and rehydration of 5-μm thick sections were performed using xylene and alcohol PA and antigen retrieval, using citrate buffer pH 6.0 at 96°C for 20 min. Immunohistochemistry reactions were performed after blockage of peroxidase activity with 3% hydrogen peroxide for 10 min and proteins with Protein Block Serum-Free (Dako) for 15 min. The slides were incubated overnight at 4°C with Monoclonal Mouse TNF (Cell Signaling Technology). Mouse and Rabbit Peroxidase Kit/Horseradish Peroxidase KP500 (Diagnostic BioSystems) were used to perform the reaction according to the manufacturer's recommendations. For double staining, slides were incubated overnight at 4°C with rabbit anti-TNF antibody (Biorbyt), orb18766, dilution 1:200, and developed in black color with nickel diaminobenzidine. Slides were then incubated for 1 h with mouse anti-CD68 monoclonal antibody, (Dako) M0876, dilution 1:100, at 37°C, and developed in green color with PermaGreen/HRP K074, (BioSystems). A polimer Polink HRP (GBI Labs) was used to perform the reaction according to the manufacturer's recommendations. Finally, sections were dehydrated and mounted with Permount (Thermo Fisher Scientific) and glass coverslips.



Statistical Analysis

Mann-Whitney testing was used to compare HS and psoriasis groups, while non-parametric (Spearman's) correlation analysis was used to evaluate correlations. P < 0.05 was considered statistically significant, and all tests were two-tailed.




RESULTS

The frequency of intermediate monocytes (CD14+, CD16+) is increased in the blood of patients with inflammatory diseases, such as rheumatoid arthritis or leishmaniasis (9–11). Here we did not find significant differences in the frequencies of circulating monocyte subsets when comparing psoriatic and healthy individuals (Figures 1A,B). Since conditions in the peripheral blood environment may differ from sites of inflammation, we then determined mononuclear phagocyte populations at lesion sites and compared these to healthy skin. We found that mononuclear phagocytes within the skin expressed lower levels of CD14 and CD16, both in psoriatic patients and HS. However, the intensity of CD14 expression was found to be lower in psoriatic lesions, suggesting the increased activation of macrophages in psoriatic lesions (Figures 1C,D).


[image: Figure 1]
FIGURE 1. Frequency of monocyte subsets in patients with psoriasis vulgaris and healthy individuals. Skin biopsies (4 mm) and PBMCs were obtained, and ex-vivo staining for MHC II, CD14, and CD16 was performed. (A) Representative plots of monocyte subsets in PBMCs of a patient with psoriasis. (B) Frequency of circulating monocyte subsets in healthy subjects (HS) (n = 6) and patients with psoriasis (n = 25). (C) Representative plots of monocyte subsets in a lesion biopsy from a patient with psoriasis. (D) Mean fluorescent intensity (MFI) of CD14 in skin biopsies from HS (n = 8) and in lesions from patients with psoriasis (n = 23). Statistical comparisons were performed using the Kruskal-Wallis test and Dunn's post-test *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.


The classical activation of mononuclear phagocytes induces the cleavage of CD14 and CD163 molecules, as well as the release of their soluble forms. Higher levels of sCD14 and sCD163 were found in the supernatants of biopsy cultures from patients with psoriasis in comparison with HS (Figures 2A,B). However, no correlation between sCD14 and sCD163 with disease severity (PASI) was found. This finding indicates that mononuclear phagocytes are activated at lesion sites, and suggests the participation of these cells in the inflammatory response.


[image: Figure 2]
FIGURE 2. Production of sCD14 and sCD163 in supernatants of biopsy cultures of lesion (psoriatic patients) and skin (healthy subjects). Biopsy fragments (4 mm) were obtained from lesions of psoriatic patients (N = 26) and skin from healthy subjects (HS) (N = 14), and cultured for 48 h. sCD14 (A) and sCD163 (B) concentrations were determined by ELISA (results presented in pg/ml). The Mann-Whitney test was used to compare medians between groups.


To investigate the contribution of mononuclear phagocytes in the inflammatory process occurring in psoriatic lesions, we quantified the cytokines and chemokines mainly secreted by mononuclear phagocytes in biopsy cultures from psoriasis patients and skin from HS. We found that cultures from biopsies obtained from psoriatic lesions had higher levels of TNF, IL-1β, and CXCL9 than those from HS skin cultures (Figure 3A). Interestingly, although no differences in CCL2 levels were detected between psoriatic patients and HS, a positive correlation between CCL2 and severity of disease was documented (Figure 3B). Altogether, our data suggest activation of mononuclear phagocytes in psoriatic lesions and the secretion of inflammatory mediators.


[image: Figure 3]
FIGURE 3. Production of cytokines and chemokines in the supernatants of biopsy cultures of lesion (psoriatic patients) and skin (healthy subjects). (A) Biopsies (4 mm) were obtained from lesions of psoriatic patients (N = 26) and skin from healthy subjects (HS) (N = 14) and cultured for 48 h. Cytokine and chemokine (TNF, IL-1β, CXCL9, and CCL2) concentrations were determined by ELISA (results presented in pg/ml). The Mann-Whitney test was used to compare medians between groups. (B) Correlation between CCL2 levels in cultured supernatants from patients with psoriasis and disease severity (PASI). Data were analyzed using Spearman's correlation testing.


Our data show the presence of mononuclear phagocytes activation specific molecules, sCD14 and sCD163, in lesion of psoriasis patients. In order to investigate the contribution of mononuclear phagocytes to inflammation within psoriatic lesions, we performed immunohistochemistry for TNF. As expected, psoriatic skin had increased TNF production compared with skin from HS (Figures 4A–C). Mononuclear phagocytes (CD68+) were important source of this cytokine (Figure 4D). Altogether, our data documents the participation of mononuclear phagocytes in inflammation of psoriatic lesions.


[image: Figure 4]
FIGURE 4. Mononuclear phagocytes contribute to TNF production within psoriatic lesion. Immunostaining for TNF in biopsy of healthy subjects (n = 5) and psoriasis patients (n = 5). (A,B) Representative immunostaining from healthy subject (A) and psoriasis lesion (B). (C) Mean ± SD from 5 individuals from each group. (D) Representative double staining for CD68 (green) and TNF (black) in a psoriatic lesion. Slides were photographed (ten randomized fields from each section). Original magnification x40 and x100 (top right corner D). Scale bar = 20 μm. ***P < 0.001.




DISCUSSION

Psoriasis is a chronic autoimmune disease in which T cells are known to play an important role in its pathogenesis. The participation of macrophages in the pathogenesis of psoriasis has been previously suggested with a key role for TNF and IL-1β (12, 13). In a mouse model of psoriasis, depletion of macrophages led to a decrease in severity of the disease (14). Here we investigated the contribution of mononuclear phagocytes in the inflammatory response present in lesions of psoriatic patients. Additionally, we found that activated macrophages within the lesions of these patients produce inflammatory mediators, which possibly contributes to the immunopathology of this disease.

Mononuclear phagocytes can infiltrate sites of inflammation and exacerbate immunopathology, as observed in tuberculosis, leishmaniasis and rheumatoid arthritis (9–11, 15, 16). The shedding of molecules CD14 and CD163 occurs upon macrophage activation. The soluble form of CD14 has been used as a biomarker to predict pulmonary exacerbation in cystic fibrosis, and is increased in patients with chronic hepatitis (17, 18). In addition, high levels of circulating sCD163 have been documented in a variety of chronic infections and autoimmune disorders (19–22). Here we detected lower expression of CD14 on the surface of macrophages from lesions in psoriatic patients when compared to HS, as well as higher levels of the soluble forms of CD14 and CD163, suggesting the participation of these cells in the pathogenesis of this disease. The cleavage of CD14 can be induced by a variety of stimuli, including TLR ligands and cytokine signaling, e.g., IL-6 and IL-1β (23). Interestingly, the endocytosis of sCD14 triggers the production of TNF and IL-1β by macrophages through the activation of NFκB and the inflammasome, leading to an inflammatory feedback loop (24).

To confirm the activation of mononuclear phagocytes and the participation of these cells in T cell recruitment, we measured levels of IL-1β, TNF, and CXCL9 in psoriatic lesions and found high levels of these inflammatory mediators. TNF and IL-1β, potent inflammatory molecules primarily secreted by macrophages and dendritic cells, induce inflammation through vascular endothelium activation and the induction of pro-inflammatory cytokine production (25). The mechanism(s) by which mononuclear phagocytes become activated in psoriasis is not known. One hypothesis is that IL-17, a cytokine commonly observed in psoriatic lesions, induces inflammatory cytokine production by macrophages through the activation of MAPKs, NFkB and AP-1 (26). Another hypothesis is that sCD14 activates NFkB molecules and inflammasomes (24). The data available in the literature reporting on the elevated IL-1β levels in psoriasis lesions, which is consistent with our findings, as well as significantly decreased levels of this cytokine in response to anti-inflammatory therapy (27, 28), support the notion that psoriasis patients may benefit from the use of drugs that downregulate IL-1β production.

CXCL9 is an important chemokine involved in T cell recruitment, and CCL2 is known to recruit monocytes, memory T cells and dendritic cells to sites of inflammation. These soluble factors are primarily produced by macrophages and participate in the pathogenesis of various diseases, such as autoimmune, autoinflammatory, metabolic, infectious, and neurodegenerative diseases, thereby contributing to the severity of the pathological process (29–33). Although higher levels of CXCL9 were present in psoriatic lesions than in HS skin, no associations with disease severity were observed; by contrast, CCL2 levels were found to be positively correlated with disease severity.

Finally, to confirm the participation of mononuclear phagocyte in the inflammation of psoriatic lesion we detected TNF-producing mononuclear cells within lesions of psoriasis patients. Mononuclear phagocytes may contribute to inflammation in many ways, including induction of NFκB expression, IL-8 and IL-17 production (34–37). In a previous report, in a set of five patients with pustular psoriasis, depletion of CD14+CD16+ circulating monocytes ameliorated symptoms and, interestingly, no change in TNF was observed, what suggests that other factors produced by monocytes may play a role in the pathogenesis of the disease (38). Pustular psoriasis is a more inflammatory presentation of the disease where, besides mononuclear phagocytes, neutrophils plays important role in inflammation (39). However, it has been documented that TNF contribute to vulgar psoriasis presentation, considering that targeting TNF using biologics improves symptoms (40). Taken together, the results herein present convincing evidence of the deleterious role played by mononuclear phagocytes in the exacerbation of immunopathology, and suggest that the inhibition of the soluble products secreted by these cells may benefit psoriatic patients.
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Sjögren's syndrome (SS) is a complex rheumatoid disease that mainly affects exocrine glands, resulting in xerostomia (dry mouth) and xerophthalmia (dry eye). SS is characterized by autoantibodies, infiltration into exocrine glands, and ectopic expression of MHC II molecules on glandular epithelial cells. In contrast to the well-characterized clinical and immunological features, the etiology and pathogenesis of SS remain largely unknown. Animal models are powerful research tools for elucidating the pathogenesis of human diseases. To date, many mouse models of SS, including induced models, in which disease is induced in mice, and genetic models, in which mice spontaneously develop SS-like disease, have been established. These mouse models have provided new insight into the pathogenesis of SS. In this review, we aim to provide a comprehensive overview of recent advances in the field of experimental SS.
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INTRODUCTION

Sjögren's syndrome (SS) is a chronic autoimmune disorder characterized by oral and ocular dryness as a result of dysfunction (1). The disease was named after Henrik Sjögren, who was the first person to identify the link among xerostomia, keratoconjunctivitis sicca, and polyarthritis (2). SS is defined as primary SS (pSS) when it presents alone and as secondary SS (2ndSS) when it presents in association with other autoimmune diseases, such as systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) (3). Similar to many other autoimmune disorders, SS is more common in females than males, with a female:male ratio of ~9:1 (4). SS predominantly affects the exocrine glands, leading to dryness in the eyes, mouth, and other organs, including the larynx, trachea, skin, and vagina (5). In addition to the involvement of exocrine glands, extraglandular manifestations, such as inflammatory arthritis, purpura, Raynaud's syndrome, interstitial lung disease, and renal disease, are observed in some patients with SS (6). Immunologically, SS is characterized by the presence of autoantibodies, such as anti-SSA/Ro and anti-SSB/La, focal lymphocytic infiltrates in the exocrine glands, production of inflammatory cytokines, and ectopic expression of MHC II molecules on glandular epithelial cells (4, 7, 8). In the past two decades, considerable progress has been achieved in our understanding of the pathogenesis of the disease (9). On the one hand, epidemiological, genetic, immunohistochemical, and in vitro studies with samples from SS patients and controls have shed light on the disease pathogenesis of SS (10–12). On the other hand, animal models, particularly mice, provide us with a powerful tool to elucidate the development of human SS (13).

Animal models are invaluable tools for helping us to investigate human autoimmune diseases (14). According to the strategy of disease induction, animal models can be divided into two categories: induced models, in which disease is artificially induced in animals (15), and genetic models, in which animals develop disease symptoms spontaneously due to genetic mutations or modifications (16). To date, ~20 mouse models have been established for SS, including both induced and genetic models. Although these mouse models only partially display the immunological and clinical features of SS, they are highly important for our understanding of the disease. With these mouse models, many essential factors involved in the pathogenesis of SS, including virus infection, autoreactive T cells, B cell hyper-reactivity, autoantibodies, apoptosis of glandular epithelial cells, and dysregulated homeostasis of exocrine glands, have been identified (13, 17).

In this review, we aim to provide a comprehensive overview of the recent progress in the mouse models for SS. First, we describe mouse models established for SS (Table 1). Then, we discuss recent findings in the pathogenesis of SS from these mouse models.


Table 1. Summary of mouse models of SS.
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MOUSE MODELS OF SS

Genetic Models


Nonobese Diabetic (NOD)-Derived Strains

The nonobese diabetic (NOD) inbred strain was developed as a spontaneous mouse model of type I diabetes (T1D) by Makino et al. at Shionogi Research Laboratories in Aburahi, Japan (42). At 30–40 weeks of age, 90–100% of female and 40–60% of male NOD mice develop T1D (https://www.jax.org/strain/001976). In addition, NOD mice are characterized by inflammatory cell infiltration in the exocrine glands and impaired secretion of saliva and tears, which resemble the symptoms of SS (43, 44). Furthermore, many SS-associated autoantibodies, such as anti-SSA/Ro, anti-SSB/La, anti-120 kD α-fodrin, and anti-muscarinic type 3 acetylcholine receptors (M3Rs), are present in the serum of NOD mice (44–46). Because NOD mice develop both autoimmune diabetes and SS-like disease, they represent a mouse model of 2ndSS.

To establish a mouse model of pSS, researchers generated NOD.B10. H2b, a congenic mouse strain, by replacing the major histocompatibility complex (MHC) I-Ag7 molecule of NOD mice with MHC I-Ab from the B10 strain (47, 48). Because I-Ag7 is essential for the development of diabetes and insulitis in NOD mice, NOD.B10. H2b mice are protected from autoimmune diabetes but still develop SS-like symptoms, making these mice an ideal model of pSS (49). In addition to NOD.B10. H2b, another NOD-derived strain used as a mouse model of pSS is C57BL/6.NOD-Aec1Aec2, which has a C57BL/6 background but carries two autoimmune exocrinopathy loci from NOD mice (46, 50). C57BL/6.NOD-Aec1Aec2 mice develop many clinical and immunological features resembling pSS, such as impaired production of saliva and tears, increased salivary protein content, aberrant proteolytic enzyme activity, glandular lymphocytic focal infiltrates, and the appearance of autoantibodies (46, 50).

As mouse models of SS, NOD-derived strains have been extensively investigated, and many factors, including T cells, B cells, various cytokines, and dysregulated homeostasis in exocrine glands, have been shown to contribute to the development of the disease (51–56). Based on the findings from those studies, a three-phase hypothesis of disease manifestation in NOD-derived strains has been proposed. In the first phase (0–8 weeks of age), several aberrant genetic, physiological, and biochemical activities occur prior to the initiation of disease. The second phase (8–16 weeks of age) is characterized by inflammatory cell infiltration in exocrine glands and the production of autoantibodies and pro-inflammatory cytokines. Finally, in the third phase (>16 weeks of age), the function of the salivary and lacrimal glands (LG) is impaired due to autoimmune-mediated attack (18, 19, 57). The unique advantage of NOD and NOD-derived models is that disease symptoms develop spontaneously as a polygenic trait, which is similar to the development of human SS. However, due to the high heterogeneity of SS in both symptoms and pathogenesis, NOD and NOD-derived mouse models might resemble the disease in a subgroup of human patients.



NFS/sld Mice

NFS/sld mice bear a mutation in an autosomal recessive gene (sublingual gland differentiation arrest, sld), which inhibits the acinar cells of the sublingual gland from differentiating into mucus-secreting cells (21). In 2013, the sld mutation was identified as two intronic CA repeats within the mucin 19 (MUC19) gene; this mutation promotes mRNA decay (20). Notably, when NFS/sld mice were thymectomized 3 days after birth, they spontaneously developed SS-like disease (58) and, thus, represent a mouse model of pSS. The lymphocytic infiltrates in exocrine glands are dominated by CD4+ T cells with fewer CD8+ T cells and B cells (58). In 1997, Haneji et al. identified alpha-fodrin (α-fodrin), a 120 kDa salivary gland–specific protein as a disease-relevant autoantigen in this model, suggesting a novel autoantigen in human SS (59).

Several studies have been performed to elucidate the pathogenesis of the pSS-like disease in NFS/sld mice. For example, Ishimaru et al. reported that estrogen deficiency accelerates autoimmune exocrinopathy in these mice, indicating that estrogen plays a protective role in SS (60). In addition, an increase in the number of apoptotic epithelial duct cells in the salivary glands was observed in aged NFS/sld mice, and this increase was further enhanced by estrogen deficiency (60, 61). In addition to the increased number of apoptotic epithelial cells, aged salivary glands in the NFS/sld mice showed increased levels of the apoptotic cleavage product of 120 kD α-fodrin and autoimmunity to the organ-specific antigen (61), suggesting a role for the apoptosis of epithelial cells in disease pathogenesis. Furthermore, a role of the co-stimulatory molecule CD86 has been suggested by the finding that intraperitoneal administration of anti-CD86 antibody inhibits the development of autoimmune lesions and the production of autoantibodies against 120 kD α-fodrin (62).

The NFS/sld model has also been applied to evaluate the role of environmental factors or therapeutics. For example, neonatal NFS/sld mice without thymectomy exposed to an apoptotic dosage of 2,3,7,8-tetrachlorodibenzo-p dioxin (TCDD), an herbicide regarded as a potential environmental trigger for SS, developed autoimmune lesions in the salivary glands and other organs, suggesting a role of TCDD in the disruption of T cell tolerance (63). In addition, with NFS/sld mice, both cyclosporine, a potent immunosuppressant (64), and cepharanthine, a biscoclaurine alkaloid, were shown to be effective in the treatment of experimental SS (65).

Because neonatal thymectomy impairs the expansion of regulatory T cells (66), this model suggests an essential role of regulatory T cells in the development of the disease. Furthermore, NFS/sld mice represent a powerful tool for investigating the pathogenesis of SS associated with autoantibodies against alpha-fodrin. However, thymectomy, an indispensable procedure, limits its application.



IQI/Jic Mice

Similar to NOD mice, IQI/Jic mice were also developed from outbred imprinting control region (ICR) mice in Japan (67). IQI/Jic mice are autoimmune-prone and susceptible to mercuric chloride-induced production of anti-nucleolar antibody (ANA). Moreover, female IQI/Jic mice show focal lymphocyte infiltration and tissue destruction in the salivary glands (SG) and LG. Similar to human SS, to which females are more susceptible than males, more than 80% of female IQIL/Jic mice spontaneously developed sialadenitis at 6 months of age although male mice showed only mild salivary lesions (22). In addition to exocrine gland infiltration, IQIL/Jic mice show lymphocytic infiltrates in the lungs, pancreas, and kidneys (22), suggesting that the relevant autoantigen(s) might not be tissue-specific. This hypothesis is supported by the identification of kallikrein 13 (Klk13), a protein expressed in multiple tissues as an autoantigen in IQIL/Jic mice (68). In addition to clinical symptoms, immunological features associated with human SS, including antinuclear autoantibodies and aberrantly expressed MHC II molecules on glandular epithelial cells, are present in IQIL/Jic mice (22).

When IQI/Jic mice were thymectomized (Tx) 3 days after birth to eliminate CD4+CD25+ regulatory T (Treg) cells, they developed more severe autoimmune lesions in the lacrimal glands. In addition, the transfer of CD25+ splenic T cells from normal mice to Tx IQI/Jic mice could inhibit the development of the disease (23, 69), suggesting an inhibitory role of Treg cells in this model. In addition, a role of dendritic cells (DCs) has been suggested in these mice because MHC II+CD11c+B7-2 (CD86+) DCs were detected in the salivary and lacrimal glands of the mice at 4 weeks of age, and these DCs clustered to form network-like structures at lesion regions (24).

Like NOD mice, IQI/Jic mice develop SS-like disease as a polygenic trait spontaneously resembling the development of human SS. However, the age of onset in this mouse model is at least 9 months, which limits its application. In addition, non-exocrine organs, such as the pancreas, kidneys, and lungs, are also affected in IQI/Jic mice, suggesting that this is a mouse model for 2ndSS.



Aly/aly Mice

Aly/aly mice are homozygous for an autosomal recessive alymphoplasia (aly) mutation within the NF-kappa B-inducing kinase (NIK) gene, which leads to the lack of both lymph nodes and Peyer's patches as well as to disorganization of the thymus and spleen (70, 71). Although mature T and B cells are present, aly/aly mice are deficient in both cellular and humoral immune responses (70). Interestingly, aly/aly mice exhibited chronic inflammatory cell infiltration in multiple organs, including the salivary and lacrimal glands, pancreas, and lungs (72). The inflammatory infiltrates in exocrine glands are predominantly composed of CD4+ T cells, and the transfer of T cells from the spleen of aly/aly mice to Rag2−/− mice induced inflammation in the exocrine glands and pancreas (72), suggesting an essential role for autoreactive T cells in this model. However, there are no detectable autoantibodies against nuclear components or salivary gland proteins in the serum of aly/aly mice (72). Notably, aly/aly mice develop systemic disease that can involve multiple organs, and they are also used as animal models for pancreatitis (73), dermatitis (74), and osteoporosis (75).



Ar KO Mice

SS is highly prevalent in postmenopausal women, implying that estrogen deficiency contributes to the development of this disease. To explore the role of estrogen deficiency in SS, Shim et al. investigated mice deficient in aromatase cytochrome P450, an enzyme catalyzing the formation of estrogens from C19 steroids (25, 76, 77). Aromatase enzyme knockout (Ar KO) mice show mild splenomegaly and lymphadenopathy as a result of hypercellularity in the bone marrow with the overproduction of mature granulocytes and B cells (77). Moreover, Ar KO mice develop spontaneous autoimmune manifestations, such as proteinuria and severe leukocyte infiltration in the exocrine glands and kidneys, which partially resemble SS (77, 78). Additionally, as observed in human SS, Ar KO mice produce proteolytic fragments of 120 kD α-fodrin in the salivary glands, and their serum contains autoantibodies against 120 kD α-fodrin (77). Taken together, these observations indicate that Ar KO mice are an ideal mouse model for investigating the role of estrogens in the pathogenesis of SS. One limitation of this mouse model could be the age of onset, where Ar KO mice develop SS-like disease at the age of more than 12 months.



RbAp48 Transgenic Mice

Retinoblastoma-associated protein 48 (RbAp48) is a multifunctional protein that binds to transcription factors and kinases to control cell growth and apoptosis (79). In mice, ovariectomy induces tissue-specific apoptosis in exocrine glands, and RbAp48 expression is increased in apoptotic glandular epithelial cells (80). Moreover, overexpression of RbAp48 induced apoptosis in epithelial cells with p53 phosphorylation (on Ser9) and α-fodrin cleavage, and knockdown of RbAp48 by siRNA inhibited p53-mediated apoptosis (80), suggesting that RbAp48 is functionally involved in the estrogen deficiency–mediated exocrine gland–specific apoptosis. To further explore the role of RbAp48 in the pathogenesis of SS, Ishimaru et al. generated and investigated RbAp48 transgenic mice (RbAp48-tg) overexpressing the gene in a salivary gland–specific manner (80, 81). As expected, the RbAp48-tg mice showed apoptosis in the exocrine glands but not in other organs (80). Moreover, the RbAp48-tg mice developed autoimmune exocrinopathy resembling Sjögren's syndrome, including lymphocytic infiltration in the exocrine glands; the impairment of saliva and tear secretion; the ectopic expression of MHC II molecules on glandular epithelial cells; and the production of autoantibodies against SSA/Ro, SSB/La, and 120 kD α-fodrin (81). In addition, autoimmune lesions in the exocrine glands can be induced by the transfer of lymph node T cells from RbAp48-Tg mice into Rag2−/− mice, demonstrating a pathogenic role of autoreactive T cells in this model (81). RbAp48 transgenic mice represent an ideal model for investigating the role of apoptotic glandular epithelial cells in SS. However, this model is fully dependent on the artificial overexpression of RbAp48, a scenario that does not exist in human patients.



Id3 KO Mice

Id3, a member of the basic-helix-loop-helix (bHLH) transcription factor family, is involved in T and B cell selection during lymphocyte development (82, 83). Id3-deficient (Id3 KO) mice show reduced B cell reactivity and a low percentage of single-positive cells in the thymus (83, 84). In 2004, Li et al. reported Id3 KO mice as a novel mouse model of pSS (85). At the age of 2 months, the exocrine glands of the Id3 KO mice show severe lymphocyte infiltration, which is mainly composed of CD4+ T cells followed by CD8+ T cells and B220+ B cells (85). Subsequently, the secretion of saliva and tears is significantly decreased in Id3 KO mice, resulting in dryness in the mouth and eyes. At the age of 1 year, the Id3 KO mice show anti-SSA/Ro and anti-SSB/La antibodies in the serum.

Both T and B cells play essential roles in the development of pSS-like disease in Id3 KO mice. On the one hand, the elimination of T cells in Id3 KO mice prevented lymphocyte infiltration into the exocrine glands and the impairment of saliva and tear secretion (85), suggesting an indispensable role of T cells. On the other hand, B cell ablation using an anti-CD20 monoclonal antibody ameliorated the pSS-like disease in Id3 KO mice (26). Therefore, Id3 KO mice represent a mouse model in which both cellular and humoral autoimmunity contribute to disease pathogenesis, which mimics the situation in human SS. Notably, pSS is not associated with genetic variants in the Id3 gene (86), suggesting potential differences between this model and human disease.



T Cell–Specific PI3K KO Mice

Phosphoinositide 3-kinase (PI3K), a member of the lipid kinase family involved in diverse cell functions, catalyzes the production of 3-phosphorylated phosphoinositides and serves as a second messenger downstream of many cellular receptors (87). Class IA PI3K, which consists of a catalytic subunit with a molecular weight of 110 kD and a regulatory subunit, plays an important role in the function of lymphocytes (88). To investigate the role of Class IA PI3K in T cells, Oak et al. generated a T cell–specific class IA PI3K-deficient mouse strain (89). Although class IA PI3K-deficient T cells show only partial defects in function, the T cell–specific class IA PI3K-deficient mice develop a pSS-like disease. These mice develop corneal opacity and eye lesions resulting from irritation and excessive scratching at an age of 4–12 months (89). In addition, antinuclear, anti-SSA/Ro, and anti-SSB/La antibodies are detectable in the serum of 1 year-old T cell–specific class IA PI3K-deficient mice (89). Histologically, the lacrimal glands of these mice are characterized by destruction of the acinar structure, ductal hypertrophy, and infiltration by lymphocytes, which are composed predominantly of CD4+ T cells. In contrast to the lacrimal glands, the salivary glands of T cell–specific class IA PI3K-deficient mice show levels of inflammatory cell infiltration similar to those in the corresponding controls. Taken together, these findings suggest that T cell–specific class IA PI3K-deficient mice represent a mouse model for autoimmunity-mediated xerophthalmia (89).



TSP-1 KO Mice

Thrombospondin-1 (TSP-1) is a 450 kD matricellular protein that activates latent transforming growth factor (TGF)-β in vivo and in vitro (27, 90). Consistent with this role, TSP-1-deficient (TSP-1 KO) mice show similar but less severe pathological abnormalities than TGF-β 1-null mice (91). By the age of 24 weeks, TSP-1 KO mice develop SS-like disease characterized by increased epithelial cell apoptosis, inflammatory infiltrates in the lacrimal glands, SSA and SSB autoantibodies, and impaired secretion of tears (92). Notably, the development of SS-like disease in TSP-1 KO mice was suppressed by topical application of a TSP-1-derived peptide (KRFK) (93). In vitro findings have demonstrated that the KRFK peptide activates TGF-β and, thus, reduces the expression of co-stimulatory molecules on DCs, driving DCs toward a tolerogenic phenotype and ultimately increasing the proportion of Treg cells (93). A limitation of this model is that it only resembles the xerophthalmia of SS patients.



Act1 KO Mice

Act1 plays an important role in the homeostasis of B cells by negatively regulating CD40- and BAFF-mediated signaling (28, 94). As expected, Act1-deficient (Act1 KO) mice show B cell hyper-reactivity and develop systemic autoimmune disease resembling human SS in association with SLE-like nephritis (95). By the age of 6 months, Act1 KO mice develop oral inflammation with enlarged submaxillary glands and lymph nodes localized proximal to those glands. Furthermore, these mice show severe lymphocyte infiltration in the lacrimal and salivary glands, anti-SSA/Ro and anti-SSB/La antibodies in the serum, and impaired secretion of saliva and tears (95). In addition, these mice develop glomerulonephritis (95), making them a useful model for 2ndSS associated with SLE.

With regard to the pathomechanism of SS-like disease in Act1 KO mice, Qian et al. demonstrated that Act1 modulates the survival of autoreactive B cells by regulating BAFF-mediated cell survival and affecting autoantibody production by modulating the CD40-mediated T cell–dependent humoral response (95). In addition, Johnson et al. demonstrated that T cells are necessary for the development of systemic autoimmune disease in Act1 KO mice (96).



ERdj5 KO Mice

The endoplasmic reticulum (ER) serves as the protein-processing factory responsible for proper protein processing, folding, and trafficking. The chaperone protein ERdj5, an ER-resident protein containing DnaJ and thioredoxin domains, is required for the translocation of misfolded proteins during ER-associated protein degradation (29, 97), the regulation of calcium ion homeostasis in the ER (98), the correct folding of the LDL receptor (99), and the sensitization of neuroblastoma cells to ER stress-induced apoptosis (100). Mice deficient in ERdj5 showed an activated ER stress response in salivary glands (101), suggesting that ERdj5 contributes to ER protein quality control.

It has been shown that ERdj5 is highly expressed in the minor SGs of SS patients, particularly in ductal and acinar epithelium and in the infiltrating mononuclear cells (30). Furthermore, the levels of ERdj5 correlate with the severity of inflammation and anti-SSA/Ro positivity (30), suggesting that ERdj5 might be involved in the development of SS. Notably, ERdj5 KO mice with a129/Sv genetic background spontaneously developed many SS-like features, including inflammation in SGs, increased inflammatory cytokines, apoptosis in SGs, impaired saliva secretion, and production of anti-SSA/Ro and anti-SSB/La autoantibodies (30). Consistent with that in human SS, disease manifestation in ERdj5 KO mice is associated with sex, where female mice show more prevalent and severe disease than age-matched males. The inflammatory infiltrates in SGs of the ERdj5 KO mice mainly include B cells and T cells with an approximate B/T ratio of 2:1 that remains unaltered with aging. The ERdj5 KO mice have many immunological, histological, and clinical features of human SSSS, but this model only affects SGs and not LG.



BAFF-tg Mice

B cell activating factor (BAFF) is a member of the TNF superfamily that acts as a powerful regulator of B cell survival and proliferation (102). Serum levels of BAFF are increased in SLE, SS, and the corresponding animal models, and treatment of lupus-prone mice with the BAFF decoy receptor prevents the onset of disease (103), suggesting an essential role of BAFF in systemic autoimmune diseases. BAFF transgenic C57BL/6 (BAFF-tg) mice overexpressing BAFF develop systemic autoimmune symptoms characterized by B cell hyper-proliferation, high levels of rheumatoid factor and anti-DNA antibody production, SLE-like nephritis, lymphocyte infiltration in the lacrimal glands, sialadenitis, and impaired salivary secretion (104). Unlike the Act1 KO mice, the BAFF-tg mice show no disease pathology in the lacrimal glands and do not produce anti-SSA/Ro and anti-SSB/La antibodies (31, 104). Notably, BAFF-tg mice lacking LT-beta and, thus, lacking MZ B cells do develop nephritis but not sialadenitis (105), suggesting that MZ B cells contribute to the dysfunction of salivary glands in the BAFF-tg mouse model of SS. Similar to Act1 KO mice, BAFF-tg mice represent a mouse model for SS associated with SLE.



HTLV-1 Tax Transgenic Mice

Circumstantial evidence suggests that the etiology and pathogenesis of SS are associated with retroviruses, including human T cell lymphotropic virus 1 (HTLV-1) (106). In 1987, Hinrichs et al. generated transgenic mice expressing the HTLV-1 tax gene under the control of viral long terminal repeat (LTR) sequences (107). In addition to developing neurofibromas, the HTLV-1 tax transgenic mice developed SS-like pathology (32, 107). Several weeks after birth, the HTLV-1 tax transgenic mice showed ductal epithelial cell proliferation in the exocrine glands without functional impairment and exhibited lymphocyte infiltration. By 8 weeks of age, the HTLV-1 tax transgenic mice showed abnormal ductal cell proliferation as well as severe lymphocytic infiltration into the exocrine glands (32). Thus, the HTLV-1 tax transgenic mice represent a mouse model for investigating the mechanism underlying the association between HTLV-1 and SS.



STAT3 KO and IκB-ζ KO Mice

IκB-ζ is a member of the nuclear IκB family of proteins that regulates gene expression via association with NF-κB (108). Interestingly, IκB-ζ KO mice spontaneously develop lymphocytic inflammation with mainly CD4+ T cells in the lacrimal glands, conjunctiva, and facial skin by the age of 8 weeks regardless of sex (109). With the progression of inflammation, high titers of anti-SSA and anti-SSB autoantibodies as well as impaired ear secretion could be observed in the IκB-ζ KO mice. In addition, aged IκB-ζ KO mice often exhibited interstitial pneumonia, a frequent complication of SS (109). Notably, in the IκB-ζ KO mice, epithelial cell apoptosis preceded lymphocyte infiltration, supporting an etiological role of epithelial cell apoptosis in human SS.

Signal transducers and activators of transcription 3 (STAT3) are regulators of IκB-ζ expression (110) and are required for the expression of IκB-ζ in the epithelial cells of lacrimal glands (109). Interestingly, both epithelial cell–specific IκB-ζ KO mice and epithelial cell–specific STAT3 KO mice show SS-like phenotypes, such as lymphocyte-infiltrating periocular dermatitis, dacryoadenitis, conjunctivitis, autoantibodies against SSA and SSB, and impaired tear secretion, suggesting a role of dysregulated homeostasis of epithelial cells in the pathogenesis of the disease (109). However, a limitation of STAT3 KO and IκB-ζ KO mice is that only lacrimal glands are affected.




Induced Mouse Models


Salivary Gland Protein–Induced Mouse Model

Similar to induced models of many other autoimmune diseases (14), the first induced model of SS was established by immunizing animals with tissue/cell extracts. In 1974, White et al. reported an experimental rat model of sialadenitis induced by immunization with allogeneic submandibular gland homogenate emulsified in Freund's complete adjuvant (FCA) (111). By immunizing mice with syngeneic submandibular gland homogenate, Yasunori et al. induced the first experimental model of autoallergic sialadenitis resembling human SS (112). By 4 weeks after immunization, the SL/Ni mice showed “marked lymphoid cell infiltration in the submandibular glands with high incidence and proliferation of duct epithelial” (112). In addition to SL/Ni mice, C57BL/6 mice are susceptible to the development of salivary gland protein-induced SS-like disease (113, 114). After immunization, C57BL/6 mice show enhanced apoptosis and increased expression of M3R in the salivary glands. Furthermore, immunized C57BL/6 mice produce autoantibodies against M3R and show inflammatory infiltration in the salivary glands and reduced saliva secretion (114, 115). In addition, an enhanced Th17 cell response has been observed in the cervical lymph nodes and salivary glands of C57BL/6 mice during the development of disease (114). In contrast, IL-17-deficient mice are completely resistant to the development of disease (114), suggesting an indispensable role of IL-17 in this model. Because salivary gland proteins represent a complex mixture of antigens, a limitation of this model is the unknown pathogenic autoantigen(s).



Carbonic Anhydrase II-Induced Mouse Model

Carbonic anhydrase II (CAII) is a human α carbonic anhydrase that catalyzes the reversible hydration of carbon dioxide (116). Although autoantibodies against CAII are a hallmark of autoimmune pancreatitis (117), they are also associated with other autoimmune diseases, including SS and SLE (118, 119). Interestingly, PL/J (H-2u) mice immunized with CAII showed severe lymphocyte infiltration around the intercalated and intralobular ducts in the salivary and lacrimal glands (120). In addition, similar lymphocyte infiltration was observed in the kidneys and pancreas of a small number of immunized mice (120). Consistent with the observation that human SS is associated with HLA (33, 121), the development of the CAII-induced mouse model is associated with the H-2s and H-2u haplotypes. Although PL/J (H-2u) mice immunized with CAII represent a novel induced mouse model for SS, its relevance to human disease might be low because CAII is unlikely to be a major target antigen in patients (122).



M3R Immunization

M3R is one of five members of the family of muscarinic receptors that mediate many physiological responses, such as smooth muscle contraction, heart rate, and glandular secretion (123). Because M3R is involved in the regulation of the secretory function of exocrine glands, it is conceivable that autoantibodies against M3R with an antagonistic effect can impair the secretion of saliva and tears (34, 124, 125), making M3R a putative autoantigen in SS. To determine the pathogenicity of autoimmunity against M3R in vivo, Iizuka et al. immunized M3R-deficient (M3R−/−) mice with a six-valent (N-terminus 1, N-terminus 2, N-terminus 3, 1st extracellular loop, 2nd extracellular loop, and 3rd extracellular loop) mixture of murine M3R peptides and then transferred splenocytes from the immunized mice into RAG1−/− mice (126). As expected, the recipient RAG1−/− mice produced high levels of anti-M3R antibodies, suggesting strong immune responses against M3R. Furthermore, the recipient mice showed apoptotic glandular epithelial cells and severe lymphocyte infiltration with predominantly CD4+ T cells in the salivary glands as well as impaired secretion of saliva, resembling human SS. Therefore, this M3R-induced mouse model supports the hypothesis that M3R is a putative autoantigen in human SS. Notably, the transfer of CD3+ T cells isolated from immunized M3R−/− mice into Rag1−/− mice was sufficient to induce SS-like disease, suggesting that autoreactive T cells against M3R are the key player in the pathogenesis of this model (126). This hypothesis is further supported by another study in which Tahara et al. showed that administration of A213, a potent and selective RORγt antagonist that inhibits the differentiation of CD4+ T cells into Th17 cells, could prevent M3R-induced SS-like disease (127). Taken together, these findings indicate that, in this mouse model, T cell responses—particularly Th17 responses—to M3R are pathogenic, but autoantibodies against M3R peptides do not play an essential role in the development of disease. The non-pathogenic role of autoantibodies against the M3R peptide was also shown in another study, in which Chen et al. immunized BALB/c mice with a peptide of the 2nd extracellular loop of murine M3R that contains the binding site of the ligand. Although the immunized mice generated autoantibodies against the peptide of the 2nd extracellular loop of murine M3R, they showed no histological or pathological abnormalities in the exocrine glands (127).



Ro60 Peptide-Induced Mouse Model

Anti-SSA/Ro autoantibodies, a diagnostic biomarker for SS, are present in the serum of ~75% of patients with SS (128). In 2005, Scofield et al. immunized BALB/c mice with Ro60 peptides, which contain epitopes recognized by SSA autoantibodies from SS patients (41). After repetitive immunization with the Ro60_480-494 or Ro60_274-290 peptide emulsified in CFA, mice developed both anti-SSA/Ro and anti-SSB/La antibodies, suggesting intermolecular epitope spreading. By 263 days after the first immunization, the mice showed lymphocytic infiltrates composed of both T cells and B cells in the salivary glands and a significantly decreased salivary flow rate (41). Unlike the BALB/c strain, the DBA-2, PL/J, SJL/J, and C57BL/6 strains are resistant to Ro60_274-290 peptide-induced SS-like disease; the SJL/J strain showed no immune responses to the peptide, and the other three strains reacted to the peptide but showed no disease symptoms (129).

In 2017, Zheng et al. reported another mouse model of SS induced by immunizing mice with the Ro60 peptide (130) in which mice are immunized with the Ro60_316-335 peptide containing a dominant T cell epitope (131). A single immunization with the Ro60_316-335 peptide emulsified with TiterMax as an adjuvant induced the production of autoantibodies recognizing multiple lacrimal proteins, suggesting intermolecular epitope spreading. By 12 weeks after immunization, C3H/He mice showed lymphocyte infiltration into the lacrimal glands and impaired tear secretion, but no histological or pathological abnormalities were observed in the salivary gland. Among the four mouse strains, the C3H/He and BALB/c strains were susceptible but the DBA/1J and C57BL/6J strains were resistant to the Ro60_316-335 peptide–induced SS-like disease (131). Notably, ectopic expression of MHC II molecules on the glandular epithelial surface, a feature of human SS, has been observed in this model as a pre-symptomatic event, and the ectopic expression of MHC II molecules is mediated by the adjuvant (132). In addition, depletion of B cells with an anti-CD20 monoclonal antibody could prevent mice from developing SS-like disease, suggesting an essential role of B cells in disease pathogenesis (130). Given that anti-Ro60 autoantibodies are not pathogenic, the pathogenic mechanism of the Ro60 peptide-induced models remains unclear.



MCMV-Induced Mouse Model

Human CMV virus replicates mainly within the ductal epithelium of the salivary glands although murine CMV (MCMV) virus replicates primarily within the acinar epithelial cells of the submandibular glands (40, 133). To investigate the relationship between CMV and human SS, Fleck et al. induced MCMV infection by intra-peritoneal injection into four mouse strains: C57BL/6, Fas-deficient B6-lpr/lpr, TNFRI-deficient B6-tnfr10/0, and B6-tnfr10/0-lpr/lpr (134). Mice of all of these strains developed acute sialadenitis at 28 days after infection, but only the B6-lpr/lpr mice showed SS-like symptoms, such as severe salivary gland inflammation and anti-SSA/Ro and anti-SSB/La antibody production at 100 days after infection (135). Because the B6-lpr/lpr strain has an autoimmune background, this finding suggests that the MCMV-induced SS-like disease is a result of the interaction between viral infection and preexisting autoimmunity. This hypothesis is further supported by another study in which SS-like disease was induced by MCMV infection in another autoimmune-prone strain, NZM2328 (136). This virus-induced SS-like disease in mice represents a mouse model for 2ndSSc, and it is useful to explore the role of viral infection in the etiology and pathogenesis of SS. However, this model can only be induced in autoimmune-prone strains, which limits its utility.



Adenovirus 5 (AdV5)-Induced Mouse Model

Salivary glands in 30–40% of patients with SS develop ectopic lymphoid structures (ELS) that contain T and B lymphocytes, follicular dendritic cells, and auto-reactive plasma cells (137, 138). To explore the key molecular and cellular events regulating the formation of ELS, Bombardieri et al. induced replication-deficient adenovirus-5 (Adv5) infection in the submandibular glands of C57BL/6 mice by retrograde excretory duct cannulation (139). Adv5 delivery in the submandibular glands (SMGs) could induce the formation of ELS and many other SS-like features in a dose-dependent manner. By week 3 post-cannulation, the mice strongly showed several cardinal features of SS, including infiltration of T and B cells, formation of ELS, development of anti-nuclear antibody (up to 75% of mice), and reduction in salivary flow (139). Immunofluorescence staining showed that Adv5-induced ELS in C57BL/6 cells is characterized by T/B cell segregation, differentiation of high endothelial venules, development of follicular dendritic cell networks and formation of GL7+ germinal centers. Further studies suggested that Adv5-induced CXCL13 and CCL19 are two important chemokines for the formation of ELS (38, 140). In addition, Adv5 infection could induce the formation of a network composition by a population of podoplanin-positive (pdpn+) stromal cells that preceded lymphocyte infiltration in the tissue mediated by paracrine and autocrine signals, which were mainly regulated by IL13 (141). Once lymphocytes were recruited, the production of the tissue local cytokines IL22 and lymphotoxin expanded and stabilized the initial fibroblast network. Depleting the immunofibroblasts or inhibiting the pdpn+ network regulatory events resulted in abrogation of local pathology (141). The Adv5 delivery–induced model provides a unique tool to explore the mechanisms underlying ELS formation and the pathology of ELS-associated SS. For example, using this model, Nayar et al. showed that the Pi3Kδ pathway within the glands contributes to ELS formation and disease manifestation (35).





WHAT HAVE WE LEARNED FROM THESE MOUSE MODELS OF SS

The mouse models of SS have extensively elucidated the pathogenesis of the human disease. According to their roles in the mouse models of SS, factors that contribute to the development of disease can be divided into two major categories: alterations in the immune system and dysregulation of exocrine gland homeostasis (Figure 1).
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FIGURE 1. Dysregulated homeostasis in both immune cells and exocrine glands is involved in the development of SS-like disease in mice. On the one hand, abnormal proliferation (HLV1-tax-Tg model), apoptosis of exocrine gland epithelial cells (STAT3 KO, IκB-ζ KO, NOD-derived mice, NFS/sld, TSP-1 KO, Ar KO, and RbAp48-tg mouse models), and ectopic expression of MHC II in the exocrine gland (IQI/Jic, Ro60-peptide immunization, RbAp48-tg, and M3R-immunized models) are suggested to be involved in disease pathogenesis by the corresponding mouse models. On the other hand, APCs (TSP1 KO), CD4 T cells (Aly/Aly, RbAp48-tg, Ar KO, Act1 KO, PI3K KO, and M3R immunization mouse models), B cells (Ar KO, Act1 KO, NOD, Ro60-peptide immunization, BAFF-tg), Treg cells (Ar KO, NFS/sld, IQI/Jic), and cytokines (SG protein immunization) have been suggested to play a role in the development of disease in corresponding mouse models.



Alterations in the Immune System


Role of DCs

DCs, a key type of antigen-presenting cells (APCs), are essential for the initiation of adaptive immune responses, including the generation of autoreactive T cells and regulatory T cells (Tregs). The essential role of DCs in the development of SS-like disease is supported by several mouse models. For example, in mouse models induced by immunization with antigens, such as salivary gland proteins (112), the CAII protein (120), or the M3R (126) and Ro60 peptides (126, 130), it is clear that DCs are involved in processing and presenting antigens to T cells. In genetic models, a role of DCs is suggested in TSP-1 KO mice, where TSP-1 deficiency decreases the activation of TGF-β, thus enhancing the expression of co-stimulatory molecules on DCs, leading to autoimmunity and autoimmune diseases (92, 93).



Role of T Cells

One of the key features of human SS is the abnormal activation and expansion of autoreactive T cells (36, 114, 142), suggesting an important role of T cells in disease pathogenesis. This idea is strongly supported by findings from animal models. For example, T cells are the predominant cell type in the inflammatory cell infiltrates in exocrine glands in all mouse models, consistent with observations in human SS. Furthermore, mouse models of SS provide direct evidence for an essential role of T cells in disease pathogenesis. First, the transfer of T cells from diseased mice in multiple models induced SS-like disease in recipient immunodeficient mice (37, 71, 81, 126), suggesting that T cells are sufficient to induce disease. Second, deficiencies in T cells or T cell–associated cytokines, e.g., IL-17, prevented mice from developing SS-like disease (85, 96, 114), demonstrating that T cells are indispensable for disease development. Third, mice with a T cell–specific PI3K deficiency spontaneously developed SS-like disease, showing that abnormalities in T cells mediate disease manifestation. Finally, several mouse models have shown that autoreactive T cells against M3R (126) and 120 kD α-fodrin (81) are potentially pathogenic.

In addition to autoreactive T cells, Tregs have been shown to contribute to disease development in mouse models, which is best exemplified by the NFS/sld, IQI/Jic, and Ar KO mice (23, 37, 58, 69). In these genetic models, mice that were thymectomized (Tx) 3 days after birth to eliminate Tregs developed severe disease symptoms, suggesting a protective role of Tregs.



Role of B Cells and Autoantibodies

Findings from animal models also demonstrated an essential role of B cells in the development of SS-like disease. On the one hand, genetic modifications directly affect B cell function; for example, mice with Act1 deficiency (95) and BAFF overexpression (103) spontaneously develop SS-like symptoms, demonstrating that B cell dysregulation could lead to SS-like disease. On the other hand, B cell deficiency mediated either by genetic modification (54) or by anti-CD20 antibodies (26, 130) inhibits disease development in multiple models, suggesting an indispensable role of B cells. Because B cells are involved in both antibody production and antigen presentation, an essential role of B cells in mouse models of SS indicates but does not necessarily confirm that autoantibodies are pathogenic. In 1998, Robinson et al. reported that the transfer of IgG isolated from NOD mice but not normal mouse IgG could decrease saliva production (54), demonstrating for the first time the pathogenic role of autoantibodies in animal models. Notably, B cell–deficient NOD mice, NOD.Igμnull mice, develop exocrine gland lesions similar to those observed in NOD mice but show normal secretory function (54). These findings suggest that B cells are not required for the formation of inflammatory cell infiltrates, but play an indispensable role in the impairment of secretory function via autoantibody production.




Role of Dysfunctional Homeostasis of Glandular Epithelial Cells

As a consequence of disease manifestation, exocrine gland dysfunction is a key feature of SS with more than 90% of patients exhibiting impaired secretory function of the salivary and/or lacrimal glands (143). Interestingly, evidence from mouse models of SS suggests that dysregulation of exocrine gland homeostasis also contributes to the development of the disease.


Glandular Epithelial Cell Apoptosis

In human SS, both the salivary and lacrimal glands exhibit characteristic apoptosis of glandular epithelial cells (144). This glandular epithelial cell apoptosis has been observed in many mouse models of SS, for example, in NOD-derived strains (145–147), Ar KO mice (37, 77), RbAp48-tg mice (80), NFS/sld mice (60, 61), STAT3 KO mice (109), and TSP-1 KO mice (92). Notably, in these mouse models, epithelial cell apoptosis is an event preceding autoimmune responses, suggesting that it might be the causal factor of autoimmunity. This hypothesis is well-supported by findings in RbAp48-tg mice as mice overexpressing the gene in a salivary gland–specific manner showed tissue-specific epithelial cell apoptosis in the exocrine glands (80). Subsequent to epithelial apoptosis, RbAp48-tg mice show autoreactive T cells and autoantibodies, which lead to further histological lesions and exocrine gland dysfunction (80). Therefore, the findings in RbAp48-tg mice clearly demonstrate that the apoptosis of glandular epithelial cells can trigger autoimmune responses in SS.

The mechanism underlying epithelial cell apoptosis–triggered autoimmunity has also been partially explored in mouse models of SS. In multiple mouse models characterized by epithelial cell apoptosis, autoantibodies against the proteolytic fragments of 120 kD α-fodrin are observed (37, 60, 61, 77, 80), suggesting that autoimmunity against α-fodrin is mediated by epithelial apoptosis. Moreover, the increase in apoptotic epithelial cells is associated with increased proteolysis of 120 kD alpha-fodrin in the salivary glands of Ar KO mice and NFS/sld mice (61, 77). In addition, increased α-fodrin proteolysis led to enhanced T cell responses against α-fodrin, and passive transfer of α-fodrin–reactive T cells could induce inflammatory lesions in the exocrine glands of recipient mice (37). Therefore, these findings suggest that the axis of glandular epithelial apoptosis/α-fodrin proteolysis/autoimmunity against α-fodrin plays an essential role in the development of SS-like disease.



Ectopic Expression of MHC II Molecules

Ectopic expression of MHC II molecules on glandular epithelial cells is another histological characteristic of SS (8). In 1997, Saegusa et al. reported that IQI/Jic mice show expression of MHC II antigen on ductal epithelial cells in the foci (22). Abnormal expression of MHC II molecules on glandular epithelial cells was also observed in RbAp48-tg mice (81). Because both IQI/Jic and RbAp48-tg mice are genetic models of SS, these findings suggest that this ectopic expression is mediated by genetic factors. Regarding the mechanism underlying ectopic expression, IFN-γ produced by salivary gland epithelial cells in RbAp48-tg mice (81) plays an essential role in this process because it can induce high expression of interferon regulatory factor 1 (IRF-1) and class II major histocompatibility complex transactivator (CIITA), which are primary regulators of MHC II molecules (39, 148, 149).

In addition to that in genetic mouse models, ectopic expression of MHC II molecules on glandular epithelial cells has been observed in two induced mouse models: the M3R immunization–induced model (126) and the Ro60_316-335 peptide–induced mouse model (132). Interestingly, in the Ro60_316-335 peptide–induced model, ectopic expression of MHC II molecules is caused by the adjuvant and is an early pre-symptomatic event during the development of disease (132), suggesting that (i) ectopic expression of MHC II molecules can also be caused by environmental factors and (ii) ectopic expression of MHC II molecules might be involved in the development of disease.

Due to the essential role of MHC II molecules in antigen presentation, glandular epithelial cells ectopically expressing MHC II molecules might act as APCs and, thus, contribute to the development of SS-like disease. This idea is supported by a previous finding that salivary gland epithelial cells (SGECs) obtained from patients with SS express both MHC II molecules and co-stimulatory cytokines and can mediate the initiation, development, and maintenance of the inflammatory response as nonprofessional APCs in vitro (81).



Abnormal Proliferation of Glandular Epithelial Cells

In addition to apoptosis and ectopic expression of MHC II molecules, abnormal proliferation of glandular epithelial cells might also promote autoimmunity (2). In the HTLV-1 tax Tg model, young mice showed ductal epithelial cell proliferation in the exocrine glands. As the mice aged, they showed a distorted structure and severe lymphocytic infiltration into the exocrine glands (32). These data indicate that the proliferation and functional perturbation of ductal epithelial cells in the exocrine glands might be the primary event mediating the subsequent autoimmunity and lymphocyte infiltration in SS. The mechanism underlying this phenomenon needs to be further elucidated.





CONCLUSION

The short life span, high fertility, genetic similarity to humans, and the fact that the mouse genome can be readily manipulated make the mouse the most common model organism for human diseases, including autoimmune disorders (150, 151).

The existing mouse models have two major limitations. On the one hand, patients with SS are characterized by a broad clinical spectrum, including glandular and extraglandular manifestations as well as the development of B cell malignancy. However, no single mouse model has captured all immunological and clinical aspects of human SS. On the other hand, patients with SS can be categorized as those with mild disease, e.g., patients with only dry eye and/or dry mouth, or those with severe systemic disease, e.g., patients with severe interstitial lung disease. However, most mouse models for SS only develop a mild disease, and there is a lack of mouse models that show symptoms similar to pSS with systemic diseases with the exception of some mouse models for 2ndSS, such as NOD mice and BAFF-tg mice, which develop multiple autoimmune disorders. The discrepancies between human disease and mouse models may be due to several reasons. First, species differences between mice and humans in the immune systems and affected tissues might lead to different disease manifestations (151). Second, all mice used for modeling human SS are inbred strains, which cannot mimic the genetic heterogeneity of human patients. Finally, human SS is a complex disease resulting from the interaction of multiple genetic and environmental factors, and most mouse models are either caused by a single genetic variation or induced by immunization with an antigen or viral infection. Thus, an ideal mouse model that mimics the full profile of human SS is still missing. For better modeling of human SS, novel and more representative disease models need to be developed in the future.

Nevertheless, the existing mouse models for SS are important for the investigation of the significance of certain pathways and etiopathogenic factors in human SS. For example, mouse models have already uncovered some potential etiologic factors for SS, including viral infection, estrogen deficiency, and apoptosis of exocrine glandular epithelial cells. Moreover, mouse models have demonstrated that pathogenic autoimmunity in SS can result from dysregulated T cell development or activation, uncontrolled activation of B cells and abnormal function of APCs. In addition, induced mouse models suggest that autoimmunity to salivary gland proteins, M3R, Ro60, and CAII might play a role in the development of SS. With regard to pathogenesis, Th17 cells; B cells; and some inflammatory cytokines, such as IL-8, IL-17, and IFN-γ, have been suggested to play an important role in disease manifestations (152).

In conclusion, SS is a highly complex and heterogeneous autoimmune disease with multifactorial etiology. Often, human SS coexists with other autoimmune diseases, such as RA or SLE, which are additional obstacles to exploring the pathogenesis of the disease. Mouse models are powerful tools for exploring the etiology and pathogenesis of human SS. In the past two decades, significant progress has been achieved in the field of mouse models of SS, which has helped elucidate the nature of the disease. Research has shown that both abnormalities in the immune system and dysregulated homeostasis in the exocrine glands are involved in the development of SS. Additional and more representative mouse models will provide a better research tool for exploration of the nature of SS.
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The G protein-coupled receptor 15 (GPR15) has recently been highlighted as an important regulator of T cell trafficking into the gut under physiological and pathophysiological conditions. Additionally, circumstantial evidence has accumulated that GPR15 may also play a role in the regulation of chronic inflammation. However, the (patho)physiological significance of GPR15 has, in general, remained rather enigmatic. In the present study, we have addressed the role of GPR15 in the effector phase of autoantibody-mediated skin inflammation, specifically in the antibody transfer mouse model of bullous pemphigoid-like epidermolysis bullosa acquisita (BP-like EBA). Subjecting Gpr15−/− mice to this model, we have uncovered that GPR15 counteracts skin inflammation. Thus, disease was markedly aggravated in Gpr15−/− mice, which was associated with an increased accumulation of γδ T cells in the dermis. Furthermore, GPR15L, the recently discovered cognate ligand of GPR15, was markedly upregulated in inflamed skin. Collectively, our results highlight GPR15 as counter-regulator of neutrophilic, antibody-mediated cutaneous inflammation. Enhancing the activity of GPR15 may therefore constitute a novel therapeutic principle in the treatment of pemphigoid diseases, such as BP-like EBA.
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INTRODUCTION

Recently, evidence has accumulated that the G protein-coupled receptor 15 (GPR15) may modulate chronic inflammation. GPR15 has been demonstrated, for instance, to be abundant on neutrophils and monocytes in the peripheral blood of rheumatoid arthritis (RA) patients as well as on macrophages and neutrophils in arthritic joints (1, 2). GPR15 is also highly expressed on a population of IL-17-producing CD4+ T cells emerging in the peripheral blood of patients with ulcerative colitis or multiple sclerosis (3, 4). It is also induced on T cells of cigarette smokers, a behavior leading to a state of chronic systemic low-level inflammation (1–4). However, the functional significance of the upregulation of GPR15 under these conditions has only been investigated in detail for the pathogenesis of gut inflammation.

Specifically, it has been demonstrated that, under homeostatic conditions, preferentially GPR15+ subpopulations of memory T cells and Tregs are recruited into the colon. GPR15 also mediates the recruitment of ex vivo polarized TH17 cells into the colon, collectively pointing at a role for GPR15 in T cell trafficking to the gut (5). The role of GPR15 has also been investigated in several mouse models of inflammatory bowel disease (IBD). This uncovered a complex, context-dependent role of GPR15 in colon inflammation: in support of a pivotal, disease-promoting role of GPR15 in colitis, GPR15 is required for T effector cell recruitment into the colon in the CD45RBhigh T cell transfer model of colitis (6). Accordingly, GPR15 deficiency is protective in this model. In sharp contrast, colitis in the anti-CD40 antibody model is aggravated in Gpr15−/− mice. These opposite net effects on colitis may be the result of fundamental differences in the actions of Tregs in the two models (6, 7).

Despite these multiple lines of evidence, suggesting a broader role of GPR15 in the pathogenesis of chronic inflammatory diseases, a potential role in antibody-mediated tissue inflammation has not been investigated. We therefore explored the role of GPR15 in the antibody transfer mouse model of bullous pemphigoid-like epidermolysis bullosa acquisita (BP-like EBA), a prototypical example for organ-specific, antibody-mediated autoimmunity (8, 9). BP-like EBA belongs to the group of pemphigoid diseases, a group of seven autoimmune diseases of the skin and mucous membranes featuring an immune response against well-defined autoantigens located in the dermal-epidermal adhesion complex (10).

In response to the deposition of autoantibodies, immune cells, particularly granulocytes are recruited to the dermal-epidermal junction (DEJ), where they subsequently degrade the dermal-epidermal adhesion complex, thus, compromising dermal-epidermal adhesion and eliciting the formation of subepidermal clefts, which clinically appear as tense skin blisters and erosions (8). The mechanisms choreographing the recruitment and activity of granulocytes in the dermis are only partially understood. Recent studies in mouse models of pemphigoid diseases, have highlighted the anaphylatoxin C5a and the eicosanoid leukotriene B4 as central choreographers of this process on the molecular level (9, 11, 12). On the cellular level, γδ T cells and Tregs have been demonstrated to interact with granulocytes to promote and suppress skin inflammation, respectively, by modulating neutrophil activity in the dermis (13–15).

In the present study, we employed the previously described B6;129P2-Gpr15tm1.1Litt/J mouse strain, in which the Gpr15 gene is replaced by a gene sequence encoding green fluorescent protein (GFP) (7). Homozygous B6;129P2-Gpr15tm1.1Litt/J mice (Gpr15Gfp/Gfp; Gpr15−/− mice) do not express GPR15 but instead GFP when Gpr15 is transcribed. The B6;129P2-Gpr15tm1.1Litt/J strain can therefore be utilized as both knockout and reporter line.

Subjecting Gpr15−/− mice to the antibody transfer BP-like EBA model, we found disease in these mice markedly aggravated compared to wild-type littermate controls, hence, indicating a protective role of GPR15 in antibody-mediated skin inflammation. This aggravation of skin inflammation was associated with a pronounced induction of the recently identified cognate ligand of GPR15, GPR15L (16, 17), and an increased accumulation of γδ T cells in the dermis. With γδ T cells previously demonstrated to aggravate disease in the BP-like EBA model (13), we conclude that GPR15 may mediate partial protection from antibody-mediated skin inflammation by limiting the recruitment of γδ T cells into the dermis.



RESULTS


GPR15 Deficiency Aggravates Antibody Transfer BP-Like EBA

Wild-type and Gpr15−/− mice were subjected to the antibody transfer BP-like EBA mouse model and the course of disease was monitored for 14 days. Both groups started to develop signs of skin inflammation within 4 days upon the first administration of anti-COL7c IgG (Figures 1A,B). Disease severity in both groups further increased and plateaued around day 8. Disease was, however, significantly more severe in Gpr15−/− mice throughout the entire time of observation (Figure 1A). Specifically, when disease had plateaued in both groups, skin inflammation in Gpr15−/− mice affected approximately twice more of the total body surface than in wild-type mice. By immunofluorescence staining of perilesional skin of wild-type and Gpr15−/− mice for IgG and C3, we subsequently demonstrated that both IgG and C3 were deposited at the dermal-epidermal junction (DEJ) in both groups, thus, confirming the specificity of skin inflammation observed in our experiment (Figure 1C).


[image: Figure 1]
FIGURE 1. GPR15 counteracts BP-like EBA. The course of skin inflammation in the BP-like EBA mouse model was contrasted in wild-type and Gpr15−/− mice. (A) Progression of disease severity benchmarked as percentage of the total body surface affected by skin lesions (ABSA) over the course of 14 days. (B) Representative pictures of the clinical presentation of wild-type and Gpr15−/− mice on days 4 and 9 of the experiment. (C) Direct immunofluorescence microscopy of perilesional skin for IgG (upper panel) and C3 (lower panel) with white arrows indicating linear depositions of IgG and C3, respectively. Results are presented as mean ± SEM of the ABSA (n = 10 mice/group; pooled from three independent experiments). Results were analyzed by two-way ANOVA and Holm-Sidak's multiple comparison test. *p < 0.05 and ***p < 0.001 for the comparison between wild-type vs. Gpr15−/− mice on the day indicated.




Subepidermal Cleft Formation and Dermal Accumulation of γδ T Cells Are Increased in Gpr15−/− Mice

Lesional skin of both wild-type and Gpr15−/− mice exhibited a marked inflammatory infiltrate of the dermis as well as subepidermal clefts, the histopathological correlate of blisters and erosions in BP-like EBA, at the end of the experiment on day 14 (Figure 2A). Quantifying the extent of subepidermal cleft formation revealed that it was significantly more pronounced in the Gpr15−/− group (Figure 2B), suggesting a higher activity of neutrophils, the major drivers of cleft formation, in the dermis of Gpr15−/− mice.


[image: Figure 2]
FIGURE 2. GPR15 deficiency exacerbates subepidermal cleft formation. Histopathological analysis of skin harvested on day 14 in the BP-like EBA model. (A) Representative pictures of H&E stainings of lesional skin. Yellow arrows indicate sites of dermal-epidermal clefts. (B) Frequency of dermal-epidermal separation (DES) in skin lesions in wild-type and Gpr15−/− mice (n = 6–7 mice per group; pooled from three independent experiments). Results were compared by Fisher's exact test. ***p < 0.001.


We next determined the density of neutrophils (Ly-6G+), γδ T cells (γδ TCR+), and regulatory T cells (Tregs; FOXP3+), which are the three cell populations previously implicated in the regulation of skin inflammation in the BP-like EBA model, in perilesional skin by immunofluorescence stainings. Neutrophils were abundant in the dermis of both wild-type and Gpr15−/− mice (Figure 3A), and their numbers did not differ between the two groups in our experiments (Figure 3B). Also, in both groups, significant numbers of γδ T and Treg cells infiltrated perilesional skin (Figure 3A). While we did not find a difference in the number of Tregs between the two groups (Figure 3D), γδ T cells were significantly more abundant in the dermis of Gpr15−/− mice than in wild-type mice (Figure 3C).


[image: Figure 3]
FIGURE 3. Quantification of cellular infiltration of perilesional skin. Infiltration of perilesional skin by Ly-6G+, δTCR+, and FOXP3+ cells on day 14 of the BP-like EBA mouse model was evaluated. (A) Representative pictures of stainings for Ly-6G+ (upper panel), δTCR+ (middle panel), and FOXP3+ cells (lower panel). Inserts in dashed lines represent 3× digital magnifications of selected areas of the dermis. White arrows indicate examples for positively stained cells. Scale bar represents 50 μm. Quantification of (B) Ly-6G+ cells (C) δTCR+, and (D) FOXP3+ cells. Results are presented as mean ± SEM (n = 7–10 mice per group, pooled from three independent experiments) and were compared by Mann-Whitney test. *p < 0.05.




Expression of GPR15 and GPR15L in BP-Like EBA

Assessing the expression levels of GPR15 and its ligand GPR15L on mRNA level in naïve control skin and in perilesional skin harvested on day 14 revealed that GPR15 and GPR15L were reversely regulated. While GPR15 mRNA was expressed in naïve wild-type skin on relatively high levels, its expression was significantly lower in inflamed skin (Figure 4A). GPR15L, in contrast, was barely detectable in naïve skin but was markedly upregulated in inflamed skin (Figure 4B). There was no difference in the expression levels of GPR15L in wild-type and Gpr15−/− mice (Figure 4B).


[image: Figure 4]
FIGURE 4. GPR15 and GPR15L mRNA expression in perilesional skin. mRNA expression levels were determined in naïve skin of healthy mice and of perilesional skin of mice suffering from BP-like EBA on day 14 of the experiment. (A) GPR15 mRNA levels in wild-type mice. (B) GPR15L mRNA levels in wild-type and Gpr15−/− mice. Results are presented as mean ± SEM (n = 6–12 mice per group, pooled from three independent experiments) and were compared in (A) by Mann-Whitney test and in (B) by Kruskal-Wallis test and Dunnett's multiple comparison test. *p < 0.05; **p < 0.01.


We also assessed the frequency of GPR15+ cell populations in inguinal lymph nodes (LNs) and in the spleen of Gpr15−/− (Gpr15Gfp/Gfp) mice under naïve conditions and in EBA on day 14 (Figures 5A,B). The complete gating strategy of these experiments is summarized in Supplementary Figures 1, 2. Under naïve conditions, in both LNs and spleen, ~2–3% of living cells expressed GPR15 (Figures 5A,B). This percentage was slightly increased in the LNs in EBA (Figure 5A). To characterize the cell populations expressing GPR15, we stained for the T cell marker CD3 and the B cell marker CD19 (Figures 5C,D). While under naive conditions GPR15+ cells were mainly CD3−CD19−, in EBA a significant proportion of GPR15+ cells expressed CD3. All along there was no co-expression of GPR15 and CD19 (Figures 5C,D). To further differentiate the GPR15+CD3+ cell population on day 14 of the experiment, we determined their expression of CD8 and CD4 (Figures 5E,F). GPR15 was mostly expressed on CD8+ cells. However, there was no difference between the number of CD8+CD3+ cells in the lesional skin of wild-type and Gpr15−/− mice (Supplementary Figure 3). Wild-type and Gpr15−/− mice did not differ in the number of Tregs and γδ T cells in the lymph nodes and the spleen (Supplementary Figure 4). There was no co-expression between GFP (GPR15) and the neutrophil Ly-6G/CD11b (Supplementary Figure 5).


[image: Figure 5]
FIGURE 5. Systemic expression of GFP in BP-like EBA. Quantification of GFP+ cells in (A) inguinal lymph nodes and (B) the spleen of control (Ctrl.) and diseased Gpr15−/− mice on day 14 following induction of BP-like EBA as assessed by flow cytometry. Relative distribution of GFP+ cells among T (CD3+) cells, B (CD19+) cells, and non-lymphocyte cells (CD3−CD19−) in control and diseased Gpr15−/− mice on day 14 of the experiment in (C) inguinal lymph nodes and (D) the spleen. Relative distribution of GFP+ cells among CD4+ and CD8+ T cells in control and diseased Gpr15−/− mice on day 14 of the experiment in (E) lymph nodes and (F) the spleen. Results are presented as mean ± SEM (n = 3–4 mice per group). Results in (A,B) were compared by Mann-Whitney test. *p < 0.05.





DISCUSSION

In the present study, we have uncovered that GPR15 plays a significant, protective role in the effector phase of BP-like EBA. The pronounced aggravation of skin inflammation in Gpr15−/− mice at the clinical level was paralleled at the histopathological level by an enhancement in the formation of subepidermal clefts. The latter emerge through the actions of neutrophils, which includes the release of proteases and of reactive oxygen species, degrading the dermal-epidermal adhesion complex (8). The increase in subepidermal cleft formation is, consequently, a sign of enhanced neutrophil activity in the skin. The activity of neutrophils in the BP-like EBA model is modulated by Tregs and γδ T cells, which inhibit and promote, respectively, the response of neutrophils to immune complexes by interacting with neutrophils within the dermal infiltrate (13, 15). Our finding that γδ T cells were more abundant in the dermal infiltrate of Gpr15−/− mice is, therefore, well in line with these previously published results and suggests that a direct or indirect effect of GPR15 on the recruitment of γδ T cells, and the subsequent activating effect of the latter on neutrophils may be a major mechanism of the aggravation of skin inflammation in Gpr15−/− mice.

Although we detected GPR15 in the skin on mRNA level, we did not find GPR15 on protein level in the skin. There are several plausible explanations for this constellation: first, we only examined GPR15 protein expression on day 14 of the experiment. The receptor may be active in the skin at an earlier stage of the pathogenesis of diseases and may already inactive at the stage of full-blown skin inflammation on day 14. Second, GPR15 may modulate tissue inflammation from outside the skin. Third, like many other GPCRs, GPR15 may be internalized and degraded after binding of its ligand GPR15L in the skin.

The contribution of processes outside the skin to the BP-like EBA mouse model are largely unknown and disease is, accordingly, supposed to be predominantly driven by processes exclusively proceeding in the skin. Furthermore, depletion of CD8+ cells did alter the course of BP-like EBA (15), and there was not difference in the number of CD8+CD3+ cells in lesional skin in wild-type and Gpr15−/− mice, which collectively argues against a significant contribution of GPR15+CD8+ cells increasing in BP-like EBA in the spleen and lymph nodes.

Supporting local actions of GPR15, its cognate ligand GPR15L was markedly upregulated in the skin. However, GPR15 mRNA levels were, in contrast, reduced in inflamed skin. A potential explanation for this situation is that GPR15L/GPR15 may exert inhibitory or chemo-repulsive effects on the migration of GPR15+ cells, thus, counteracting the recruitment of certain cell populations, including γδ T cells, into the dermis. Such a mode of action of GPR15L/GPR15 would also explain why we did not find GFP expression in the skin of Gpr15−/− (Gpr15Gfp/Gfp) mice but in their lymph nodes, spleens, and peripheral blood. It would be also another plausible explanation why we did not detect GPR15 on protein level in the skin. In line with this notion, the structure of GPR15 resembles that of CC chemokine receptors but exhibits unique peculiarities (17), and it is still contended whether GPR15L can induce migration of GPR15+ cells. Thus, although one study reported that GRP15L chemoattracts T cells (16), another study did not find GPR15L to chemoattract T cells but to dose-dependently inhibit their chemoattraction toward CXCL12 (17).

Collectively, our results demonstrate that GPR15 is a regulator of tissue inflammation outside the colon and beyond immune responses predominantly driven by T cells. This finding is of importance as upregulation of GPR15 expression has been reported for a growing number of chronic inflammatory conditions (1–4), but its significance has remained largely elusive. As GPR15 exerted protective effects in BP-like EBA, its activation may be effective as novel therapeutic principle in the treatment of this disease and, possibly, other pemphigoid diseases. It is, therefore, intriguing that GPR15L, which is also known as AP-57 or C10orf99 and exhibits antimicrobial activities, can be applied in an in situ gel-forming hydrogel system (AP-57-NPs-H) onto the skin (18, 19), thus, making clinical studies examining the therapeutic effectivity of GPP15 activation in pemphigoid diseases in principle possible.



MATERIALS AND METHODS


Mice and Genotyping

Previously described 129P2-Gpr15tm1.1Litt/J mice (Gpr15−/− mice) on the C57BL/6J background were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) (7). All experiments were conducted with Gpr15−/− (Gpr15Gfp/Gfp) mice and their wild-type littermates in the age of 8–16 weeks. Mice were bred in the animal facility of the University of Lübeck (Lübeck, Schleswig-Holstein, Germany). All animal experiments had been approved by the local government. The mice were genotyped, as previously described (20).



Antibody Transfer Bullous Pemphigoid-Like Epidermolysis Bullosa Acquisita (BP-Like EBA) Mouse Model

To generate anti-Col7 IgG, white New Zealand rabbits were immunized against the C epitope of type VII collagen. Purified anti-Col7 IgG were filter-sterilized (pore size 0.2 μm), quantified by NanoDrop (Thermo Fischer Scientific GmbH, Dreieich, Germany), and assessed for their reactivity to murine Col7 by indirect immunofluorescence analysis performed on murine tail skin sections as previously described (21). Antibody transfer BP-like EBA was induced, as previously described (12, 21). Briefly, mice were injected s.c. with 50 μg of affinity purified anti-Col7 IgG on days 0, 2, and 4 of the experiment. To score the severity of disease, skin areas exhibiting erythema, blisters, erosions, crusts, or alopecia were categorized as “affected.” Subsequently, the percentage of the total body surface affected by skin lesions (ABSA) was calculated on the days indicated in the figures. On day 14, mice were euthanized, and tissue specimens were harvested.



Histopathology

For histopathology, skin biopsies of lesional skin were fixed in 4% (w/v) buffered formalin (Carl Roth, Karlsruhe, Germany) and 6-μm sections from paraffin-embedded tissues were stained with hematoxylin and eosin (H&E). The extent of dermal-epidermal separation (DES) was assessed by individually categorizing three sections per animal with “0” if no DES was evident and “1” if DES was evident. The frequency of positive images for DES out of total number of images vs. the frequency of negative images for DES out of total number of images was compared using the Fisher's test, as previously described (12).



Immunofluorescence and Immunohistochemistry Stainings

To detect IgG and C3 depositions in perilesional skin, direct immunofluorescence microscopy was performed. Briefly, Alexa Fluor® 594 AffiniPure donkey anti-rabbit IgG (Jackson Immunoresearch, Suffolk, UK) and purified rat anti-mouse complement C3 IgG (CADARLANE, Ontario, Canada) were used to stain IgG and C3.

To quantify the extent of infiltration of perilesional skin with individual immune cells lineages, immunohistochemistry stainings of 6-μm skin cryosections were performed. The primary and secondary antibodies used in these efforts are compiled in Supplementary Table 1. Snap frozen cryosections were fixed in cold acetone for 10 min at −20°C, blocked, and incubated with the respective primary and secondary antibodies. Finally, slides were mounted with DAPI fluoromount G (SouthernBiotech, Birmingham, AL, USA).

Both IF and IHC stainings were visualized and photographed on the BZ-9000E series Keyence microscope (Keyence GmbH, Neu-Isenburg, Germany). Images were analyzed using the BZ-II Analyzer software (Keyence GmbH, Neu-Isenburg, Germany). For better illustration, image taken in 200× magnification were digitally further 3-fold magnified using the BZ-II Analyzer software where indicated in the manuscript. To quantify skin infiltration with neutrophils (Ly-6G+), the hybrid cell count function on BZ-II Analyzer software was used; to quantify infiltration by T cells and their subsets (FOXP3+, γδ TCR), counts of positively stained were manually determined in two independent 200× magnification fields per mouse and averaged.



RNA Isolation and qPCR

Total RNA was extracted from snapped frozen perilesional skin samples using TRIzol™ reagent (Thermo Fischer Scientific GmbH, Dreieich, Germany) following the manufacturer's instructions. RNA concentrations were determined by a Nanodrop 2000c spectrophotometer (Thermo Fischer Scientific GmbH, Dreieich, Germany). 500 ng of total RNA were transcribed using the ReverseAid First Strand cDNA Synthesis Kit (Thermo Fischer Scientific GmbH, Dreieich, Germany). qPCR was performed using cDNA, diluted 1:10 in water, and the SYBR Select Master Mix (Thermo Fischer Scientific GmbH, Dreieich, Germany) according to the manufacturer's instructions. All primers used in this study were purchased from biomers.net (biomers.net GmbH, Ulm, Germany). The sequences used were for Gapdh forward primer 5′-AGGTCGGTGTGAACGGATTTG-3′ and reverse primer 5′-TGTAGACCATGTAGTTGAGGTCA-3′, for Gpr15 forward primer 5′-CGTTATTATTGCGGTGGCGG-3′ and reverse primer 5′-TCTGGCTGGAACCCTGAAAC-3′ and for Gpr15l forward primer 5′-CACCACCCATGACTTGACTG-3′ and reverse primer 5′-CTTCTAGCCCTTTCCGGTCT-3′. qPCR was performed on the Eppendorf Mastercycler ep Realplex (Eppendorf, Hamburg, Germany) with the following cycling conditions: 50°C for 2 min, 95°C for 2 min, followed by 40 cycles each of 95°C for 15 s, and 60°C for 1 min each. The expression level of the gene of interest was normalized to the mRNA expression level of Gapdh.



Flow Cytometry

Organs were freshly harvested and meshed on a 70 μm filter. Thereafter, samples were lysed with erythrocyte lysis buffer (Qiagen GmbH), washed twice with FACS buffer (3% BSA in 0.01 M PBS pH 7.2) and blocked with FcR block (Miltenyi Biotec) prior to staining. Subsequently, cells were incubated for 30 min at 4°C with the following antibodies: 3 μg/mL PE-Vio770 conjugated anti-CD3 (REA641, Miltenyi Biotec), 2 μg/mL PE anti-CD8a (53-6.7, eBioscience), 2 μg/mL PerCP anti-CD4 (RM4-5, BD Biosciences), and 3 μg/mL APC-Vio770 anti-CD19 (6D5, Miltenyi Biotec) antibodies. 1:1,000 (v/v) DAPI (SouthernBiotech) was used for discrimination of dead cells. Samples were acquired on a MACSQuant flow cytometer and analyzed with FlowJo software V10.



Statistical Analyses

All analyses were performed on raw data using GraphPad Prism 8.3 (GraphPad, San Diego, CA, USA). Results were compared by Mann-Whitney test, Fisher's exact test, two-way ANOVA with Holm-Sidak's multiple comparison test, or Kruskal-Wallis test with Dunnett's multiple comparison test, as detailed in the figure legends. p < 0.05 was considered statistically significant throughout the study.
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GO term Description P-value FOR g-value Enrichment (N, B, n, b)
G0:0035456 Response to interferon-beta 1.056-28 1.356-24 47.44 (8048,39,87,20)
G0:0035458 Cellular response to interferon-beta 2.46E-28 1.59E-24 62.01(8048,32,73,18)
G0:0051707 Response to other organism 1.65€-25 6.64E-22 837 (8048,271,149,42)
G0:0043207 Response to external biotic stimulus 363623 1.17E-19 6.68 (8048,364,149,45)
G0:0006952 Defense response 654623 1.68E-19 8.33(8048,411,87,37)
G0:0009607 Response to biotic stimulus 2.70E-22 5.79E-19 6.38 (8048,381,149,45)
GO:0009617 Response to bacterium 1.19E-20 2.19E-17 482 (8048,141,604,51)
G0:0002376 Immune system process 1.286-20 2.08E-17 4.45 (8048,703,144,56)
GO:0006955 Immune response 731E-19 1.056-15 5.98 (8048,345,160,41)
GO:0051704 Multi-organism process 2856-18 3.67E-15 6.21(8048,436,113,38)

RNAs of keratinocytes were isolated and their trenscriptome determined in NGS assays. Five huncred three genes whose expression was changed 2.5 fold between keratinocytes
co-cultured with CD8* T cells compared with keratinocytes alone were classified using the Gorilla (Gene Ontology enRIchment anaLysis and visualization) tool (18). GO, gene ontology
terms. FDR (False Discovery Rate) g-value is the correction of the indicated p-value for multiple testing using the Benjamini and Hochberg method. The enrichment (N,B, n,b) is defined
as follows: Nis the total number of genes, Bis the total number of genes associated with a specific GO term, n is the number of genes in the top of the user's input lst (or in the target
set when appropriate), b is the number of genes in the intersection. Enrichment = (b/n)/(B/N). The individual genes in the 10 intersections are presented in Supplementary Table 1.
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Type of lesion  Sites DSC3 (%) DSC3/DSG3 (%) DSG3 (%)

Erosion (1) Muzzle 28 8 78
Periocular region - 50 33
Periauricular region  — 2 22
Back - 8 11
Chest 9 - 22
Abdomen - - -
Right foreleg 9 33 22
Left foreleg 18 2 11
Right hind leg - - 11
Left hind leg - 8 11
Tail 9 58 33

Alopecia Face (1) ot 100 100
Neck (0.5) ot 100 100
Back (1) 73 100 56
Abdomen (0.5) 100 83 100

Enythema (1) Footpad 100 100 56
Abdomen ot 8 22

In brackets the score for each symptom.
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Vitiigo Yes Melanocyte-dervied ~ » CDB+,  destroying
antigens. melanocytes
¢ Trv
Aopeciaareata  Yes « Trichohyalin? « CcD8
« Tyrosinase- « (CD4+ needed in
related protein-2 animal models for
maximal induction)
Psoriasis Yes * ADAMTS-like protein ¢ CD8+
5 * Trm
o (LL-37)
« (neolipid antigens)
Scleroderma Yes Unknown (Nuclear * CD4+, CD8+
antigens (Topo',
RNApolll, centromere)
recognized by
autoantibodies)
Bullous Yes NC16A domain of CD4+
pemphigoid BP180
Pemphigus Yes Desmoglein 3 CD4+
wulgaris
Atopic dermatitis No Hom s 2 («-NAC) CD8+, producing IL-4

and IFN-y
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Cytokine
isoform

IL-36a

IL-36p

IL-36y

IL-36Ra

Former
name

IL-1F6

IL-1F8

IL-1F9

IL-1F5

Tissue/cells capable
of IL-36 expression

Skin
Respiratory tract
Bone-marrow
Tonsils

Lymph nodes
Spleen

Intestines

Synovium (inflamed)
Keratinocytes
B-Lymphooytes
Plasma cells
T-Lymphooytes
Denditc cells
Monocytes

Skin

Respiratory tract
Bone-marrow
Tonsis

Lymph nodes
Intestines
Neuron/Giial cells
Heart

Testis

Synovium (inflamed)
Keratinocytes
B-Lymphooytes
T-Lymphooytes
Monocytes

Skin

Respiratory tract
Intestines

Brain

Synovium (inflamed)
Keratinocytes
B-Lymphocytes
Plasma cells
T-Lymphoocytes
Denditic cells
Monocytes

Skin

Spleen

Brain

Heart

Kidney

Uterus

Placenta
Synovium (inflamed)
Keratinocytes
B-Lymphocytes
Denditic cells
Monocytes
Macrophages

Activating proteases

Neutrophil derived
proteases:
Gathepsin G
Elastase

Neutrophil derived
protease:
Cathepsin G

Neutrophil derived
proteases:
Proteinase-3
Elastase

Neutrophil derived
protease:
Elastase

Receptor signaling

IL1R6 with recruitment
of IL-1RAcP

IL1R6 with recruitment
of IL-1RAcP

IL1R6 with recruitment
of IL-1RACP

IL1R6 w/o recruitment
of IL-1RACP

Immune function

Pro-inflammatory

Pro-inflammatory

Pro-inflammatory

Anti-inflammatory

References

(2,5-7, 11-13, 16, 19~
21,25-27,31, 36, 49)

2,3,5-7, 16, 19-23,
25-27,31,36)

(3,5-7, 11,12, 16, 19~
22,24-26,31,36, 49,
54)

(1-8,5-7,9, 19,21,
24,31,38)
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ELISA score (U/ml)

aDsg1
clgG -
mPV -
mo-PV 153.76
me-PV2 101.18
PF 21534

Cut off values are considered as 20 U/ml.

aDsg3

162.93
172,63
108.72

healthy control
mucosal PV

mucocutaneous PV
mucocutaneous PV
cutaneous PF
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Inhibitor Target Concentration (M) Pre-treatment (h) Origin

o126 MEK 1/2 5 1 New England Biolabs, Ipswich, USA

PP2 Sre-family kinases 10 1 Merck Milipore, Billrica, USA
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Variable BP180 (+) BP180 (-) P-value

n 14 8
Sex, MF 11/3(79/21%)  58/28(67/33%) 0540
Age, mean  sd 601+1120 6901167  <0.001"
<60 years, n (%) 8(57.1) 19 (24.4) 0.006"
60-70 years, n (%) 4(286) 36(46.2) 0395
275 years, n (%) 2(14.3) 23(205) 0508
Stroke attack times 6 (42.9) 21(24.4) 0.194
22,0 (%)

Duration after first attack 1 9(64.9) 49(57.0) 0,607
years, n (%)

Duration after first attack (y), 7.0+£294 104605 <0001
median

The numbers and percentages of anti-BP180 negative (-) or positive (+) were isted i the
table, respectively. The P-values were calculated by comparing these numbers between
these two groups. Asterisk “* denotes a statistical significance.

BP180, Human recombinant fulllength cutaneous BP180.
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463.6 + 54.58 or16

<0.01, ***p < 0.0001.

Cut-off

MFU

225.14
34.82

231.85
765.15
627.34

p value

ns
ns
ns
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Metric Cohort (n = 642)

Median age at symptom onset, years (QR) 4937, 58)
Female sex 532 (82.8%)
PATIENT-REPORTED RACE/ETHNICITY

White 476 (74.1%)
Black 76 (11.8%)
Asian, American Indian, or Alaskan Native 20(3.1%)
Other 70 (10.9%)
DM SUBTYPE

coM 439 (68.4%)
CADM 203 (31.6%)
SYMPTOM ONSET YEAR QUARTILES (n = 630)

2005 or earlier 159 (25.2%)
2006-2009 176 (27.9%)
2010-2013 153 (24.3%)
2014-2017 142 (22.5%)
ZCTA

Unique ZCTAs 336
2010 Census population 8,110,198
Median DM prevalence per ZGTA (IGR), per 86(4.6,152)
100,000

Median DM prevalence per Phi metropolitan 92(52,163)

ZCTA (IQR), per 100,000 (0 = 607)
MEDIAN 2011 NATA RISK PER ZCTA, PER MILLION

Total airborne risk (QR) 43(37,48)
Point source risk (IQR) 1.24(0.64, 1.67)
On-road source risk (IGR) 9.13(6.56, 12.18)
Secondary source risk (IQR) 18.10(16.47, 19.17)

CADM, clnically amyopathic deratomyositis; CDM, classic dermatomyosits; DM,
dermatomyositis; IQR, interquartie range; NATA, National Air Toxics Assessment; Phi,
Philadelphia; ZCTA, zip code tabulation area.
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Outcome Lagged Global Moran’s  Pseudo p-value

variable variable index
DM prevalence  Univariate 0.0054 0.16
Total airborne risk® 0.0080 034
Point sources* 0.0019 036
On-road sources® 0.0057 0.15
Secondary sources® 0.0036 0.46
CDM prevalence  Univariate 0.0051 0.16
Total irborne risk" 0.0080 033
Point sources” —0.0053 0.46
On-road sources* 0.0082 028
Secondary sources® ~0.00076 0.47
CADM prevalence  Univariate 0064 006
Total airbome risk* —00015 0.49
Point sources* 0.071 0.02
On-road sources* -0.025 0.18
Secondary sources® 0043 0.09

CADM, clinically amyopathic dermatomyositis; CDM, classic dermatomyositis; DM,
dermatomyositis; NATA, National Air Toxics Assessment.

*Bivariate global Moran'’s index.

Bold values indicate significant finding.





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fimmu-10-01128/fimmu-10-01128-g005.gif





OPS/images/fimmu-10-01128/fimmu-10-01128-g006.gif
A Sohble L3
W eew mm . W s o

3§, 1l e HLLHL L
o [ - [






OPS/images/fimmu-10-01128/fimmu-10-01128-g007.gif





OPS/images/fimmu-10-01128/fimmu-10-01128-g001.gif





OPS/images/fimmu-10-01128/fimmu-10-01128-g002.gif
iﬂ =n
I






OPS/images/fimmu-10-01128/fimmu-10-01128-g003.gif





OPS/images/fimmu-10-01128/fimmu-10-01128-g004.gif





OPS/images/fimmu-10-01089/fimmu-10-01089-g001.gif





OPS/images/fimmu-10-01089/fimmu-10-01089-t001.jpg
Approach

Corticosteroids
(oral o topical)

Immuno-suppressant

Antibody removal

B-cell targeting

Immuno-modulatory

Complement targeting

Wound healing therapies

Therapeutic agents

Prednisolone (12, 124, 125)
Clobetasol propionate
Dapsone, Sulfapyridine
Azathioprine (125)
Mycophenolate mofeti
Chiorambucil
Immunoadsorption

Plasma exchange
Anti-CD20 (Rituximab) (126)
Anti-CD19 (68)

Anti-CD22 (68)
Antigen-mediated targeting (127)
BCR signaling inhibition (128)
VIG (129)

Anti-TNFo« (130)
AtHILATA(117)

Anti-IL5 (181, 132)
Anti-Eotaxin-1 (133, 134)
HSP-90 inhibition (135, 136)
SYK inhibition (137)

Vitamin D (122, 138)
Anti-Cts (107)

Anti-C5 (103, 109)
Anti-factor B (109)

C5aR1 antagonist (109)
Anti-Fii (139)

Stage of
development

First-line therapies

Second-line therapies

Third-iine therapies

Second-line therapy
Precinical
Precinical
Preciinical

Phase Ill trials
SecondHline therapy
Off-label use
Precinical
Completed Phase Il
Completed Phase Il
Preclinical

Preclinical

Preclinical

Preciinical
Preclinical

Preclinical

Precinical
Precinical

Disease

BP, PD, EBA, DH

BP, PD, EBA, DH

BP, PD, EBA, DH

BP, PD, EBA, DH
PD

PD

PD

PD

BP, PD, EBA
BP, PD, MMP
BP

BP

BP

EBA

EBA

PD, EBA

BP

EBA

EBA

EBA

EBA

BCR, B-cell receptor; BR, Bullous pemphigoid; DH, dermatitis herpetiformis; EBA, epidermolysis bullosa acquisita; HSP, Heat-shock protein; IVIG, intravenous immunoglobulin; MMP,
mucous membrane pemphigoid: PD, pemphigus disorders; SYK, spleen tyrosine kinase.
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Gene

IL-1e rs1800587

IL-1B rs16944

IL-1B rs1143627

IL-18 rs1143634

IL-8 rs4073

TNF-o 151799964

TNF-« rs1800630

TNF-c 151799724

TNF-« 1s361525

Genotype/allele

c/c
cr
s
C-allele
T-allele
c/c
cT
7
C-allele
T-allele
s
b
C/C
T-allele
C-allele
G/G
G/A
NA
Grallele
A-allele
s
TA
AA
Tallele
A-allele
has
TC
c/c
Tallele
C-allele
Cc/c
C/A
AA
C-allele
A-allele
c/c
C/T
has
C-allele
T-allele
G/G
G/A
AA
G-allele
A-allele

Patients with BP (n = 40)

0.40
0.45
0.16
0.625
0.375
0.35
0.55
0.10
0.625
0.375
0.35
0.40
0.25
0.550
0.450
0.55
0.40
0.05
0.760
0.250
0.70
0.15
0.16
0.775
0.225
0.75
0.20
0.05
0.850
0.150
0.76
0.20
0.06
0.850
0.150
0.70
0.30
[
0.850
0.150
0.30
0.70
0
0.650
0.350

Control subjects (n = 40)

0.20
0.70
0.10
0.550
0.450
0.30
0.50
0.20
0550
0.450
0.30
0.45
0.25
0525
0.475
0.40
0.60
0o
0.700
0.300
0.25
0.65
0.10
0575
0.425
0.55
0.30
0.15
0.700
0.300
0.60
0.25
0.15
0.725
0.275
0.90
0.10
o
0.950
0.050
0.15
0.85
0o
0575
0.425

OR (95% Cl)

0.41(0.19-091)

0.73(0.39-1.37)

0.71(036-1.38)

0.73 (0.39-1.37)

091 (0.51-1.63)

0.90 (0.48-1.68)

1.40 (0.62-3.15)

0.77 (0.38-1.56)

0.40 (0.20-0.82)

0.39(0.19-0.78)

0.49 (0.24-1.00)

0.41(0.18-089)

055 (0.27-1.12)

0.46 (0.21-1.02)

3.85(1.12-13.2)

3.35(1.03-10.8)

0.41(0.13-1.23)

0.72(0.38-1.37)

0.03

033

031

0.33

0.76

075

041

0.47

0.01

0.008

0.05

0.02

0.10

0.05

0.03

0.04

0.1

033

Pc

0.03

0.01

0.05

0.09

0.08

P-values (P) were performed based on the logistic regression test and a value of <0.05 was considered statistically significant. B, bullous pemphigoid; OR, odds ratio; Cl, confidence

interval: n, number; Pc, Corrected P-value. Statistically significant P-values are shown in bold.
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# Gene Forward primer sequence Reverse primer sequence Prod Microarray (fold change) qPCR (fold change) (Blood)

symbol size

Skin  p-value  Blood  p-value  Control  *SEM  CCLE/DLE +S.EM
1 ccRe GAGGCATAGGGCAGTGAGAG GCAATCCTACAGCCAAGAGC 269 18 0.031 16 0.006 264 0.49 5.98 249
2 IFI30 TGACCATTGTCTGCATGGAA TCCATGATAGTGTCTGGCGA 100 39 0.0006 2 0.027 1.72 0.21 3.02 0.46
3 oAst CAACTCTGCATCTACTGGACAAAG  AAGTTTCCTGTAGGGTCCGC 125 26 00001 6 0.001 23 047 15.42 6.44
4 0AS2 TTGACAACCGTCCTGGAAAA GTAAGCAGCTCCAGGGCATA 121 26 0.007 19 0.007 1.7 0.17 8.84 3.52
5 STATI®  TCAGAAGTGCTGAGTTGGCA GTCCACGGAATGAGACCATC 125 42 0.002 22 0043 405 078 9.94 234
6 TNFAIP3  TCAACTGGTGTCGAGAAGTCC ACGCCCCACATGTACTGAGA o7 2.4 0.003 15 0048 1.81 0.41 6 3.06
7 ERBB3  GAACATTCGCCCAACCTTTA ACGTGGCCGATTAAGTGTTC 279 -23 0003 -12 0.041 029 0.22 022 007
8  FGFR2  CAGAATGGATAAGCCAGCCA GCTTGAACGTTGGTCTCTGG 9% -2 0016 -18 0,049 012 0.12 0.1 003

Diferential gene expression i peripheral blood measured by RT-GPCR. Intron-spanning primers were chosen for CCR2, IFI30, OAS1, OAS2, STAT1, TNFAIP3, ERBB3, and FGFR2, which are dysregulated genes within the CCLE skin and
blood signatures. Q-PCR data is normalized to the housekeeping gene p-actin (ACTB). Fold changes in expression (with S. E.M) are calculated using the 2-34Ct method relative to one sample of the control taken as unity and represent
duplicate runs of 5 biological replicates each of CCLE (DLE)-patients and healthy controls. Fold change in expression (between case and control blood samples) of CCR2 and STATT trended toward significance with p-values = 0.055
and 0.053, respectively (‘starred). Gene expression values from the microarray data are included as fold change in gene expression in skin and blood associated with p < 0.05. CCLE, chronic cutaneous lupus erythematosus/Discoid
lupus erythematosus; S.E.M., standard error of the mean (see also Figure 6).
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IL-1o and IL-18 (rs1800587, rs1143627, rs16944, and rs1143634) TNF-a (rs1799964, rs1800630, rs1799724, rs1800629, and rs361525)

Haplotype Frequency x2 P-value Haplotype Frequency x2 P-value
crTG 0.22 0.07 078 TCCGG 022 273 0.09
coca 0.14 0,01 089 TCCGA 0.14 0.09 076
TCCA 0.13 0.03 085 CACGG 0.13 0.09 075
ccTe 0.1 078 037 CACGA 0.1 1.59 020
TG 0.09 0.08 077 TACGG 0.09 298 0.08
crca 0.07 0.15 069 TCTGA 0.07 0.06 079
Global haplotype association p-value 02 Global haplotype association p-value 0.08

Haplotypes with a frequency < 5% are not listed. P < 0.05 was considered statistically significant.
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Characteristics
Age (years)

Disease duration (years)
Age of onset (years)
Gender, male/female
Autoimmune diseases
Familial history of BP
Heart diseases
Hypertension

Focal infection

Skin Diseases

Anemia

Stress

Depression

IL-1a

rs1800587
0.26
053
0.19
057
057
023
0.01
0.10
057
0.13
0.29
0.43
0.13

rs16944
0.50
017
031
0.12
0.88
0.99
0.05
0.44
0.19
0.06
o1
013
0.06

-1

rs1143627
017
0.90
0.31
0.000
0.42
0.40
0.46
0.70
0.42
0.20
1.00
071
0.67

rs1143634
0.63
0.90
0.55
0.02
0.34
0.73
0.14
0.28
034
0.40
0.23
0.18
0.40

P-value

-8

rs4073
0.95
0.10
0.76
0.24
0.99
0.99
0.17
0.19
076
043
0.40
0.67
0.43

rs1799964

0.001
0.17

0.002
0.99
0.42
0.99
0.04
0.70
0.02
0.67
1.00
0.71
0.21

TNF-a

rs1800630
0.001
017
0.002
0.01
0.42
0.40
0.02
0.70
0.01
0.67
1.00
071
0.20

rs1799724
0.35
0.68
0.44
0.07
0.76
034
0.16
0.88
0.07
0.42
0.02
0.33
0.01

rs361525
0.43
0.87
0.30
0.07
0.76
034
1.00
0.11
0.07
0.01
0.39
0.07
0.42

P-values (P) were performed based on the chi-square or t-test and a value of <0.05 was considered statistically significant. Statistically significant P-values are shown in bold.





OPS/images/fimmu-10-00627/crossmark.jpg
©

2

i

|





OPS/images/fimmu-10-00627/fimmu-10-00627-g001.gif
Chronic Utticaria

Nodentavie Hersave
ngger noger

‘Spontaneous Urticaria | [ inducible Uricaria

Aosdema oy

Exche uncara s, Exchse noomast cotroted

e iy dains i (09 v
iy & Wheals + herediary angroedema)
| i |
\ |
N
Ghroe /

‘Spontaneous Urticaria






OPS/images/fimmu-10-00636/fimmu-10-00636-t002.jpg
Gene Genotype/allele

IL-8 rs4073 s
TA
AA
T-allele
Acallele

Patients with PV
(n=84)

0.32
0.48
0.20
0.56
0.44

Patients with BP
(n = 40)

0.70
0.15
0.15
0.775
02256

Control subjects
(n =40)

025
0.65
0.10
0.575
0.425

OR (95% cijt

1.07 (061-1.87)

1.06 (0.62-1.82)

OR (95% CI) ¥ P P

2.35(1.32-4.21) 081 0.004#

0.58 (0.34-0.99) 0.81 0.04#

P values (P) were performed based on the logistic regression test and a value of <0.05 was considered statistically significant. BF, pemphigus vulgaris; OR, odds ratio; Cl, confidence
interval; n, number; Pe, Corrected P-value. *PV vs. control; **PV' vs. BR TPV vs. Control; *PV vs. B, #Genotype Pc: 0.012; Allele Pc: 0.12. Statistically significant P-values are shown

in bold.
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Meale patients, 1 (%) 85 (75.2%)
Age at diagnosis

Mean (+SD)* 65.5 (15.9)
Median (range) 69 (5-94)
Mean age of male patients (+8D) 66.0(14.0)
Mean age of female patients (:5D)" 63.4(20.8)
Ethnicity of reported patients, n (%)

Asian 57 (50.4%)
Caucasians 22 (19.5%)
Jews 1(0.9%)
African American 1(0.9%)
Not reported 32 (28.3%)
Geographical distribution of reported cases, % (n)

Japan 50 (44.2%)
France 18 (15.9%)
Germany 13 (11.5%)
Netherlands 12 (10.6%)
UsA 7(6.2%)
India 3(27)
Poland 2(1.8%)
Spain 2(1.8%)
China 1(0.9%)
UK 1(0.9%)
Israel 1(0.9%)
Croatia 1(0.9%)
Greece 1(0.9%)
Austria 1(0.9%)
Korea 1(0.9%)

n, number; SD, standard deviation; USA, United States of America; UK, United Kingdom.
“Excluding the study of Meijer et al. (3) which did not report standard deviation.
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Variant Allele associated eQTL effect (25, 29) Tissues

with PF

TNE. Avisk low expression: TNF (p = 3.71e72") and LTA (o = 2.88¢2) (36). Peripheral blood.
rs1800630 high expression: DDX398 (p = 2.6e~), CSNK2B (o = 3.14e™""),

HCPS (p = 2.5¢7%) and MICB (p = 2.0¢~"9) (36).
TRAF2_ G prot low expression: C8G (p = 2.6e~5), AGPAT2 (p = 9.1e~%), and Skin, peripheral blood, muscle.
rs10781522 CLIC3 (o = 4.79%"7) (32, 36).

high expression: TRAF2 (o = 2.73e™%), PHPTT (p = 1.2¢™9)
PAK2_ Aprot low expression: PAK2 (p = 1.2676) (32). Skin, spleen.
rs9325377 high expression: PIGX (p = 9.7¢~7). PIGX maps just upstream of

PAK2, on the same strand of chromosome region 3q29 (32).
cD36_ T risk low expression: CD36 (p = 2.37¢72%) (36). Peripheral biood.
rsd112274
EIF2AK3_ T prot low expression: AC062029.7 (p = 3.0e™%) (32) Skin, whole blood.
rs10167879 high expression: EIF2AK3 (p = 3.5e), ANKRD36BP2 (p = 1.6e~%)

(32).
SIRPA_ Arisk low expression: SIRPA (p = 4.1e7) (32). Esophagus, skin.
rs6075340 high expression: SIRPBT (p = 6.6e~%) (32).
cpa7_ Grisk low expression: CD47 (p = 3.37e~4) (36). Peripheral blood, skin.
112695175 high expression: MYH15 (p = 1.3¢™?) (32).
RAPGEF3_ Aprot low expression: RAPGEF3 (p = 2.0 %) (32). Lung, heart.
rs10747521 high expression: PCED1B-AST (32).
HK1_ T risk high expression: HK1 (p = 2.3 €79) (32). Tibial nerve.
rs7072268

PRKN_ 159355950 is not an QL.

eQTL, expression quentitative trait loci; LTA, lymphotoxin alpha; DDX39B, dead box polypeptide 39 B; CSNK2B, casein kinase Il beta; HCPS, HLA complex P5; MICB, mejor
histocompatibilty complex class I-chain related gene B; PHPT, phosphohisticine phosphatese 1; C8G, complement C8 gamma chain; AGPATZ, 1-acylglycerol-3-phosphate O-
acyltransferase 2; CLIC3, chloride intracelluler channel 3; PIGX, phosphatiaylinositol glycan anchor biosynthesis class X; ANKRD36BP2, ankyrin repeat domain 368 pseudogene 2;
SIRPBY1, signal regulatory protein beta 1; MYH15, myosin heavy chain 15.
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Gene SNP MAF (%) Model CONTR

Contr Case

AAPOPTOSIS AND NECROPTOSIS
NF 151800630 157 262 add 61/327
6p21.33 C>a rec 77187
Promoter dom 54/140
TRAF2 1510781522 492 38 add 191/197
9G34.3 g>A rec 47147
Intron 9 dom 144/50
APOPTOSIS
PAK2 159325377 495 42 add 196/192
3q29 a>G rec 55/139
Intron 1 dom 141/53
c36 154112274 751 1527 add 29/357
7q21.41 Cst rec 1/192
Intron 3 dom 28/165
IMMUNOGENIC
EIF2AK3 1510167879 17.6 99 add 67/313
2p11.2 Cst rec 5/185
Intron 14 dom 62/128
SIRPA 156075340 385 421 add 1307258
20p13 a>G rec 17177
Intron 2 dom 113/81
cp47 1512695175 14 179 add 44/342
3q18.12 Tsg rec 47189
Intron 6 dom 40/153
NECROSIS
RAPGEF3 1510747521 40.1 367 add 166/231
121311 a>G rec 36/157
Intron 1 dom 156/231
PARTHANATOS
HK1 157072268 430 531 add 167/221
10g22.1 t=C rec 371157
Intron 5 dom 130/64
PYROPTOSIS
PRKN 159355950 343 229 add 133/255
6426 T>c rec 25/169
Intron 4 dom 108/86

Logistic regression association tests were done with allele frequencies (“add"), frequency of homozygotes for the minor allele (‘rec’- recessive model), and summed frequencies of
heterozygotes and homozygotes for the minor allele (‘dom”—dominant mode). The minor alleles in our sample are given in lowercase; they are the reference for the associations. In
bold, significant associations (p < 0.005). SNP, single nucleotide polymorphism; MAF, minor allele frequency; CONTR, controls; CASE, cases; Model, association tests; OR, odds ratio;
Cl, confidence interval; TNF; tumor necrosis factor alpha; TRAF2, TNF receptor associated factor 2; PAK2, p21 (RACT) activated kinase 2; CD36, CD36 molecule; EIF2AK3, eukaryotic
translation initiation factor 2 alpha kinase 3 (also known as PERK); SIRPA, signal regulatory protein alpha; CD47, CD47 molecule; RAPGEF3, Rap guanine nucleotide exchange factor 3

CASE

117/329
147209
108/120

1717279
34/191
137/88

190/162
36/190
154/72
69/383
5/221
64/162

43/393
4/214
39/179
191/263
47/180
144/83
81/371
10/216
71/155

166/285
23/202
166/285

241/213
70/157
171/56

104/350
117216
93/134

(also known as EPAC); HK1, hexokinase 1; PRKN, parkin RBR E3 ubiquitin protein ligase (also known as PARK2).

OR

1.90
1.79
224
0.64
0.58
0.52

0.72
0.47
081

214
3.92
223

0.48
0.62
0.41
1.50
275
1.35
1.77
223
1.95

0.81
0.42
1.08

1.48
157
1.87

0.57
0.35
0.55

95%Cl

[1.34-2.70]
[0.70-4.54)
[1.49-3.38]
[0.48-0.84]
0.35-0.95)
[0.34-0.79]

0.54-094)
[0.29-0.77]
053-1.25)
[1.33-3.44]
0.45-34.2)
[1.34-3.68]

[0.31-0.73]
0.16-2.40]
[0.26-0.66]
[1.13-2.00
[1.51-4.98]
090-2.02)
[1.20-2.63]
068-7.30]
[1.23-3.07]

(061-1.1)
[0.23-0.76]
0.20-0.69)

[1.13-1.94]
[1.02-2.42)
[1.18-2.95)

[0.42-0.78]
0.16-0.73)
[0.37-0.81]

0.0003
0.2214
0.0001
0.0014
0.0305
0.0024

0.0173
0.0023
0.3449
0.0015
0.2169
0.0018

0.0007
0.4940
0.0002
0.0055
0.0009
0.1449
0.0043
0.1850
0.0041

0.1676
0.0040
0.8837

0.0045
0.0412
0.0076

0.0004
0.00502
0.0024
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Number of
reported cases

Direct immunofiuorescence, n (%)

Linear deposition along the BMZ 113 (100%) 113
Linear deposition of IgG and C3 77 (78.6%) 98
Linear deposition of IgG, IgA, and C3 10 (10.2%) 98
Linear deposition of G3 alone 4(4.1%) 98
Linear deposition of IgG, IgA, IgM, and C3 2 (2.0%) 98
Linear deposition of IgG alone 2(2.0%) 98
N-serration deposition pattern 11 (84.6%) 13
U-serration deposition pattern 0(0%) 18
Undetermined deposition pattern 2(15.4%) 13
NaCl-split indirect immunofluorescence deposition, n (%)

Dermal side 90 (83.3%) 108
Both dermal and epidermal sides (more 16 (14.8%) 108
prominently in the dermal side)

Epidermal side 1(09%) 108
Negative 1(0.9%) 108
Immunoblot analysis, n (%)

200-kDa dermal protein 111 (100%) 111
Recombinant C-terminus of laminin y1 19 (73.1%) 26

ELISA detecting recombinant monomeric C-terminal
fragment of human laminin y1, n (%)

10 (100%) 10

n, number; BMZ, basement membrane zone; 1g, immunoglobuiin; ELISA, enzyme-linked
immunosorbent assay. The right column represents the number of cases where the
varieble was reported or could be concluded. The ratios represent the number of positive
cases out of the number of reported cases.





OPS/images/fimmu-10-02466/fimmu-10-02466-t002.jpg
Number of reported

cases
Similar condition, n (%)-reported in 68 cases

Bullous pemphigoid 45 (66.2%) 68
Linear IgA bulous dermatosis 5(7.4%) 68
Vesicular pemphigoid 4(5.9%) 68
Epidermolysis bullosa acquisita 3 (4.4%) 68
Dermatitis herpetiformis 3(4.4%) 68
Mucous membrane pemphigoid 3(4.4%) 68
Erythema gyratum repens 2(2.9%) 68
Pemphigus 1(1.5%) 68
Pompholyx 1(1.5%) 68
Morphology of cutaneous lesions, n (%)

Bullae/vesicles 113 (100%) 113
Utticarial plaques 50 (54.3%) %
Scars/milia 16 (15.7%) 102
Anatomical distribution of cutaneous lesions, n (%)

Extremities 78 (95.1%) 82
Trunk 58 (70.7%) 82
Palms and soles 38 (51.4%) 74
Head and neck 29 (40.3%) 72
Mucosal involvement 37 (38.5%) %
Mucosal involvement, n (%)

One mucosal surface 29(30.2%) %
Two mucosal surfaces concomitantly 6(6.3%) %
Three mucosal surfaces concomitantly 2 (2.1%) %
Oral mucosa 31(32.3%) %
Anogenital mucosa 12 (12.5%) %
Conjunctival mucosa 2(2.1%) %

n, number. The right column represents the number of cases where the variable was
reported or could be concluded. The ratios represent number of positive cases out of the
number of reported cases.
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PDAI ABSIS

Al Mucosal No Mucosal Al Mucosal No Mucosal
(n=50) Involvement Involvement (n =50 Involvement Involvement
(n=24) (n=26) (n=24) (n=26)
ABQOL 060 067 056 051 038 0.49
oLal 058 050 058 0.46 029 051
Skindex-29
Symptoms 075 062 076 073 052 077
Emotions 045 029 059 037 0.7 051
Functioning 061 0.40 056 0.49 028 0.44
SF-36
General health -0.14 —0.11 -0.19 ~0.11 ~0.0053 -0.25
Physical functioning -0.23 -0.17 -0.25 -0.16 -0.0043 -0.33
Role limitations (physical -0.38 -0.29 -0.37 -0.37 -0.15 -0.37
health)
Role limitations (emotional -0.19 0.0093 -0.29 -0.27 -0.056 -0.38
problems)
Energy/fatigue -0.41 -059 -024 ~0.40 ~0.44 —027
Emotional well-being -033 -031 -023 —021 0.039 —0.24
Social functioning —027 -0.10 -022 —0.28 -0.19 -0.17
Pain -033 0079 -058 —0.45 -0.16 -0.63

PDAI, Pemphigus Disease Area Index; ABSIS, Autoimmune Bullous Skin Disorder Intensity Score; ABQOL, Autoimmune Bullous Disease Quality of Life; DLQI, Dermatology Life Quality
Index; SF-36, Short Form Survey 36.
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Disease

Alopecia areata

Vitiigo

Drug name

Baricitinib

PF-08651600 and
PF-08700841

Delgocitinib
Ruxolitinib

PF-06651600 and PFO6700841

Identifier

NCT03670749
NCT02974868

NCT02561585
NCT03099304

NCT03715829

Status

Ongoing
Ongoing

Results submitted
Ongoing

Recruiting

Phase, administration

Il per os
lla, per os

1l topical
1l topical

b, per os

Enrollment

725
142

31
157

Duration

36-week

24-week with extension period
Up to 2 years

12-week

1-year with 1 year open-label
extension

60-week with 24 weeks dose
ranging and 24 week extension
period
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Al Mucosal Non-mucosal

Median score 1aR Median score IR Median score QR
PDAI Enroliment 5.00 1.25-10 5.30 2.98-10.15 3.50 0.00-9.33
PDAI Follow-up 3.00 1.00-8.00 3.00 1.00-4.08 4.30 0.50-9.58
ABSIS Enroliment 4.00 1.00-12.38 6.28 3.00-14.00 1.50 0.00-12.00
ABSIS Follow-up 2.00 0.10-7.50 2.50 1.00-9.56 2.00 0.00-6.75

PDAI, Pemphigus Disease Area Index; ABSIS, Autoimmune Bullous Skin Disorder Intensity Score; IQR, interquartile range.
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Drug name

Tofacitinib

Ruxolitinib

Baricitinib
Abrocitinib

PF-06700841

Itacitinib
BMS986165

Solcitinib

Identifier

NCT01710046
NCT00678210
NCT01241591

NCT01519089
NCT01186744

NCT01276639 and NCT01309737
NCT01815424
NCT01163253

NCT01831466
NCT00820950
NCT00778700

NCT01490632
NCT02201524

NCT02969018
NCT03850483
NCT01634087
NCT02931838
NCT03624127 and NCT03611751

NCT01782664

Status.

Completed (115)
Completed (116)
Completed (117)

Completed (118)
Completed (119)

Completed (120)
Completed (121)

Terminated as it met its
objectives (122)

Completed (123)
Completed (124)

Completed, no resuts
available

Completed (125)
Terminated (126)

Completed

Not yet recruiting
Completed (127)
Completed (128)
Recruting

Completed (129)

Phase, administration

lla, per os
llb, per os
i, per os

1, per os
i, per os

1Il, per os
i, per os
I, per os

1Ib, topical
1l topical
1l topical

1Ib, per os
1l, per os

lla, per os
IIb, topical
1l, per os
I, per os
1, per os

lla, per os

Enrollment

12
197
1,101

95
666

901 and 960
266
2,867

29
199

27
59

212

240

50

267

600 and 1,000

68

Duration

12-week
12-week

12-week non-inferiority trial compared
to etanercept

52-week evaluating long-term safety
56-week withdrawal and retreatment
study

52-week

52-week

median duration 35.6 months
open-label extension study who
completed qualifying phase

Wl stucies

12-week
28-day
12-week

12-week

4-week terminated due to changes in
sponsors development priorities

12-week, results online
12-week

28-day

12-week

Non-inferiority stucy compared to
apremilast

12-week





OPS/images/fimmu-10-02571/fimmu-10-02571-t001.jpg
Al (n = 50)

Age
<45 8(16%)
45-64.9 22 (44%)
265 20 (40%)
Sex
Male 24 (48%)
Female 26 (52%)
Diagnosis
Pemphigus Foliaceus. 7 (14%)
Pemphigus Vulgaris 43 (86%)
Mucosal Involvement
Yes 24 (48%)
No 26 (52%)
Race
White 37 (74%)
African American or Black 3(6%)
Asian 8(16%)

Other 2 (4%)
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Drug name

Tofacitinib
Rusxolitinib

Delgociinib
b

Bari

Abrocitinib

Upadacttini

Identifier

NCT02001181
NCT03011892

NCTO3745638; NCT03745651

NCT08726722
NCT02576938
NCT03334396; NCT03334422

NCT03334435
NCT03428100

NCT03435081
NCT03559270

NCT03733301
NCT02780167

NCT03796676
NCT03575871; NCT03349060
NCT03422822

NCT03627767

NCT03720470

NCT02925117
NCT03738397
NCT03661138
NCT03568318
NCT03607422; NCT03569293

Status

Completed (29)
Completed (100)

Underway (101)

Recruiting
Completed (102)

Met primary endpoint
(103)

Recnuiting
Recniting

Recuiting
Recruiting

Recruiting

Completed, resuts
oniine

Recnuiting
Recruiting
Recruiting

Recruiting
Recriting

Completed (104)
Recriting
Recruiting
Recnuiting
Recruiting

Phase, administration

lla, topical
Iib, topical

1, topical

Iib, topical
Il per os
I, per os

i, per os.
1, per os

1l per os.
Il per os.

1, per os.
IIb, per os

Ill, per os
1ll, per os
1ll, per s

1 per os.

1, per os

1, per os.
i, per os.
1ll, per os
i, per os.
i, per os.

Enrollment

69
307

1,200

250
124
1,350

1,500
500

450
300

300
269

225, adolescents
375
2,300

1870

700

166
650
264
810
810

Duration

4-week

8-week dose-ranging and adtional
4-week optional open-label treatment

8-week and long-term safety extension
period

8-week dose-ranging

16-week in combination with TCS
16-week

52-week to evaluate long-term safety
16-week in those who cannot have
cyclosporin

16-week dose-ranging study

2-year in those who have completed
NCT03435081

16-week in combination with TCS
12-week dose-range study

12-week with other topical therapy
12-week

Approximately 2 years who have
completed a qualitying phase Il study

Over 40 wesks in those who responded
well o an initial 12-week treatment

12-week, efficacy compared to dupilumab
at2 weeks

16-week

24-week treatment, 12-week follow-up
Up to 141 weeks, evaluating safety
16-week combined with TCS

16-week
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Compound

Dasatinib

Bosutinib (34)

PP1(36)

PP2 (36)

Fostamatinib
38

Entospletinib
@1

P505-16 (43)

RO9021 (44)

PRTB18 (45)
TAK-659 (46)

Primary target(s)
(ICsp in cell free
assay)

Src (0.8nM), Abl
(<1nM)

Sre (1.2nM), Abl
(1nM)

Lok (5nM), Fyn
(®nM)

Lek (4nM), Fyn

(6nM), Hek (5nM)

Syk (41nM), Fit3

Syk (7.7 nM)

Syk (1-2nM)

Syk (5.6nM)
Syk (4nM)
Syk (3.2nM)

Other targets
(ICso in cell free
assay)

Kt (79nM)

Hek (20nM), Src
(170nM), Bor-Abl
(1 kM), Kit (75 M),
EGFR (250nM)
EGFR (480nM),
other 56 kinases
at 10uM (37)

79 kinases
<100nM (39)

TNKI (<100nM)
(39

For (81nM), Yes
(123nM), MLK1
(83nM)

na

na

Fit3 (4.6 nM),
ZAP-70 (75nM),
Jak3 (1140M),
VEGFR2 (135 M)

Clinical
relevance

Approved in
chronic myeloid
leukemia and
acute
lymphoblastic
leukernia (33)
Approved in
chronic myeloid
leukeria (35)

Approved in
immune

thrombocytopenia
(40)

Investigated in
hematological
malignandies (42)

Investigated in
hematological

malignancies and
solid tumors (47)

Obtained from MedChemExpress and Selleckchem. n.a, not available.
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Patients Anti-PD1/PD-L1  Cancer type Age Sex Cutaneous  Mucosal Immunological Delayto  Rechallenge
(vears) involvement  involvement onset?
(days)
BULLOUS PEMPHIGOID: 34 CASES
AP Nivolumab: Melanoma: 21 (62%) Median: ~ M: 22 Yes: 10 Extensive: 17 Yes:6(19%)  DIF: positive in 28 cases Median:
17 (50%) NSCLC: 3 (9%) 705 (68%) 31%) (56%) No:26(81%)  (90%), negative in 3 (10%), 178 R0:29 (91%)
Pembrolizumab: Lung adenocarcinoma: (35-90) F: 10 No: 22 (69%)  Moderate: 8 [NR: 3]. (42-588)  R+:2(6%)
14 (41%) 3(9%) (682%) @7%) [NR: 2) ELISA: anti-BP180 detected R 1(3%)
Durvalumab: Lung SCC: 1(<3%) Ratio INR: 2) Localized: 5 in 11 out of 12 cases (92%),
2(6%) Tongue SCC: 1 (<3%) F/M:0.45 (17%) anti-BP230n 1 out of 10
Atezolizumab: Renal cell carcinoma: 1 INR: 4] (10%), [NR: 20].
1.(3%) (<8%)
Hepatocellular carcinoma: 1
(<3%)
Gastric carcinoma: 1 (<3%)
Urothelial cancer: 1 (<3%)
Adenocarcinoma: 1(<3%)
MUCOUS MEMBRANE PEMPHIGOID: 2 CASES
Patient 1(12)  Pembrolizumab Merkel cell carcinoma 62 M No No Oral Anti-BP180 C-terminal o1
detected by IB
Patient2(9)  Pembrolzumab Melanoma 83 F No No Oral Lamina densa immune 462
deposits by IEM
PEMPHIGUS: 3 CASES
Patient 1 Nivolumab Urothelial cancer 68 M No Moderate: No DIF: intercellular IgG/C3 188 RO
[atypical Bulae, deposits.
pemphigus, pustules and EUSA: anti-Dsg3+,
(1) erosions anti-Dsc2+, anti-Dso3+.
1B: negative.
Patient 2 Pembrolizumab Tongue SCC 7% M No Extensive: No DIF: intercellular 1gG/C3 82 RO
[atypical BP-like deposits and linear IgG/igA
pemphigus, presentation deposits (BM2).
(11 with urticarial EUSA: anti-BP230+
plaques and 1B: NR.
tense blisters
Patient 3 Pembrolizumab Cutaneous SCC 64 M No Extensive: Conjunctival,  DIF: intercelluler IgG 20 Rt
(PNP, our flaccid and oral, nasal, deposits and linear C3
case) tense blisters,  pharyngeal,  deposits (BM2).
eosionsand  genital, anal  ELISA: negative.
pustules 18: anti-desmoplakin
I+, anti-Dsg3+

aTime between the frst anti-PD1/PD-L1 dose and onset of the autoimmune blistering disease.

bl 34 cases of Bullous Pemphigoid, including 29 reviewed by Zumelzu (9) and five cases reported after 2017 (13-16).

NSCLC, Non small cell lung cancer; SCC, squamous cell carcinoma; 1B, immunoblot; M, male; F; female; NR, not reported; DIF, direct immunofluorescence; BMZ, basal membrane zone; ELISA, enzyme-linked immunosorbent assay;
IEM, immunoelectron microscopy; Dsg3, Desmoglein-3; Dsc2, Desmocolin-2; Dsc3, Desmocolin-3; BR. bullous pemphigoid; RO, no rechallenge (no reintroduction of the treatment); R+, positive rechallenge (disease relepse after
reintroduction of the treatment); R—, negative rechallenge (no disease relapse after reintroduction of the treatment).
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7-days before Pembrolizumab® 20-days after Pembrolizumab 21-days after oral

steroids*
Clinical presentation Smallintact bullae on the buttocks, Widespread polymorphic cutaneous lesions, Complete remission
herpetic stomatitis (HSV-1 positive) severe stomatis (HSV-1 negative), erosive
conjunctivits, and glans penis erosions
Histopathology Suprabasal acantholysis Suprabasal acantholysis ND
DIF Negative Intercellular deposits of IgG and basement ND
membrane zone of C3
IIF on monkey esophagus
Intercellular Positive (1/1,000) Positive (1/400) Positive (1/40)
Basal membrane zone Negative Negative Negative
1IF on monkey bladder Positive Positive Positive
ELISA
Anti-Desmoglein 1 Negative Negative Negative
Anti-Desmoglein 3 Negative Negative Negative
Anti-BP180 Negative Negative Negative
Anti-BP280 Negative Negative Negative
Anti-Envoplakin Negative Negative Negative
Immunoblot
Human amniotic membrane Desmoplakin | (250 kDa) desmoglein 3 Desmoplakin | 250 kDa) Negative
extract (130 kDa)
Recombinant periplakin Negative Negative Negative

DIF, direct immunofiuorescence; IIF, indirect immunofiuorescence; ELISA, enzyme-linked immunosorbant assay; ND, not done; HSV-1, Herpes simplex virus 1. Twith the exception of
histopathology and DIF, performed 14-days before Pembrolizumab therapy; # 42-days after Pembrolizumab.
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Protease

Class

Location in PD

Functions in PD

References

MMP-2 (gelatinase A, 72 kDa type IV
collagenase)

MMP-3 (stromelysin-1)
MMP-9 (gelatinase B, 92 kDa type IV
collagenase)

MMP-12 (macrophage elastase)
MMP-13 (collagenase-3)
Plasmin, plasminogen, tPA, and uPA

Chymase/mMCP-4

Granzyme B

ADAM-8
ADAM-9
ADAM-10

ADAM-15
ADAM-17
Tryptase
Cathepsin-G

serine protease

Metalloprotease

Metalloprotease
Metalloprotease

Metalloprotease

Metalloprotease

Serine protease

Serine protease

Serine protease

Metalloprotease
Metalloprotease
Metalloprotease

Metalloprotease
Metalloprotease
Serine protease
Serine protease

BP—blister fluids

BP—blister fluids, lesional skin
EBA—sera
MMPh—tear, sera

BP—serum, lesional skin

BP—lesional and perilesional
skin, blister fluid
MMPh—tear

EBA—sera
BP—lesional skin

BP—lesional skin
BP—blister fluid, lesional skin

BP—non lesional skin

BP, EBA, DH—lesional skin

BP—epidermis of lesional skin
BP—epidermis of lesional skin
BP—epidermis of lesional skin

BP —epidermis of lesional skin
BP —epidermis of lesional skin
BP—biister fluid, sera

B8P

BP, EBA

Hemidesmosomal protein degradation
(COL17 and laminin-332)

EBA

Complexed with Hsp-90

Negative in BP mouse model

BP, EBA
NE activation through o1-AT degradation
CD46 shedding

EBA

Complexed with Hsp-90

Unknown

BP
MMP-9 activation
COL17 shedding

BP
MMP-9 activation
COL17 degradation

DEJ protein degradation (COL7, 64
integrins, COL17)

IL-1a activation

C5a production

Unknown
COLA7 shedding

COL17 shedding
CD46 shedding
Semaphorin 4D shedding

Unknown
(indirect) COL17 shedding
Unknown

Negative in BP mouse model

(95, 122-127)

(124, 156, 165, 166)

(163, 167, 168)

(96, 124, 125, 148,
156-160, 163, 164)

(166, 169)

(156)

(168, 201-207)

(244,304)

(298, 299)

(159, 258, 269)
(159, 258, 259)
(159, 164, 258, 259)

(159, 258, 259)
(159, 258, 259)
(302-304)
(126, 163, 301)
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Treatment

Oral predhisolone

Oral predhisolone and rituximab
Oral predhisolone and azathioprine
Oral predhisolone and MTX

Oral predhisolone and dapsone
Oral predhisolone and plasmapheresis
Comorbidities

Hypertension
Hypercholesterolemia

Chronic heart failure:
Aortainsufficiency

Migraine

Epilepsy

Dermatitis herpitiformis

Celiac disease

Breast cancer

Bobreaicl vanper

Patients

[

[SRECRE A

hm s a s a AN
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Disease

Pso

BP

PV

DH

8Sc

Mor

CLE

oM

Clinical manifestations in the skin

Highly variable: pruritic, red, scaly, and
crusted lesions, lichenified plaues,
Xerosis cutis

Well-demarcated, erythematous plaques
with thick silvery scale

Tense blisters on an erythematous base or
normal skin, but also non-bullous variant
with pruritic, erythematous or urticarial
lesions

Flaccid, fragile blisters, rythematous,
oozing and subsequently crusted
erosions, erosions of mucosa

Grouped herpetiform papulovesicles with
erosions and crusts, with symmetric
distribution predominantly in the shoulder
and gluteal region as well as on the
elbows and knees

Skin fibrosis, Raynaud's phenomenon,
telangiectasia, ulcers, calcinosis

Initial inflammatory, erythematous patch
followed by sclerotic changes and
subsequent atrophy

Diverse skin involvement depending on
subtype

Gottrons papules (erythematous to
violaceous papules over MCP joints),
heliotrope eruption (violaceous eruption in
the upper eyelids) and facial erythema
Xerosis

Depigmented areas

Characterics of
pruritus

Pr: almost 100%,
severe pruritus

Pr: 60-90%

Typical symptom

Rare

Often, sleep
disturbance

Pr: 40-65%,

pain, burning, stingling
Pruritus is activity
marker

Pr: 75%

Median pruritus VAS:
380

Pr: 42-53%
Pr: 20%

Expected pathomechanism of
pruritus

High IL31 Levels, bradykinin, TSLP, SP,
CGRP, NGF

Increased intraepidermal nerve fiber
density, overexpression of SP, TRPV1,
IL31, TRP melastatin 8, TRP vaniloid 3

Elevated IL31, hyperactive basophils

Inflammatory infitrate with eosinophils

Hyperactive mast cells, higher
expression of IL31 receptors

Neuropathic component

Inflammation, neuropathic component

Possibly inflammation

Decreased density of epidermal nerves
and formed complex tufts

Xerosis
Elevated histamine, neurogenic
mechanism with release of melanocyte-
toxic neuropeptides of cutaneous
peripheral nerve endings

Studies for treatment of disease
related pruritus

UVB, CyA, Dupilumab, Nemolizumab,
Tezepelumab, Crisaborole, apremilast

Anti-IL17, JAK inhibitors,
adalimumab, apremilast,
ustekinumab, anti-IL23

N/A

N/A

NA

NA

NA

N/A

Apremilast

N/A
NA

AD, atopic dermatits; Pso, Psoriasis vulgaris; BR, bullous pemphigoid; PV, pemphigus vulgaris; DH, Dermatitis heretiformis; SSc, systemic sclerosis; Mor, Morphea; CLE, Cutaneous
Lupus erythemetosus; DM, Dermatomyositis; SS, Sjdgrens Syndrome; Vit Vitlgo; Pr, prevalence; IL, interleukine; TSLR thymic stromallymphopoietin; S substance P: CGRR, calcitonin
gene-related peptide; NGF, nerve growth factor; TRPV1, transient receptor potential vanilloid 1; TRP, transient receptor potential: CyA, ciclosporine A; JAK, janus kinase; N/A, not available.
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Method  Current Studying Advantages Disadvantages
applications
Tape Non-invasive Physiology of the stratum comeum Non-invasive, no scarring, painless, Depth of sampling varies between different skin
stripping  sampling of the repeatable, applicable at any conditions and different body sites.
upper epidermal anatomical location (e.g., face) and
layers (mainly sitable for any age group (including
stratum children)
corneum)
Diagnostic markers Provides valuable molecular Need storage access (freezer) and sample
information transport facilit if not processed at site
Treatment targets Easy and quick to perform, no special
training or professional knowledge is
required
Disease pathomechanism Cost effective
Disease monitoring Potential as a non-invasive tool for
diagnostic, disease activity and
therapeutic response
Epidermal wound healing
Excretion of endogenous substances
Percutaneous absorption of topical
treatments—Kinetics of drug delivery
Treatment efficacy and toxicity (e.g.,
glucocorticoid therapy)
Disruption of the  Skin barrier function (TEWL)
skin barrier
“Deep” tape Pathophysiology of psoriasis
stripping
Koebnerisation
Hair Research Etiology and pathogenesis of Relatively non-invasive, repeatable, Variabilty in the quality of hair follicle obtained
plucking diseases involving the hair follicle (LE,  and sitable for any age group
LPP, scarring vs. non-scaring (including children)
alopecias)
Wound healing Provides valuable molecular Restricted to patients with presence of
information “pluckable” hairs; so far only investigated for
the scalp
Therapeutic response Easy and quick to perform, however, ~ Need for further scientific data
the examiner needs to be able to
differentiate anagen from telogen hair
Potential as anon-invasive tool for Resuits may depend on hair cycle stage. The
diagnostic, disease activity and same hair cycle stage should be analyzed (e.g.,
therapeutic response anagen) depending on research question
Need storage access (freezer) and sample
transport facility if not processed at site
Trans- Skin epidermal Barrier defects in various pathologies  Non-invasive, painless, repeatable, Lack of molecular information —lack of
Epidermal  permeabilty/barrier ~ (eczema, psoriasis) applicable at any anatomical location  specificity as a diagnostic tool
Water function (e.9., face) and suitable for any age
Loss group (including children)
(TEWL)
Treatment efficacy and toxicity (e.g., Validated measure, quick, and Need access to the instrument (Tewameter®)
glucocorticoid therapy) accurate and specific software
Application limited to epidermal pathologies
Skin Skin elasticity Skin disorders characterized by Non-invasive, painless, repeatable, Lack of molecular information—lack of
elasticity  measurements stiffness (scleroderma, systemic applicable at any anatomical location  specificity as a diagnostic tool

sclerosis) and, other pathologies

Skin aging

Treatment efficacy and toxicity (€.g.,
glucocorticoid therapy)

(e.g., face) and suitable for any age
group (including childrer)

Variabilty (age, sun-exposure, anatonical
location, ethnicity)

Need access to the instrument (Cutometer®)
and specific software
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mtSNP Gene/region Sequencing

m.16263 D-loop
T>C

m.11914G>A MT-ND4

m.16904C>T MT-TT

m.16051A>G  D-loop

m.16162 D-loop
A>G

method

NGS

Sanger

Meta-
analysis

NGS

Sanger

Meta-
analysis

NGS

Sanger

Meta-
analysis

NGS

Sanger

Meta-
analysis

NGS

Sanger

Meta-
analysis

Group

BP

Control
BP
Control
BP

Control
BP

Control
BP

Control
BP

Control
BP

Control
BP

Control
BP

Control
BP

Control
BP
Control
BP

Control
BP

Control
BP
Control
BP

Control

Sequenced
(n)

180

188
82

262

278
180

188
89

102
269

290
180

188

104
268

292
180

188

104
268

292
180

188

104
268

292

Variant
carrier (n)

1

~ 500

N

N oo w

oo o

13

Frequency
(%)

0.56

4.79
0.00
4.44
0.38

4.68
3.33

053
449

0.98
372

0.69
5.00

1.60
465

877
4.85

3.08
111

1.60
0.00
8.65
0.76

41
111

266
0.00
7.69
0.75

4.45

Odds ratio (95%
)

0.1116
(0.0051-0.7471)

0(0-1.2049)

0.1833
(0.0635-0.5293)

6.4216 (0.8682-
146.8755)

4.7190 (0.6014-
—116.3248)

42418
(1.8521-13.3077)

32360
(0.876-14.143)

0.7867
(0.2019-3.0665)

1.6283
(0.6935-3.8232)

0.6936
(0.0852-4.5071)

0(0-0.5505)

02583
(0.0889-0.7505)

0.4121
(0.0574-2.0169)

0(0-0.6679)

02464
(0.0881-0.6889)

P-value*

0.0201

0.1222

0.0017

0.0626

0.1860

0.0132

0.0813

0.7674

0.2629

0.0041

0.0129

04494

0.0081

0.0076

Q (p adjust,
Hommel)

0.0085

0.0264

0.2629

0.0258

0.0198

For the Sanger sequencing, 106 controls (for the genotyping of m.15904C>T, m.16051A>G, m.16162A>G, and m.16263T>C) or 104 controls (for the genotyping of m.11914G>A)

and 90 BP samples were tested. The number of samples with no genotyping data due to the low quality-sequence was subltracted from the tested sample number.
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mtsNP Gene/region  Consequence Homoplasmy Heteroplasmy Variant carrierin  Variant carrierin p-value*

180 BP 188 controls

mO150A>G  MT-ATP6 Synonymous + 0 9 0.0036

m.16263T>C  D-Loop Non-coding + + 1 9 0.0201

m.13966A>G  MT-NDS Non- + 4 0 0.0563
synonymous

m.11914G>A  MTND4 Synonymous + 6 1 0.0626

m.15904C>T  MT-TT Non-coding + 9 3 00813

*Two-sided p-value from Fisher's exact test: SNPs with explorative p-values <0.1 were selected for the replication study using Sanger sequencing.
mtSNP single nucleotide polymorphism in the mitochondrial genome; BP. bullous pemphigoid: OR, odds ratio; Cl, confidence interval.

OR (95% confidence
interval)

0.000 (0.000-0.491)
0.112 (0.005-0.747)
00 (0.945-00)

6.422 (0.868-146.876)
3.236 (0.876-14.143)
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Blistering  Disease

Intra- Pemphigus foliaceus.
epidermal
Pemphigus wigaris
IgA pemphigus

Paraneoplastic pemphigus

Pemphigus vegetans

Pemphigus erythematosus

Pemphigus herpetiformis

Drugrinduced pemphigus
Sub- Bullous pemphigoid
epidermal

Pemphigoid gestationis

Linear IgA dermatosis

Mucous membrane
pemphigoid

Anti-laminin y1/p200
pemphigoid

Lichen planus
pemphigoides

Epidermolysis bullosa
acquisita

Dermatitis herpetiformis

#Meain target antigens are indlicated in bold.

Ig type
166G

G

G

IgG
G
IgG
IgG
19G

oG
I9A

1gG/IgA

9G

166G

lgG

19A (I9G)

Target antigen®P:¢
Dsgl

Dsg3, Dsg!
Dsg1, Dsg3, Dsc1,
Dsc2, Dsc3

Dsg3, Dsg1, envoplakin,
periplakin,

desmoplakin I,
desmoplakin Il epiplakin,
plectin, BP230, Dsc1,
Dsc2, Dsc3,
«2-macroglobulin-like
protein 1

Dsg3, Dsg1, Dsc3

Dsgl

Dsgi, Dsg3, Dsc1, Dsc3
Dsg1, Dsg3

BP180*, BP230

BP180*, BP230
BP180"/™"", BP180",
BP230

BP180™", BP180",
laminin 332, BP230,
aBp4 integrin

Laminin y1 (p200)
BP180*, BP230
Type Vil collagen

Epidermal
transglutaminase, tissue
transglutaminase,
endomysium, deamidated
gliadin

bParameters for which commercial monospecific detection assays are not available are

indlcated in italics.

Elmmunodominant regions: Dsg1: N-terminal ectodomain, Dsg3: N-terminal ectodomain,
BP180: "NC16A/“LABD7/"**LAD-1/"*""C-terminal epitopes; BP230: globular C-terminal
domain; type Vil collagen: N-terminal NC1 domain.
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Phylogenetic  Nucleotide Patient groups Control groups. OR 95% Cl P(a) Model

Haplotype sequence n/n total (%) /i total (%)

*3828 GTHMCTKCA Patient Endemic 057 035-0.93 0027 (0.042)  Dominant
57/292 (19.5) 66/252 (26.2)
Localized lesion Endemic 025 0.089-0.72 0.010(0.025)  Dominant
5/25 (20) 66/252 (26.2)
Localized lesion Enderic 026 0.093-0.72 0010(0.029)  Additive
5/25 (20) 66/252 (26.2)
Localized lesion Non-endermic 035 0.12-1.00 0052 (0.050)  Dominant
5/25(20) 711312 (22.8)
Localized lesion Non-endemic 0.35 0.12-0.99 0.049 (0.045) Additive
5/25 (20) 71/312 (22.8)

1 GCHICTKCG Patient Non-endermic 497 2.13-11.50 <10%(0.004)  Dominant
36/292 (12.3) 32/252 (12.7)
Patient Non-endermic 476 2.08-10.87 <10°(0.008)  Additive
36/292 (12.9) 321252 (12.7)
Generalized lesion Non-endemic 433 1.74-10.77 0.002 (0.012) Dominant and
9/52(17.9) 321252 (12.7) additive
Localized lesion Non-endermic 550 184-16.45  0.002(0016)  Dominant
3/25(12) 321252 (12.7)
Localized lesion Non-endermic 532 185-1524  0.002(0021)  Additive
3/25(12) 321252 (12.7)

“3A2A GCRTTTKCG Patient 25/292 (8.6)  Non-endemic 43/252 046 025-0.85 0014(0.033)  Dominant

(12.8)
Patient 26/202 (8.6)  Non-endemic 43/252 049 027-0.89 0.020(0.087)  Additive
(12.8)

Haplotypes represented nine investigated CR1 SNPs (56656401, rs3849266, rs2274567, rs3737002, rs11118131, rs11118167, 117047660, rs4844610, and rs12034383). One-
letter; underlined amino acid symbols are given instead of nucleotic substitutions, where appropriate. n, number of chromosomes; OR, odds ratio, corrected for age, ancestry group,
and sex distrbution; CI, confidence interval.

“Fisher's exact test. Dominant model: individuals with the haplotype were more frequent in one of the groups, regardless of whether homozygous or heterozygous. Addliive model:
homozygote indivicluals were overrepresented in one of the groups, followed by heterozygotes, meaning that the haplotype presents an aditive effect for increasing resistance/protection
against the disease.
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Controls FS patients

CRfgenetic  lberiann=214  Endemic  Non-endemic Patientn (%)  Localized  Generalized Patient vs. Non-endemic control
variants (%) controln (%)  control n (%) lesionn (%) lesion n (%)

156656401 A>G n=203 n=234 n=265 N=44 N=81 OR[95%CI] P (q) value
A 27 (12.60) 46 (11.39) 63 (13.46) 59 (11.19) 8(9.09) 20 (12.35)

AA 2(1.90) 2(0.99) 1(0.43) 2(0.75) 1@.27) 0

AG 23(21.50) 42 (20.69) 61(26.07) 55 (20.75) 6(13.64) 20 (24.69)

GG 82 (76.60) 150 (78.33) 172(7850) 208 (78.49) 37 (84.09) 61(75.31)

At 44(21.67) 62 (26.50) 57 (21.51) 7(1591) 20 (24.69)

153849266 C>T n=182 n=238 n=233 n=41 n=16

T 68(31.80) 103 (28.30) 122 (25.63) 125 (26.82) 19(23.17) 38 (25.00)

cc 50 (46.70) 90 (49.45) 134 (56.30) 120 (51.50) 24 (58.54) 41(53.95)

cr 46 (43.00) 81(44.51) 86 (36.13) 101 (43.35) 15 (36.59) 32(4211)  154[1.08-231]  0.036(0.030)
s 11 (10.30) 11 (6.04) 18 (7.56) 12 (6.15) 2(4.88) 3(3.95)

T+ 92 (50.55) 104 (43.70) 113 (48.50) 17 (41.46) 35 (46.05)

152274567 A>G n=148 n=232 n=158 n=28 n=>54

(p-His1208Arg)

G 36(16.80) 65 (21.96) 138 (29.74) 73 (23.10) 15 (26.79) 22(2037)  070(0.51-098]  0.048(0.085)
AA 73 (68.20) 94 (63.51) 110 (47.41) 93 (58.86) 14 (50.00) 32 (59.26)

AG 32 (29.90) 43 (29.05) 106 (45.69) 57 (36.08) 13 (46.43) 22 (40.74)

GG 2(1.90) 11(7.49) 16 (6.90) 8(5.06) 1(3.57) 0

G+ 54 (36.49) 122 (52.59) 65 (41.14) 14 (50.00) 22 (40.74)

153737002 C>T n=192 n=246 n=253 n=43 n=79

(p.Thr1408Met)

T 68(31.80) 109 (28.39) 134 (27.24) 127 (25.10) 18 (20.99) 36 (22.78)

cc 50 (46.70) 103 (53.65) 133 (64.07) 144 (56.92) 27 (62.79) 47 (59.49)

cr 46 (43.00) 69 (35.94) 92 (37.40) 91(35.97) 14.(32.56) 28 (35.44)

™ 11 (10.30) 20 (10.42) 21(8.54) 18 (7.11) 2 (4.65) 4(5.06)

T+ 89 (46.35) 113 (45.93) 109 (43.08) 16 (37.21) 32(4051)

1511118131 C>T n=177 n=208 n=225 n=49 n=T1

T 35 (16.40) 75 (21.19) 103 (24.76) 89 (19.78) 15 (19.23) 26(1831)  074(0.54-1.03) 0.08
cc 74 (69.20) 114 (64.41) 120 (67.69) 147 (65.33) 25 (64.10) 45 (63.38)

cr 31(20.00) 51(28.81) 73(35.10) 67 (20.78) 13 (33.39) 26 (36.62)

™ 2(1.90) 12(6.78) 15(7.21) 11 4.89) 1(2.56) o

T+ 63 (35.59) 88 (42.31) 78 (34.67) 14/(35.90) 26 (36.62)

1511118167 T>C n=179 n=232 n=234 n=41 n=17

c 35 (16.40) 65 (18.16) 91 (19.61) 82(17.62) 18 (21.95) 28 (18.18)

cc 2(1.90) 4(2:29) 5(2.16) 7(2.99) 2(4.88) 2(2.60)

cr 31(20.00) 57(31.84) 81(34.91) 68 (20.06) 14.(34.15) 24(31.17)

™ 74/(69.20) 118 (65.92) 146 (62.93) 159 (67.95) 25 (60.98) 51(66.29)

c+ 61(34.08) 86 (37.07) 75 (32.05) 16 (39.02) 26(33.77)

1517047660 A>G n=185 n=235 n=247 n=42 n=17

(p-Lys1590Glu)

G 3(1.40) 10(2.70) 6(1.28) 23 (4.66) 4(4.78) 9(5.84) 3.77[1.62-9.35] 0002 (0.005)
24 104 (97.20) 175(0459)  220(97.45)  224(30.69) 38 (00.48) 68 (88.31)

AG 3(2.80) 10(5.41) 6(2.55) 23(9.31) 4(952) 9(1169)  856(1.37-9.27)  0.009(0.015)
GG 0 0 0 o 0 0 238(1.01-65.62)  0.048 (0.035)
G+ 10(5.41) 6(2.55) 23(9.31) 4(952) 9(1169)  293[1.18-7.24)  0.020(0.020)
154844610 A>C n=203 n=234 n=265 n=44 n=81

A 23(10.70) 47 (11.58) 63 (13.46) 59(11.19) 8(9.09) 20(12.35)

AA 1(090) 2(0.99) 1(0.43) 2(0.75) 1(2.27) 0

Ac 21(19.60) 43(21.18) 61(26.07) 55 (20.75) 6(13.64) 20 (24.69)

cc 85 (79.40) 158 (77.83) 172(7350) 208 (78.49) 37 (84.09) 61(75.31)

A+ 45 (22.17) 62 (26.50) 57(21.51) 7(15.91) 20 (24.69)

rs12034383 G>A n=191 n=242 n=252 n=43 n=78

G 71(33.20) 188(49.21)  231(47.78) 249 (49.40) 46 (53.49) 82(5256)  3.95[1.08-14.34] 0.029
AA 44 (41.10) 50 (26.18) 70(28.93) 69 (27.38) 10 (23.26) 17 (21.79)

AG 55 (51.40) 94 (49.21) 113 (46.69) 117 (46.43) 20 (46.51) 40 (51.28)

GG 8(7.50) 47 (24.61) 59 (24.38) 66 (26.19) 13(30.23) 21(26.92)

G+ 141 (73.82) 172 (71.07) 183 (72.62) 33(76.74) 61(7821)

Allgenotype distributions were in Hardy-Weinberg equilibrium. Associations were corrected for age, sex, and, ifindependent, for ancestry group distribution. P values were checked for
{alse discovery rate using the correction of Benjamini end Hochberg (q” statistical significance level remeined 0.05). n, number of indivicuals; OR, odds ratio in binry logistic regression;
Cl, confidence interval: q, Benjamini-Hochberg comrected p-value.
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SNP

rs6656401  Intron 4
rs3849266  Intron 21
rs3737002  Exon 26
rs11118131  Intron 26
rs11118167  Intron 28

rs17047660  Exon 29

Localization 5'—3' Forward Primer Sequence

ACGTTGGATGGCATCATTTCCTTCTCTGTC
ACGTTGGATGATAACTCGCCCCTCAATCTG
ACGTTGGATGTCCAGGTCACTGTAAAACCC
ACGTTGGATGGATGTCTATATTTGCCCAAG
ACGTTGGATGATGTGTGTAGTCACTTAGCC
ACGTTGGATGCAAGTTGGTGTTTGGAGCAG

SNP single nucleotide polymorphism.

5'—3' Reverse Primer Sequence

ACGTTGGATGGACAGAAGAGCAAAGGACAC
ACGTTGGATGGCAGGCAACTGTGTTTATAC
ACGTTGGATGAAGATGTCCCGACTGGAAAC
ACGTTGGATGGCATCTAGTCAAGGTTCAGG
ACGTTGGATGATAATGGCAGATTTAAGGGC
ACGTTGGATGGCATTTTCAACTTCTGGAGC

5’3’ Extended Primer Sequence

GTTTTTTCTCTGTCTCCATCTTCTC
ACCTCAATCTGCATTGATCCA
CTATCAGTTTCCATTTGCCAGTCCTA
GGTATAAAGGAAAGGATGGTCTTGTA
GCCAATATGTGAATATTATTATCTTA
TCACCTTCTGGAGCTGTGCATT
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Forward Primers Reverse primers

SNP Localization 5'—3’ Sequence SNP Localization 53’ Sequence Fragment

Simple PCR 1 rs6656401 Intron 4 CTCTGTCTCCATCTTCTCA Generic Primer Intron 4 CATAGTTGTAGTTGGGGATTG 257 bp
CTCTGTCTCCATCTTCTCG

Multi 1 rs3849266 Intron 21 CTGATGGCTTGGGGTAT rs2274567 Exon 22 CTCAATCTGCATTGATCCAC 667 bp.
CTGATGGCTTGGGGTAC CTCAATCTGCATTGATCCAT

Simple PCR 1 rs12034598 Intron 24 GCCTGGCATCATCAAGAAAA rs1746659 Intron 24 GGTTAGTGTTCAGAGGCAGA 1068 bp
GCCTGGCATCATCAAGAAAG GGTTAGTGTTCAGAGGCAGT

Multi 2 rs3737002 Exon 26 CCATTTGCCAGTCCTAC rs11118131 Intron 26 CAAGAAGAAGGGGTGATG 457 bp.
CCATTTGCCAGTCCTAT CAAGAAGAAGGGGTGATA

Multi 2 rs11118167 Intron 28 GCCAATATGTGAATATTATTATCTTAT  rs17047660 Exon 29 TTCTGGAGCTGTGCATTT 746 bp
GCCAATATGTGAATATTATTATCTTAC TTCTGGAGCTGTGCATTC

Multi 1 rsd4844610 Intron 37 CTACACAAAACAGCCTTGTA rs12034383 Intron 37 AGATGTCCATGCCTTAAC 1080 bp
CTACACAAAACAGCCTTGTC AGATGTCCATGCCTTAAT

Simple PCR 1, 2 and muli 1 HGHf TGCCTTCCCAACCATTCCCTTA HGHr CCACTCACGGATTTCTGTTGTGTTTC 431 bp
Multi 2 HLA-Ef CGGGACTGACTAAGGGGCGG HLA-Er GTAGCCCTGTGGACCCTCTTAC 324 bp

In bold: variant nucleotide. SNP, single nucleotide polymorphism; bp, base pairs; HGH, human growth hormone; HLA-E, Human leukocyte E antigen; f, forward; 1, reverse; Mult,
multiplex PCR-SSP.
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Patient
no.

-4

Age

(range)

60-65

70-75

Diagnosis of BP

- Intense pruritus, blisters
since 2 years
Subepidermal biister in
histological examination of
the lesional skin

Linear deposits of IgG and
complement C3 at the
dermal-epidermal junction
in direct
immunofiuorescence of
lesional/perilesional skin

- Along history of itchy
dermatosis without
biisters

- Subepidermal blister with

an eosinophil-rich

inflammation in
histological examination of
the lesional skin

Linear deposits of IgG, IgE

and C3at the

derml-epidermal junction
in direct
immunofiuorescence of
perilesional skin

Previous Therapies

- Topical corticosteroid

- Systemic
corticosteroids

- Azathioprine

Before Therapy
assessments

- Serum level of IgE
(1,176 U/L) and
basophil membrane
FesRl (42'778)

- Tetracycline/nicotinamide - Eosinophilia (0.62

- Topical corticosteroid
- Systemic corticosteroids

()
Circulating IgG
antibodies against
BP-180 (45 U/L) and
B8P-230 (106 UL)
- Normal

basophil count

- Serum level of IgE
@10 U and
basophil membrane
FeeRl (97°201).
Normal eosinophil
count (0.34 G/L)
Circulating IgG
antibodies against
8P-180 (21.7 U/L)
and BP-230 (115
uy
- Normal

basophil count

Therapy regime

- 300mg subcutaneously
every 2 weeks initially for
the first month in
combination with topical
steroid and then in
monthly regime
in monotherapy

300mg subcutaneously
monthly, initially in
combination with topical
steroid and then in
monotherapy

After Therapy assessments

Immunohistochemical analysis of
the skin biopsy, showed a notable
decrease in the tissue FeeRI* and
IgE* cells after 4 weeks of the
treatment

Decreased basophi-membrane
FoeRl (3'632 after 1 month; 3'063
after 4 months of the treatment)
Serum total IgE during treatment
showed an increase after 1 month
1o 1,843 U/L with further relative
decrease after 4 months (1,466
U/L) and increase after 6 months
(2202 UNL).

Girculating IgG antibodies against
BP-180 (21.3 U/L) and BP-230
(97.3 U/L) after 6 months
Eosinophil count decreased after 4
weeks of treatment (0.22 G/L).
Immunohistochemical analysis of
the skin biopsy, showed a notable
decrease in the tissue FceRI+ and
IgE* cells after 4 weeks of the
treatment

Decreased basophi-membrane
FoeRI [3'678 after 1 month,
remained low after 5 months of
treatment (6367)).

Serum total IgE during treatment
showed a slight increase after 1
month to 563 U/L with further
values fluctuating between 650 and
730 U/L in the following months.
Girculating IgG antibodies against
BP-180 (17.9 U/L) and BP-230 (7.3
U/L) after 6 months

Basophils granulocytes remained
low during treatment

Eosinophil counts slightly increased
(0.37 after 1 month, 0.83 after

4 months).

Clinical response

- After 4 months of
therapy the patient's
skin was  clinically
disease-free  and
prurtus  subsided
completely.

- No adverse events
were reported.
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Controls FS patients

Endemic Non- Patients Localized Generalized

n=204 endemic n=265 lesions

n=256 n=44
Epidemiologic
data
Male (%) 99(485) 106(41.4) 121(457) 18(40.9)
Average age 4475 3364 8742 285
(min-max) (13-86)  (17-66)  (12-88)  (16-73)
Demographic
data
Central- 177 (86.8) 0 208(77.7) 31(705)
Western
(%)
Southwestern 5 (2.5) 0 5611 120273
(%)
South (%) 22(108) 256(100) 3(1.1) 13

lesions
n =80

32(40.0)

38.55
(14-85)

57(71.3)

21(263)

2(25)

N, number of indlivicluals; Central-Western, Campo Grande-MS; Southwestern, Ribeiréo

Preto-SP. South, Curitiba-PR.

The total number of patients with localized or generalized lesions did not sum 265 due to

lack of proper diagnostic classification of some individuals.
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ELISA? Disease Sensitivity®  Specificity? References
Anti-Dsg1® Pemphigus foliaceus 96 - 100% 96-100% (147, 159, 165-169)
Anti-Dsg3° Pemphigus vulgaris 85-100% 96-100% (147, 159, 165-173)
Anti-envoplakind Paraneoplastic pemphigus 63-83% 91-98% (36-38)
Anti-periplakin Paraneoplastic pemphigus 74% 96% (@6)
Anti-desmocolin Paraneoplastic pemphigus 60% NA @3)
Anti-BP180° Bullous pemphigoid 54-95% 90-100% (50, 51,53, 106, 143, 144, 160, 164, 165, 169, 173-181)
Anti-BP230f Bullous pemphigoid 48-82% 65-99% (50, 51, 53, 54, 106, 144, 165, 175-177, 182)
Anti-laminin 332 Mucous membrane pemphigoid 20-75% 84-96% (71, 163)
Anti-laminin y 1 Anti-lamininy1/p200 pemphigoid 69% 99% (162)
Anti-type VIl collagen9 Epidermolysis bulosa acqisita 86-100% 98-100% (114, 149, 161, 183-186)
Anti-deamidated gliadin Dermatitis herpetiformis, coeliac disease ~ 84-95% (IgA) ~ 86-93% (IgA) (92, 145)

80-99% (gG)  93-94% (igG)
Anti-tissue transglutaminase  Dermatitis herpetiformis, coeliac disease ~ 78-08% 96-99% (92,94, 145, 187-189)

2Parameters for which commercial ELISA systems are not available are indicated in italics.

Pincluding performance data reported for commercial and in-house assays.

Commercial assays employ the ectodomains of Dsg1 and Dsg3 after recombinent expression in baculovirus (MBL) or HEK293 cels (Euroimmun).
4Commercial assay based on the N-terminal envoplakin 1-481 fragment (Euroimmun).
°Commercial assays employ a single recombinant NC16A domain (MBL) or  tetramer of four NC16A domains to increase epitope exposure (BP180-NC16A-4X, Euroimmun).
{Commercial assays employ recombinant protein of both N- and C-terminal parts of BP230 (MBL) or only a fragment of the C-terminal domain (BP230zz6.2649, Euroimmun).
9Commercial assays employ the NC1 and NC2 domains of type VI collagen (MBL) or only NCT (Euroimmun).
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Name

Peptide 1
Peptide 2
Peptide 3
Peptide 4
Peptide 5
Peptide 6
Peptide 7
Peptide 8
Peptice 9
Peptice 10
Peptide 11
Peptide 12
Peptice 13
Peptide 14
Peptice 15
Peptide 16
Peptice 17
Peptice 18
Peptide 19

Sequence

GRAMGACSH GPVDVVFLLHA
GPVDVVFLLHA TRDNAHNAEA
"TRDNAHNAEA VRRVLERLVS
VRRVLERLVS ALGPLGPOAA
ALGPLGPQAA QVGLLTYSHR
QVGLLTYSHR PSPLFPLNSS
PSPLFPLNSS HDLGIILRKI
HDLGIILRKI RDIPYVDPSG
RDIPYVDPSG NNLGTAVTTA
NNLGTAVTTA HRYLLASNAP
HRYLLASNAP GRRQQVPGVM
GRRQQVPGVM VLLVDEPLRG
VLLVDEPLRG DILSPIREAQ
DILSPIREAQ TSGLKVMALS
TSGLKVMALS LVGADPEQLR
LVGADPEQLR RLAPGTDPIQ
RLAPGTDPIQ NFFAVDNGPG
NFFAVDNGPG LDRAVSDLAV
NGPG LDRAVSDLAV ALCQAA

Sequences shown in bold highlight overlapping sequences.
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Autoallergen

DSF70

a-NAC/Hom s2

BCL7B/Hom s3

MICU1/Hom s4

MHC class

]

Consensus sequence of overlapping epitopes

ATASVNLKVSPK

KVSQVIMEKSTMLY

KAVDITTPKAA

SVITQULNK

ANVSRAKAVRAL

QENTQTPTV

KSKNILFVITK

NVSRAKAVRALKNNSNDIVNA
EEVDETGVEVKD
LSQQAQLAAAEKF
EEDSGAPPLKRF

KVMAAIEKVRK
RPTTGNTL
VTASTGLLWK
AELAVGSRW

RSITPNEKQPEHLGLDQY

This list was extracted from the SysteMHCAlas (66). This list is not exhaustive.

# of epitopes found

62

61

Y

© N ® o

2%

# of studies

8

@ oo

N

HLA

A'03:01
A'68:01
A'11:01
A'31:01
A01:01
A'03:01
A'68:01
A'03:01
A'11:01
A03:01
A'68:01
A*11:01
A'30:01
B'07:02
C'06:02
B*39:24
84001
B40:02
B*45:01
A'11:01
B'57:01
na.
na.
na.
B*44:02
B*44:03
A03:01
B*07:02
A'03:01
A'11:01
B'44:02
B'44:03
na.
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1gE against

Manganese superoxide dismutase
(MnSOD, SOD2)

Ribosomal protein P2 (RPLP2)

Profiin 1 (PFN1)

Thioredoxin (TXN, hrx)

SART-1/Hom s1

«NAC/Hom 2

BCL7B/Hom 3

MICU1/Hom s4

Cytokeratin 6A/Hom s5

Cyclophilins A, B, C (PPIA, PPIB,
PPIC)

Dense fine spreckles (DFS70/LEDGF)
Actin-o

Tubuiin-a

elF6

HLA-DR-

RP-1

>124 further antigens

Prevalence

42%

8%
na.
na.
na.
30%
na.
16.7%
na.
na.

10-30%
15.5%
21.7%
25.4%

8.7%
21%
na.

References
@©.17

(18)

(19)

(20)

(19

[(21); own observations]
@1

(12, 21)

@1

@2)

(23, 24)
(1)
an
(1)
(11)
an
(W]
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Disease Inhibitor ~ Target Administration Phase  Study number

type

cHE Delgocitinib  PanJAK  Topical Phase Il  NCT03683719
Delgocitinib  PanJAK  Topical Phase Il NCT02664805





OPS/images/fimmu-10-02847/fimmu-10-02847-t010.jpg
Disease

type

Vitiigo

Inhil

Ruxolitinib

Ruxolitinib

ATI-502

PF-
06651600
PF-

06700841

Target

JAK1
JAK2
JAKT
JAK2
JAKT
JAK3
JAK3
JAK1

Administration Phase

Topical

Topical

Topical

Oral

Phase Il

Phase Il

Phase Il

Phase Il

Study
number

NCT03099304

NCT02809976

NCT03468855

NCT03715829
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Treatment?® Success N Failure References

cases N cases
Acitretin 2 1 (70,91,92)
Azathioprin 3 1 (2,17,93,94)
Ciclosporin (systemic) 2 (95, 96)
Corticosteroids 38 4 2,5,8,12, 17,26
(systemic) 28, 48,62, 65, 67,
70-78,75-77,82,
91, 93-104)
Corticosteroids 15 5 (2,8, 48,49, 64,
(topically) 72,92,93, 95,
97-99, 104-107)
Ciclosporine (topically) 2] 1 (@9)
Dapsone 13 2 (12, 26, 65, 66,
70,75,77,91,94,
98-100, 103, 108)
Doxycycline 1 2] (107)
Hydroxychloroquine 2] 1 (©4)
Ve 3 o (49, 62)
MTX 1 1 (95,102)
Mycophenolatmofetile 2 1 (48, 62,94)
PUVA 2] 2) (70,91)
Rituximab 2] 1 (70)
Sirolimus 2] 1 (70)
Tacrolimus (topically) 1 2] (48)
Tetracycline/Nicotinarmide 2 1 (70,94, 105)
Ustekinumab 1 o (©4)
Termination of the 8 2 (49, 64-67, 69, 70,
triggering medication or 76,82, 93, 109)
tumor resection
Non-termination of 1 ] (70)

potentiall triggering
medication

aThe listed treatment may be part of a combination therapy. Individual cases may be
counted multiple times with different drugs. Treatment options with at least 10 reports are
highlighted in bold font. Some publications report more than one case.
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Drug Reference® Pharmacovigilance data
disproportionality analysis®P

P Pemphigoid Lichen planus Pemphigoid
Chi squared Reporting odds ratio Chi squared Reporting odds ratio
(Yates) (95%-Cl) (vates) (95%-Cl)

Ibuprofen 1) ©2) 022 1.16 (0.72-1,87) 83" 22(1.3-38)
Hydrochlorothiazide 1) ©2) 190.2¢ 4.9(3.8-6.3) 100 284 (23-3.5)
Infiximab 1) ©2) 36.9° 2.9(2.0-4.0) 26 1.34(0.9-1.9)
Etanercept 1) ©2) 08 1.14(09-1.5) 533 029 (0.2-0.4)
Adalimumab 651) (62) 1.7 157 (1.2-2.0) 14.4% 0.59 (0.5-0.8)
Hydroxychloroquine 1) 89.23* 622 (4.1-9.5) 26 037 (0.1-1.2)
Candesartand noref® 16.43+ 3.64(2-6.8) 149+ 6.00 (4.4-8.4)
Sitagliptine 5) ©2) 748 222(1.20-3.9) 1689* 13.25 (11.3-15.6)
Furosemide ©2) 056 12(08-1.7) 382" 3.96 (3.4-4.6)
Veraparil ©2) e e 28" 438 (1.82-10.5)
Ciprofioxacine ©2) 004 12(05-2.7) 13.44 214 (1.43-32)
Amoxicillin noref® ©2) 26" 2.5(1.4-4.5) 0.07 1.13(0.64-2)
Cephalexin ©2) 26 27(1-7.1) 51.5¢ 5.1(3.2-82)
Spironolactone ©2) 17 1.7 (0.9-3.4) 139 22(1.5-3.3)
Amlodipin 6) ©2) 33.3* 23(1.7-3.0) 194+ 31 (26-3.7)
Losartan no ref. 62) 3.7 3.0 (2.1-4.4) 13 1.8 (1.3-2.5)
Sulfasalazine ®7) (62) 8.8 3.0 (1.5-6.0) 0.08 0.8(0.4-2)
Fluoxetine no ref® ©2) 19.44 26(1.7-4.1) 154 2(1.4-28)
Gabapentine 2 01 0.9(0.6-1.5) 178" 0.3(0.2-0.6)
Galantamine ©2) n. . 21.9* 9.3(3.5-24.9)
hydrobromide
Levetiracetam 52) 0.07 1.2(0.6-2.5) 23.3* 24(1.7-34)
Terbinafine ©9) ©2) 8.4 48(1.8-128) 1154 3.8(1.8-7.9)
Omeprazole ©2) 1.9 1.7(1.3-2.8) 97 1.4(1.1-1.8)

isperidone ©9) ©2) 08 05(0.1-1.8) 19.6* 25(1.7-3.7)
Hepatitis C virus 51) n.a. n.a. na. na.

#Disproportionalty analyses were performed using OpenVigil (URL: http://openvigil pharmacology.uni-Kiel. de/openvigiltda.php). A possible association requires a minimum report count
of N > 3, a reporting odds ratio > 2 and a Chi-Squared value > 4 (75). An asterisk () and bold face indicates a possible relationship between drug and disease. Drugs associated with
both lichen planus and pemphigoid are indicated by bold font face. A double asterisk (") indicates a negative refationship between drug and disease. The corresponding drug names
and relationship parameter values are highlighted in red.

bn.r, respective condition not reported; n.a., no data avaiabl.

“Drug associations for pemphigoid as summerized by Stavropoulos et al. (52, for lichen planus as summarized by Amold et al (57) and reported by Swale and McGregor (86).
9Candesartan was not reported by name previously, only by drug class.

*No ref. indicates that pharmacovigiance data analysis suggests an association of drug and disease, but the search term “lchen planus” plus drug name did not retrieve any
pubmed records.





OPS/images/fimmu-10-02095/fimmu-10-02095-g005.gif
Fpr2KO

Masson's Trichromo.

LMW

BLMAWm

. 3 >
£ cem 2
e . SlHun g . Eln Fue
£F g Zom
Sou i H
E2 om0 S g
1 B Z200-
i i ;
o 8o £
W2 KO wr T Fezko- o " wr

Fpr2KO





OPS/images/fimmu-10-01389/fimmu-10-01389-t001.jpg
Drug Reference® Pharmacovigilance data
disproportionality analysis®

Lichen planus Pemphigoid

Chisquared (Yates)  Reporting odds ratio (95%-Cl)  Chi squared (yates)  Reporting odds ratio (95%-Cl)

Ginnarizine (©3) nr. e nr. nr.
Enalapril ©4) 7.93° 3.1 (1.48-6.53) 35.93" 3.79 (2.41-5.95)
Narrowband UVB ©n na. na. na. na

Chinese herbs (65) na. na. na. na.

“weight reduction drug”  (66) na. na. na. na.
Captopril (67,68) 17.93* 6.48 (2.69-15.62) 003 058 (0.08-4.11)
Simvastatin (69) 11.09° 1.79 (1.28-2.51) 51.79° 213 (1.73-262)
Pembrolizumab (70) 83.22° 101 (5.71-17.83) 42724 14.06 (10.15-19.46)
PUVA (71) na. na. na. na.
Varicella (72, 79) na. na. na. na.
Ghickenpox

Ramipril (74) 43.95° 3.63 (2.44-5.4) 279.96° 5.41 (4.34-6.75)
Renal tuberculosis? (75) na. na. na. na.
Isoniazide? 5) nr. nr. nr. nr.
Rifampind (75) nr. nr. nr. nr.
Ethambutol? 75) 056 551(0.78-39.21) 002 2.47 (0.35-17.58)
Pyrazinamide? 75) 000016 204 (0.29-14.48) 181 275 (0.88-8.52)
Gestodene + (76) nr. nr. nr. nr.
Ethinylestradiol

Hepatitis B Virus (77.78) na. na. na. na.

aDisproportionalty analyses were performed using OpenVigil (URL: http://openvigil pharmacology.uni-Kiel.de/openvigilida.php). A possible association requires a minimum report count
of N > 3, a reporting ods ratio > 2 and a Chi-Squared value > 4 (75). An asterisk (') indicates a possible relationship between drug and disease. Drugs associated with both lichen
planus and pemphigoid are indicated by bold font face.

bn., respective condition not reported; n.a., no data available.

“Each of the references describes a single case of drug-induced LPP

9The case report by Demircay et al. (75) describes one patient with renal tuberculosis who developed LPP after treatment with isoniaziade, ritampir

ethambutol and pyrazinamide.
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Disease Inhibitor  Target
subtype

PSO Ruxolitinib ~ JAK1
JAK2

Peficitinio PanJAK
PF-08826647 TYK2
PF-06826647 TYK2

PF-06700841 JAK1
TYK2

PF-06763809 n/a
BMS-986165 TYK2
BMS-986165 TYK2
PSA Itacitinib JAK1T
Upadacitinib ~ JAK1
Upadacitinio  JAK1
Tofacitinib JAK1T

JAK3
Tofacitinib JAK1T
JAK3
Tofacitinib JAK1T
JAK3

Filgotinib JAK1
BMS-986165 TYK2
iPSO Delgocitinib  PanJAK

PSO, psoriasis vulgaris; PSA, psoriasis arthitis; iPSO, psoriasis inversa.

Administration Phase

Topical

Oral
Oral
Oral
Topical

Topical
Oral
Oral
Oral
Oral
Oral
Oral

Oral

Oral

Oral
Oral
Oral

Phase Il

Phase Il
Phase Il
Phase |
Phase Il

Phase |

Phase Ill
Phase Ill
Phase Il
Phase Ill
Phase Ill
Phase Ill

Phase Ill

Phase Ill

Phase Il
Phase Il
Phase Il

Study number

NCT00617994

NCT01096862
NCT03895372
NCT03210961
NCT03850483

NCT03469336
NCT03624127
NCT03611751
NCT01634087
NCT03104374
NCT03104400
NCT03736161

NCT03486457

NCT01976364

NCT03320876
NCT03881059
NCT02695940





OPS/images/fimmu-10-01389/fimmu-10-01389-g001.gif





OPS/images/fimmu-10-02095/fimmu-10-02095-g003.gif
‘

(=

Ty






OPS/images/fimmu-10-02847/fimmu-10-02847-t008.jpg
Disease  Inhibitor
subtype

SLE Tofacitinib

Baricitinib

Baricitinib

GSK2586184
PFO06835375
PF06700841

BMS986165
SLE/DLE  Tofacitinib

Target

JAK1
JAK3

JAK1
JAK2

JAK1
JAK2

JAK1
TYK2
JAK1
TYK1
TYK2

JAK1
JAK3

Administration Phase

Oral

Oral

Oral

Oral
Oral
Oral

Oral
Oral

Phase |

Phase Il

Phase Ill

Phase Il
Phase |
Phase Il

Phase Il
Phase 1

Study number

NCT02536689
NCT03843125
NCT03616912

NCT01777256
NCT03334851
NCT03845517

NCT03252587
NCT03159936

SLE, systemic lupus erythematosus; DLE, discoid lupus erythematosus.
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Disease Inhibitor  Target Administration Phase  Study number
type

cLP Ruxolitinib  JAK1 JAK2  Topical Phase Il NCT03697460

Clinical trial program according to clinicaltrials.gov. cLP cutaneous lichen planus.
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BP180-FL IgG Negative Positive p-value

Age (mediar) 69 74 0.025*
Male/Female ratio 1.63:1 1.18:1 0.509
DPP-diintake (mean months) ~ 35.6+24.5°  43.4£212 0.115
HoA1c (mean) 74£09 71£08 0.936

#Age data of one case was not obtained in anti-full-length BP180 IgG-negative cases.
'p < 0.05 by Mann-Whitney test. ®DPP-4i intake period data of four cases were not
obtained for the anti-full-length BP180 IgG autoantibody-negative cases.
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Disease Inhibitor ~ Target Administration
type

HS INCB054707  JAK1 Oral
INCB054707  JAK1 Oral

HS, hidradenitis suppurativa,

Phase

Phase Il
Phase Il

Study number

NCT03607487
NCT03569371
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BP180 NC16A

DPP-4i(-) (n=54)  0(0.0%)
DPP-di (+) (1= 221) 4 (1.8%)
Sitagliptin (1=87) 0 (0.0%)
Anagliptin (1=40)  0(0.0%)
Vildagliptin (0 =37) 2 (6.4%)
Teneligliptin (1 =26) 2 (7.7%)
Linagliptin (1=21)  0(0.0%)
Alogliptin (n = 8) 0(0.0%)
Saxagliptin(1=1)  0(0.0%)

Omaligliptin (7= 1)~ 0(0.0%)

Odds ratio
p-value

1.000
1.000
1.580x 107
0995
1.000
1.000
1.000
1.000
3.610x 1078
0998
5.260x 1078
0908
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

BP230

4(7.4%)
5(2.2%)
3(3.4%)
0(0.0%)
2(5.4%)
0(0.0%)
0(0.0%)
0(0.0%)
0(0.0%)

0(0.0%)

Odds ratio
p-value

1.000
1.000
0.289
0071
0.446
0.304
1.460 x 1078
0.995
0714
0.707
1.460 x 1078
0.996
1.460 x 1078
0.996
1.460 x 10~8
0.998
1.460 x 1078
0999
1.460 x 1078
0.999

BP180-FL

3(5.6%)

24.(10.9%)

11 (12.6%)

2(5.0%)

5 (18.5%)

3(11.5%)

3(14.2%)

0(0.0%)

0(0.0%)

0(0.0%)

Odds ratio
p-value

1.000
1.000
2,070
0249
2.460
0.183
0.89
0.906
2,660
0201
2.220
0.351
2.830
0.227
4,000 x 10=7
0992
4.000 x 107
0.997
4.000 x 10~7
0.997
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Disease Inhibitor
subtype

Prophylaxis ltacitinib
Of GVHD  ltacitinib

aGVHD Ruxolitinib
Ruxolitinib
Ruxolitinib
Ruxolitinib

Ruxolitinib

Itacitinib
Itacitinib
Itacitinib
Itacitinio
Pacritinib
aGVHD Ruxolitinb
cGVHD
CcGVHD Baricitinib

Itacitinib
Ruxolitinib

Ruxolitinib
Ruxolitinib

Ruxolitinib

Target

JAKY
JAKT

JAKT
JAK2

JAKT
JAK2

JAKT
JAK2

JAKT
JAK2

JAKT
JAK2

JAK1T
JAKT
JAKY
JAKY
JAK2

JAKT
JAK2

JAKY
JAK2

JAKT
JAKY
JAK2
JAKT
JAK2
JAKY
JAK2
JAKT
JAK2

Administration Phase

Oral
Oral
Oral
Oral
Oral
Oral

Oral

Oral
Oral
Oral
Oral
Oral
Oral

Oral

Oral
Oral

Oral

Oral

Topical

Phase |

Phase |

Phase Il

Phase Ill

Phase Il

Phase Il

Phase Il

Phase |
Phase I/l
Phase Iil
Phase Il
Phase |
Phase Il

Phase VIl

Phase Ill
Phase Il

na

Phase Iil

Phase Il

Study number

NCT03320642
NCT03755414
NCT02396628
NCT02913261
NCT03702698
NCT03491215

NCT02053678

NCT03497273
NCT03721965
NCT03139604
NCT03846479
NCT02891603
NCT02997280

NCT02759731

NCT03584516
NCT03616184

NCT03147742

NCT03112603

NCT03395340

aGVHD, acute Graft-versus-Host-Disease; cGVHD, chronic graft-versus-host-diseases.
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Disease Inhibitor Target  Administration Phase ~Study number
type

DM Tofacitinib  JAKT JAK3  Oral Phase |  NCT03002649

Clinical trial program according to clinicaltrials.gov. DM, dermatomyositis.
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Disease  Inhibitor
subtype

AD Baricitinib

Baricitinib

Upadacitinio
Upadcitinio
Upadacitinio
Ruxolitinio

Ruxolitinio

Delgocitinib
Delgocitinib
PF-04965842

PF-04965842
PF-04965842
PF-04965842
PF-04965842
PF-04965842
PF-04965842

PAD  Upadacitinib

Target

JAKT
JAK2

JAKT
JAK2

JAKT
JAK1
JAK1

JAK1
JAK2

JAK1
JAK2

PanJAK
PanJAK

JAKT
JAK2

JAK1
JAKT
JAK1
JAKT
JAK1
JAKT
JAKT

Administration Phase

Oral

Oral

Oral
Oral
Oral
Oral

Oral

Topical
Topical
Oral

Oral
Oral
Oral
Oral
Oral
Oral
Oral

Phase Ill

Phase Il

Phase Il
Phase Il
Phase Il
Phase Il

Phase il

Phase |
Phase Il
Phase Ill

Phase il
Phase Ill
Phase Il
Phase Il
Phase il
Phase Il
Phase |

Study number

NCT03334396

NCT03334422

NCT02925117
NCT03738397
NCT03607422
NCT03011892

NCT03745651

NCT03826901
NCT03725722
NCT03796676

NCT03422822
NCT03720470
NCT03627767
NCT02780167
NCT0334960

NCT03575871
NCT03646804

AD, atopic dermatits; pAD, pediatric atopic dematits. Clinical tial program according

to clinicaltrials.gov.
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Disease _Inhibitor
subtype

AAAU  Tofacitinib

AT
ATI501
ATI-502

AA AT Ruxolitinib
Baricitinib
Tofacitini
Tofacitinb
Delgocitinib
PF08651600

PFO6700841

PF-08651600
CTP-543

CTP-543

eAA Delgocitinib
ATI-502

Target

JAKT
JAK3

JAKT
JAK3

JAKT
JAK3

JAKT
JAK2

JAK1
JAK2

JAKT
JAK3

JAK1
JAK3

PanJAK
JAKS
JAKT
TYK2
JAK3
JAKT
JAK2

JAKT
JAK2

PanJAK

JAKT
JAK3

Administration Phase

Topical

Oral

Topical

Topical

Oral

Oral

Oral

Topical
oral

Oral

Oral

Oral

Topical
Topical

Phase Il

Phase Il

Phase Il

Phase Il

Phase IVl

Phase IV

Phase Il

Phase Il
Phase Il

Phase Il
Phase Il

Phase Il

Phase Il
Phase Il

Study number

NCT02812342

NCT0369427

NCT03759340

NCT02653330

NCT03570749

NCT03800979

NCT02299297

NCT02561585
NCT02974868

NCT03732807
NCT03811912

NCT03137381

NCT03325296
NCT03551821

AA, alopecia areata; AU, alopecia universalis; AT, alopecia totalis; eAA, eyebrows

alopecia areata.
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Frequent adverse events observed under treatment with JAK inhibitors

Infections
- Nasopharyngitis
- Upper respiratory tract infections
- Urinary tract infections
Herpes virus reactivation
- Herpes Zoster
- Lip/oral herpes simplex infections
Gastrointestinal disorders
- Nausea
- Diarrhea
Blood/serum changes
- Elevation of liver enzymes [aspartate aminotransferase (AST). alanine
aminotransferase (ALT)
- Hyperipidemia (increase in cholesterol, triglycerides)
- Increase in birubine
- Increase in creatine phosphokinase
Blood cell count alteration
- Decrease in hemoglobin level
- Decrease in white blood cell count
- Neutropenia
Rare adverse events reported under treatment with JAK inhil

itors
- Thromboembolic events

- Non-melanoma skin cancers

- Solid cancers
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T cell subset Representative ISD
coat Tyl ACD/Lichen planus
Tu2 Atopic Dermatitis
Tyl7  Psoriasis
Ten Lupus/AIBD

cbst CTLs Severe drug reactions (SJS/TEN)

Glycolysis

++
+++
++
+
++

Amino acid metabolism

+++
N.D.
++
N.D.

+++

Fatty acid synthesis

+
N.D.

+++
N.D.
++

Mitochondrial biogenesis

++
+
+4+
++
+4+

ACD, allergic contact dermatitis; AIBD, autoimmune bullous disease; CTL, cytotoxic T lymphocyte; SJS, Stevens-~Johnson-Syndrome; TEN, Toxic epicermal necrolysis. Adepted from

Bantug et al. (67) and Eyerich et al. (99).
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T cell subset Anaerobic glycolysis

Naive T cell

Early activated T cell
Late activated T cell
Memory T el

TRM

Adapted from Veldhoen et al. (55).
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Pathogenic function

IL-28/IL-17A signaling

Effector T-cell function and
differentiation

Type | interferon and cytokine
signaling

Regulation of NF-xB-associated
inflammatory signaling pathways

Antigen processing (N-terminal
trimming)

Psoriasis-associated gene locus

1L23R, interleukin-23 receptor

IL12B, interleukin-12 subunit p40, also part of IL-23

IL12RB, interleukin-12 receptor subunit beta 1, also termed IL-12RB1

IL23A, interleukin-23 subunit alpha, p19

1L23R, interleukin-23 receptor, a Janus kinase-2 associated type | eytokine receptor that activates STAT3 upon ligand binding

TYK2, tyrosine-protein Kinase 2, a Janus kinase family member, faciltates type | and Il cytokine receptor and type | and lll interferon
signaling pathways, involved in innate and adaptive immune processes

STATS, signal transducer and activator of transcription 3, a central transcription factor in inflammatory processes

STATSA/B, signal transducer and activator of transcription SA/8

S0CST, suppressor of cytokine signaling 1, a member of the STATnduced STAT inhibitor family, negative regulator of cytokine
signaling

ETS1, amember of the E26 transformation-specific transcription factors, a negative regulator of Th17 cells

TRAFIP2, tumor necrosis factor receptor-associated factor 3-interacting protein-2, central role in response to inflammatory signals
KLF4, Kriippel-like factor 4, influences NF-«B-mediated inflammatory pathways

IF3, eukaryotic translation initiation factor 3

ETS1, £26 transformation-specific transcription factor 1, a negative regulator of Th17 cells

PRUNX3, runt-related transcription factor 3, a runt domain-containing transcription factor involved in regulation of many cellular
processes

TNFRSFO, tumor necrosis factor receptor superfamily member 9, CD137, costimulator of T cells

MBD2, methyl-CpG-binding domain protein 2, binds to methylated DNA and regulates transcription from methylated gene promoters
IRF4, interferon regulatory factor 4

ELMO1, engulfment and cell motility protein 1

TYK2, non-receptor tyrosine-protein kinase, a Janus kinase family member (see above)

SOCS1, suppressor of cytokine signaling 1, a member of the STATinduced STAT inhibitor farmily, negative regulator of cytokine
signaling

IFIH1/MDAS, Interferon-induced helicase C domain-containing protein 1/melanoma differentiation-associated protein 5, a CARD
(caspase activation and recruitment domain) protein involved in IL-1 and IL-18 processing and in regulation of inflammation

ANF114, ring finger protein 114, a ubiquitin ligase
IRF4, interferon regulatory factor 4

RIG1/DDX58, retinoic acid inducible gene | encoded by the DDX58 (DExD/H-Box Helicase 58) gene; contains a RNA helicase motif
and a caspase recruitment domain (GARD), involved in regulation of immune responses

IFNLR1/IL28RA, interferon lambda receptor 1, forms complex with IL10RB and interacts with IL-28A, IL-288, and IL-29, involved in
immune regulation

IFNGR2, interferon gamma receptor 2, non-ligand-binding beta chain of the IFNy chain

TNFAIP3, TNFe induced protein 3, a ubigitin-editing enzyme that inhibits NF-«B activation and TNF-mediated apoptosis; involved in
the cytokine-mediated inflammatory responses

TNIP1, TNFAIPS interacting protein 1, a regulator of NF-«B activation

TYK2, non-receptor tyrosine-protein kinase, a Janus kinase family member (see above)

REL, reticuloendotheliosis oncogene, a NF-B subunit (c-Rel) involved in apoptosis, inflammation and immune responses, SNPs are
also associated with ulcerative colitis and rheumatoid arthritis

NFKBIA, NF-«B inhibitor a, interacts with NF-xB/c-Rel involved in inflammatory responses.

CARD?14, caspase recruitment domain family member 14, a scaffold protein involved in cell adhesion, signal transduction and cell
polarity, involved in NF-kB activation.

CARM1, coactivator associated arginine methyltransferase 1, catalyzes methylation of histones and other chromatin-associated
proteins, involved in regulation of gene expression

UBE2L3, ublqitin conjugating enzyme E2 L3, an E2 ubiquitin-conjugating enzyme, participates in ubiquitination of the p105 NF-x8
precursor

FBXL19, F-box and leucine rich repeat protein 19, an E3 ubiquitin ligase, binds to interleukin 1 receptor-like 1 and regulates its
ubiquitination, associated with pulmonary inflammation and psoriasis

ERAP1, endoplasmic reticulum aminopeptidase 1, involved in trimming of HLA class I-binding precursors enabling them to be
presented on MHC class | molecules

Most genetic associations have direct connections with immune functions implicated in the pathophysiology of psoriasis.
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IPPF registry Local biorepository

patients patients.
BP MMP BP MMP
(=121 (n=138P (1=152 (=43P
Prednisone only, n (%) 27 (22) 1(8) 2(19) 5(12)
Precnisone + 48 (40) 38 (28) 8(53)  10(29)
immunosuppressive

agent(s) or other adjunct
therapies®, n (%)

Immunosuppressive 43(36) 76(55) 4@n  27(69)
agent(s) or other adjunct

therapiesd, n (%)

“Medications not available for 3 BP patients in the IPPF registry and 1 BP patient in the
focal biorepository.

bMedications not aveileble for 13 MMP patients in the IPPF registry and 1 BP patient in
the local biorepository.

SImmunosuppressive  agent(s) or other adjunct therapies  including: topical
steroids, azathioprine, mycophenolate mofeti, cyclophosphamide, cyclosporine,
dapsone, tetracyciines, - nicotinamide, methotrexate, rituximab, etanercept, Mg,
intralesional injections.

YAl therapies that did not include the use of prednisone, including: topical steroids,
azathioprine, mycophenolate mofeti,  cyclophosphamide, ~cyclosporine, - dapsone,
tetracyclines, nicotinamide, methotrexate, rituximab, etanercept, adalimumab, Vig.
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IPPF registry Local biorepository

patients patients
BP MMP BP MMP

(n=151) (1=176) (1=21) (1=54
No treatment, n (%) 30 (20) 38(22) 6(29)  11(0)
Minimal treatment, n (%) 43 (28) 37(21) 419 122
More than minimal 74 (49) 87 (49) 10048 27(50)
treatment, n (%)
Unable to be determined®®, 4 (3) 14(8) 16) 4@
n (%)

“Medication descriptions were not avaieble for 3 BP patients and 13 MMP patients in the
IPPF registry, and for 1 BP patient and 1 MMP patient in the local biorepository.
bClassification of treatment was uneble to be determined for 1 BP patient and 1 MMP
patient in the IPPF registry, and for 3 MMP patients in the local biorepository.
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Age, mean (SD), years
Age at diagnosis, mean (SD), years
Male
Female
Female, n (%)
Ethnicity, n (%)
Caucasian (non-Ashkenazi Jewish)
Ashkenazi
South Asian
Hispanic
Afican American
Asian
Other
Unknown
Country, n (%)
United States
Other®

IPPF registry patients

BP(n=138)  MMP (1= 165)
61.9(16.6)% 58,0 (105
59.1 (17.6)2 54.8(11.2°
61.1(18.3) 57.0(12.7)
582 (17.1) 54.2(10.8)

93 (67) 134 (81)
117 (85) 149 (90)
64 2(1)
2(1) 2(1)
2(1) 5@
2(1) 0(0)
5(4) 3@
4@ 42
112 81) 145 (88)
26 (19) 20(12)

a7 patients had no recorded birthdate and date of diagnosis.
b2 patients had no recorded birthdate and date of diagnoss.

©Other country (n) for BP patients: Australia (2), Brezil (1), Canada (), Congo (1), India (2), New Zealand (1), Sweden (1), UK (9), unable to be determined (1). Other country (r) for
MMP/OCP patients: Argentina (1), Canada (6), Denmark (1), Greece (1), ltaly (1), Norway (1), UK (9).

dif a patient had multiple intakes, the average of the patient's age over all intakes was used.

Local biorepository patients

BP (n = 19) MMP (1 = 43)
762(13.2) 62.2(9.41%
74.2 (14.0) 58.8 (9.9)
68.9(11.6) 57.8(11.2)
780(14.8) 502 (9.4)
11(58) 30 (70)
14 (74) 34 (79)
3(16) 49
1) 1@
16) 0
0 12
0 1@
0 12
0 1@

‘Comparison: IPPF vs. local

BP (p-value)  MMP (p-value)
<0039 036
<0.001 0.02
0.444 0.141
0319 0062
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Duration of follow-up Crude RR 95% ClI P-value Adjusted RR* 95% ClI P-value

Any duration 247 1.71-8.57 <0.001 1.98 1.29-3.04 0.002
< 1year 5.04 2.79-9.12 <0.001 3.56 1.78-7.09 <0.001
2-5 years 158 0.87-2.87 0.137 1.25 0.63-2.47 0518
6-10 years 1.79 0.71-4.53 0.222 1.89 0.64-5.68 0.247

RR, risk ratio; I, confidence interval.
*Adjusting for age, sex, malignancy, smoking, peripheral vascular disease, congestive heart faiure, ischemic heart disease, history of cerebrovascular accident, hyperlpidemia, diabetes
mellitus, hypertension, obesity, chronic obstructive pulmonary disease, and exposure to systemic corticosteroids.
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Characteristic Patients with pemphigus ~ Controls  P-value

(N =1,985) (N =9,874)
Age, years
Mean  SD 724185 724185 1000
Median (range) 77.4 (0-108.0) 77.4 (0-108.1)
Meale sex, N (%) 797 (40.2%) 3962(40.1%) 0.934
Ethnicity, N (%)
Jews 1,805 (90.9%) 8,866(89.8%)  0.136
Arabs 180 (9.1%) 1,008 (10.29%)
BMI, kg/m? (Mean  SD) 277466 279£66 035
Smoking, N (%) 510 (25.7%) 2758(27.9%)  0.045
SES, N (%)
Low 634 (31.9%) 3249(32.9%) 0.386
Intermedate 830 (41.8%) 4,263(432%) 0250
High 423 (21.3%) 2217 (225%) 0241
Charlson comorbidity score, n (%)
None (0) 344 (17.3%) 2,636 (26.7%) <0001
Moderate (1-2) 582 (29.3%) 3,183(322%) 0011
Severe (=3) 1,059 (63.4%) 4,085 (41.1%) <0001

N, Number; SD, standard deviation; BMI, body mass index; SES, socioeconomic status.
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Models Autoantibodies Infiltration Secretion Impairment  Ectopic Apoptosis of References
expressionof  glandular

SSA SSB M3R 120 kD a-fordin Salivary Tears MHC I epithelial cells
Genetic models  NOD Jol/ICR Yes Yes Yes Yes Yes Yes Pancreas Yes Yes ND Yes (18, 19)
NOD.B10-H2b Yes Yes Yes ND Yes Yes ND Yes Yes ND ND (20)
C57BL/6.NOD-Aec1Aec2 Yes Yes Yes ND Yes Yes ND Yes Yes ND Yes @1
NFS/sld ND ND ND Yes Yes Yes ND Yes ND Yes Yes (22-24)
Qe ND ND ND Yes Yes Yes Pancreas, kidneys, lungs ND ND Yes ND ©5)
Aly/Aly mice ND ND ND ND Yes Yes Liver, pancreas, lungs  ND ND ND ND (26)
Ar KO mice ND ND ND Yes Yes ND Kidney ND ND ND Yes ©n
RbAp48 transgenic mice Yes Yes ND Yes Yes Yes ND Yes Yes Yes Yes ©8)
1d3 KO mice ND ND ND ND Yes Yes ND Yes Yes ND ND ©9)
PISK KO mice Yes Yes ND ND Yes ND Lungs,liver, intestines  ND ND ND ND (@0)
TSP-1 KO Mice Yes Yes ND ND ND Yes ND ND Yes ND Yes @1
Act1 KO mice Yes Yes ND ND Yes Yes Kidneys ND ND ND ND (32)
BAFF transgenic mice N N ND ND Yes Yes Kidneys Y ND ND ND @3
HTLV-1 tax transgenic mice ND ND ND ND Yes Yes ND ND ND ND ND (34)
Induced models Ro60_480-494 induced model  Yes Yes ND  ND Yes ND ND Yes N ND ND (35)
Ro60_274-290 induced model
RoB0_316-335 induced model Yes ND ND ND Yes Yes ND ND Yes Yes No (36, 37)
M3R induced model ND ND Yes ND Yes ND ND Yes ND ND Yes @8
MCMV induced model ND ND ND ND Yes Yes ND Yes Yes ND ND (39)
CA llinduced model ND ND ND ND Yes Yes Pancreas, kidney ND ND ND ND (40)
SG protein induced model ND ND Yes ND Yes N N Yes N ND ND @)

ND, not determined; Yes, presence of the phenotype; No, absence of the phenotype.
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() In the whole BP population included (n = 83)

Nurmber of daily new blisters* 21+£36
BPDA total score” 40427
BPDAI skin activity score® 38426
- Blisters/erosions score” 2517
- Erythemayurticaria score® 14£14
Patients with severe disease?, n (%) 22 (26)
Patients with relapse®, n (%) 12 (14)

(B) In the subgroups of BP patients with (n = 12) and without
relapse (n = 71)

BP without BP with

relapse relapse
Number of daily new blisters* 21+36 22+32
BPDAI total score” 38+27 49+25
BPDAI skin activity score” 3727 47+25
- Blisters/erosions score* 2417 32+ 21
- Erythema/urticaria score® 14£15 15+ 12

(C) In the subsets of BP patients with moderate (1 = 61) and with
severe disease (n = 22)

Moderate BP  Severe BP

Number of daily new blisters* 9+ 13 57 52
BPDA total score* 26+15 e
BPDAI skin activity score* 25+ 15 75+ 15
- Blisters/erosions score” 1711 4713
- Erythema/urticaria score* 9+ 10 28+ 16

4Severe disease was defined by BPDAI = 56 (41).

p-value

0.2
0.1
0.2
0.2
05

p-value
0.0001
0.0001
0.0001
0.0001
00001

PRelapse was defined as the reappearance of at least three daily new blisters along with

pruriginous, erythematous, or urticarial plaques.
Mann-Whitney's test was used for statistical analysis.
*Mean + SD.
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Oligonucleotide Forward sequence Reverse sequence

IL-17RA
IL-17RB
IL-17RC
IL-17RD
ILA7RE
B2M

TGCCCCTGTGGGTGTACTGGT GCAGGCAGGCCATCGGTGTA
TACCCCGAGAGCCGACCGTT  GGCATCTGCCCGGAGTACOCA
CTGCOCTTGTGCAGTTTGG CAGATTCGTACCTCACTCCCTA
AGGCCTGGGTGAGGAGGAACC GGGGAATCAGAGGGAGGCAGCA
‘CCACCTTCAGGCCATGCAGCC CTGTCATCCGTGTGGGAGGCC
ACCCCCACTGAAAAAGATGA  ATCTTCAAACCTCCATGATG
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Gene

C5aR1 Forward
C5aR1 Reverse
PDCA-1 Forward
PDCA-1 Reverse
GAPDH Forward
GAPDH Reverse
IFN-a Forward
IFN-a Reverse
IFN-y Forward
IFN-y Reverse
Krt10 Forward
Krt10 Reverse
MIP-1o Forward
MIP-la Reverse
MIP-2 Forward
MIP-2 Reverse
TNF-a Forward
TNF-a Reverse
IL-22 Forward
IL-22 Reverse
IL-17A Forward
IL-17A Reverse
IL-23A Forward
IL-23A Reverse

Primer sequence

5-ATGGACCCCATAGATAACAGCA-3
5-GAGTAGATGATAAGGGCTGCAAC-3
5-TGTTCGGGGTTACCTTAGTCA-3
5-GCAGGAGTTTGCCTGTGTCT-3
5-ACCACAGTCCATGCCATCAC-3
5-TCCACCACCCTGTTGCTGTA-3
5-CCAAGTGCTGCCGTCATTTTC-3
5-GGCTCGCAGGGATGATTTCAA-3
5-ATGAACGCTACACACTGCATC-3
5-CCATCCTTTTGCCAGTTCCTC-3
5-TTTGGTGGCGGTACTATGGAG-3
5-CTCTCGCTGGCTTGAGTTG-3
5-TTCTCTGTACCATGACACTCTGC-3
5-CGTGGAATCTTCCGGCTGTAG-3
5-CCAACCACCAGGCTACAGG-3
5-GCGTCACACTCAAGCTCTG-3
5-TCTTCTCATTCCTGCTTGTGG-3
5-GGTCTGGGCCATAGAACTGA-3
5-ATGAGTTTTTCCCTTATGGGGAC-3
5-GCTGGAAGTTGGACACCTCAA-3
5-TTTAACTCCCTTGGCGCAAAA-3
5-CTTTCCCTCCGCATTGACAC-3
5-ATGCTGGATTGCAGAGCAGTA-3
5-ACGGGGCACATTATTTTTAGTCT-3
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Disease severity Disease phenotype Eosinophilia

Positive No Urticarial Nodular None Peripheral None
association association or lesional

Total IgE (33, 47, 49) (45, 53) @7 (45) (49) (54)
BP180 IgE @7, 41,47, (46, 58-60) ©7,61) @5, 50) <) “9) (50, 57, 60)
ELISA 49, 55-57)
BP230 IgE (50, 62) (46,50, 56, (50) (@6) (50)
ELISA 59) (negative

association)

"Including case series, case control, cohort, and retrospective studies.
2Total IgE: was measured using a commercially available ELISA or by chemiluminescence at institutional reference labs. BP180- and BP230-IgE was measured using lab-specific
protocols using either recombinant protein antigens made in-house or antigen-coated plates from a commercial BP180 IgG ELISA paired with an IgE-specific secondary antibody.
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Sex  Age
(m/f)  (y)
f 25
f 56
f 58
f 72
f 72

Clinical phenotype

Disseminated cutaneous polygonal
papules on the trunk and extremities,
extensive erosions of the oral, and
vaginal mucosa

Palmoplantar confluent polygonal
papules and plaques, moderate
erosions of the oral mucosa

Extensive erosions of the gingivae,
tongue, buccal mucosa, and the
palatine

Extensive erosions of the oral mucosa,
pronounced painful, and recalcitrant
ulcerations of the tongue and gingivae
Recalcitrant ulcerations of the tongue

Disease
duration

3 months

6 months

7 years

6 years

5 years

Study drug

Secukinumab 300mg s.c. at
weeks 0,1,2,3,4 followed by
monthly treatment

Secukinumab 300mg s.c. at
weeks 0,1,2,3,4 followed by
monthly treatment
Secukinumab 300mg s.c. at
weeks 0,1,2,3,4 followed by
‘monthly treatment
Ustekinumab 45 mg s.c. at
weeks 0 and 4 and every 3
months thereafter
Guselkumab 100mg s.c. at
weeks 0 and 4 and every 2
months thereafter

Treatment and
observation period

12 weeks

12 weeks

48 weeks (ongoing)

48 weeks (ongoing)

30 weeks (ongoing)

Previous treatment

none

Topical corticosteroids

Ciclosporin, systemic and topical
corticosteroids, acitretin,
intravenous immunoglobulins
Ciclosporin, systemic and topical
corticosteroids, acitrein,
azathioprine

Systemic and topical
corticosteroids





OPS/images/fimmu-10-02284/crossmark.jpg
©

2

i

|





OPS/images/fimmu-10-02285/fimmu-10-02285-t003.jpg
Pathway

Glucose
metabolism

Pyruvate
metabolism

Amino acid
metabolism

Fatty acid
oxidation

Metbolic
regulators

Drug

WzB117

2-DG

SF2312

DCA

CB-839

DON

RZ-2994

HF

Etomoxir

GW9862

Rapamycin

Effect

INH

INH

INH

INH

INH

INH

INH

INH

INH

INH

Target

GLUT

Hexokinase (HK)
Enolase (ENO)

Pyruvate
dehydrogenase
kinase 1 (PDHK1)

Glutaminase (GLS)

Glutamine antagonist

Serine hydroxymethyl
transferase (SHMT)

Glutamyl-proly-tRNA
synthetase (EPRS)

Carnitine
palmitoyltransferase
1 (CPT1a)

PPAR-y

mTORC1
(>mTORC2)

Cellular effects

Inhibits glucose uptake

Inhibits rate limiting
step of glycolysis
Inhibits rate limiting
step of glycolysis
Inhibits conversion of
pyruvate to acetyl-CoA
and glycolysis
Inhibits glutaminolysis
and
glutamine-dependent
metabolism
Decreased glutaminase
activity, IFN-y
production, and
proliferation

Inhibits serine
biosynthesis
Reduced
macromolecular
biosynthesis and
redox balance
Activates amino acid
starvation response

Inhibits mitochondrial
fatty acid p-oxidation

Inhibits upregulation of
FABP4/5 and FAO
Inhibits translational
activity, cell cycle
progression, and cell
prolferation

Effects on T cell
function/phenotype

Reduced
TH1/T17 polarization
Enhanced

iTreg differentiation

Skewing into Treg
phenotype

prevention of transplant
rejection (MHC
mismatch)

Reduced prolferation
Impaired
(auto-Jantigen-specific
T cell responses

Impaired Ty17
polarization

Decreased generation,
persistence, and
function of Tay

Reduced T 1/Ti17
polarization
Enhanced

iTreg differentiation

Putative effect on ISD

Beneficialin ISD with
pathologic T 17/Treg
balance (e.g.. PSO)

Beneficialin ISD with
pathologic Terr/Treg
balance (e.g., PSO, AD)

Beneficial in
Graft-vs.-host-disease

Benficial in
(autojantigen-driven T
cell-mediated ISD (e.g.,
ACD, AIBD)

Beneficialin ISD with
pathologic Ty 17
responses (e.g., PSO)
Beneficial in
TRM-mediated ISDs
(9., PSO, ACD)

Beneficial in ISD with
pathologic Ty17/Treg
balance (e.g., PSO)

References

Macintyre et al. (6),
Zhang et al. (93)

Shietal. (98)

Gemta et al. (103)

Leeetal. (20)

Johnson et al. (104)

Leeetal. (20)

Magetal. (105),
Luengo et al. (106)

Sundrud et al. (101),
Keller et al. (102)

Pan etal. (29, 54)

Pallet et al. (107),
Pollizzi and Powell
©9)

ACD, allergic contact dermatitis; AD, atopic dermatitis; AIBD, autoimmune-bullous disease; ANTAG, antagonist; DCA, Dichloroacetate; DON, 6-Diazo-5-oxo-L-norleucine; FABF, fatty

in; FAO, fatty acid oxidation; GLUT, glucose transporter; HF, halofuginone; INH, inhibitor; ISD, inflammatory skin disease, PSO, psoriasis.
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Anti-TNF-o Anti-IL12/23 Anti-IL17 Anti-IL23 Anti-IL1 Anti-IgE Anti-CD20

Efficacy ~Evidence Efficacy Evidence Efficacy Evidence Efficacy Evidence Efficacy Evidence Efficacy Evidence Efficacy Evidence

Alopecia areata Bl B e
AE CR
Vitiigo - PT B
RCS
Hidradenitis suppurativa . B e B o | ]
Acne conglobata
Luws b= ] e
Dermatomyositis cR
Aphthosis/behcet PT B CcR
Pyoderma gangrenosum cR cR
AE
Bullous pemphigoid AE RE CR AE CR B B
CcR cR
Pityriasis rubra pilais PT . PT . CcR
Granuloma annulare PT,CR
Toxio epidermal necrolysis oR
Lichen planus CR PT
AE cR oR

Evidence: CR (white), case reports (at least 2 case reports); PT (gray), pilot trials; RCT (black), randomized controlled trials; RCS, retrospective cohort study; + (green), positive evidence; +/~ (orange), unclear/confiicting results; - (red),
no clear benefit; AE (blue), reported as adverse event.
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Findings

SLE patients have elevated levels of serum circulating cfDNA compared to healthy individuals. The elevated levels of serum dsDNA in SLE
patients correlate with disease activity (9).

Serum from SLE patients exhibits a very limited ability to degrace DNA from NETs and primary and secondary necrotic cells (11).

mtDNA was detected in NETs, and elevated levels of anti-mtDNA antibodies were detected in serum from SLE patients. High levels of mtDNA in
NETs and serum anti-mtDNA antibodies correlate with PDCs and type 1 IFN-« (12).

SLE patients have very high serum levels of circulating cfDNA, which positively correlate with lupus nephritis (LN) activity. Further analysis
showed that SLE patients with high levels of low-density granulocytes in peripheral blood mononuclear cells have high serum cfDNA levels and
severe disease. This finding was atiributed to lower DNase 1 activity in SLE patients than in healthy individuals (13).

IFN-o stimulates neutrophils in SLE patients to form NETs in the presence of anti-ribonucieoprotein (RNP) antibodies. The formed NETs contain
non-engulfed chromatin that facilitates DNA uptake by PDCs. NETs are the source of the elevated cfDNA levels in SLE patients (14).

Selective inhibition of NF-«B-inducing kinase (NIK) leadis to improved survival of SLE mice in vivo. NIK mediates the activation of TNF proteins
that have been implicated in SLE pathogenesis (15).

PBX1 has a direct regulatory effect on genes associated with T cell activation, and the PBX1-d isoform is associated with lupus. PBX1-d lacks a
DNA-binding domain, and its expression in SLE patients leads to the production of autoreactive CDA-+ T cells (16).

DUSP23 is overexpressed in SLE, which s linked to the expression of DNA methyltransferases (DNMTS) in D4+ T cells (17).

SLE is associated with decreased DNA methyltransferase mRNA expression levels (18).

Severe nephropathy in SLE can be indicated by IgG and concurrent reactivity to anti-dsDNA, anti-nucleosome, and anti-histone antibodies (19).
T cell vaccination helps improve and regulate the manifestations of SLE (20).

Anti-IFN-y autoantibodies are linked to aggressive SLE (21).

The hypermethylation of CD3Z is linked to severe clinical manifestations of SLE. CD3Z and VHL hypermethylation is associated with SLE.

CDSZ hypermethylation is potentially an environmentally induced epigenetic modification (22).

Histone deacetylase inhibitors (HDAGI), such as trichostatin (TSA), repress IRFS and hence have therapeutic potentialin patients with SLE.
TSA-mediated inhibition of IRFS binding to RNA polymerase ll, HDAC3, DNA Spi, and p300 in children with SLE suggests that SLE is
associated with DNA degradation abnormaliies and efimination defects (23).

Several differentially expressed genes in SLE are involved in the IFN and TLR signaling pathways.

The presence of hypomethylated upregulated genes and hypermethylated downregulated genes in SLE patients indicates that DNA methylation
plays a role in SLE development (24).

The tolerance mechanism for SLE is marked by the digestion of chromatin in microparticles from dying cells.

Mice and patients without the DNASE1L3 enzyme produce anti-dsDNA antibodies specific for serum dsDNA; hence, defective DNA degradation
is associated with SLE (25).

PK201/CAT plasmid (PK) DNA and histone 4 (H4) assays are reliable for the differential diagnosis of SLE.

Anti-PK/H4 antigens correlate with the level of SLE disease activty, suggesting a DNA damage defect in this disease (26).

Unfractionated white blood cells can be used to indicate abnormal DNA methylation in SLE (27).

A variant of TNFSF13B is associated with SLE. Serum TNFSF13B correlates with serum dsDNA autoantigens in patients with SLE (28).

Lower baseline serum IgM levels and sequential therapy with mycophenolate mofetil can predict IgM hypogammaglobuiinemia atter rituximab
treatment in patients with SLE. No significant change in anti-dsDNA antibodies was observed in patients with initially higher levels, even after
treatment. This finding suggests that high SLE disease activity s associated with dsDNA autoantigens in serum (29).

Early treatment with hydroxychloroquine can curb the development of endothelial dysfunction in SLE patients (30).

The increase in anti-dsDNA antibodies in mice with higher SLE disease activity suggests that abnormal DNA degradation occurs in SLE (31).
Aconitine can inhibit disease evolution and improve pathologic lesions in SLE. Elevated levels of dsDNA, ANAs, and proliferating cell nuclear
antigen in mice with SLE before therapy show that SLE is characterized by defective DNA degradation and abnormal elimination of cellular
debris. Aconitine therapy significantly reduced dsDNA autoantigens in serum and improved quality of ife, indicating that defective DNA
degradation is associated with SLE (32).

OST inhibition can suppress autoantibody production in mice with SLE. Mutations in TREX, such as D272fs, result in an inactive DNase in mice
with SLE (33).

The use of poly-L-lysine as a capture agent enhances the detection of SLE autoantibodies by ELISA.

The detection of dsDNA, histones, RNP, SSA, and SSB antigens in serum from SLE patients using this assay showed that SLE is associated
with abnormal DNA damage and elimination (34).
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Microarray ~ WES | NGSAmplicon o
RNA-seq  WGS (IgVH Repertoire)

Pemphigus
PV - - - (90-93) (94-97)
PF ©8) - - (©1,92) (94,96,
100)
PH - . . = -
PNP - - - - -
AP - - - - -
PE - - - (101) -
Pemphigoid
B8P - - (102) - -
PG - - . . -
EBA - (©9) - - -
AP - - - = -
LABD - - - - -
MMP (103) - . . =

Citations refer to published sets of data. PV, Pemphigus Vuigaris; PF, Pemphigus
Follaceus; PH, Pemphigus Herpetitormis; PNP, Paraneoplastic Pemphigus; AR, IgA
Pemphigus; PE, Pemphigus Erythematosus; B, Bullous Pemphigoid; PG, Pemphigoid
Gestationis; EBA, Epidermolysis Bulosa Acquisita; ALP. Anti-Laminin y1\p200
Pemphigoid; LABD, Linear IgA-Dermatosis; MMP, Mucus Membrane Pemphigoid; WES,
Whole Exome Sequencing; WGS, Whole Genome Sequencing; NGS, Next Generation
Sequencing; lgVH, Immunoglobulin Variable Region Heavy Chain; GWAS, Genome wide
Association Study.
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Name Antigen Antibody Genes Cormorbidity Source

Pemphigus
€3, HLA-DRA, TNF,
Hypothyroidism, IBD, T1DM,
IL6, IL6R, IL10, ILTORA,
Pemphi 156, 1gA, IL10RB, TAP2, GPY, SLE, Siergrens Syndrome,
emphigus . 19A, , TAP2, GP9,
PV Phg Dsg8, Dsg1 e Alopecia Areata, AITD, (12-16)
Vulgaris IgM, C3 DSG1-4, DUSPS, ST18, - )
Juvenile Rheuratoid Arthris,
CD86, ANXA9, DSP, PPL, it
DST, DSCS, COH1 erdontts
Pemphi DSG1, FOXPS, PPL, EVL,
o emphigus . o (12,14,16)
Foliaceus DST, HLA-DRB1, CTLA4
pomon Dsgl osar o501 Psoriasis thyroid disease, SLE, HIV,
emphigus ,DSG3, DSCT,
PH ity a/o Dsgd, 196, C3 lung cancer, esophageal carcinoma, (16-20)
Herpetitormis DSC3, DST, €8 !
Dsct, Dsc3 prostatic cancer, cutaneous angiosarcoma
BP180, BP230, Dsg1-3, COL17A1, DST, DSGT,
‘ Carcinoma, Thymorna, Sarcorma,
o > desmoplakint:2, DSG2, DSG3, DSP, EVPL, Nont ik boreio
PNP SnSeREES envoplakin, pectin, 196, C3 PLEC, PPL, EPPKT, lon-Hodgkn lymphom, (12, 16,20, 21)
Pemphigus ) Chroniclympheytic leukemia,
periplakin, A2ML1, A2ML1, C3, DSCT, ’
e Castlemandisease
epiplakin DSC2, HLA-DRB1
1gA gammopathy to myeloma,
AP . SED tipe: Decl GhES. DSC1, DSG1, DSG3, C3 cancer, CD, Gluten-sensitive (16,20, 22)
Pemphigus EN type: Dsg1 (1 case), unknown cs !
enteropathy (single case)
- ANAs:
s
PE ermphigu Dsg, Dsg3 Ro/La/Sm, DSP, DSG1, DSG3 (16,23)
Erthematosus
oG
Pemphigoid
COL17A1, DST, €3, G5,
HLA-DRB1, HLA-DQBT,
L3, IL3RA, IL4, IL4R, IL5,
. 46.00.05 ILSRA, IL6, IL6R, IL7, IL7R,
BP - BP180 NC16A, BP230 8 IL8, IL10, ILTORA, ILT0RB, Diabetes melitus (16, 24-27)
Pemphigoid 16A, IE
IL15, IL15RA, TNF, CCL2,
CCLS, CCL11,CCL1S, CCL1S,
FIGF, ICAMI, DSP, DSG,
PPL, EVPL, ITGB4, ITGAG
Pemphigoid
PG SHRHigeS BP180 NC16A, BP230 10G COL17A1, DST, HLA-DRA Pregnancy (12, 16,28)
Gestationis
1BD, UG, CD, Myeloma,
196, 19A, IgM, IgE, COL7A1, G3, C5, HLA-DRA, SLE amyloidosis, thyroidits,
A Epidermolysis — C3(a) (1/3 of patients), FCGRIA, SYK, LTB4R, multiple endocrinopathy syndrome, (12, 20.39)
Bullosa Acquisita LTBAR2, FLI, IL6, IL6R, RA, pulmonary florosis, chronic
cs(a) RORA, PIK3CB, PIK3CG lymphocytic leukemia, thyoma,
diabetes
‘Anti-Larminin
ALP ¥1/p200 Laminin 71 196 Lavet (12,16,34)
Pemphigoid
ep | Unear R— P COL17A1,DST, LADT, )
IgA-Dermatosis CD794, ITGB4
COL17AT, DST, LA-MAS,
P 180, 3
M Morkrace Lot 202 a5 LANES, AN, LAY,
MVP ! i . 19G. Igh, C8 LAMC1, ITGBA, ITGAS, Peridonitis (12, 16,35)
Pemphigoid Laminin 311 (aminin-6),

C8, CD79A, SERPINH1,

ARSI CFP, TNFRSF1B

SPD type, Subcorneal Pustular Dermatoss type; IEN type, Intraepidermal Neutrophilic type; ANAs, Antinuclear Antibodies; IBD, Inflammatory Bowel Disease; T1DM, Type | Diabetes Melitus; SLE, Systemic Lupus Erythematosus; AITD,
Autoimmune Thyroid Disease; HIV, Human Immunodeficiency Virus; CD, Crohn’s Disease; UC, Ulcerative Colitis; RA, Rheumatoid Arthritis.
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Studydrug  Target Company Dermatology indications  ClinicalTrials.gov identifier Studystatus References

'ORAL JAK INHIBITORS

Tofacitinib JAK1/2/3 Piizer AD NCT02001181 (Ph2) Completed @3)
Psoriasis NCT01710046 (Ph2) Completed (44)
NCTO1815424 (Pha) Completed )
NCT01309787 (Ph3) Completed (6)
NCTO1276639 (Phd) Completed
NCTO1519089 (Phd) Completed @n
NCT01241591(Ph3) Completed (48)
NCTO1186744 (Phd) Completed 9)
NCTO1163253 (Phd) Completed
AA, alopecia totalis, alopecia  NCT02197455 (Ph2) Completed (50)
universalis,
Dermatomyositis NCT03002649 (Ph1) Ongoing
Discoid lupus erythematosus,  NCT03159936 (Ph1) Ongoing
cutaneous lupus NCT03288324 (Ph1/2) Ongoing
Abrocitnlo JAK1 Plizer Psoriasis NCT02201524 (Ph2) Terminated ©1)
(PF04965842)
AD NCT02780167 (Ph2) Completed
NCT03915496 (Ph2) (JADE MOA) Ongoing
NCTO03627767 (Ph2) Ongaing

NCTO03349060 (Ph3) (JADE Mono-1)  Completed
NCT03575871 (Ph3) (JADE Mono-2) Completed
NCT03422822 (Phd) (JADE EXTEND)  Ongoing
NCT03720470 (Phd) (JADE Compare)  Ongoing

NCTO03796676 (Ph) (JADE TEEN) Ongoing
PF-06651600  JAKS Phzer M NCT02974868 (Ph2) Gompleted
NCTO03732807 (Ph2/3) (ALLEGRO-2b/3) Ongoing
Vitiigo NCT03715829 (Ph2) Ongoing
PF-06700841 JAK1/TYK2  Plizer Psoriasis NCT02969018 (Ph2) Completed
AA NCT02974868 (Ph2) Completed
Vitiigo NCT08715829 (Ph2) Ongoing
PF.06826647  TYK2 Plizer Psoriasis NCT03210961 (Ph1) Completed
NCT03895372 (Ph2) Ongoing
Baricitinib JAK1/2 Eli Lilly/ Incyte Psoriasis NCT01490632 (Ph2) Completed 52)
AA NCTO3570749 (Phase 2/3)BRAVE-AAT) Ongoing
NCT03899259 (Ph3) (BRAVE-AA2) Ongoing
AD NCT02576938 (Ph2) Completed ©3)
NCT03334396 (Ph3) (BREEZE-AD1) Ongoing (42)
NCT03334422 (Phd) (BREEZE-AD2)  Completed “2)

NCT03334435 (Phd) (BREEZE-AD3)  Ongoing
NCTO03428100 (Phd) (BREEZE-AD4)  Ongoing
NCT03435081 (Phd) (BREEZE-ADS)  Ongoing
NCT03559270 (Phd) (BREEZE-ADS)  Ongoing
NCTO03733301 (Ph3) (BREEZE-AD7) Ongoing
NCT03952559 (Ph3) (BREEZE-AD-PEDS) Ongoing

Ruxolitinib JAK1/2 Incyte AA NCT01950780 (Ph2) Completed (64)
Itacitinib JAK1 Incyte Psoriasis NCT01634087 (Ph2) Completed (65)
INCB054707  JAK1 Incyte Hidradenitis suppurativa NCT03569371 (Ph2) Gompleted

NCT03607487 (Ph2) Ongoing
Upadacitinib ~ JAK1 AbbVie AD NCT03646604 (Ph1) Ongoing 1)

NCT02025117 (Ph2) Completed

NCT03569293 (Ph3) (Measure Up 1) Ongoing

NCT03568318 (Ph3) (AD Up) Ongoing

NCT03738397 (Ph3) (Heads Up) Ongoing

NCT03607422 (Ph3) Ongoing

NCT03661138 (Ph3) Ongoing
ATI-501 JAK1/3 Aclaris AA, alopecia totalis, alopecia  NCT03594227 (Ph2) Completed

universalis

ORAL JAK INHIBITORS

ASNO02 JAKI/2/3 Tyk2 Asana AD NCT03139981 (Ph1) Completed 6)
SYK BioSciences NCT03654755 (Ph2) Ongoing
NCT03531957 (Ph2) (RADIANT) Ongoing
Chronic hand eczema NCT03728504 (Ph2) Ongoing
Filgotinib JAKI Galapagos NV Cutaneous lupus NCT03134222 (Ph2) Ongoing
GSK2586184  JAKI GsK Psoriasis NCTO1782664 (Ph2) Completed
BMS-986165  TYK2 BMS Psoriasis NCT03004768 (Ph1) Completed ©7)
NCT02031838 (Ph2) Completed
NCT03924427 (Ph3) Ongoing

NCT08624127 (Ph3) (POETYK-PSO-1)  Ongoing
NCT03611751 (Ph3) (POETYK-PSO-2)  Ongoing

Lestaurtinb ~ JAK2 Teva/Cephalon  Psoriasis NCT00236119 (Ph2) Completed
Peficitinio JAKS Astellas Psoriasis NCT01096862 (Ph2) Completed ©8)
CTP-543 JAKI/2 Concert AA NCT03137381 (Ph2) Completed
Pharma-ceuticals NCT03898479 (Ph2) Ongoing
NCT03941548 (Ph2) Ongoing
NCT03811912 (Ph2) Ongoing
Studydrug  Target Manufacture  Dermatology indications  ClinicalTrials.gov identi

TOPICAL JAK INHIBITORS

Tofacitinb JAKI/2/3 Plizer Psoriasis NCTO1831466 (Ph2) Completed ©9)
NCT01246583 (Ph2) Completed (60)
AD NCT02001181 (Ph2) Completed @)
AA NCT02812342 (Ph2) Completed ©1)
PF-06700841 JAKI/TYK2  Plizer Psoriasis NCT03850483 (Ph2) Ongoing
AD NCT03903822 (Ph2) Ongoing
Rucoliinib ~ JAK1/2 Incyte Psoriasis NCT00820950 (Ph2) Completed ©2)
NCT00778700 (Ph2) Completed ©3)
NCT00617994 (Ph2) Completed
AD NCT03257644 (Ph2) Ongoing (64, 65)
NCT03011892 (Ph2) Completed
NCT03745638 (Ph3) (TRUE-AD1) Ongoing
NCT03745651 (Ph3) (TRUE AD2) Ongoing
AA NCT02563330 (Ph2) Terminated
Vitiigo NCT03099304 (Ph2) Ongoing (66, 67)
NCT02809976 (Ph2) Completed
ATI502 JAKI/3 Aclaris AD NCT03585296 (Ph2) Completed
(ATI-50002)
AA, alopecia totalis, alopecia  NCTO3315689 (Ph2-AU and AT) Completed
universalis NCT03551821 (Ph2-eyebrow) Completed
NCT03854637 (Ph2) Ongoing
NCT03759340 (Ph2) Ongoing
Androgenetic alopecia NCT03495817 (Ph2) Ongoing
Vitiigo NCT03468855 (Ph2) Ongoing
Delgocitinb ~ JAK1/2/3Tyk  Japan Tobacco ~ AD NCT03826901 (Ph1) Ongoing
(JTE-052) Syk Inc.; Leo NCT03725722 (Ph2) (mild to severe AD)  Ongoing
Chronic hand eczema NCT03683719 (Ph2) Ongoing
AA NCT02561585 (Ph2) Completed
NCT03325296 (Ph2-eyebrow) Terminated
Discoid lupus NCT03958955 (Ph2) Ongoing

AA, alopecia areata; AD, atopic dermatitis; JAK, Janus kinase; TYK, tyrosine kinase.
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Inhibitor JAK1 JAK2 JAK3 TYK2

Tofacitinib* X X X
Ruxolitinib, Baricitinib, ¥ X X
Momelotinib, CTP-543

Oclacitinib,$ Htacitinib, X
Upadacitinib, Fiigoltinib,
PF04965842, LPO184

ATI-502 X X
PF-06700841 X X
PF-06651600 X
PF-06826647 BMS-986165 X
Delgocitinib (JTE-052) X X X X

JAK, Janus Kinase; JAKinibs, inhibitors of Janus kinase; FDA, US Food and Drug
Administration; TYK, tyrosine kinase.
*FDA approved: theumatoid arthrits, psoriatc arthrits and ulcerative colit.

" FDA approved: adults with polycythemia who have had an inadequate respons to or
are intolerant of hycroxyurea, aduls with intermediate or high-risk myelofibrosis, acute
graft-vs.-host disease in adult and pediatric patients 12 years and younger.

#FDA approved: rheumatoid arthrits

$FDA approved: atopic dermatitis and pruritus from allergic dermatitis in dogs.
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