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Editorial on the Research Topic
 Autoantibodies



AUTOANTIBODIES

Autoantibodies have become a popular research topic with a constantly growing number of research reports. The increasing interest from the scientific community is also reflected by the high number of articles within this Research Topic, which are illustrated by an interaction map that has been drawn by using the keywords of all articles from this collection (Figure 1). These articles, selected from the theme of this topic, cluster around “Autoantibodies” and “Autoimmunity.” Clustering was also observed for specific diseases, namely, pemphigus and pemphigoid, lupus, arthritis, and neuroimmunology. Cytokines, B cells, cell signaling, and the complement cascade are the focus of many manuscripts within this Research Topic. This clustering was the basis for the selection of the manuscripts discussed in this editorial.


[image: image]

FIGURE 1. Interaction network of articles within the Research Topic “Autoantibodies”. Keywords of all 88 articles were downloaded from the website of the Research Topic “Autoantibodies” (https://www.frontiersin.org/research-topics/6220/autoantibodies). Cytoscape (https://cytoscape.org/) was used to draw the interaction map. Each line represents an interaction among the keywords, whereas the size of the red circles correlates to the number of times the respective keyword was mentioned. We thank Dr. Yask Guta (University of Lübeck) for generating this figure.



PEMPHIGUS AND PEMPHIGOID

We received a number of submissions on the topics of pemphigus and pemphigoid, which are characterized and caused by autoantibodies to structural proteins of the skin [(1, 2); Liu et al.]. After binding to their target antigens, these autoantibodies directly (in the case of pemphigus) or indirectly (in the case of pemphigoid) cause skin blistering, which is the common clinical denominator of these diseases. Diagnosis is based on the clinical presentation, the detection of autoantibodies and/or complement deposits in the skin (detected by direct immunofluorescent (IF) microscopy), as well as the serological detection of the autoantibodies (3). For both pemphigus and pemphigoid systemic immunosuppression corticosteroids are still the main treatment. However, the lack of efficacy and/or the adverse events contribute to the medical burden of these diseases, which have an overall high unmet medical need (4). Within this Research Topic “Autoantibodies,” insights into the pathogenesis, as well as novel biomarkers and treatments, are presented with the prospect that they might improve the diagnosis and treatment of pemphigus and pemphigoid.

SYSTEMIC LUPUS ERYTHEMATOSUS

Systemic lupus erythematosus (SLE) is a complex and multifactorial systemic autoimmune disease that primarily affects young women. The chronic inflammatory processes triggered during this disease can affect a variety of organ systems, including the skin, blood vessels, kidneys, and joints. Loss of humoral tolerance toward nuclear antigens such as RNA, DNA, and histones is one hallmark of the disease, although the direct contribution of autoantibodies to the disease pathology in humans is still controversial. However, novel treatments targeting autoantibody-producing plasma cells have shown promising effects in patients with refractory SLE (5). In addition, novel insights into the activation and expansion of polyclonal autoreactive B cell responses during SLE in humans have emphasized the tight connection between the loss of humoral tolerance and disease activity (6). More direct evidence for the critical role of autoantibodies in SLE pathology is provided by animal model systems in the study of lupus nephritis, which have clearly demonstrated that the autoantibody-dependent activation of innate immune effector cells is a major factor for kidney and lung inflammation. With respect to the genetic factors involved in the loss of humoral tolerance to nuclear antigens, the loss or impaired signaling of the inhibitory effector FcgRIIb has been shown to lead to an increased level of autoantibody production by B cells and a decreased threshold for the activation of innate immune effector cells (7). In line with the studies in mice, a non-functional FcgRIIb variant has been shown to be a genetic risk factor for SLE development in humans (8, 9). However, it is also clear that multiple factors contribute to SLE development, including defects in apoptosis or enhanced TLR signaling (10, 11). Within the Research Topic “Autoantibodies,” Weissenburger et al. provided new insights into how mutations in the deoxyribonuclease 1-like 3 gene lead to the massive production of autoantibodies against double stranded DNA. Moreover, Biermann et al. demonstrated that autoantibodies for secondary necrotic cells allow the identification of patients with SLE. With regard to innate immune effector cells, a decreased phagocytic capacity, resulting in the prolonged presence of dying cells in the body, has also been suggested to contribute to disease development (12). In summary, many pieces of the SLE puzzle have fallen into place and suggest that the loss of humoral tolerance is not simply a side effect of SLE but is rather an active player in the pathogenesis of SLE.

ARTHRITIS

Rheumatoid arthritis (RA) is one of the most common autoimmune diseases and has a large socioeconomic importance. The role of autoantibodies, such as rheumatoid factors (RF), has been instrumental in the classification and the investigation on the causes and pathogenesis of the disease. More recently, additional autoantibodies, such as antibodies to citrullinated proteins (ACPA), have been described. The successful treatment with antibodies targeting B cells, reviewed by Hoffmann et al., have been key to the revival of the belief of the major role of B cells in RA and in several other autoimmune diseases. As in most autoimmune diseases, these autoantibodies appear years before the clinical onset of the disease. Sieghart et al. analyzed the isotype distribution of the different RA autoantibodies in early and established RA and showed that both the ACPA and RF of the IgG isotypes are specific for diagnosis but that the analysis of the IgM isotype increased the sensitivity of the test. RA has a high level of different antibodies, and the report emphasizes the value of analyzing different specificities for the diagnosis. Bitoun et al. immunized Macaque monkeys with citrullinated peptides and showed that the T cell response, but not the B cell response, was mainly directed to citrulline; this is similar to what has been observed in humans. However, in contrast to humans, monkeys with the MHC class II alleles (known to be associated with RA in humans) did not have predisposed T cell or B cell responses to citrullinated peptides. This indicates that we still lack an animal model that accurately reflects the autoimmune process leading to an ACPA response, which is known to occur in RA. Tong et al. highlights another autoantibody in RA, that are likely to also be pathogenic. The target antigen is type II collagen and in the report Tong defines and epitope targeted by such antibodies that is shared between type II and type XI collagen and they also show that both the native and the citrullinated form of the epitope is targeted by antibodies in RA.

AUTOIMMUNE NEUROLOGICAL DISEASES

Several articles also focused on autoimmune neurological diseases, mostly on improved diagnostics. Autoantibodies have been shown to be the cause of several neurological diseases, such as anti-NMDA receptor encephalitis (13) or myasthenia gravis. Within this article collection, the role of autoantibodies in “classical” neurodegenerative diseases, such as Parkinson's Disease, is discussed (Jiang et al.). This finding contributes to the current observations that autoantibodies to specific neuronal surface antigens are detected in a number of neuropsychiatric disorders (14). Functional validation of these autoantibodies would change the landscape of treatment for a number of neuropsychiatric diseases.

INSIGHTS INTO PATHOGENESIS

Animal model systems, even with their limitations (15), can significantly contribute to the understanding of disease pathogenesis. Within this Research Topic, two new animal models are described: Zheng et al. describe an immunization-based mouse model for primary Sjögren's Syndrome (Yin et al.). Tong et al. describe the shared epitopes among type XI and type II collagens in mice and humans with arthritis. Furthermore, an immunization-based arthritis model in the macaque (Bitoun et al.) and a model of feline limbic encephalitis (Tröscher et al.) are described within this Research Topic.

Large-scale genetic analyses, such as genome-wide association studies, have provided detailed insights into the underlying genetic association of autoimmune diseases, with the HLA locus as a major risk allele (16–19). Work summarized within this Research Topic demonstrates a co-occurrence of autoimmune diseases, namely, pemphigus and thyroid autoimmunity. Interestingly, the increased prevalence of anti-TPO autoantibodies was associated with the absence of certain HLA alleles and with the presence of non-desmoglein antibodies (Seiffert-Sinha et al.). Overlap at the mRNA expression level is also prevalent in different autoimmune diseases, specifically between pemphigus and systemic lupus erythematosus (SLE) (Sezin et al.). These comparative approaches may be useful to identify novel therapeutic targets that are either specific to one particular autoimmune disease or that may even be effective in the treatment of a specific cluster of autoimmune diseases. Examples of newly identified and validated risk alleles for SLE are described within this Research Topic: Gene expression in the B cells of quiescent SLE patients demonstrated an increased expression of TRIB1. To resolve the functional relevance of this gene for SLE pathogenesis, transgenic mice with the B cell-specific overexpression of Trib1 were generated in the C57BL/6 genetic background. Trib1 overexpression in B cells led to lower IgG1 concentrations under normal conditions. The immunization of mice with a T cell-dependent antigen also led to lower antigen-specific IgG titers, and the basal or forced anti-dsDNA IgM titers were lower in mice overexpressing Trib1. Collectively, these data point toward the Trib1 regulatory role in autoantibody production in health and in disease (Simoni et al.). Based on the recent discovery of the rare null alleles of deoxyribonuclease 1-like 3 (DNASE1L3) and Fc gamma receptor IIB (FCGR2B) in SLE patients and genetic mouse models, Weisenburger et al. investigated the functional impact on these 2 genes in mice. For this purpose, mice deficient in both Dnase1l3- and FcgR2b were generated in the C57BL/6 genetic background. In these mice, high levels of anti-DNA IgG were observed as early as 10 weeks of age. Autoantibody titers in these mice exceeded those observed in 9-month-old NZB/W mice. In conclusion, both genes synergize to promote the IgG anti-DNA autoantibody production by B cells (Weisenburger et al.). For the organ-specific autoimmune disease pemphigus, novel associations with complement genes (Bumiller-Bini et al.) and within the neonatal Fc receptor are described within the Research Topic (Recke et al.).

However, genetics only partially explains disease susceptibility, and (at least in mice) the genetically determined disease susceptibility can be overcome by changing daily habits (20). Indeed, autoantibody production is modulated by environmental factors, such as the diet and the microbiota (Edwards et al.; Petta et al.). Furthermore, gender may have a greater impact on autoantibody production than previously appreciated (Edwards et al.). Within this Research Topic, several manuscripts addressed the contribution of environmental factors on the generation of autoantibodies and/or autoimmune diseases: In their study, Issac et al. showed that the mice who are unable to clear a Salmonella infection spontaneously develop anti-dsDNA autoantibodies. This was associated with an increased CD25 expression for both CD4+ and CD8+ T cells. This effect was specific to Salmonella infections, as infections caused by other bacteria did not induce autoantibody production (Issac et al.). Two articles demonstrate that pemphigoid can be induced by treatment with gliptins or by physical triggers, such as burns (Gaudin et al.; Mai et al.).

Once autoantibodies are bound to their target antigen, they may induce disease through a variety of mechanisms (21). These are either direct (Fab-mediated effects), such as the induction of aberrant signaling, or alternatively, Fc-mediated events, such as the activation of complement and the engagement of activating Fc-receptors, that drive tissue damage.

In pemphigus, autoantibodies to the desmosomal proteins desmoglein (Dsg) 3 and (often) Dsg 1 cause intraepidermal blistering in the skin and mucous membranes (22). In addition to Dsg 1/3, a wide range of autoantibodies has been identified in pemphigus patients (Amber et al.). The pathogenic relevance of these autoantibodies is not as firmly established as it is for anti-Dsg1/3. However, the injection of IgG from a patient with Dsg 3-reactivity, but not Dsg 1-reactivity, into Dsg 3-deficient mice led to the induction of intraepidermal blistering (23). Recently, a model has been proposed to explain how Dsg- and non-Dsg autoantibodies can lead to intraepidermal blistering. In brief, this model proposes that, depending on the pathogenic activity of all autoantibodies toward the structures on keratinocytes, they are either capable of inducing disease alone or in combination with other autoantibodies (24). The precise mechanisms by which autoantibodies in pemphigus lead to desmosome dysfunction remain to be fully elucidated (Spindler and Waschke): Steric hindrance, i.e., the blockade of homophilic Dsg interactions within the desmosome through autoantibody binding, is believed to be one cause of blistering in pemphigus. Furthermore, Dsg3 is internalized after binding to anti-Dg3 autoantibodies (Schlögl et al.), a process that requires p38 MAPK activation (Cipolla et al.; Vielmuth et al.). In addition to Dsg3 internalization, keratin retraction, induced by pemphigus autoantibodies, has recently been demonstrated to be important in mediating autoantibody-induced cell dissociation (Schlögl et al.).

NOVEL DIAGNOSTICS / BIOMARKERS

Precise molecular diagnostics, paired with predictive biomarkers, form the basis of diagnosis as well as the selection of the appropriate treatment for each individual patient. Hence, almost 20% of the articles within the Research Topic “Autoantibodies” have focused on this topic.

The serological detection of autoantibodies is the basis of the diagnosis of many autoimmune diseases (21). Anti-nuclear antibodies (ANAs) are among the most-known autoantibodies. ANAs are associated with several rheumatic diseases, such as systemic lupus erythematosus and systemic sclerosis. However, low titers of ANAs are also present in healthy individuals (25). The gold standard for their detection is by indirect immunofluorescence and incubating the patient serum with Hep-2 cells (26). However, conventional ANA testing requires time, is laborious, and requires microscopy expertise. To overcome these limitations and to standardize and automate ANA indirect IF testing, a fully automated system, which includes staining pattern recognition, was recently developed (27). The workflow and performance characteristics of the fully automated ANA IIF system were compared to manual ANA testing by Ricchiuti et al. The use of fully automated ANA determination has significant labor savings and good concordance with manual ANA readings.

As mentioned above, ANAs are also found in quite a proportion of healthy individuals, ranging from 5 to 30% depending on the population and method used (25, 28–30). This by far exceeds the prevalence of ANA-associated rheumatic diseases. If the target antigen is identified, autoantibodies against DFS70 are often found Interestingly, isolated anti-DFS70 reactivity, which was observed in over 500 serum samples, was not associated with rheumatic disease. Hence, if the dense, fine speckled nuclear pattern, which corresponds to anti-DFS70 reactivity, is observed in Hep cells in ANA testing and anti-DFS70 reactivity is confirmed, then the presence of rheumatic disease is very unlikely (Carter et al.). In contrast, the detection of anti-cN-1A autoantibodies, which are found in 12% of patients with primary Sjögren's syndrome and in 10% of SLE patients, is associated with the presence of other autoimmune diseases (Rietveld et al.).

If an autoimmune disease is suspected but no autoantibodies can be detected by routine methods, these may be identified by applying novel techniques such as the determination of the specific isotypes of the autoantibodies in a suspected case of rheumatoid arthritis (Sieghart et al.) or by the use of a keratinocyte binding assay in a suspected case of pemphigus (Giurdanella et al.). In addition, autoantibodies are also found in certain diseases that are just beginning to be understood to be mediated by autoantibodies. These include neurological conditions (Scharf et al.), chronic obstructive pulmonary disease (Wen et al.), and cardiovascular diseases (Basavalingappa et al.; Ernst et al.; Meier and Binstadt). However, with few exceptions, such as anti-NMDA receptor autoantibodies (31), the pathogenic relevance of these autoantibodies needs to be determined.

Bullous pemphigoid (BP) is the most frequent type of pemphigoid disease (32). BP responds well to systemic (whole body) topical steroid treatment (33). After stopping steroid treatment, relapse occurs in 30–40% of patients (34). Hence, biomarkers that allow for the prediction of relapse would allow for patient selection for whom steroid treatment can be stopped or for determining which patients require prolonged steroid and/or adjuvant treatment. In a retrospective analysis of BP patients, Dr. Koga and colleagues demonstrated that high BP180 autoantibody levels were associated with future relapse. In contrast, age, BP230 antibodies or total IgE levels had no predictive value (35). Researchers from France described elevated anti-type VII collagen autoantibodies, which are the cause of epidermolysis bullosa acquisita (36), in almost half of the BP patients at the time of relapse (Giusti et al.). This is also a retrospective chart analysis with a limited number of patients. However, both studies imply the possibility that predictive biomarkers for BP relapse can be identified. The steps toward this are a joint analysis of retrospective patient cohorts from several departments as well as a prospective diagnostic study.

NOVEL TREATMENTS

Based on the understanding of disease pathogenesis, novel treatment targets or therapeutic approaches for autoantibody-mediated diseases have emerged. Within the Research Topic “Autoantibodies,” several articles have focused on new treatments.

The anti-CD20 antibody rituximab has dramatically improved the treatment of several autoantibody-mediated diseases, which was most recently demonstrated in a phase III clinical trial in pemphigus patients (37). Notably, the response to rituximab is not uniform across all autoantibody-mediated diseases, as was demonstrated by the lower efficacy of anti-CD20 treatment in pemphigoid patients when compared to that in pemphigus patients (Lamberts et al.). Rituximab and other emerging treatments to modulate B and plasma cells were the topic of three reviews within the Research Topic (Hofmann et al.; Malkiel et al.; Musette and, Bouaziz). In this Research Topic, Roders et al. also identified SYK as a regulator of B cell activation. Thus, targeting SYK not only affects the effector functions (see below) but also possibly affects the generation of autoantibodies. A different approach to modulate autoantibody concentrations may be to enhance their turnover by inhibiting the neonatal Fc receptor (38) or by selective immunoadsorption using recombinant antigens to specifically elute autoantibodies (Hofrichter et al.).

A blockade of autoantibody functions, either by targeting the Fab or Fc fragments, is another highly interesting treatment approach for autoantibody-mediated diseases. High doses of intravenous immunoglobulins (IVIG) are an effective second- or third-line treatment for a number of autoimmune diseases (39–41). How IVIG mediates the therapeutic effects is controversial (42): One hypothesis claims that all of the therapeutic effects of IVIG are mediated through the inhibition of the neonatal Fc receptor (FcRn) (43). By administering excess IgG, the FcRn becomes saturated, and thus, all IgG molecules (including the autoantibodies) are more rapidly cleared. Others provide compelling evidence that the anti-inflammatory effect of IVIG is mediated by regulating the activation threshold in myeloid effector cells by changing the ratio of activating versus inhibitory FcγR expression (44). This effect required both terminal sialic acid residues at the Fc portion of IgG, as well as the expression of the inhibitory molecule FcγRIIB (45). Finally, the presence of anti-idiotypic antibodies has been reported, specifically, the presence of anti-anti-Dsg 3 autoantibodies in IVIG preparations (46, 47). In this Research Topic, Kamaguchi et al. isolated anti-idiotypic antibodies against type XVII collagen, the major autoantigen in bullous pemphigoid (Liu et al.), and demonstrated a significant inhibitory activity of these antibodies against the pathogenic effects of BP patients' autoantibodies (Kamaguchi et al.).

In addition to the modulation of the Fab function of autoantibodies, their function can also be manipulated by changing the conserved N-linked Fc-glycan attached to the asparagine at position 297 in the constant region of the Fc heavy chain domains (Dekkers et al.). Indeed, the treatment of mice with endo-β-N-acetylglucosaminidase (EndoS), which hydrolyses the β-1,4-di-N-acetylchitobiose core of the N-linked complex type glycan on asparagine 297 (48), suppressed the induction of experimental arthritis (Nandakumar et al.), which was associated with the inhibition of the formation of large immune complexes and was independent of changes in the complement cascade or in antigen binding. The modulation of the conserved IgG's N-glycosylation site may have implications beyond the mere effector functions as was reported by Bartsch et al.: In their work, they demonstrate that antigen-specific sialylated autoantibodies but not non-specific sialylated IgG antibodies, attenuate disease manifestation in experimental lupus and arthritis. The antigen-specific sialylated autoantibodies modulated the B and T cell functions rather than modulating the effector functions of the autoantibodies.

In several autoimmune diseases, such as arthritis and pemphigoid disease, the activation of complement, the binding of immune cells to their immune complexes, and the subsequent intracellular signaling events are important for pathogenesis (21). The generalized inhibition of complement inhibition, which is achieved by the anti-C5 antibody eculizumab (49), is, however, associated with the risk of potentially life-threatening infections (50). These adverse effects could be reduced by restricting the complement inhibition at the site of complement activation or, even more ideally, at the site of pathologic tissue damage. By coupling a cyclic-RGD peptide to a function blocking C5 antibody, the construct is directed to the sites of the damaged endothelial cells. Thus, C5 inhibition preferentially occurs where endothelial damage is present (Durigutto et al.). In addition to the targeted delivery of C5-inhibitory compounds, selectivity may also be achieved by certain complement pathways, which are upregulated in specific diseases. The dissection of the individual contributions of the complement activation cascades in the pemphigoid disease epidermolysis bullosa acquisita [(51); Mihai et al.] demonstrated the predominant role of alternative complement activation and no contribution from the membrane attack complex. Thus, the selective targeting of C1q had therapeutic effects in an animal model of epidermolysis bullosa acquisita (Mihai et al.).

In addition to complement anaphylatoxins, cytokines recruit leukocytes to the sites of autoantibody-induced pathology. Thus, their inhibition has become a well-established therapeutic principle for several chronic inflammatory diseases (52). So far, however, each of the licensed biologics targets a single cytokine. To enhance the anti-inflammatory activity, Abraham et al. used phage display to identify promiscuous chemokine-binding peptides. These bind to a number of pro-inflammatory chemokines, such as CCL2, CCL5, and CXCL9-11. The use of their selected lead compounds in models of autoimmune diseases ameliorated clinical disease manifestation (Abraham et al.). This approach may be applicable in endemic pemphigus foliaceus, where alterations in cytokine and chemokine serum concentrations have previously been noted (Timóteo et al).

Once bound to the immune complexes, a complex signaling cascade is triggered in the leukocytes, which ultimately leads to their activation and subsequent inflammation and tissue damage (53). By contrasting the mRNA expression between inflamed and healthy skin in experimental pemphigoid disease, several hub-genes that potentially contribute to tissue damage in pemphigoid were identified. The spleen tyrosine kinase was among the identified hub-genes. Both LysM-specific SYK knockout mice and mice treated with an inhibitor of the small molecule SYK were completely protected from the induction of experimental pemphigoid disease by autoantibody transfer [Samavedam et al.; (54)]. Corresponding findings were made in a mouse model of arthritis (Németh et al.). Taken together, these findings suggest that targeting SYK is a potential therapeutic approach for a number of autoantibody-mediated diseases. Furthermore, in the pemphigoid mouse model, the inhibition of PI3Kδ also prevented disease onset. Furthermore, pharmacological PI3Kδ inhibition improved clinical disease manifestation when applied in therapeutic, experimental settings (Koga et al.). In addition to these signaling pathways, others also contribute to the pathogenesis of pemphigoid disease, which has recently been reviewed elsewhere (53).

In pemphigus, in addition to the above-described alterations in cell signaling, several lines of evidence suggest that apoptosis contributes to the loss of keratinocyte adhesion and consequently intraepidermal blistering (55). Initially, the contribution of apoptosis was suggested by an increased expression of molecules involved in this process, i.e., different caspases, Fas, as well as FasL (56). Following this concept, the inhibition of the Fas-FasL interaction by a function blocking anti-FasL antibody can inhibit pemphigus IgG-induced pathology in vitro. Furthermore, mice lacking the expression of the secreted, soluble FasL do not develop intraepidermal blistering when injected with IgG antibodies from pemphigus patients (Lotti et al.).

All of the abovementioned treatments focused on targeting IgG-mediated autoimmunity. In addition to IgG-mediated autoimmunity, IgA autoantibodies have also long been recognized as pathogenic. However, only recently has attention been attributed to IgE-mediated autoimmunity (Maurer et al.). Despite their presence at high frequencies in many autoimmune diseases, the pathogenic relevance of IgE autoantibodies has thus far not been the focus of studies. In atopic dermatitis, a common, chronic inflammatory skin disease (57), the removal of immunoglobulins by immunoadsorption (and even the selective removal of IgE) has therapeutic effects [(58); Kasperkiewicz et al; Kasperkiewicz et al.], which are comparable to that of biological atopic dermatitis treatment (59). However, immunoadsorption is a very specialized procedure. In addition, especially in the S. aureus-colonized skin of atopic dermatitis patients, central intravenous lines may lead to severe infectious complications.

CONCLUDING REMARKS

“Autoantibodies” are a hot research topic, as was reflected by the articles of this Research Topic. Based on an enhanced understanding of disease pathogenesis, as well as the advancement of technology, we are at the verge of developing specific treatments for autoantibody-mediated diseases that may even be able to lead to a cure. This development is, for example, reflected by the use of chimeric autoantigen receptor T cells in the treatment of experimental pemphigus (60). In addition, novel developments in diagnostics now allow for the better diagnosis of patients as well as for the better understanding of the autoimmune nature of diseases, which had not been thought to be caused by an underlying autoimmune mechanism (Scharf et al.). Therefore, even if causal treatment is not possible, we may still be able to carefully select treatments that are tailored to each patient's needs based on the detected biomarkers.
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Gene Expression Profiling of Lacrimal Glands Identifies the Ectopic Expression of MHC II on Glandular Cells as a Presymptomatic Feature in a Mouse Model of Primary Sjögren's Syndrome
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Ectopic expression of MHC II molecules on glandular cells is a feature of primary Sjögren's syndrome (pSS). However, the cause of this ectopic expression and its potential role in the pathogenesis of the disease remains elusive. Here, we report that ectopic expression of MHC II molecules on glandular cells represents an early presymptomatic event in a mouse model of pSS induced by immunization of Ro60_316-335 peptide emulsified in TiterMax® as an adjuvant. Ectopic expression of MHC II was induced by TiterMax® but not by complete freund's adjuvant (CFA). Furthermore, immunization with Ro60_316-335 peptide emulsified in TiterMax®, but not in CFA, induced a pSS-like disease in mice. Our results suggests that ectopic expression of MHC II molecules on glandular cells represents a presymptomatic feature of pSS and that such ectopic expression can be induced by exogenous factors. In addition, this study also provides a novel mechanism how adjuvants can amplify immune responses.

Keywords: primary Sjögren's syndrome, mouse model, presymptomatic feature, MHC II ectopic expression, TiterMax®, adjuvant

INTRODUCTION

Primary Sjögren's syndrome (pSS) is a systemic autoimmune disorder mainly targeting salivary and lacrimal glands (1). Clinically, pSS is characterized by hypofunction of salivary and lacrimal cells leading to xerostomia (dry mouth) and xerophthalmia (dry eyes) (1). Histologically, pSS is featured by lymphocytic foci in the salivary and lacrimal glands (2) as well as ectopic expression of MHC II molecules on the glandular epithelial cells of those glands (3). In addition, autoantibodies including anti-SSA/Ro and anti-SSB/La autoantibodies, rheumatoid factor and anti-nuclear antibodies (ANA) are also hallmarks for pSS (4). Despite to the well-known clinical, histological, and immunological features of the symptomatic phase of pSS, little is known about the presymptomatic features of the disease. Currently, only autoantibodies such as anti-Ro60, anti-Ro52, and anti-La were described by Jonsson et al. in a large retrospective study (5) to be present in the presymptomatic phase of the disease.

Animal models are invaluable tools for the identification of relevant presymptomatic events in human autoimmune diseases (6, 7). With regard to pSS, presymptomatic events have been observed Non-obese diabetic (NOD) mice which develop a pSS-like disease spontaneously over time (8). Studies in this mouse strain revealed that the development the pSS-like disease consists of three sequential steps (9, 10). The first step is represented by intrinsic abnormalities in the exocrine glands, e.g., glandular cell apoptosis, followed by lymphocytes infiltration in the exocrine glands resulting in an impairment in secretion of saliva and tears. These observations in NOD mice suggest that intrinsic abnormalities in the exocrine glands and lymphocytic infiltration represent respective early and late presympomatic features in this mouse model.

Recently, we have established a novel mouse model for pSS by immunizing mice with human Ro60_316-335 peptide emulsified in TiterMax® as adjuvant (11). In this model, susceptible mice are characterized by generation of autoantibodies, lymphocytic infiltration and a decrease in tear secretion. By investigating gene expression profiles of lacrimal glands, we here aimed to identify the presymptomatic features of this novel mouse model of pSS.

METHODS AND MATERIALS

Mice and Immunization

Female Balb/c mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai, China). All mice were housed under the specific pathogen free condition in the animal facility of Xiamen University. Immunization was performed using the protocol described previously (11). Briefly, female Balb/c mice were immunized with Ro60_316-335 peptide or PBS control emulsified in the TiterMax® (Alexis Biochemicals, Lorrach, Germany) or complete Freund's adjuvant (CFA). Protocols of all animal experiments were approved by the Institutional Animal Care and Use Committee of Xiamen University.

Measurement of Tears and Saliva

Tears and saliva of mice were measured at week 0, 6, and 12 after immunization and further normalized to the bodyweight as described previously (11). Briefly, mice were starved for 16–18 h before the measurement, deeply anesthetized, and stimulated with pilocarpine hydrochloride (Sigma-Aldrich). Saliva was collected with a sponge immediately after the injection of pilocarpine for a time period of 20 min while tears were collected by using Phenol Red Thread (Jingming Ltd. Tianjin, China) at 10 min and 20 min time points after injection of pilocarpine. Both saliva and tear secretion volumes were normalized to individual mouse body weight.

Detection of Autoantibodies in Sera

Anti-Ro60_316-335 autoantibodies in murine sera were detected by ELISA as described previously (11). In brief, SSA peptides were absorbed onto Costar EIA/RIA Plates (Corning Icorporated, corning, NY, USA), washed and blocked with 3% BSA in PBS supplemented with 0.05% Tween-20 (PBS-T), incubated with the respective mouse sera (1:200 dilution), and further washed with PBS-T. Bound antibodies were detected by using peroxidase conjugated goat anti-mouse IgG antibodies (Sigma, USA) and tetramethylbenzidine (Solarbio, Beijing, China) as substrate.

Histopathological Assessment

Twelve weeks after immunization, mice were sacrificed and tissues were collected for histopathological evaluation. Histology of salivary and lacrimal glands was evaluated after Haematoxylin and Eosin (H&E) staining of 5-μm-thick sections derived from paraffin embedded tissue. Cryosections from salivary and lacrimal glands were used for direct or indirect immunofluorescence and immunohistochemical staining. Direct immunofluorescence staining was performed for the detection of CD4+ T cell, CD8+ T cell, CD11c+ Dendritic cell and MHC II molecules by using Alexa-488 conjugated rat-anti-mouse CD4 (clone: RM4-5, Biolegend), Alexa-488 conjugated rat-anti-mouse CD8 (clone: 53-6.7, Biolegend), Alexa-488 conjugated Armenian Hamster-anti-Mouse CD11c antibody (clone: N418, Biolegend), and rat-anti-mouse I-A/I-E Antibody (clone: M5/114.15.2, Biolegend), respectively. Indirect Immunofluorescence staining was performed for the analysis of CD3+ T cell and CD19+ B cell by using rat-anti-mouse CD3 (clone: 17A2, Biolegend) and rat-anti-mouse CD19 (clone: 6D5, Biolegend), respectively, followed by using Alexa-488 conjugated goat-anti-rat IgG (clone: Poly4054, Biolegend). Immunohistochemistry was performed for the detection of MHC II molecules on lacrimal gland tissue cells by using rat-anti-mouse I-A/I-E antibody (clone: M5/114.15.2, Invitrogen) on cryosections.

Gene Expression Profiling Analysis

Total RNA was isolated from murine lacrimal glands at week 0, 2, and 6 after immunization using TRIzol Plus RNA Purification Kit (Invitrogen). The extracted total RNA from each sample was quantified by a NanoDrop ND-1000 spectrophotometer and RNA integrity was assessed by standard denaturing agarose gel electrophoresis. The double strand cDNA was synthesized by Invitrogen Superscript ds-cDNA synthesis kit (Invitrogen, USA) according to the manufacturer's protocol. cDNA was labeled with Cy3 using NimbleGen one-color DNA labeling kit (Roche NimbleGen Inc., USA). Labeled ds-cDNA samples were hybridized to NimbleGen Mouse 12x135K Gene Expression Microarray (Roche NimbleGen Inc., USA). Array scanning was done by the Axon GenePix 4000B microarray scanner (Molecular Devices Corporation, USA).

TIFF-files of scanned images were imported into NimbleScan software (version 2.5) for grid alignment and expression data analysis. Raw expression data were normalized through quantile normalization and the Robust Multichip Average (RMA) algorithm included in the NimbleScan software. Probe level (*_norm_RMA.pair) files and gene level (*_RMA.calls) files were generated after normalization. The gene level files were imported into Agilent GeneSpring GX software (version 11.5.1) for further analysis. Genes with values higher than or equal to lower cut-off: 100.0 in at least 3 out of 15 samples were chosen for further data analysis. Statistically significant differentially expressed genes (DEGs) were identified by Volcano Plot filtering (fold change ≥ 2.0, p-value ≤ 0.05). KEGG pathway analysis and Gene Ontology (GO) term enrichment analysis were applied to determine the roles of DEGs in various biological pathways and GO terms. To analyze the gene co-expression network, DEGs were submitted to the STRING database (version 10.5) for construction of a gene co-expression network. The constructed gene network was further edited by using the Cytoscape software platform (version: 3.6.1) (12).

Real Time Quantitative PCR

Total RNA was isolated and processed by real time quantitative PCR (RT-qPCR) for gene expression analysis. PCR was performed by the use of an Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems). The β-actin (Actb) gene was used as internal control. Data was normalized using the 2−ΔΔCt method. A list of primers used for the RT-qPCR was presented as Supplementary Table 5.

Statistical Analysis

Except gene expression profiling data, all data were analyzed by using GraphPad Prism software (GraphPad Software Inc.). P-values below 0.05 were considered as statistically significant.

RESULTS

Balb/c Mice are Susceptible to Ro60_316-335 Peptide-Induced pSS-Like Disease

Previously, we have demonstrated that development of Ro60_316-335 peptide-induced pSS-like disease in mice depends on the genetic background of the mice, where C3H/He mice were found to be susceptible but DBA/1 and C57BL/6 mice were shown to be resistant to the disease (11). Here, we investigated whether Balb/c mice are susceptible to experimental pSS. As shown in Figure 1A, secretion of tears in mice immunized with Ro60_316-335 peptide emulsified in TiterMax® was significantly reduced as compared to mice immunized with PBS control at week 12 after immunization, while no reduction in secretion of saliva was observed (Figure 1B). Although no lymphocytic focus was observed in the histology of either salivary or lacrimal glands (Figure 1C), immunofluorescence staining revealed the infiltration of both CD3+ T cells and CD19+ B cells in lacrimal glands of Ro60_316-335-immunized mice but not in the control mice (Figure 1D). CD3+ T cells, but not CD19+ B cells, were also observed in the salivary glands of Ro60_316-335-immunized mice (Supplementary Figure 1). Analysis of the subtypes of T cells revealed that the infiltrated T cells in lacrimal glands were composed of both CD4+ and CD8+ T cells (Supplementary Figure 2). Collectively, Balb/c mice immunized with Ro60_316-335 peptide showed lymphocytes infiltration into the exocrine glands and impairment in tear secretion, demonstrating that this strain is susceptible to experimental pSS. Notably, immunization with a different peptide derived from Ro60 (Ro60_480-494) also emulsified in TiterMax® failed to induce corresponding disease symptoms (Supplementary Figure 3), indicating the specificity of this model for Ro60_316-335.
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FIGURE 1. Balb/c mice are susceptible to Ro60_316-335-induced pSS-like disease. Balb/c mice were treated with Ro60_316-335 peptide either emulsified in TiterMax® or PBS. Secretion of saliva (A) and tears (B) was determined after pilocarpine stimulation. Values were normalized to the respective body weights and subsequently to the levels of secretion determined before immunization. Results of two experiments were pooled and data presented as Mean ± SEM, statistically significant differences between peptide-immunized mice (n = 11) and controls (n = 10) were calculated by using Student's t-test (*p < 0.05). (C) Representative micrographs after H&E staining of sections derived from paraffin embedded lacrimal glands (upper) and salivary glands (lower) of mice immunized with Ro60_316-335 peptide or PBS control. Bars, 100um. (D) Representative immunofluorescence micrographs CD3+ T cells (upper) and CD19+ B cells (lower) in lacrimal glands of Ro60_316-335- or PBS-treated mice. Bars, 50um. (E) Time-kinetics of CD3+ T cell infiltration in lacrimal glands of peptides immunized mice (n = 4) and controls (n = 4) at week 0, 2, 4, 6, and 12 after immunization. Data are presented as mean ± SEM, statistically significant differences between peptide- and PBS-treated mice were calculated by using Mann Whitney test (*p < 0.05). (F) Time-kinetics of anti-Ro60_316-335 autoantibodies production in the sera of Ro60_316-335 peptides immunized mice (n = 13) and controls (n = 11). Data presented as Mean ± SEM, statistically significant differences between peptide- and PBS- treated mice were calculated by using Mann Whitney test (**p < 0.01, ***p < 0.001).



We next analyzed kinetics of T cell infiltration and autoantibody production in Ro60_316-335 peptide-immunized mice. As shown in Figure 1E, infiltration of CD3+ T cells into the lacrimal gland was observed first at week 4 and reached a peak at week 6 after immunization. Moreover, anti-Ro60_316-335 peptide autoantibodies became detectable at day 10 and peaked at week 6 after immunization (Figure 1F). Kinetics of autoantibody production, lymphocytic infiltration, and impairment of tear secretion demonstrate that from week 0 to week 6 after the first immunization was the presymptomatic phase in Balb/c mice in this mouse model.

We then determined whether glandular cell apoptosis, a presymptomatic feature in NOD mouse model for pSS, exists also in the Ro60_316-335 peptide-induced model in Balb/c mice. As shown in Supplementary Figure 4, obvious glandular cell apoptosis was detected in lacrimal gland of neither Ro60_316-335 peptide-immunized mice nor control mice, suggesting that apoptosis is not a feature of this model.

Gene Expression Profiling of Lacrimal Glands from the Presymptomatic Phase of the Disease

Although our previous study has shown that C3H/He mice are also susceptible to the Ro60_316-335 peptide induced pSS-like disease (11), the time frame of the presymptomatic phase in Balb/c mice is better defined than that in C3H/He mice. Therefore we investigated the presymptomatic features in the lacrimal glands in the Balb/c strain. We determined gene expression profiling of the lacrimal glands in the presymptomatic phase, including the status prior to immunization (week 0), at week 2 and 6 weeks after immunization with Ro60_316-335 peptide emulsified in TiterMax®. Comparison were performed for peptide-immunized mice vs. untreated mice (week 0), peptide-immunized mice vs. PBS/ TiterMax®-treated control mice, and PBS/ TiterMax®-treated control mice vs. untreated mice. As shown in Supplementary Figures 5, 6; Supplementary Tables 1, 2, each comparison resulted in hundreds of upregulated or downregulated genes. To further characterize those differentially expressed genes, we performed gene ontology (GO) enrichment analysis (Supplementary Table 3), pathway enrichment analysis (Supplementary Table 4), and gene network analysis.

At week 6 after immunization, top enriched GO terms in upregulated genes in the lacrimal glands of Ro60_316-335 peptide-immunized mice as compared to untreated mice (week 0) belong to the gene groups of “immune system process,” “T cell activation,” “immune response,” and “lymphocyte activation” (Figure 2A). These results were in line with findings of the pathway enrichment analysis, where those upregulated genes were allocated in the pathways “leukocyte transendothelial migration,” “B cell receptor signaling,” and “T cell receptor signaling” (Figure 3A). Interestingly, two infection related pathways, measles, and human T-cell lymphotropic virus type 1 (HTLV-1) infection, also appeared in the pathway enrichment analysis, suggesting that the immunization mediated immune responses within lacrimal glands was similar to those against infections. Furthermore, a gene network constructed on the basis of the identified upregulated gene showed that 7 out of top 10 central nodes belong to genes involved in “immune responses” (Figure 4A). Therefore, all three bioinformatic analysis strategies demonstrate that immune response associated genes were upregulated in lacrimal glands of Ro60_316-335 peptide-immunized mice compared to untreated mice. These findings are supported by our observation that infiltration of lymphocytes in the lacrimal glands reached the peak at 6 weeks after immunization. Notably, those immune response associated genes upregulated in lacrimal glands of peptide-immunized mice at week 6 after immunization were not seen in PBS/ TiterMax®-treated control mice (Supplementary Tables 3, 4), suggesting that their upregulation was induced specifically by the peptide immunization.


[image: image]

FIGURE 2. Gene ontology (GO) enrichment of differentially expressed genes (DEGs) in the lacrimal glands of mice. (A) GO terms enriched in genes up-regulated in lacrimal glands of mice at week 6 after immunization with Ro60_316-335 peptide compared to untreated mice (week 0). (B) GO terms enriched in genes up-regulated in lacrimal glands of mice at week 2 after immunization with Ro60_316-335 peptide compared to untreated mice. The top 5 significantly enriched GO terms in “biological process,” “cellular component,” and “molecular function” are presented. Names of the GO terms are indicated in Y axis, while the X axis indicates p-values.
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FIGURE 3. KEGG pathway enrichment analysis of differentially expressed genes (DEGs) in lacrimal glands of mice. (A) KEGG pathways enriched in genes up-regulated in lacrimal glands of mice at week 6 after immunization with Ro60_316-335 peptide compared to untreated mice (week 0). (B) KEGG pathways enriched in genes up-regulated in lacrimal glands of mice at week 2 after immunization with Ro60_316-335 peptide compared to untreated mice. The top 5 significantly enriched KEGG pathways are shown. HTLV-1, Human T-cell lymphotropic virus type 1.
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FIGURE 4. Gene co-expression network of differentially expressed genes (DEGs) in lacrimal glands of mice. (A) Gene network of genes up-regulated in lacrimal glands of mice at week 6 after immunization with Ro60_316-335 peptide compared to untreated mice (week 0). The top 10 connected genes are labeled in yellow. Among the top ten connected genes, genes involved in immune responses are highlighted with red cycles. (B) Gene network of genes up-regulated in lacrimal glands of mice at week 2 after immunization with Ro60_316-335 peptide compared to untreated mice. The top 10 connected genes are labeled in yellow. Among the top ten connected genes, genes involved in antigen presentation are highlighted with red cycles.



Since gene expression data suggest that there were immune responses in the lacrimal glands of mice immunized with Ro60_316-335 peptide at 6 weeks after immunization, we next evaluated the gene expression profiling at 2 weeks after immunization in the early presymptomatic phase. As compared to week 0, top enriched GO terms of upregulated genes in lacrimal glands at week 2 after immunization with the Ro60_316-335 peptide were “antigen processing and presentation,” “MHC protein complex,” and “peptide antigen binding” (Figure 2B), suggesting that genes involved in antigen presentation and processing were activated. This notion was confirmed by pathway enrichment analysis and gene network analysis, which showed that “antigen processing and presentation” was one of the top enriched pathways (Figure 3B) and that 5 out of top 10 central nodes consist of genes involved in antigen presentation and processing (Figure 4B), respectively. Therefore, our bioinformatic analysis demonstrate that in the lacrimal glands of mice at week 2 after immunization genes related to antigen presentation and processing were upregulated. Surprisingly, these genes were also found to be upregulated in mice treated PBS/TiterMax® as a control (Supplementary Tables 3, 4), indicating that regulation to these genes was not driven by the antigen but by the adjuvant. Upregulated genes encompass several MHC I and MHC II genes, including H2d1, H2eb1, H2ea1, H2k1, H2dmb1, H2q7, H2aa, and B2m (Figure 5A). To confirm the upregulation of MHC genes, we performed real time quantitative PCR to determine the expression of H2d1, H2k1, H2eb1, and H2aa. As predicted, we found, all four MHC genes to be upregulated in the TiterMax®-treated groups in comparison to the respective untreated control group (Figure 5B).
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FIGURE 5. Expression of genes involved in antigen processing and presentation in lacrimal glands of mice. (A) Heatmap of differentially expressed genes involved in antigen processing and presentation, with green and red color representing low and high gene expression, respectively. Signal intensity of gene expression was normalized by using the z-score and indicated in color from green (low) to red (high). Calculation and plotting were performed by using package heatmap.2 in RStudio. (B) Validation of gene expression of H2d1, H2k1, H2aa, and H2eb1 in lacrimal glands of mice at week 2 after immunization with Ro60_316-335 peptide, PBS/Titermax® control, and in untreated mice (week 0). The quantification of gene expression was determined by real time quantitative PCR with β-actin gene expression as internal control for normalization. Data are presented as mean ± SEM, statistical differences between groups were determined by using Student's t-test (*p < 0.05, **p < 0.01 and ***p < 0.001).



Ectopic Expression of MHC II on Murine Lacrimal Glands

Under physiological condition, glandular cells express MHC I but not MHC II molecules. Thus, the upregulation of MHC II molecules observed here represent most likely an ectopic expression. Since such an ectopic expression of HLA II on epithelial cells of salivary glands is a feature of pSS patients (3, 13), we further characterized the expression of MHC II in lacrimal glands of the immunized mice. As expected, MHC II molecules were not expressed on glandular cells prior to immunization. However, ectopic expression of MHC II molecules was observed at week 2, 6 and 12 after treatment with TiterMax®, irrespective whether a further antigen was co-applied or not (Figure 6A and Supplementary Figure 7). Immunohistochemical staining revealed further that MHC II molecules were ectopically expressed on both lacrimal acinar and ductal cells in the lacrimal glands of TiterMax®-treated mice (Figure 6B). To confirm that elevated expression of MHC II molecules was associated with their upregulation on glandular cells but not by infiltration of professional APCs, we performed co-staining of tissue against MHC II in combination with CD11c. Although we could identify a small number of CD11c+MHCII+ APCs in the glandular tissue, the majority of MHC II+ cells in the lacrimal glands of TiterMax®-treated mice scored negative for CD11c (Figure 6C).
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FIGURE 6. Ectopic expression of MHC II molecules on glandular cells in lacrimal glands of TiterMax®-treated mice. (A) Representative micrographs of MHC II molecules on lacrimal glands from mice immunized with Ro60_316-335 peptides or PBS emulsified in TiterMax® at the week 2 after immunization and on untreated mice (week 0). MHC II molecules were detected on cryosections of the lacrimal glands by direct immunofluorescence staining using Alexa-647 conjugated rat-anti-mouse I-A/I-E Antibody. Bars, 50um. (B) Representative micrographs of MHC II molecules on lacrimal glands of mice. Expression of MHC II molecules was determined by immunohistochemistry on cryosections. Bars, 50um. (C) Co-staining for CD11c and MHC II molecules on cryosections of lacrimal glands from mice immunized with Ro60_316-335 peptides. CD11c and MHC II molecules on lacrimal gland tissue cells were detected by using Alexa-488 conjugated Armenian Hamster-anti-Mouse CD11c antibody and Alexa-647 conjugated rat-anti-mouse I-A/I-E Antibody, respectively. Bars, 50um. (D) Co-staining for CD4 and MHC II molecules on cryosections of lacrimal glands from mice immunized with Ro60_316-335 peptides. CD4 and MHC II molecules on lacrimal gland tissue cells were detected by Alexa-488 conjugated rat-anti-Mouse CD4 antibody and Alexa-647 conjugated rat-anti-mouse I-A/I-E Antibody, respectively. Bars, 50um.



To investigate whether the ectopic expression of MHC II molecules is limited to tissues of lacrimal glands, we determine the expression of MHC II in other organs including salivary glands, lung, kidney and heart. As shown in Supplementary Figure 8, ectopic expression of MHC II molecules could be detected in all analyzed organs in mice treated with TiterMax® but not in untreated controls.

To further examine whether MHC II expressing glandular cells interact with infiltrated CD4+ T cells, we performed co-staining of MHC II molecules with CD4. As shown in Figure 6D, co-localization of CD4+ T cells and MHC II expressing cells was observed in the lacrimal glands of mice immunized with Ro60_316-335 peptide, indicating that glandular cells may have the ability to present antigen to corresponding T cells. Noteworthy, no such interaction was observed in mice which received TiterMax® in the absence of the peptide.

CFA does not Induce Ectopic Expression of MHC II Molecules

Finally, we then investigated whether the adjuvant induced ectopic expression of MHC II molecules is specific for TiterMax® or a more general effect which can be mediated by other adjuvants too. However, treatment with CFA did not induce the ectopic expression of MHC II molecules in the lacrimal glands (Figure 7A) in Balb/c mice. Furthermore, immunization with Ro60_316-335 peptide emulsified in CFA failed to induce a pSS-like disease. Although these mice did produce autoantibodies against Ro60_316-335 peptide (Figure 7E), neither impairment in tears secretion (Figures 7B,C) nor lymphocytic infiltration (Figure 7D) was observed.
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FIGURE 7. Immunization with Ro60_316-335 peptide emulsified in complete freund's adjuvant (CFA) failed to induce pSS-like disease in Balb/c mice. (A) Representative immunofluorescence micrographs of MHC II molecules on cryosections of lacrimal glands from mice treated with PBS emulsified in CFA at week 0, 2, and 6 after immunization. Bars, 50 μm. Secretion of saliva (B) and tears (C) was determined after pilocarpine stimulation. Values were normalized to the respective body weights and subsequently to the levels of secretion determined before immunization. Data presented as mean± SEM, statistically significant differences between peptide-immunized mice (n = 13) and controls (n = 8) were determined using Student' t-test. (D) Representative immunofluorescence micrographs of CD3+ T cells (upper) and CD19+ B cells (lower) in lacrimal glands of Ro60_316-335-immunized mice or PBS-treated control mice. Bars, 50 μm. (E) Production of anti-Ro60_316-335 antibodies in the sera of mice immunized with Ro60_316-335 or PBS emulsified in CFA. Data are presented as mean ± SEM, statistically significant differences between peptide- and PBS- immunized mice were calculated by using Mann Whitney test (***p < 0.001).



DISCUSSION

In this study, we could demonstrate that ectopic expression of MHC II molecules in lacrimal glands represents an early presymptomatic event in the Ro_316-335 peptide-induced model for pSS. Given that adjuvants are able to enhance maturation of dendritic cells and to increase antigen presentation, it is not surprising that application of an adjuvant mediates the upregulation of MHC molecules on professional APCs (14). However, the adjuvant-induced ectopic expression of MHC II molecules on glandular epithelial cells has not been observed so far. To our knowledge, this study reports for the first time on the ectopic expression of MHC II molecules as a presymptomatic feature of animal models of pSS.

In 1985, Lindahl et al. reported that HLA_DR molecules are ectopically expressed on the minor salivary gland epithelial cells around the dense lymphocytic infiltrates in pSS patients (13). Subsequent in-situ histological studies demonstrated that both salivary acinar and ductal cells ectopically express MHC II molecules (3, 15). However, it is not clear whether this ectopic expression is a presymptomatic feature or already a consequence of the disease manifestation. So far, the only reported evidence for an ectopic expression of MHC II in an animal models for pSS derives from observations in RbAp48 transgenic mice. In 2008, Ishimaru et al. reported that these mice develop a pSS-like disease spontaneously which is associated with an ectopic expression of MHC II molecules on glandular epithelial cells (16). Since in this study only the histology of exocrine gland of diseased mice was evaluated, it is not clear whether this ectopic expression of MHC II molecules is a presymptomatic feature of this model. By contrast, we here demonstrate that ectopic expression of MHC II molecules on both acinar and ductal cells is a true presymptomatic feature of Ro60_316-335 peptide-induced mouse model for pSS.

Although ectopic expression of MHC II molecules on glandular epithelial cell is a well-defined feature of pSS (13), it is not clear whether this abnormality is caused by a genetic dysregulation or by exogenous factors. In the RbAp48 transgenic mouse model, ectopic expression of MHC II molecules is a clear consequence of a genetic modification and is mediated by the overepression of the RbAp48 gene (16). In our study, ectopic expression of MHC II molecules is induced by application of TiterMax®, suggesting that the ectopic expression can be caused by an exogenous factor. Taken together, evidence from animal studies suggests that both genetic and environmental factors can mediate the ectopic expression of MHC II molecules on glandular epithelial cells in pSS.

Expression of MHC II genes are controlled by interferon regulatory factor 1 (IRF-1) and Class II Major histocompatibility complex transactivator (CIITA) as primary regulators of MHC II expression (17, 18). Moreover, it has been reported that IFN-γ regulate the expression of MHC II by acting on IRF-1 and CIITA (19). Consistently, IRF-1 has been reported to be highly expressed in the salivary gland from pSS patients (20), supporting the hypothesis that the ectopic expression of MHC II is regulated by IRF-1. With regard to the ectopic expression of MHC II on glandular epithelial cells in mice, Ishimaru et al. could demonstrate the production of IFN-γ by salivary gland epithelial cells which induces the upregulation of IRF-1 and CIITA and further leads to the ectopic expression of MHC II molecules in exocrine glands of the RbAp48 transgenic mice (16). In line with these findings, we observed a significant upregulation of IRF-1 and CIITA gene expression in the lacrimal gland of TiterMax® treated mice as compared to untreated mice (Supplementary Figure 9), providing indirect evidence that ectopic expression of MHC II molecules is likewise mediated by upregulation of these two molecules.

Since the MHC II molecules play a pivotal role in antigen presentation and subsequent CD4+ T cell activation (21), it is conceivable that glandular epithelial cells expressing MHC II molecules might act as APCs and thus are involved in the initiation of the disease manifestation. This notion is supported by our observation that infiltrated CD4+ T cells co-localized with glandular cells ectopically expressing MHC II molecules. Previously, Ishimaru et al. showed that salivary gland epithelial cells (SGEC) obtained from pSS patients express both MHC II molecules and co-stimulatory cytokines and are able to mediate the initiation, development and maintenance of inflammatory response as non-professional APCs in vitro (22), supporting a role of MHC II-expressing glandular epithelial cells as APCs.

Interestingly, TiterMax®, but not CFA, can induce ectopic expression of MHC II molecules. Furthermore, only TiterMax® but not CFA can be used as the effective adjuvant for Ro60_316-335 peptide-induced mouse model of pSS. This observation suggests that these two adjuvants are different in their actions in triggering immune responses, especially in triggering innate immune responses. Studies in which both adjuvants were compared have demonstrated that CFA is able to mediate stronger immune response than TiterMax® (23–26), in terms of antibody production and chronicity of inflammation. However, the difference between CFA and TiterMax® in triggering innate immune responses was not clear so far.

Adjuvants are effective means to potentiate cellular and humoral immune responses in modeling human immune related diseases. The mode of action of adjuvants includes prolongation of the lifetime of (auto-)antigens, enhancement of antigen delivery to APC, and stimulation of the innate immune system (14, 27). The current study demonstrates that TiterMax® is able to induce ectopic expression of MHC II molecules on epithelial cells. Previously, Ishimaru and colleagues have shown that SGEC of pSS patient express beside MHC II molecules also antigen presenting-associated molecules such as CD86, CD80, and ICAM-1 (16). Moreover, SGEC are able to activate CD4+ T cells, suggesting that they can function as antigen presenting cells (16). Therefore, the findings of the current study suggests a novel mechanism of adjuvant-mediated activation of the adaptive immune response by converting epithelial cells into APCs.

Although our results provide an idea on presymptomatic processes in experimental pSS, some limitations in this study have to be discussed. First, the Ro60_316-335 peptide-induced disease phenotypes in Balb/c mice are rather mild, which makes this model not ideal for all studies on this disease. Second, lymphocytic foci in the exocrine glands, a feature of pSS patients, are not present in Balb/c mice and only a rather mild infiltration of lymphocytes could be detected in lacrimal and salivary glands. It is not clear whether this limited number of infiltrated lymphocyte and their interaction with glandular cells are relevant to the development of disease. Third, given that both lacrimal and salivary glands are characterized by mild lymphocytic infiltration and MHC II ectopic expression, it is unclear why only the secretion of tears is impaired. One possible explanation for this could be discrepant susceptibilities of both glands to autoimmune-mediated impairment. This idea is supported by observations in two other murine models of pSS. In thrombospondin-1-deficient mice impairment in tear secretion occurs without effect on the production of saliva (28) and in transgenic mice overexpressing retinoblastoma-associated protein 48 a more severe impairment of lacrimal gland function was seen than in the function of salivary glands (16). Finally, since TiterMax® represents a multi-component reagent, the identity of the defined substance relevant for the ectopic expression of the MHC II molecules has to be clarified.

In conclusion, the current study shows that TiterMax®-induced ectopic expression of MCH II molecules on exocrine glands is an important feature in the early presymptomatic phase of the Ro60 peptide-induced mouse model of pSS. These findings suggest that that ectopic expression of MHC II molecules in the exocrine glands might be a presymptomatic feature of pSS and such ectopic expression can be induced by exogenous factors. Furthermore, this study also suggests a novel mechanism of adjuvant action in potentiating immune responses.
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The role of autoimmunity in Parkinson's disease (PD), as one of the most popular research subjects, has been intensively investigated in recent years. Although the ultimate cause of PD is unknown, one major area of interest remains identifying new therapeutic targets and options for patients suffering from PD. Herein, we present a comprehensive review of the impacts of autoimmunity in neurodegenerative diseases, especially PD, and we have composed a logical argument to substantiate that autoimmunity is actively involved in the pathogenesis of PD through several proteins, including α-synuclein, DJ-1, PINK1, and Parkin, as well as immune cells, such as dendritic cells, microglia, T cells, and B cells. Furthermore, a detailed analysis of the relevance of autoimmunity to the clinical symptoms of PD provides strong evidence for the close correlation of autoimmunity with PD. In addition, the previously identified relationships between other autoimmune diseases and PD help us to better understand the disease pattern, laying the foundation for new therapeutic solutions to PD. In summary, this review aims to integrate and present currently available data to clarify the pathogenesis of PD and discuss some controversial but innovative research perspectives on the involvement of autoimmunity in PD, as well as possible novel diagnostic methods and treatments based on autoimmunity targets.
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INTRODUCTION

The consensus is that under normal physiological conditions, the whole immune system fights against foreign antigens but not self-aggressors. Unfortunately, long-standing studies have revealed that immunological destruction may incite organisms to attack the self-antigens of cells or tissues, referred to as autoimmunity (1, 2). Failure to maintain the self-tolerance of lymphocytes is a fundamental explanation for the onset of autoimmune diseases. The pathogenesis of autoimmunity has been explored for many decades, and several relevant mechanisms have been confirmed to cause autoimmune diseases, which are summarized as follows: (1) genetic alterations in pattern recognition receptors (PRRs); (2) cross-reaction of immune cells with self-antigens (also called molecular mimicry); (3) epitope spreading or drifting; and (4) dysfunction of T cells and B cells. Specifically, Chastain and Schie have shown that genetic alterations in PRRs could increase the sensitivity threshold against harmless self-antigens. They also demonstrated that autoimmunity could result from cross-reactivity between a host cell receptor and the antibody induced by the antigenic epitope of an antiviral agent (3, 4). Qiao et al. attributed the occurrence and development of an autoimmune disease to an imbalance between regulatory T cells (Tregs) plus suppressive cytokines and effector T cells plus pro-inflammatory cytokines (5). The powerful immune suppressive capacity of Tregs and their secreted cytokines could suppress not only effector T cells but also other immune cells, such as B cells and dendritic cells (DCs). Meanwhile, it has also been demonstrated that the assistance of CD4+ cells (also known as helper T cells) is pivotal for the autoantibody response of B cells driven by autoantigens, which can also improve the outcome of immune reactions initiated by various antigen-presenting cells (APCs) as a secondary response to antigens (6, 7). This review mainly elaborates on how inappropriate immune responses in the central nervous system (CNS) contribute to the pathogenesis of a broad range of neurodegenerative disorders including but not be limited to Parkinson's disease (PD).

AUTOIMMUNITY IN NEURODEGENERATIVE DISEASES AND ITS RELEVANCE TO PD

The immune system always exerts intricate and reciprocal effects on the nervous system. Previous research considered brain cells safe from attack by the immune system because most neurons do not express antigens, which are markers specifically recognized by antibodies. Nevertheless, increasing data have indicated that autoimmunity causes neuronal demyelination, axonal damage, synaptic loss and further neurodegeneration (8). In fact, the CNS usually suffers from a chronic autoimmune attack. According to Kawai and Akira, inflammation is one of the first and most prominent events in this chronic process (9), which can last a decade or two, followed by the accumulation of neuronal injury, eventually resulting in irreversible neurodegeneration. When autoimmunity begins, some harmful cytokines are released, some of which further recruit immune cells to continuously attack neurons and nerve fibers (10–12). Multiple sclerosis is a torturous autoimmunity-related CNS disease with typical pathological variances that are usually clinically marked by oligoclonal bands and/or an increased immunoglobulin G index (13). As mentioned above, even though the damage associated with acute inflammatory lesions occurs first, the subsequent autoimmunity-induced neurodegeneration is linked with the progressive development of disability (14, 15). Overall, neurodegenerative diseases are irreversible, and the related deterioration might be due to the chronic, long-lasting, and autoimmunity-induced pathology transformation. Meanwhile, advanced age, one of the main risk factors of both neurodegeneration and autoimmune disease, is characterized by an erosion of tolerance and increased reactivity to self-antigens (16–19). As such, it is assumed that PD, as one of the most common neurodegenerative disorders ranking after Alzheimer's disease (AD), is also likely to be an autoimmune disease.

The pathogenesis, diagnosis and treatment of PD have received increasing interest due to the increasing morbidity and mortality, enervating features, irreversibility, and early-onset tendency of the disease. In terms of the mechanism of the death of dopaminergic neurons (DNs), no unanimous conclusion can yet be drawn. A growing number of published studies using cell culture systems and preclinical animal models have provided evidence for a role of the immune system in the etiology of PD (20–22). Some researchers had already begun to focus on the relationship between PD and autoimmunity as early in 1989; however, due to sample size limitations and immature experimental technology, they did not obtain reliable data showing a significant correlation between PD and autoimmunity (23). After nearly three decades, a series of research results have demonstrated that both the innate and adaptive immune systems are activated in PD. Significant increases in innate immune factors, including interleukin (IL)-1, IL-2, and IL-6 and tumor necrosis factor (TNF)-α, have been detected within the substantia nigra pars compacta (SNpc) and cerebrospinal fluid (CSF) of PD patients (24, 25), and γδ T cells, the first line of defense, have also been found to be elevated within the peripheral blood and CSF (26). For specific recognition, human catecholaminergic SNpc neurons express major histocompatibility complex I (MHC-I), which enables them to present autoantigens and be more susceptible to T cell-mediated cytotoxic attack (27). Increased levels of specific immunoglobulins in the peripheral blood and CSF of PD patients have further suggested that humoral autoimmunity is involved in the pathogenesis of PD (28–30). Additionally it became more convincing that post-mortem studies of PD brain tissue showed both CD4+ and CD8+ T cells in close proximity to DNs within the SNpc at levels 10-fold higher than in the control group (31). Analysis of the correlation between immunity and PD has demonstrated that immunoglobulin G (IgG) binds to DNs in PD (32). Moreover, an increase in CD8+ T cells and a decrease in Tregs within the peripheral T lymphocyte populations of PD patients (33) indicated the downregulation of self-tolerance and upregulation of error recognition and self-attack, further corroborating the potential involvement of autoimmunity in PD progression. All of these reliable experimental data indicate that autoimmunity might play a key role in PD development. More in-depth studies are urgently needed to prove that autoimmunity is the main cause of PD and to explain the mechanism underlying the injury and selective loss of DNs. Autoimmunity contributes to the pathogenesis of PD in a multifactorial manner involving α-synuclein (α-syn) and immune cells (e.g., microglia and DCs) and the mutation of many genes (e.g., PINK1, Parkin, and DJ-1). These contributions produce varied and unique corresponding pathomechanisms and clinical features, which will be discussed at length in the following sections in sequence (Figure 1).
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FIGURE 1. Parkinson's disease (PD) is actually an autoimmune disease. Autoimmunity occurs when immune homeostasis is broken by several main mechanisms shown in this figure, which directly result in an increase in error recognition and self-attack and a decrease in self-tolerance to autoantigens. Regarding PD, chronic autoimmune attack is not only its pathogenesis but also always involved throughout the entire disease process. Inflammation is the first step of this attack, with the subsequent participation of various immune cells and immunoglobulins they produce, ultimately leading to the death of dopaminergic neurons. PRRs, pattern recognition receptors; CSF, cerebrospinal fluid; SNpc, substantia nigra pars compacta; IL, interleukin; TNF, tumor necrosis factor.



GENETIC REGULATION OF AUTOIMMUNITY IN PD

Some autoimmune diseases are frequently familial, while other autoimmune diseases are sporadic (34). Despite the proven genetic associations among distinct autoimmune diseases, much of the heritability remains unaccountable (35). Scientists have assumed that PD-related genes might be the key regulatory factors engaging the autoimmune system and their dysfunction would overshoot immunity either by lost tolerance or increased sensitivity thresholds to self-antigens (36). Undoubtedly, certain genes are closely related to PD, with two inheritance modes: autosomal dominant and autosomal recessive (37). Three genes, PINK1, Parkin, and DJ-1, are closely related to autosomal recessive genetics in early-onset PD. Meanwhile, mutations in PINK1 and Parkin, which encode a mitochondrially targeted protein kinase and an E3 ubiquitin ligase, respectively, have been found in both familial and sporadic PD (38, 39). It was once believed that the dysfunction of these two genes would cause the failure to maintain normal mitochondrial function, leading to the loss of DNs and ultimately causing PD (39, 40). While in the past few years, it has been shown that PINK1 and Parkin-related immune system disorders are indeed responsible for the upstream mechanism of mitochondrial aberrations. PINK1, a kinase stabilized at the surface of mitochondria, phosphorylates both ubiquitin and Parkin (41, 42). The reduced ability of PINK1−/− CD4+ T cells to suppress bystander T cell proliferation indicate that this pathological state could result in reduced immuno-surveillance or activated autoimmunity during PD progression (43). In addition, it has been reported that the loss of PINK1/Parkin-dependent mitochondrial quality control triggers a series of physiological events related to PD, including the abnormal initiation of innate immunity (44). The lack of PINK1 and Parkin has been confirmed to induce high levels of mitochondrial antigen presentation (MitAP) MHC-I molecules in both macrophages and DCs, as well as accelerating the formation of mitochondria-derived vesicles (MDVs) on which MitAP depends both in vitro and in vivo (45). Data have also shown that Parkin−/− DNs with MitAP activation are recognized by established mitochondria antigen-specific T cells, accompanied by cytotoxic responses, including microglial activation and local inflammation, as well as a significant contribution of the immune system in the etiology of PD (34, 46). During the process of infection or inflammation, the presence of a lymphatic system in the CNS could facilitate the transportation of immune cells into the brain, subsequently destroying DNs expressing mitochondrial antigens on their surface. In other words, under these circumstances, mitochondrial antigen-expressing DNs are much more “visible” to autoimmunity (34, 47). As previously stated, elucidating the abnormal function of T cells in the absence of PINK1 and/or Parkin may also help to unravel the role of autoimmunity in PD. Therefore, further investigations of T cell function in PINK1 and/or Parkin mutation carriers are needed.

In addition to these observations, DJ-1 (Parkinson's disease protein 7, PARK7) has also been reported to affect the development of natural Tregs (nTregs) and induced Tregs (iTregs, previously known as suppressor T cells). Mature Tregs with normal function, which modulate not only adaptive immunity but also innate immunity, are pivotal for maintaining thymic function, peripheral immune self-tolerance and immune system homeostasis. nTregs are generated in the thymus, while iTregs are derived from naïve CD4+ T cells encountering antigens in the peripheral organs. Both cell types are generally immunosuppressive through the suppression or downregulation of effector T cell proliferation (48). Their “self-check” function successfully prevents excessive effector cell reactions. On the other hand, the abnormal proliferation of both types of Tregs leads to the failure of self-/non-self-discrimination, resulting in autoimmune disease (49). Evidence reported by Singh et al. has demonstrated that DJ-1, one of the most classical key players responsible for PD pathogenesis, is strongly linked with neuroimmunology and multiple autoimmune responses in PD. In addition, DJ-1-deficient animal models have shown compromised iTreg induction, cell cycle progression, and cell survival and proliferation. DJ-1−/− iTregs are more proliferative, more susceptible to cell death signals and deficient in cell division compared with wild type counterparts, as analyzed by flow cytometry and Western blotting.

In conclusion, these discoveries provide a new perspective on the relationship between gene regulation and neuroimmunology. Consistent with previous reports, PINK1, Parkin and DJ-1, which have been cited as the three musketeers of neuroprotection (50), are beneficial to mammalian organisms. However, deficiency of these genes leads to a failure to maintain normal neuron function and prevent oxidative stress and inflammation damage in PD, which has also been confirmed by our previous studies (51, 52). Similarly, a failure to maintain the homeostatic immune system leads to a hyperactive autoimmune state and accelerates disease progression.

PATHOGENIC PROTEIN FUNCTION IN AUTOIMMUNITY-ASSOCIATED PD

α-Syn, a small synaptic protein and the primary component of Lewy bodies, if incorrectly modified or misfolded, can form soluble or insoluble aggregates and act as the neuropathological hallmark in the brain of patients with either sporadic or familial PD (53). α-Syn plays a leading role in the initiation and progression of Parkinson-like neurodegeneration because it can induce high neurotoxicity by diverse pathways, such as inflammation, oxidative stress and autophagy abnormalities (53, 54). The neurotoxicity of α-syn is largely attributed to its soluble or insoluble aggregates of oligomers or polymers, which are found throughout the SNpc in PD but are also found in other neurons. The hypothesis that α-syn is involved in the autoimmune process driving PD has been constantly and widely debated. Prior experimental evidence in favor of α-syn as a self-antigen in PD is based on data reported by Benner et al., who found that effector T cells immunized by a self-antigen, nitrated-α-syn (typical neuropathology of PD), could exacerbate neuroinflammation and augment the neurodegeneration of SNpc DNs in an 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model (55). This finding indicates that nitrated-α-syn, as a self-protein and biomarker for the clinical diagnosis of PD, which was detected readily in cervical lymph nodes from MPTP-intoxicated mice, might break down immunological tolerance and induce the autoimmune responses that exacerbate the pathobiology of PD. This report led to an alternative theory that α-syn causes PD by triggering the immune system to attack the brain. Additionally, Cao et al. injected adeno-associated virus overexpressing α-syn into the SNpc of Fc-γ receptor−/− mice via a stereotaxic method and detected attenuated microglial activation and reduced dopaminergic neurodegeneration compared with non-injected controls (56). Over-abundance of α-Syn lead to the expression of a specific antigen, which further induces IgG generation. The Fc-γ receptor is expressed on the cell membrane of microglia, which binds IgG and triggers signal transduction events leading to microglial activation that eventually injures neurons in the SNpc. Therefore, α-syn is important for inducing an autoimmune response that leads to neurodegeneration. Upon further analysis, views from Heather's team have emphasized that in addition to nitration, another post-translational modification of α-Syn in PD, such as phosphorylation at serine 129 (S129), affects the toxicity, oligomerization, and immunogenicity of α-syn itself (57). Casein kinase-2 and G-protein-coupled receptor are two main kinases which influence the phosphorylation of α-syn (58, 59). Circumstance poisons such as MPTP and paraquat can also cause S129 of α-syn (60). Approximately 90% of α-syn in Lewy bodies is phosphorylated at S129 in PD in the brain, while it is relatively rare in human normal brain tissue (~4%). Thus, researchers have speculated that the epitope of α-syn might not exist in the thymus when facing negative selection and would be erroneously recognized as a foreign antigen (61). In addition to the above findings and analysis, Li and Games and their colleagues found another way to change the antigenicity of α-syn both in vitro and in vivo. They passively immunized mice using α-syn antibodies designed to bind the gene's C-terminal fragments and successfully observed decreased α-syn aggregation, reduced DN loss, and alleviated movement disorder in the α-syn model of PD (62, 63). It could be concluded that the C-terminal truncation mutant of α-syn, identified in Lewy bodies and brain tissue with PD, possibly produces new antigens induced by altered α-syn processing.

As discussed above, molecular mimicry and cross immunoreactions are two of the primary mechanisms through which autoimmunity is triggered. Molecular mimicry between herpes simplex virus 1 (HSV1) and human α-syn was detected in PD patients in 2016. HSV1 infection could enhance the development of autoimmunity because autoreactive antibodies induced by HSV1 have the same response to the human α-syn homologous peptide bound to the membrane of DNs and lead to DN destruction (64). These results also support the assumption that α-syn participates in autoimmunity involved in the pathological progression of PD.

According to previous reports, MHC proteins are present on SNpc DNs and norepinephrine neurons in the locus coeruleus, and in the presence of the appropriate antigen and CD8+ T cells (also known as cytotoxic T cells), MHC-I expressing SNpc murine neurons are more easily destroyed, suggesting that antigenic epitopes could activate CD8+ T cells involved in the autoimmune response and cell death (27). In June 2017, Sulzer et al. concentrated on the characteristics of α-syn and tested whether it could be a target of T cells as a potential self-antigen (65). They detected the immune responses of peripheral blood mononuclear cells from 67 PD patients and 36 healthy controls that were exposed to a set of α-syn-derived peptides. It has been shown that the small stretches of α-syn around the Y39 and S129 phosphorylation regions successfully trigger the T cell response. Furthermore, the specific sets of T cells that respond to α-syn epitopes have also been identified to be mostly CD4+ and partly CD8+ T cells. This information could greatly benefit clinical diagnosis and treatment not only because T cell responsiveness might be a new biomarker for identifying individuals at risk or in the early stages of PD but also because of the potential for strategies for inhibiting the immune reaction or elevating the threshold of recognizing self-antigens, such as α-syn, as an attractive and promising therapeutic target in PD. However, there is still much more exploration to be done, as it is not yet clear if the autoimmune response is the initiator or an important pathogenic component of PD; in either case, it cannot be underestimated. Sulzer's team plans to block the autoimmune response in PD, e.g., by deleting certain T cell subpopulations, B cells or MHC, in an attempt to determine whether this will halt progression of the disease.

IMMUNE CELLS AND AUTOIMMUNITY IN PD

To date, numerous immune cells have been shown to be responsible for driving PD progression. DCs and microglia are two types of mammalian immune cells that act as the first and main forms of active immune defense in the CNS (66). They act first as APCs and then activate T cells to initiate the immune system to identify and attack extrinsic antigens. In essence, these immune cells lie at the intersection of the immune response and the neurodegenerative process—two primary aspects of CNS autoimmune disorders. DCs, the famous APCs (also known as accessory cells), serve as messengers between the innate and adaptive immune systems and can induce and even maintain self-tolerance (67). It is the differentiation/maturation rather than the haematopoietic origin or subset classification of DCs that determines their tolerogenic or immunogenic functions. Immature DCs can inhibit alloantigen-specific T cell responses to reverse autoimmune diseases in murine models but simultaneously induce antigen-specific T cell tolerance (68). The maturation of DCs into professional APCs via the upregulation of MHC expression enables DCs to capture antigens successfully (69). Based on these phenomena, Platt et al. proposed a theory called “regulatory mechanisms by DCs” for immune responses against self-antigens. They concluded that the failure of DCs to control T cells via Treg differentiation and effector T cell clonal deletion leads to a direct attack on self-antigen-harboring target cells (70).

The progressive loss of neuromelanin (NM)-containing DNs in the SNpc is one of the predominant features of PD. Once produced by dopamine and norepinephrine via an interaction with cysteine as the inevitable by-product of aging (71), NM (the pigment) is no longer merely a spectator but an autoantigen released from dead DNs that stimulates the maturation and functional activation of DCs though being phagocytized by DCs, and then triggers an adaptive autoimmune response and finally leads to microglial activation, which enhances this autoimmunity via positive feedback (72). Subsequently, these mature DCs migrate from the CNS to cervical lymph nodes, resulting in the presentation of NM to naïve T and B cells in a highly immunogenic context (73). This autoimmune response might eventually lead to the death of NM-rich neurons in PD. Therefore, Oberlander and his colleagues inferred that NM is a potential target structure during autoimmune attack on DNs. This conclusion was later supported in 2009, as a relatively higher level of anti-NM antibodies was detected in the sera of PD patients (28). Consistently, a complement factor named C1q, which has been confirmed to be involved in the classical complement pathway and recognize antigen-bound IgG and IgM, was found to localize on the surface of extracellular NM in the brain of post-mortem PD patients (74). These data highlight the conclusion that NM is a potential target during the autoimmune-based pathogenesis of PD. Although DCs rarely exist in the healthy human brain, myeloid-derived DCs can still infiltrate the brain tissue during the process of neuroinflammation (75, 76). The exact mechanism by which NM activates DCs is by its peptide or lipid components, not by the dopamine melamine backbone, because DC maturation is due to the oxidized lipophosphatidylcholine (LPC) found in low-density lipoproteins (LDLs) (73). This point of view is supported by the increased lipid peroxidation in the SNpc detected in post-mortem PD patients.

In the context of autoimmune disorder-induced PD, the resulting antigens presented by microglia could promote self-antigen recognition by T cells, thus contributing to neuronal damage. The upregulation of MHC-II on microglia allowed microglia to present self-antigens to autoreactive T cells (77). This auto-aggressive loop initiated by DCs along with NM would be enhanced and amplified by microglial activation. Wilms et al. investigated the effects of NM on the release of neurotoxic mediators and the underlying signaling pathways through microglial culture in rats. NM augmented microglial activation by manipulating two signaling pathways, the p38 mitogen-activated protein kinase (MAPK) and nuclear factor kappa B (NF-κB) pathways (78). Similarly, NM injection into the rat SNpc induced microgliosis and the loss of tyrosine hydroxylase neurons in vivo, suggesting a close relationship between microglia and NM-associated DN degeneration in PD (79). As previously mentioned, inflammation acts as the first link between autoimmunity and its subsequent chronic damage, and our findings have suggested that the purinergic receptor P2Y6 mainly contributes to the activation and later phagocytosis of microglia in the CNS, resulting in an outbreak of inflammatory cytokines in the immune system (80). Hence, microglial activation is a downstream event in which microglia present an antigen (like NM) to DC-primed infiltrating T cells to direct the autoimmune response. Overall, DCs and microglia orchestrate the autoimmune response by executing different but cooperative functions during an autoimmune response (Figure 2).
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FIGURE 2. Neuromelanin (NM) is one of the potential targets during the autoimmune-based pathogenesis of PD. This figure illustrates vividly how DCs and microglia, two kinds of mammalian immune cells, interact with each other and identify NM-rich cells as the object of autoimmune attack on DNs. Mature DCs migrate from the CNS to cervical lymph nodes, resulting in the presentation of NM to naïve T and B cells in a highly immunogenic context. This auto-aggressive loop initiated by DCs along with NM is enhanced and amplified by microglial activation. DC, dendritic cell; DN, dopaminergic neuron; CNS, central nervous system; APC, antigen-presenting cell; Cys, cysteine; Tregs, regulatory T cells.



CLINICAL FEATURES AND AUTOIMMUNITY IN PD

Dyskinesia, rest tremor, muscular rigidity, and gait disorder are the main motor symptoms of PD, while constipation, depression, hyposmia, and somnipathy are the main non-motor symptoms in a few PD patients. These symptoms indicate that there is much to translate from basic bench research into clinical treatment. Thus, the relationship between PD patients' clinical features and autoimmunity is also one of our interests in this review. There are three major, clinically relevant forms of PD: (1) tremor-dominant form; (2) rigidity-dominant form; and (3) gait difficulty form (81). Many clinical studies have provided solid evidence that autoimmunity participates in the pathogenesis of PD. Elevated serum levels of anti-α-syn antibodies have been found to be associated with familial variants of PD (29), and increased anti-GM1-ganglioside antibody levels have been detected in the tremor-dominant form of PD (82). As such, Benkler et al. analyzed 77 PD patients and 77 matched healthy controls and confirmed the presence of several autoantibodies previously shown to be involved with CNS manifestations (83). The anti-dsDNA seropositive PD patients had a significantly higher prevalence of dyskinesia than their control counterparts, and similar results were observed for anti-brain lysate antibodies. In terms of non-motor symptoms, depression is one of the most common symptoms in PD patients and has a strong positive correlation with the presence of anti-dsDNA and anti-brain lysate autoantibodies. Constipation is another well-known non-motor symptom of PD, and it has been reported to occur at median frequency of 40–50%, based on the definition (bowel movement frequency <1 per day) and clinical tools used (84). Among the indicators of impaired gastrointestinal motility in PD, only constipation may precede the onset of motor symptoms and can be an independent risk factor of PD (85), which may herald PD or related synucleinopathies neurodegenerative conditions by at least 5 years (86). Constipation has been confirmed to have an intimate relation with gut microbiota disorders. Evidence has shown that a pathogenic pathway exists between PD and small intestinal bacterial overgrowth (SIBO) (87), and the prevalence of SIBO is significantly higher in PD patients than in controls (88). Meanwhile, the “microbiome-gut-brain axis disorder” theory has been proposed to explain the pathogenesis of PD, which is significantly modulated by the gut microbiota via immunological and gut bacterial antigens exposed to the immune system, which might also be autoimmunogenic (89). Dobbs et al. also proposed that gut microbiota disorders incur autoimmunity, ultimately resulting in neuronal damage and PD (90). Moreover, much research has provided new insights into the potential link between α-syn and the gut microbiota. Oueslati et al. described the appearance of α-syn-positive inclusions in the gastrointestinal track, notably in the colon, and elaborated the transmission of α-syn to the dorsal motor nucleus through the vagus nerve. This mechanism was further detailed by Braak's research showing that the α-syn pathology started in the submucosal plexus of the enteric nervous system and was propagated in a retrograde manner to the CNS (91). More specifically, α-syn aggregations reach the preganglionic cholinergic neurons of the dorsal motor nucleus and eventually reaching the cerebral cortex via the retrograde axonal and transneuronal transport. In PD rat models, the increased expression of α-syn emerges earlier in the intestinal mucosa than in the brain (92). We observed intestinal flora variance in a PD mouse model induced by rotenone (data not published) and successfully detected and labeled α-syn in the intestinal mucosa to monitor its location and abnormal aggregation. All of these findings support the hypothesis that pathological progression spreads from the gut to the brain. In α-syn transgenic mice, intestinal flora disturbances have been observed and promoted constipation and motor dysfunction compared with the normal control mice. Furthermore, intestinal flora disturbances broke the immune tolerance mechanism of Tregs, leading to the activation of autoimmunity (93, 94). Excessive stimulation of the innate immune system caused by gut dysbiosis and/or SIBO might induce systemic inflammation, further incurring the activation of enteric glial cells and contributing to the initiation of α-syn misfolding, which is required for motor deficits (95). The involvement of α-syn in the autoimmunity-associated pathogenesis in the CNS of PD has been discussed in previous parts of this article; here, we provide additional evidence that α-syn-associated autoimmunity affects various aspects of PD, including both motor and non-motor symptoms, such as constipation. However, the exact mechanism driving α-syn aggregation in autoimmunity as well as its relationship with disease progression and neuronal degeneration remains unknown (Figure 3).
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FIGURE 3. α-Synuclein (α-syn) participates in autoimmunity and is involved in the pathological progression of PD. α-Syn, as the main disease-causing protein, first appears in the gut and is related to gut dysbiosis, which disturbs the intestinal immune system, leading to one of the main non-motor symptoms of PD: constipation. Then, this protein transmits to the dorsal motor nucleus through the vagus nerve and acts as a self-antigen targeted by effector T cells, B cells, and microglia. This autoimmunity attack finally results in the damage and death of DNs. SIBO, small intestinal bacterial overgrowth.



OTHER AUTOIMMUNE DISEASES COMBINED WITH PD

Autoimmunity can destroy the whole body, and at least 80 types of autoimmune diseases have been reported to date. There is no doubt that some of them tangle with each other and share a common pathogenesis. As early as 1999, Bonuccelli et al. reported that dyskinesias and “on-off” phenomena were abated when euthyroidism was restored in advanced PD accompanied by thyrotoxicosis (96). They further verified the possible neurological differences between PD and non-PD patients as being related to thyroid autoimmunity and function. Recently, increasing data have confirmed that hypo- and hyperthyroidism are more prevalent in PD patients than in normal controls because thyroperoxidase can influence PD nitrosative stress as well as serum α-syn nitrosylation (97). Likewise, in the last year, Bartkiewicz et al. confirmed that patients suffering bullous pemphigoid (BP), an autoimmune blistering dermatosis that occurs in the elderly, were more likely to suffer from neurological and psychiatric diseases, particularly prior to the diagnosis of BP (98). The autoantibodies bound two components of keratinocyte hemidesmosomal proteins, type XVII collagen/BPAG2 (BP180) and BPAG1 (BP230), as the autoantigens, which were also expressed in neuronal tissue. In addition, three types of autoantibodies, namely, anti-neuronal, anti-brain lysate, and anti-dsDNA antibodies, in patients with both PD and systemic lupus erythematous (SLE) were strongly associated with some clinical manifestations of PD, particularly dyskinesia and depression (99). A population-based case-control study in China last year also focused on the associations between autoimmune disease and PD (100). In this study, the overall incidence rate of PD was 30% higher in the autoimmune rheumatic disease (ARD) cohort than in the non-ARD cohort. Additional prospective studies should be conducted to confirm whether the activity and the severity of this autoimmune disease increase the risk of PD. Recent genome-wide association studies (GWAS) have tested the possible common genetic risk variants conveying risks for both PD and autoimmune diseases; 17 novel loci with overlap were identified, indicating that PD and other autoimmune diseases share genetic pathways (101). These results, from both fundamental and clinical studies, suggest that PD is closely associated with autoimmune diseases, further supporting the hypothesis that autoimmune mechanisms promote the development of PD.

Now that we have discussed this issue from a clinical perspective, immunotherapeutic strategies for PD cannot be neglected. Current treatments, including dopamine replacement therapy and alleviating the damage of oxidative stress and inflammation, seem insufficient and are limited in treating PD because most of them have only a therapeutic aim rather than both a therapeutic and prophylactic aim. The in vivo data presented by Zhu et al. demonstrated a significant suppression of T cell mediated autoimmunity in carbidopa (one of the classical medicines against PD) treated mice compared with untreated mice (102). It revealed that to prevent autoimmune disorder in PD would be a new target for drug development. Meanwhile other new approaches for treating PD are also urgently needed. Accumulating data have shown that intracerebral injections of recombinant human α-syn can successfully expand nTreg and iTreg populations in a dose-dependent manner, accompanied by decreased α-syn aggregation in DNs and synapses and reduced neurodegeneration (103); this approach has potential as an immune therapy for PD. The exact mechanism might be that the induced α-syn-specific antibodies neutralize the α-syn deposits and harness the neuroinflammation by modulating the microglial phagocytosis of antibody-antigen complexes (104). Meanwhile, it has been proposed that the high affinity of α-syn antibodies to their α-syn antigen allows them to neutralize the neurotoxic α-syn aggregates without interfering with beneficial monomeric α-syn (105). In summary, an impaired capacity for immune clearance and blocking toxic α-syn aggregates might play critical roles in the pathogenesis of PD. Therefore, immunotherapy with α-syn antibodies could be a new alternative approach for effectively treating PD.

CONCLUSION

In all, autoimmunity disorders are one of the main mechanisms of PD pathogenesis and development and have gained increasing attention in recent years. Based on the latest research advances, including our laboratory data, conclusions can be drawn that both innate and adaptive immunity become pathogenic when self-antigen tolerance is lost. From all evidence, when facing an autoimmunity attack, the CNS cannot escape. To decipher the mechanisms of autoimmunity disorders involved in PD, the deletion or mutation of PD-related genes and the dysfunction of their encoded proteins should be studied. The involvement of α-syn provides strong evidence that this protein quite possibly acts as the first target of autoimmune attack, followed by the sustained activation of DCs and microglia, inflammation, and immune cell recruitment. Our review suggests that α-syn will no longer merely be the PD pathological hallmark but will also become one of the main targets of autoimmunity attack. In addition, NM, as another novel autoantigen released from dead DNs, is phagocytized by DCs and then induces the activation of microglia, contributing to the autoimmune aggravation of PD. Through developing neuroimmunoregulatory therapies, many new therapeutic options will become available to PD patients. These achievements will benefit both diagnostics and treatments. This review sheds light on autoimmunity associated with the etiology and pathogenesis of PD from a new perspective and further proposes some possible therapeutic targets and methods for PD (Table 1).


Table 1. Autoimmunity can be a cause of PD.
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α-Syn, α-Synuclein; AD, Alzheimer's disease; APCs, antigen presenting cells; ARD, autoimmune rheumatic disease; BP, bullous pemphigoid; CNS, central nervous system; CSF, cerebrospinal fluid; DC, dendritic cell; DN, dopaminergic neuron; dsDNA, double-stranded deoxyribonucleic acid; GWAS, genome-wide association studies; HSV1, herpes simplex virus 1; Ig, immunoglobulin; IL, Interleukin; iTregs, induced regulatory T cells; LDLs, low-density lipoproteins; LPC, lipophosphatidylcholine; MAPK, mitogen-activated protein kinase; MDVs, mitochondria-derived vesicles; MHC, major histocompatibility complex; MitAP, mitochondrial antigens presentation; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NF-κB, nuclear factor kappaB; NM, neuromelanin; nTregs, natural regulatory T cells; PARK7, Parkinson's Disease Protein 7; PD, Parkinson's disease; PRRs, pattern recognition receptors; SIBO, small intestinal bacterial overgrowth; SLE, systemic lupus erythematous; SNpc, substantia nigra pars compacta; TNF, tumor necrosis factor; Tregs, regulatory T cells.
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Tertiary lymphoid structures (TLS) are frequently observed in target organs of autoimmune diseases. TLS present features of secondary lymphoid organs such as segregated T and B cell zones, presence of follicular dendritic cell networks, high endothelial venules and specialized lymphoid fibroblasts and display the mechanisms to support local adaptive immune responses toward locally displayed antigens. TLS detection in the tissue is often associated with poor prognosis of disease, auto-antibody production and malignancy development. This review focuses on the contribution of TLS toward the persistence of the inflammatory drive, the survival of autoreactive lymphocyte clones and post-translational modifications, responsible for the pathogenicity of locally formed autoantibodies, during autoimmune disease development.
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INTRODUCTION

The polyclonal expansion of autoreactive B cells is a cardinal feature of autoimmune conditions. Whether directed against a single antigen or playing part in a poly-specific response, autoreactive B cells support the persistence of the autoimmune process and, in several cases are directly pathogenic.

The development of an autoreactive B cell repertoire during the natural history of the autoimmune condition is regulated by the process of affinity maturation against single or multiple autoantigens that occurs within the inner part of the B cell follicles, classically within secondary lymphoid organs (SLOs) (1). Formation of B cell follicles and germinal centers (GC) has been also described in ectopic or tertiary lymphoid structures (TLS) in a process defined “ectopic lymphoneogenesis.” TLS form at target organs of chronic inflammatory/autoimmune process, localized infections and in the areas surrounding solid tumors (2–11). The prognostic value of these structures is debated. TLS formation in target organs autoimmune disease is classically associated with disease persistence and worst clinical manifestations. In solid tumors TLS have instead been associated with the generation of an anti-tumor response, however in some cases the ability of tumor cells to induce T regulatory cells (Treg) and suppress the host immune response has been described Table 1.


Table 1. TLS in different conditions.
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Often indicated as “tertiary lymphoid organs,” TLS fail to adhere to the proper definition of organs as they lack a stable structural organization, including a capsule, and are better classified as “tertiary lymphoid structures” or TLS (97). TLS are not present in embryonic life and form in adult life to support local aggregation of lymphocytes at the target organ of disease. Other terms including “ectopic lymphoid structures” (ELS) or “ectopic germinal centers”. The latter, however, should only be used when GC formation is determined histologically within the ectopic lymphoid tissue (97–101). The cross-over between TLS and SLO is the subject of debate and has been reviewed by ourselves and others in recent publications (9, 98).

The term “tertiary lymphoid” tissue in the literature dates back to 1992 and was introduced by Louis Picker and Eugene Butcher (102) to describe the formation of extra-lymphoid sites, where memory lymphocytes and/or precursors can be re-stimulated by antigen to induce further clonal expansion or terminal effector responses. By definition, TLS arise in tissues whose main function is other than the generation of immune cells or the initiation of an adaptive immune response. This excludes the bone marrow and thymus, (as primary lymphoid organs) and spleen, lymph nodes and Peyer's patches (which are defined as SLOs). The kidneys, heart, pancreas, synovium and salivary glands are not embryologically predisposed to host the presence of lymphoid tissue therefore lymphocyte assembly at these sites should be considered TLS. The liver provides a hematopoietic function during embryonic development (103) however, this function is lost postnatally, thus including this organ among those that host TLS in adult life (97).

TLS form in response to a series of pro-inflammatory cytokines and TNF receptor family members following the local cross-talk between inflammatory immune cells and resident stromal cells. Fibroblasts, perivascular myo-fibroblasts and resident mesenchymal cells have been differently implicated in TLS development (39, 75, 104–112). Their role has been recently reviewed elsewhere (97, 113, 114). Probably evolved before SLO, TLS might have developed in ectopic tissues to fulfill the survival need of aggregated leucocytes, prior to placentation and development of SLOs. As such, the ability of TLS to be initiated independently from Lymphotoxin (LT) upon the expression of inflammatory cytokines and in absence of lymphoid tissue inducer cells (LTi) might have remained as heritage of their developmental ancestry (97).

Physiologically, the generation of a humoral response requires the physical interaction of naïve B cells with antigen experienced T cells within the confined space of a microenvironment rich in survival and chemotactic factors (115). Lymphocytes are recruited from the bloodstream to the SLO in response to a chemotactic gradient that regulates cell positioning and interactions (116, 117). CXCL13 and CCL19/CCL21, ligands for the chemokine receptors CXCR5 and CCR7, respectively, regulate the recirculation of naïve B cells between the inner part of the B cell follicle to the outer area of the T/B cell boundary (118), thus enabling the contact of B cells with antigen-experienced, activated T cells (119). Within the follicles, antigen-experienced B cells migrate toward the dark zone of the GC, a highly hypoxic CXCL12-rich area. Within this area they become highly proliferating centroblasts and upregulate the enzyme activation-induced cytidine deaminase (AID) (120, 121), that regulates the introduction of single base-pair substitutions of antibody gene segments in the immunoglobulin (Ig) variable-region genes, in a process defined as somatic hypermutation (SHM) (122).

Following SHM, B cells stop proliferating and undergo the process of affinity maturation (123). Differentiated, non-dividing B cells (centrocytes) upregulate CXCR5 and migrate along the CXCL13 gradient toward the GC light zone (120), herby establishing connections with the network of follicular dendritic cells (FDC) that provide survival factors (124, 125) and antigen presentation via the CR2 receptor (125, 126). Within the light zone, centrocytes also encounter mature T follicular helper cells (Tfh), known to provide signals for selection and terminal differentiation into long-lived plasma cells or memory B cells (127–130). Once exited from the GC, affinity matured B cells undergo the process of class switch recombination (CSR), that regulates isotype switching and ultimate effector function of the immunoglobulins (Igs). This latter process is also regulated by AID (130–142) (Figure 1A).
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FIGURE 1. (A) In TLS, naïve B cells (NB), enter the follicle to initiate a classical germinal center reaction. In the dark zone, centroblasts (CB) proliferate and acquire somatic hypermutations in their variable region. In the light zone, centrocytes (CC) are selected after their interaction with specific antigen found on the surface of follicular dendritic cells (FDCs). Lectin-BCR signaling can potentially result in enhanced selection of B cells. Failure to receive survival signals from either TFH (T follicular helper cells) or FDCs leads to B cell apoptosis. Successful affinity maturation results in either mature B cell (MB) of plasma cells generation. GC microenvironment can control the outcome of the immune response by regulating the glycosylation profile of the antibodies. (B) TLS display a less organized anatomical structure and a predominant infiltration of MB and marginal zone B cells (MB). Aberrant production of survival and chemoattractant signals is observed at these sites.



This organizational program in SLOs is maintained by the anatomical differentiation of specialized, resident stromal cells that regulate migration and functional activation of the immune cells in the different part of the follicle (138, 143–149). The development of this stromal network and the signals required for his homeostasis have been reviewed elsewhere (150). TLS display a similar anatomical structure to support naïve B and T cell recirculation, including the expression of homeostatic lymphoid chemokines CXCL13, CCL21 and CCL19 and the molecular complex peripheral node addressin (PNAd) (97, 98, 151, 152). However, the complex anatomical compartmentalization displayed in SLO is rarely acquired in TLS. While the majority of reports on TLS describe a certain degree of T/B cell segregation, vascular/stromal cell specialization and expression of lymphoid chemokines, the presence of a more complex organization of the TLS and the formation of functional GC is highly variable within and amongst diseases (4, 153–155). In TLS that form during chronic autoimmune processes, the establishment of such disorganized microenvironment, rich in survival factors and pro-inflammatory cytokines, but likely missing key checkpoints for autoreactive cells screening, is likely responsible for the local generation of pathogenic autoantibody specificities and oncogenic mutations, ultimately favoring disease progression (1, 9, 97, 98).

TLS IN AUTOIMMUNE CONDITIONS: A LESSON FROM RHEUMATOID ARTHRITIS AND SJöGREN'S SYNDROME

In 1996, Nancy Ruddle described the presence of a “structural chronic inflammatory process” caused by ectopic production of lymphotoxin, in the context of chronic inflammation of the pancreas (156). Since then, TLS formation has been associated with a localized process of inflammation at sites of infection, autoimmunity, cancer, and allograft rejection. The ultimate pathogenic role of TLS is still debated (98, 151) and most likely depends on the context, organ and type of disease. For the scope of this review we will focus on the role of TLS in supporting the autoimmune process in chronic autoimmune conditions and we will discuss the role of TLS in Rheumatoid Arthritis (RA) and primary Sjögren's Syndrome (pSS) (33, 36, 135, 151, 157–162).

RA is the most common rheumatic autoimmune condition, affecting 0.5–1% of the global adult population. The pathological features of the disease include severe inflammation of the synovial membrane that, in some cases, leads to tissue destruction and subchondral bone erosions (163–166). Histologically, the disease can be classified in 3 main histopathological subtypes: a lymphoid type, mainly characterized by T and B cell aggregates that form TLS; a myeloid type, characterized by diffuse infiltration of prevalent monocyte and macrophages; and the fibroid type, defined by scarce or no immune cell infiltration and prevalent synovial fibroblast hyperplasia (151).

The presence of a “…marked infiltration of chronic inflammatory cells (lymphocytes or plasma cells predominating) with tendency to form “lymphoid nodules” was recognized already in the 1957 RA classification criteria (167). In 1972, Munthe and Natvig suggested that the RA synovial membrane is similar to an active lymphoid organ, containing many lymphoid follicles with GC that undergo local division and differentiation into plasma cells with restricted Ig production (168). Later, Steere and colleagues described “elements found in normal organized lymphoid tissue” in synovial lesions from both RA and Lyme disease patients (169); suggesting that the formation of GC-like structures in the synovium is not specific for RA and can be driven by the local antigenic stimulation. It took, however, more than 40 years after these first descriptions to introduce the concept that B-cell affinity maturation could arise within the inflamed synovium (170). It is now accepted that TLS are present in less than half of RA patients who display so called “lymphoid” synovitis (151) and that, in those patients, the presence of TLS is associated with differential prognosis and disease manifestations (151). TLS formation in the synovia have been also identified in patients with psoriatic arthritis (171) and ankylosing spondylitis (172, 173).

A similar phenomenon of leucocyte aggregation in lymphoid like structures occurs in the salivary glands of patients affected by pSS, a disease characterized by chronic inflammation of the exocrine glands, with progressive loss of function (sicca syndrome) and systemic activation of the humoral response (174). Excessive B cell hyperactivity and extra-glandular manifestation are observed in ~30% of pSS patients and an increased risk for lymphoma development has been described in this condition. In 1974, Chused et al. first described the presence of lymphoid-like structures in the salivary glands of patients with pSS (175). This was followed by the report of local antigenic stimulation within GC-like structures in the salivary glands (176) and, 10 years later, by the description of FDC network formation within the aggregates (177). In 1998, Stott and colleagues provided the first experimental evidence of an antigen-driven GC response, defined by clonal B cell proliferation and clone hypermutation within the salivary gland inflammatory foci (37), and, since then, several features associated with lymphoneogenesis have been reported within pSS aggregates (157, 178).

It is now recognized that during pSS, TLS form in the minor salivary and/or parotid gland in around 30–40% of patients (151) and those structures host a phenomenon of oligoclonal B cell expansion and SHM of the Ig variable genes (37). The formation of TLS in pSS salivary glands correlates with increased B cell hyperactivity, the presence of anti-SSA and anti-SSB autoantibodies, hypergammaglobulinemia and cryoglobulinemia, supporting the hypothesis that TLS persistence contributes to disease progression in pSS (179). Our group has contributed to these reports, describing both the expression of lymphoid chemokines and of AID within highly organized aggregates that harbor in the salivary gland of patients with pSS and MALT lymphoma (135, 180). The relationship between TLS formation and disease progression in pSS is still debated. TLS detection has been associated with high antibody titer, systemic manifestations and lymphoma development. However, the direct correlation between GC formation in the salivary glands and lymphoma formation has not been demonstrated, suggesting that the development of GC+ TLS within the salivary glands represent one of the stages in the process of lymphomagenesis but is not per se sufficient to induce lymphoma (135, 154, 161, 180–182).

In order to better understand the pathogenic effect that TLS play in disease it is important to dissect the elements, present within these structures that contribute to their function and persistence in the tissue.

STRUCTURAL ELEMENTS OF TLS

Antigen

There is enough evidence to support the hypothesis that TLS form to provide an immune response against locally displayed antigens. There are suggestions that TLS formation is an antigen (Ag)-driven process. In the mucosal associated lymphoid tissue that forms during Helicobacter Pilori gastritis antigen clearance following antibiotic treatment impacts on TLS maintenance and progression to lymphoma (183), similarly inducible bronchial associated lymphoid tissue can dissolve upon antigen clearance (184). Maffia and colleagues explored the properties of Ag presentation within TLS (58, 185) demonstrating that Ag presentation is regulated by a random process of diffusion, rather than selective Ag uptake by DCs. Those data are reinforced by the anatomical structure of TLS where conduits, able to support Ag movement and APC migration have been described (186). In this context, the absence of a capsule could favor not only the initial Ag delivery in the tissue, but the progressive accumulation of new antigen specificities during the course of the immune response, favoring the persistence of these structures in the tissue.

During a classical immune response, the antigens are collected by antigen presenting cells in the periphery and moved, via a complex network of lymphatic vessels, to draining lymph nodes (LNs) (187–189). LN space is pre-formed during the embryonic development and anatomically set before the generation of the immune response to accommodate optimal interaction between APC, Ag and immune cells. Differently by SLOs, TLS organization is not anatomically predisposed to organize such a response and Ag presentation is often provided by non-immune cells, such as stromal cells and epithelial cells (190–193).

Lack of Ag drainage could mechanistically explain TLS formation. TLS form spontaneously in the lungs of mice deficient for CCR7, a chemokine receptor required for the migration of antigen-charged dendritic cells (DCs) to draining lymph nodes (194). However, the reconstitution of these animals with CCR7-sufficient cells is enough to re-establish the physiological delivery of the antigen to the lymph node and to induce TLS resolution in the tissue. This evidence appears to suggest that an intrinsic defect in DCs is sufficient to trigger TLS establishment. However, it is not clear whether this phenomenon could be also supported by a defect of lymphatic drainage from the inflamed tissue.

The expansion of a functional network of lymphatic vessels is required for appropriate antigen delivery to the SLOs. There are several reports describing the dramatic remodeling of the lymphatic vessels during inflammation, whereby the activation of NF-κB pathway supported by the expression of LT, IL-1 and TNFα, stimulates the expression of Prox1 and increases the transcripts for the VEGF-R3, both of which are factors involved in lymphoangiogenesis (195–201). TLS lack the presence of an organized lymphatic system such as the one described in SLOs (152). However, the expansion of the lymphatic vascular system has been observed in these structures, in response to the same cytokine milieu that regulates the maturation of the non-vascular stroma at these sites (97, 105). It is not clear whether these newly formed vascular structures are, however, able to establish viable connections with pre-existing lymphatics. The failure to do so would prevent efficient drainage of the antigen to the SLOs and support the excessive antigenic stimulation in the peripheral tissue (89, 202–206).

Lymphangiogenesis associated with tertiary lymphoid structure (TLS) has been reported in numerous studies. Defects in lymphangiogenesis in RA present with a reduction in lymphatic flow, absence of lymphatic pulse and collapse of draining LNs is observed during disease and is associated with flare onsets as has been shown in vivo and ex vivo studies performed by Schwarz and colleagues (207). Accordingly, effective therapeutic approaches in RA, including anti-TNF and B cell have been associated with the expansion of the lymphatic bed (208) and increase in cell drainage from the synovium (209).

In a model of pSS our group demonstrated that during TLS assembly an expansion of the lymphatic vascular network takes place and this is regulated by the sequential engagement of IL-7 and LTβR signaling; suggesting the presence of a natural pro-resolving mechanism for lymphocyte exit from the tissues during TLS establishment (105).

The open questions related to the mobilization of Ag loaded APC to the draining SLOs could be addressed in the future by inducing TLS formation and tracking the movement of labeled antigen-loaded DCs across vessels. The possibility to interfere pharmacologically or genetically with the process of lymphoangiogenesis and with the molecules responsible for cell migration across these structures, is likely to elucidate this complex phenomenon and to provide evidences on the role of aberrant antigen presentation and vascular disturbances in TLS establishment and persistence.

Both RA and pSS are characterized by antibody production against a discrete set of autoantigens and a large body of research in this area has been focused around the identification of antigen specificities within the TLS in the context of these diseases. The presence of citrullinated proteins has been reported within the synovia of RA patients by Baeten (210) and others, and associated with the local expression of the enzyme peptidyl arginine deiminase (PAD) in patients characterized by high systemic and local levels of anti-citrullinated antibodies (APCA) (211). This report fails to demonstrate the presence of the citrullinated proteins within the synovial TLS and is in disagreement with other studies reporting the detection of citrullinated proteins in non-RA synovium lacking classical TLS (212); casting doubts on the exclusive association between citrullinated protein expression and TLS development in RA. Additional evidence that associate the presence of TLS with the generation of auto-antibody specificity against citrullinated peptides (but not necessarily local display of the defined antigen) will be discussed in a different section of this review.

Stronger evidences supporting the link between TLS and local auto-antigen presentation have been provided in pSS. Ro/SSA 52 kDa, Ro/SSA 60 kDa and La/SSB belong to a intracellular complex of RNA binding proteins that is physiologically involved in the intrinsic response to viruses (213). The aberrant expression of Ro and La has been reported in pSS patients upon cellular apoptosis or extracellular transport in vesicles (214–216). Moreover, the presence of anti-Ro52/TRIM21 specific plasma cells has been demonstrated, at the boundaries of well-organized TLS in pSS salivary glands, establishing a clear connection between local antigen presentation and TLS formation in this disease (158). The presence of extractable nuclear antigen (ENA) antibodies against these two ribonucleoproteins is pathognomonic for Sjogren's and associated with more severe systemic manifestation and worst prognosis (214, 216, 217).

Lymphocytic Components of TLS

We have recently reviewed the role of non-haematopoietic cells in TLS establishment and organization (97, 98) and for the scope of this issue focused on autoantibodies, we will limit the discussion in this manuscript to the lymphocytic compartment.

Whilst mainly constituted of B cells and associated with aberrant humoral responses and GC formation, TLS establishment and maintenance strongly relies on T cells. In humans, the presence of a shared TCR specificity among different follicles in the RA synovium, has been described, suggesting the presence of a common antigen for different TLS that form within the synovial tissue (218). In line with this finding, depletion of CD8+ T cells in human synovium-SCID mouse chimeras hinders the formation on TLS (218).

Recently, efforts have been made to identify the cells and signals required for TLS establishment and a series of reports have highlighted the important role of IL-17+ T cells. Th17 cells are required for iBALT formation (219) and for TLS establishment in a model of experimental autoimmune encephalomyelitis (EAE); the latter, dependent on the production of LT-αβ, IL-17 and IL-22 (22, 23, 220, 221). In human renal allograft rejection, Th17 cells have been shown to promote ectopic GC formation in an IL-21 dependent manner (222). Aberrant differentiation of Th17 cells in the absence of IL-27 has been also associated with aberrant TLS formation in an experimental model of arthritis and in a model of pSS (223, 224).

Our group has recently demonstrated the requirement of IL-22 producing T cells in the early phases of TLS establishment in murine salivary glands (39). In this model, IL-22 production, similarly to the IL-17 production in the lungs and brain, appears to regulate, independently but also in synergy with lymphotoxin and TNF, the ectopic production of lymphoid chemokines that defines TLS formation (97). These studies demonstrate that T cells, and in particular Th17/Th22 cells, play an important role in shaping the constituents of TLS in a manner that can support subsequent B cell recruitment and germinal center formation.

Whether TLS provide a site of aggregation for naïve T cell is not clear and whilst naïve T cell recruitment and priming has been reported within TLS that form in pancreatic tissue in NOD mice (225), it is more likely that effector T cells and central memory recirculate in these structures, in particular in the earliest phases of TLS assembly. On the contrary it is now well accepted that TLS function as a site for functional T cell polarization. TLS maintenance appears to hinge on the functional relationship between T-follicular helper cells and regulatory T cell populations. T cells displaying a Tfh phenotype have been described in TLS, where they are expected to regulate the GC reaction and the activation of resident proliferating B cells (1). In the TLS that form outside the arterial wall and control the atherosclerotic plaque development, the presence of Tfh correlates with the organization and maintenance of the ectopic B cell clusters (226). Functional interference of the Tfh by ICOS-L blockade results in decreased TLS formation and aberrant atherosclerotic plaque formation. The opposite effect is obtained by depletion of T regulatory cells, previously demonstrated to play a critical role in the homeostatic control of the TLS and in the atherosclerotic process (58).

The developmental program of Tfh in TLS is debated. There are suggestions that this population in TLS derives from a population of peripheral CXCR5+ T cells that migrate to the peripheral tissue following the newly established CXCL13 gradient. These circulating CXCR5+ cells do not bear classical signs of activation and would, by definition, preferentially migrate to SLOs; however, the local differentiation of HEVs and the expression of PNAd (the ligand for L-selectin) supports their homing to the TLS (227). Others suggest that, within TLS, Tfh locally differentiate from other T cell subpopulations, including Th17. In support of this hypothesis, in EAE, Th17 cells appear to acquire some characteristics of Tfh including the expression of CXCR5, ICOS and Bcl6 (23). Similarly, within the inflamed joints of RA patients, a population of PD1hiCXCR5−CD4+ T cells termed “peripheral helpers” has been described that appear to fulfill the function of Tfh within the periphery (228). In pSS the expansion of Tfh cells has been reported and correlates with the increasing frequency of memory B and plasma cells in the tissue and blood (229, 230).

Genetic manipulation in conditional knockouts is currently in use to induce TLS formation in mice deficient for specific T cell populations and will allow better definition of cellular requirements for TLS formation.

Classically, fully established TLS are mainly characterized by B cell infiltration and the inversion of the B/T cell ratio within TLS has been used as an index of disease severity (231, 232). In SLO, naïve B cells are known to receive antigen education and co-stimulation; however, whether a similar phenomenon would regularly occur in TLS is debated. Patients with pSS display altered peripheral blood B cell frequencies with a predominance of CD27− naïve B cells, diminished frequencies/absolute numbers of CD27+ memory B cells in the periphery, and an enrichment of mature B cells in the salivary glands (233, 234). The presence of CD20+CD27+ B cells and plasmablasts is a consistent finding in pSS salivary glands biopsies (235). Whilst we have reported the presence of IgD+ naïve B cells, in particular in large TLS (180), memory B cells remain the predominant component of the infiltrates (180, 236). This casts doubts over the possibility that naïve B cells are primed within the TLS (235). In support of this hypothesis, bona fide GC B cells (CD10+CD21+/−CD24+/−CD27−CD38+IgD− that express AID) are rarely found within the B cell aggregates of TLS, that are mainly inhabited by CD10−CD21+CD24+CD27±CD38−IgD+ marginal zone-like type II transitional B cells (159) (Figure 1B).

The connection between the marginal zone (MZ) and TLS establishment is also not clear. There are several evidences supporting the involvement of MZ B cells in autoimmunity, including reports of preferential SHM and B cell proliferation in MRL Fas/lpr mice spleen (237) and the presence of RF+ cells in the splenic marginal sinus bridging channels (238). The low threshold of BCR activation, the numerous effector functions of MZ B cells and the link between autoimmunity, TLS and MZ lymphoma development in pSS suggests a direct involvement of this population in TLS pathology (239, 240). However, the origin of the MZ-like B cells and the relationship between those and the ectopic GC has not been proven. In humans, MZ B cells are allegedly able to recirculate and carry a highly mutated B cell receptor (241–243), thus suggesting a post-GC origin of this population. This is not the case in mice, where MZ B cells are stable and permanently located in the spleen (242–244). Interestingly, however, MZ-B cells in humans share some phenotypic features of transitional B cells, a highly autoreactive B cell population that emerge from the BM and mature inside the spleen before entering the follicle (245–248), suggesting the possibility that transitional immature autoreactive cells are inhabiting the ectopic follicles. The recirculation pattern and screening of transitional B cells has been described from Spencer and co-authors in an elegant work that describes the migration and BCR editing of this population in the gut-associated lymphoid tissue (GALT) (245). This process, aimed at modifying the specificity of autoreactive clones, is altered in systemic lupus erythematosus (SLE), resulting in the expansion of the autoreactive B cell repertoire (245). In diseases characterized by TLS formation, such as pSS and RA, this recirculation pathway could be also altered, favoring the migration of autoreactive clones from the lymphoid organs to the TLS. Hereby, the aberrant expression of survival factors and chemokines would support clonal expansion in the absence of BCR editing and support persistence of autoimmunity.

The use of mass cytometry on digested tissue and sections are needed to better characterize in humans the phenotype and functional features of the B cells inhabiting the TLS. The use of transgenic mice engineered to track cells in vivo (249) will be useful in inducible models of TLS to perform migration studies in vivo.

TLS AS ABERRANT MICROENVIRONMENTS FOR AUTOREACTIVE B CELL SURVIVAL AND DIFFERENTIATION

More than simply acting as a hub for lymphocyte migration, TLS have also been shown to provide critical survival signals for incoming lymphocytes and differentiated long-lived plasma cells such as BAFF, IL-7, and CXCL12 (98, 250). The persistence of TLS in the tissue, despite peripheral B cell depletion of post Rituximab, has been reported in RA (251), SS and lymphoma (252) and, more recently in peri-bronchial TLS described in two patients with cystic fibrosis and chronic Pseudomonas aeruginosa infection treated with B cell depletion therapy before transplantation. The reason for this persistence most probably resides on the excess survival factors, such as B cell activating factor (BAFF) or IL-7 present within the TLS that protects tissue infiltrating cells.

BAFF is a potent B-cell survival factor produced within SLO GCs and in the periphery by fibroblasts and epithelial cells (159, 248–253) Excess BAFF is known to rescue self-reactive B-cells from peripheral deletion and allows their entry into forbidden follicular and marginal zone niches (253). The connection between BAFF, MZ B cells, loss of tolerance and TLS emerged from studies in mice transgenic for BAFF (BAFF-Tg), that develop a lupus-like syndrome followed by infiltration of MZ-like B cells within salivary glands TLS (254). Interestingly, BAFF-Tg asplenic mice that lack MZ-B and B1a cells, but retain normal B1b cell numbers, develop lupus nephritis but lack TLS in the salivary glands, suggesting that both BAFF and MZ-B cells are required for TLS establishment in this model (255).

Other lymphoid survival cytokines including IL-7 have been described in association with TLS establishment in chronic diseases (162, 256–258). Gene expression levels of IL-7, IL-7 receptor (both IL-7Rα and IL-2Rγ subunits) and its downstream signaling gene JAK3 are significantly elevated in RA patient biopsies displaying TLS (259). Similarly, engagement of the IL-7/IL-7R axis has been linked to formation of TLS in salivary glands and associated with pSS pathology (22, 23, 33, 36, 37, 39, 58, 75, 89, 102–112, 112–262). Among other critical homeostatic functions, IL-7 can abrogate the suppressive ability of Treg, altering the balance between pro-inflammatory effector cells vs. suppressive T cells (162, 256, 258). Consistent with these observations, in vivo studies demonstrated the ability of IL-7 to induce TLS formation (263–265). The reciprocal expression of T and B cell survival factors in TLS is somehow strictly regulated by the critical balance between infiltrating T and B cells, probably in response to gradients of lymphotoxin and TNF family members. The mechanism regulating this production and the resulting segregation of lymphocytes in T or B cell rich areas is still under investigation (266).

We and others have provided evidence that a functional GC response takes place within these structures. This supports the concept that even if TLS do not initiate disease they are involved in its progression. In particular, we have demonstrated that AID is expressed in pSS salivary gland TLS in association with networks of follicular dendritic cells (135) and that its expression is retained in the large GCs found in parotid pSS-MALT lymphomas. On the contrary, neoplastic B cells are found to be consistently negative for AID expression (135). AID expression in GC B cells controls susceptibility to apoptosis, ultimately regulating the magnitude of the GC response (267). In SLO, low levels of AID expression have been associated with defective somatic hypermutation and decreased peripheral B cell tolerance (268). AID expression in TLS is consistently low (as compared to SLOs), thus potentially explaining the aberrant survival and lack of selection of autoreactive B-cell clones in ectopic GCs.

Other data have been generated supporting the functional role of TLS in sustaining the generation of novel antibody specificities. Transplantation of TLS from pSS salivary glands infected with Epstein-Barr virus (EBV) into SCID mice have been shown to support the production of anti-Ro 52/anti-La 48 and anti-EBV antibodies and the survival of autoreactive B cell clones (158). Similar data have been produced for RA. The presence of CD138+ plasma cells, characterized by immune reactivity against citrullinated fibrinogen, has been described within AID+/CD21+ follicular structures (33). Moreover, the survival of these clones in a transfer model of human biopsies in SCID mice, alongside the detection of gamma-Cmu circular transcripts in synovial grafts, has been reported. These observations provide evidence that synovial TLS represents an independent compartment for B cell maturation (33).

AUTOANTIBODY PRODUCTION GOES LOCAL

The contribution of the immune response that arises within TLS toward disease severity, including the production of autoantibodies, remains controversial (151). Nonetheless there are substantial evidences in support of local antibody production within the inflamed synovium and convincing documentation that the synovial microenvironment could independently favor the production of RA specific antibodies (33)

Mellors et al. firstly described the presence of “plasma B cells” that are able to react with FITC-labeled human IgG, interpreting this result as evidence of synovial production of rheumatoid factors (RF) by tissue-resident plasma cells (269). The first solid indication of local IgG production in RA is dated to 1968 with the report of Ig synthesis in rheumatoid synovium in vitro (270). Further studies supported this observation suggesting that gene selection, usage of kappa/lambda chains and class switching follows a non-stochastic process in the RA synovium (168). Similarly, the enrichment in RF+ B cells producing mono-reactive, affinity matured, class switched antibodies in the RA synovium is highly suggestive of a local process of affinity maturation (271–273). On the contrary, clones producing mono-reactive RF have not been obtained from the synovial tissue of patients with osteoarthritis, where TLS do not form, supporting the link between chronic autoimmune diseases and TLS (271–275).

The production of anti-citrullinated protein antibodies (ACPA) has been firmly associated with RA development (276) and there are convincing evidences that these specificities can be locally produced in the RA synovium within the TLS (277, 278). Both anti-cyclic citrullinated peptide (CCP) antibodies (279) and anti-CCP producing B cells (280) have been detected in the synovial fluid of RA patients and antibodies against different citrullinated RA candidate antigens (vimentin, type II collagen, fibrinogen and α-enolase) appear to be enriched in the joint compared to paired serum (281). Notably, the presence of anti-CCP antibodies in the synovium has been also reported in RA seronegative patients (279, 282), thus highlighting the dissociation between the systemic and local autoimmune response. In support of this notion, the presence of FcRL4+ ACPA producing IgA-B has been reported in the synovium, but not in the blood of RA patients (283). This observation provides an indication that inflammatory joints provide a specific microenvironment able to shape and influence B cell immune phenotype and output.

The ability of TLS to sustain the whole autoimmune process in the absence of SLO is debated. However, cloning of the local B cell repertoire isolated from inflamed organs bearing TLS is highly suggestive of the presence of a functional and SLO-independent process of affinity maturation. Terminally differentiated CD20−CD38+ cells, rheumatoid factor (RF) producing B cells have been detected in the inflamed joints of RA patients (284). Moreover, clonal analysis has provided evidence of an antigen-dependent process of SHM, selection and isotype switching in TLS positive RA synovium, indicating that a dominant antigen-specific local immune response shapes the synovial plasma cell repertoire (170, 285–290). Similarly, in pSS, the multiclonal expansion of B cells within the salivary glands has been described. Expansion of B cell clones bearing Humkv325, a conserved V kappa gene usually associated with lymphomas, was described previously in 1989 (291). Additional studies further supported the notion that an antigen-driven germinal center-type B cell response and somatic hypermutation occurs within the salivary glands (37, 292, 293). The presence of clones that expand and mature in the TLS does not prove that the autoimmune process is initiated within the TLS, or that the presence of TLS is causative of disease. However, a certain degree of antigen-experience and affinity maturation of the B cell repertoire undoubtedly occurs within TLS (33, 135, 153, 160, 294–296) and, whilst the causal role of these structures in disease initiation cannot be proved, TLS certainly display the ability to host and perpetuate the autoimmune process. Production of Ig and RF has been shown in other tissues, in addition to the synovium, including rheumatoid pericardium (297), pleura (298), muscles (299), and in the inducible bronchus-associated lymphoid tissue (iBALT) in patients with pulmonary complications of RA (219). The presence of sputum autoantibodies in the absence of systemic seropositivity, and the increased autoantibody:total Ig ratio in the sputum (300) suggest that lymphoid tissue present in the bronchi of RA lungs can also act as sites of antibody development.

Independent IgG and IgM synthesis has been also described in pSS salivary glands (301) with later studies confirming the presence of RF+ clones in ~43% of patients with pSS (302) and with the ability of salivary gland infiltrating B cells to secrete antibodies specific for the Ro52/TRIM21, Ro60 and La autoantigens (36, 179, 217, 303). In vitro expression of recombinant antibodies derived from either newly emigrant/transitional mature naïve B cells from pSS patients and healthy individuals confirmed the presence of high frequencies of autoreactive antibodies in both populations. This suggests a general defective peripheral B cell tolerance in this condition (304).

Analysis of Ig levels in different compartments (blood, saliva) has further contributed to our understanding of the ability of TLS to independently produce antibodies. Increased levels of IgA, but not IgG- and IgM-RF, has been detected in the saliva of patients with pSS (305). A study on isotype distribution of anti-Ro/SS-A and anti-La/SS-B antibodies in the plasma and saliva of patients with pSS demonstrated a correlation between the focus score (the measured degree of salivary gland inflammation) and autoantibody titers in saliva or blood. This report establishes a pathogenic link between locally displayed autoantigens, presence of antigen specific B cells in the inflamed tissue and autoreactive Ig levels (306).

IMMUNOGLOBULINS AND GLYCOSYLATION: THE SWEETER THE BETTER?

It is becoming increasingly clear that antibody post-translational modifications, in particular glycosylation, can influence their function and pathogenicity. However, a relationship between the pathogenic microenvironment established in the TLS and the progressive acquisition of pathogenic post-translational modifications has not been demonstrated.

Glycosylation is the process by which glycans are attached to proteins, lipids and other molecules, thereby altering their structure and influencing their biological activity. Whilst IgG presents a single conserved N glycosylation site within the Fc region, other subclasses are more heavily glycosylated (307). IgG Fc glycosylation determines the binding of the globulins to their receptors, FcRs type I (FcgammaRs) and II (SIGN-R1, DC-SIGN, DCIR, CD22, and CD23), thereby influencing Ig downstream pro-inflammatory, anti-inflammatory or immunomodulatory effects (308, 309). In addition to conserved IgG Fc glycans, ~15–25% of serum IgG contain glycans within the Fab domain. Intriguingly, the attachment sites for N-glycans to the Fab portion is determined by the process of somatic hypermutation and, accordingly, Fab glycosylation could influence antibody binding, activity, half-life, formation of immunocomplexes and strength of BCR signaling [extensively reviewed in (310)].

The presence of altered glycosylation in RA was suggested in the 1970s, but it wasn't until 1985 when two studies from Oxford and Japan demonstrated different galactosylation profiles between normal individuals and patients with RA or OA (311). Later, Axford and colleagues reported the presence of reduced circulating B cell galactosyltransferase activity in RA (312), which was later confirmed in other studies (313–315). Other post-translational modifications have been described in RA. Several studies have demonstrated the presence of an altered overall glycosylation status within specific Ig subclasses (316) that can be detected before disease onset (317). This correlates with measures of disease activity (318, 319) and decreased sialylation of RF-IgG, but not in non-RF-IgG (318, 320, 321).

More recently, the degree of IgG glycosylation has been used to monitor treatment effectiveness (321) and, whilst no differences have been observed in the Fc glycosylation pattern between ACPA-IgG1 and total IgG1 in arthralgia patients, a decrease in galactose residues have been observed in patients with preclinical synovitis before the onset of RA; a change probably supported by the increasingly inflammatory microenvironment (322). The increased presence of agalactosylated IgG in the synovial fluid as compared to serum samples of RA has also been reported (323). Finally, Scherer et al. recently demonstrated the presence of autoreactive IgG in synovial fluid with decreased number of galactosylation and sialylation sites as compared to serum. This latter difference appeared to be specific for autoreactive specificities as no difference was observed in total IgG glycosylation (324).

Elevated levels of asialylated IgG have been detected in 60% of pSS patients and those appear to correlate with clinical manifestations, such as Raynaud's phenomenon and arthritis. A strong correlation with rheumatoid factor or IgA-containing immune complexes was reported (325). Based on IgG galactosylation, the pSS patients can be classified into two groups: one with comparable galactosylation status as in RA patients with the presence of RF, and the other similar to healthy individuals, and RF seronegative (326).

More recently, studies on Fab glycosylation and disease have been performed. Corsiero and colleagues reported the relationship between increased molecular weight of anti-NET antibodies and the presence of N-glycans onto the Fab domain of autoreactive clones in RA, suggesting that the process of SHM occurring in the synovium is responsible for the acquisition of-N glycosylation sites (286). Acquisition of N-glycosylation sites and subsequent enrichment in Fab-glycans in the variable domain of ACPA-IgG has been further confirmed (327, 328). On a similar note, it has been reported that there is a selective increase in Fab-N glycosylation sites in ACPA specific clones. However, the presence of those glycans didn't appear to significantly alter the antigen binding of the APCA. Accordingly, in silico analysis suggested that the added glycans were not located on the antibody binding sites (329). Moreover, an increased frequency of N-glycans in the Fab ACPA domain, but in association with altered antibody affinity, has been also reported (330). Interestingly, this enrichment was more prominent on ACPA isolated from synovial fluid compared with peripheral blood (264), providing evidence that the local microenvironment influences the immunoglobulin glycosylation pattern. Hamza et al. recently reported the high prevalence of acquired IgG N-glycosylation sites in pSS suggesting a hypothesis that in pSS, the selection pressures that shape the antibody repertoire in the parotid glands results from an antigen-independent mechanism and is driven by interactions between glycosylated B cell receptors and lectins within the microenvironment (328). In summary, the glycan composition can have different associations with the disease, depending on the site of glycosylation. Decreased and increased glycosylation for the Fc and Fab portion, respectively, have been associated with RA and SS.

A relationship between post-translational modifications and antibody pathogenicity has been proposed. Leader et al. reported the presence of agalactosylated IgG in synovial immunocomplexes, suggesting a pathogenic role for agalactosylated IgG (331). However, the relationship between glycosylation and RF activity is debated (318, 332). The presence of N-linked glycosylation sites within the Fc portion of target IgG has been also shown to markedly reduce RF binding in vitro (333) whilst the ability of rheumatoid factors to selectively bind hypogalactosylated IgG has been suggested (334). In mice, desialylated but not sialylated immune complexes appear to enhance osteoclastogenesis in vitro (335). Accordingly, artificial sialylation of anti-type II collagen antibodies, including ACPAs, but not other IgG can supress the development of collagen-induced arthritis (CIA) (320, 336).

A potential pathogenic role of IgG glycosylation in pSS pathogenesis, to our knowledge, has not been addressed yet. A recent study pointed out that the Fc-mucin binding is enhanced when antibodies are agalactosylated, offering a mechanistic concept for increased binding on mucosal surfaces of the inflammatory agalocysylated antibodies and potential antibody pathogenicity (337).

Agalactosylated IgG levels were not found to be correlated in twin pairs indicating a low influence from genetic factors for IgG glycosylation (338). However, four loci contained genes for glycosyltransferases (ST6GAL1, B4GALT1, FUT8, and MGAT3) have been highlighted in genome-wide association studies for loci associated with IgG N-glycosylation (339). There is evidence to support the notion that the microenvironment can influence Fc IgG glycosylation. A recent study illustrates the ability of CpG, IFN-gamma and IL-21 to increase Fc-linked galactosylation and reduce bisecting N-acetylglucosamine levels (340). Stimulation of a mouse B cell lymphoma line with IL-4 and IL-5, but not LPS, has been shown to significantly decrease the terminal glycosylation of secreted IgA (341) and IgM (342), but substantially increase the terminal glycosylation of MHC Class-I (342), suggesting that the glycosylation machinery works in a protein-specific manner.

A mechanistic link between inflammation and post-translational modification has been recently established by G. Schett's group in a manuscript illustrating the ability of IL-21 and IL-22 to regulate the expression of α2,6-sialyltransferase-1 in newly differentiating plasma cells, thus controlling the glycosylation profile of secreted IgG (320). Interestingly, both T cell-independent B cell activation (343) and tolerance induction with T cell-dependent protein antigens (344) results in the production of sialylated IgG. However, T cell independent vaccination seems to result in a stronger induction of sialylated antigen specific antibodies (345).

IgG glycosylation can also be controlled at an extracellular level. IgG sialylation has been reported in the bloodstream, through secreted ST6Gal1 (326). S-glycosyltransferases have also been shown to alter the IgG molecule at sites of inflammation with local platelets serving as nucleotide-sugar donors (346). Other reports link the process of altered glycosylation to a post-secretory degradative process involving oxygen free radicals (347). All together these reports suggest the possibility that the site of antibody synthesis can profoundly affect the post-translational profile of the immunoglobulins.

Due to technological limitations, the extent of the disease-related glycan alterations and the role of these modifications in disease pathophysiology has not been thoroughly addressed. A novel microfluidic-based method to identify trace sulphated IgG N-glycans as biomarkers for rheumatoid arthritis has been recently described (348) and high-throughput methods for analysing IgG glycosylation have also been introduced (349). These tools have been only used in selected populations and their application on a larger scale could, in the future, unveil differences and patterns not yet captured.

To our knowledge, there has been no attempt to use these stratification tools in the context of TLS associated pathologies. The differential profile of glycosylation observed in Ig isolated, respectively from serum and synovial compartments suggest the fascinating hypothesis that SLO and TLS differentially regulate these post-translational modifications (323, 324, 350). However, the possibility that Ig derived from SLO and TLS present substantially different “sugary fingerprints” and that those patterns correlate with a certain degree of tissue involvement and disease progression has still to be proven.

TLS AND LYMPHOMAGENESIS

If the concept of an association between progressive post-translational modifications of the Ig repertoire and continuous antigen exposure within a highly inflammatory environment is true, we should be able to detect progressive accumulation of Ig in patients undergoing malignant transformation through the course of autoimmunity. The occurrence of non-Hodgkin's lymphoma (NHL) is pathogenically linked to TLS and represents the most serious complication of pSS, but not RA (351).

B cell VH and VL gene analysis for pSS patients with lymphoma revealed several point mutations in the germline genes and intra-clonal sequence heterogeneity, in line with an ongoing somatic hypermutation process sustaining lymphoma growth (352, 353). It is believed that the emergence of monoclonal RF B cells within the polyclonal infiltrate of the salivary gland TLS represents a key developmental step in lymphomagenesis. Chromosomal abnormalities and mutation eventually converge in these B clones that present a proliferative advantage, ultimately converting them into malignant clones. Indeed, there is a strong bias for RF specific B cells in the salivary gland MALT-type lymphoma (354–356), whilst alternative analysis of the B cell repertoire in micro dissected labial salivary glands could not convincingly demonstrate predominance of RF reactivity in the infiltrating clones (357). The relationship between GC formation and lymphomagenesis has been recently challenged and further studies will be required to clarify the pathogenic link between TLS persistence and emergency of malignant clones (161, 182, 358, 359).

The high incidence of acquired N-glycosylation sites found in follicular lymphoma (360) would be suggestive of a similar phenomenon in pSS associated MALT lymphoma; however, contrary to these expectations, patients with MALT lymphoma present low frequency of N-glycosylation sites (161, 182, 358, 359, 361). Longitudinal analysis of the glycosylation and sialylation profile in patients with TLS undergoing lymphoma transformations are needed to address these questions.

FUTURE PROSPECTIVE AND CONCLUSIONS

In conclusion, TLS formation can be easily considered as a hallmark of tissue autoimmunity. In the past few years a large body of work has been generated aimed at dissecting key aspects of TLS biology, however, many areas have to be further addressed. The inter-dependency between SLOs and TLS has to be better dissected in order to understand whether these immune hubs are functional, both in the early phases as tolerance is broken and, later, during disease progression. The signals regulating migration pathways and differentiation of immune cells within the TLS should also be investigated in vivo with the prospective to target these pathways therapeutically. A better knowledge around the signals involved in TLS establishment and maturation, but in particular, the mechanisms regulating GC formation and regulation should be acquired. Moreover, a specific effort should be made to dissect the functional role of TLS GCs in the development of lymphoma. Finally, key questions should be answered around the cross-talk between the TLS and their surrounding environment, dissecting the permissive factors for TLS formation and persistence in the tissue.

The acquired knowledge on the role of non-haematopoietic stromal cells in TLS biology has been critically important in explaining why these structures are resistant to classical immune cell therapy. In the future, potential combined therapy could be utilized to interfere with the microenvironment alongside targeting immune cells in TLS associated disease that is non-responsive to classical immunosuppression.
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Immunoadsorption of Desmoglein-3-Specific IgG Abolishes the Blister-Inducing Capacity of Pemphigus Vulgaris IgG in Neonatal Mice
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Pemphigus vulgaris (PV) is a potentially life-threatening autoimmune blistering disease which is associated with autoantibodies directed against two desmosomal proteins, desmoglein (Dsg) 3 and 1. Treatment of PV is rather challenging and relies on the long-term use of systemic corticosteroids and additional immunosuppressants. More recently, autoantibody-depleting therapies such as rituximab, high-dose intravenous immunoglobulins, and immunoadsorption were shown to be valuable treatment options in PV. Specific removal of pathogenic autoantibodies would further increase efficacy and usability of immunoadsorption. Here, we tested the capacity of our recently developed prototypic Dsg1- and Dsg3-specific adsorbers to remove circulating pathogenic autoantibodies from three different PV patients. The pathogenic potential of the Dsg3/1-depleted IgG fractions and the anti-Dsg3-specific IgG was explored in two different in vitro assays based on cultured human keratinocytes, the desmosome degradation assay and the dispase-based dissociation assay. In addition, the neonatal mouse model of PV was used. In both in vitro assays, no difference between the pathogenic effect of total PV IgG and anti-Dsg3-specific IgG was seen, while Dsg3/1-depleted and control IgG were not pathogenic. For the samples of all 3 PV patients, depletion of anti-Dsg3/1 IgG resulted in a complete loss of pathogenicity when injected into neonatal mice. In contrast, injection of anti-Dsg3-specific IgG, eluted from the column, induced gross blistering in the mice. Our data clearly show that anti-Dsg3-specific IgG alone is pathogenic in vitro and in vivo, whereas Dsg3/1-depletion results in a complete loss of pathogenicity. Furthermore, our data suggest that Dsg-specific adsorption may be a suitable therapeutic modality to efficiently reduce pathogenic autoantibodies in patients with severe PV.
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INTRODUCTION

Pemphigus vulgaris (PV) is a potentially life-threatening intraepidermal blistering autoimmune disease (1–4). Desmoglein 3 (Dsg3) and desmoglein 1 (Dsg1) have been identified as autoantigens in PV (5–8). Dsg1 and Dsg3 are desmosomal transmembrane cadherins that mediate intercellular adhesion of keratinocytes in the skin and surface-close epithelia (3, 6, 9). In PV patients with exclusive mucosal involvement (mPV), autoantibodies are restricted to Dsg3, whereas autoantibodies against both Dsg3 and Dsg1 are associated with skin and mucosal lesions (mucocutaneous type of PV, mcPV) (10–12). In pemphigus foliaceus (PF), autoantibody reactivity is limited to Dsg1 and patients only develop skin lesions. In addition to Dsg1 and Dsg3, a variety of other target antigens have been described in PV including muscarinic and nicotinic acethylcholine receptors, annexins, thyroid peroxidase, desmocollins, and mitochondrial proteins (13–15). While good, albeit not undisputed, evidence for the pathogenic effect of anti-Dsg1/3 antibodies has been provided, less data were reported about the pathogenicity of non-Dsg antibodies (13, 15–20).

Treatment of PV is challenging and has required the long-term use of prednisolone and other immunosuppressants such as azathioprine and mycophenoles (4, 21, 22). Very recently, first-line rituximab, an anti-CD20 antibody that depletes B cells from the circulation for 3–9 months, in conjunction with the short term use of prednisolone has been shown to be significantly more effective and safe compared to the long term use of prednisolone alone (23). High-dose intravenous immunoglobulin and immunoadsorption are two other treatment modalities that reduce serum anti-Dsg autoantibodies and are recommended in refractory and/or severely affected PV patients (21, 22, 24). The reduction of serum autoantibodies in PV appears to be a particularly attractive therapeutic approach since the direct pathogenic importance of pemphigus autoantibodies has been shown in various experimental settings in vitro and in vivo (13, 25).

Whereas plasmapheresis requires substitution with fresh-frozen plasma or human albumin, immunoadsorption specifically removes antibodies from the circulation (24). Unfortunately, the use of immunoadsorption is limited by the increased risk of infections due to the parallel reduction of protective immunoglobulins. Thus, removal of Dsg-specific antibodies appeared to be advantageous leading to the recent development of prototypic anti-Dsg1 and anti-Dsg3 adsorbers. The Dsg1/3-specific adsorbers are based on the recombinant Dsg ectodomains coupled to sepharose and allowed the effective removal of anti-Dsg reactivity from PV and PF serum samples in vitro (26). The aim of the present study was to show that by the use of the Dsg1/3-specific adsorbers removal of anti-Dsg antibodies from PV sera is sufficient to abolish the pathogenic effect of pemphigus IgG not only in vitro but also in vivo in neonatal mice. We now also show that anti-Dsg3-specific IgG is sufficient for acantholysis in cultured keratinocytes and blister formation in neonatal mice.

MATERIAL AND METHODS

Patients

IgG from 3 PV patients (PV1, PV2, PV3) that were treated with conventional protein A immunoadsorption at the Department of Dermatology, Lübeck, was used (27, 28). The clinical phenotype, age, sex, indirect immunofluorescence (IF) serum titers on monkey esophagus, and anti-Dsg1/3 IgG serum levels by ELISA (Euroimmun, Lübeck, Germany) are shown in Table 1. IgG bound to protein A was eluted by glycine buffer (pH 2.8) and immediately neutralized with 1M Tris pH 9.0 followed by precipitation with ammonium sulfate and dialysis against PBS. As no immunoadsorption material from healthy donors is available, we use affinity-purified IgG from sera of healthy volunteers as control. The study was performed following the Declaration of Helsinki. Pathogenicity experiments were positively reviewed by the ethics committees of the University of Lübeck, Germany (file reference, 09-090).


Table 1. Pemphigus vulgaris (PV) patients' characteristics.
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Affinity Purification of Dsg-Specific PV IgG Using the Entire Ectodomain of Dsg3 and Dsg1

For antigen-specific immunoaffinity purification of anti-Dsg3 and anti-Dsg1 IgG, the entire ectodomains of Dsg3 and Dsg1, respectively, were immobilized on N-hydroxysuccinimide-activated Sepharose 4 Fast Flow (GE Healthcare, Buckinghamshire, UK) as previously described (26). Immunoaffinity purifications were performed as follows. The immobilized protein matrix was transferred into microcentrifuge spin columns (Thermo Fisher Scientific, Darmstadt, Germany) and washed three times with tris-buffered saline supplemented with 5 mM CaCl2 (Ca2+-TBS). The concentrated IgG of the PV patients was diluted 1:1 with Ca2+-TBS and incubated with the immobilized protein for 30 min at room temperature. The flow-through fraction was collected by centrifugation at 500x g for 30 s. After several washing steps with Ca2+-TBS (until OD280 < 0.05) the anti-Dsg3 and anti-Dsg1 IgG fractions were eluted from the matrix with IgG elution buffer (Thermo Fisher Scientific) until the OD280 was below 0.05, and immediately neutralized with 1M Tris pH 9.0. All eluted fractions were pooled and buffer was exchanged to PBS using Vivaspin 500 centrifugal filter units (Sartorius AG, Göttingen, Germany). Finally, Dsg3/1-depleted PV IgG (flow-through fractions) and anti-Dsg3 PV IgG (eluted fractions) were analyzed for anti-Dsg3 and anti-Dsg1 autoantibody reactivity by ELISA (Euroimmun).

Immunoblotting With HaCaT Extract

HaCaT cells were grown in low calcium Keratinocyte Growth Medium 2, KGM2 (Promocell, Heidelberg, Germany) containing 0.06 mM CaCl2 to confluence and lysed in Laemmli sample buffer. Lysates were fractionated by SDS-PAGE, transferred to nitrocellulose membrane and immunoblotted as reported (29). After blocking, nitrocellulose membranes were incubated with anti-Dsg3 specific IgG (2 μg/ml), a monoclonal anti-Dsg3 antibody (1:100, Bio-Rad, Munich, Germany), control IgG (2 μg/ml) from a healthy donor and IVIg (2 μg/ml, Biotest, Dreieich, Germany) diluted in TBST containing 5% skimmed milk powder plus 1% BSA. As secondary antibodies a horseradish peroxidase (HRP)-conjugated polyclonal goat anti-human IgG antibody (1:1,000, DAKO, Hamburg, Germany,) and a polyclonal rabbit anti-mouse IgG antibody (1:1,000; DAKO) were used. The proteins were visualized using Super Signal West Femto (Thermo Fisher Scientific).

Desmosome Degradation Assay

The desmosome degradation assay was performed as described previously (26, 30, 31). In brief, HaCaT cells were grown in 8-well chamber slides (BDBiosciences, Heidelberg, Germany) to confluent monolayers. Low calcium Keratinocyte Growth Medium 2, KGM2 (Promocell) containing 0.06 mM CaCl2 was changed to high calcium medium by adding sterile 0.15 M CaCl2 to a final concentration of 1.5 mM calcium. Monolayers were treated with PV IgG, control IgG and IgG fractions collected from Dsg3 and Dsg1 immunoaffinity purification as indicated in the results part. After 24 h incubation at 37°C in a humidified atmosphere, culture medium was removed and monolayers were washed with DPBS (Thermo Fisher Scientific) and subsequently fixed with 4% paraformaldehyde. After washing, monolayers were treated with 0.1% Triton X-100 (Sigma Aldrich, Steinheim, Germany), incubated with 10% normal goat serum (DAKO) plus 1% BSA (Carl Roth, Karlsruhe, Germany) and then with mouse anti-human Dsg3 IgG1 (1:100 in PBS, clone 5G11; Acris, Herford, Germany) for 30 min at 37°C and after three times washing with Cy3-labeled goat anti-mouse IgG (1:100 in PBS; Dianova, Hamburg, Germany). Slides were mounted with ProLong R Gold antifade reagent (Life Technologies, Carlsbad, USA) and examined microscopically (BZ-9000, Keyence, Neu-Isenburg, Germany).

Dispase-Based Dissociation Assay

The assay was performed as reported previously (26, 30–32) with minor modifications. In brief, HaCaT cells were cultivated in 12-well-plates (Greiner Bio-One, Solingen, Germany) with KGM2 (Promocell) containing 0.06 mM CaCl2 in a humidified atmosphere (5 CO2) at 37°C. At confluence, fresh KGM2 containing 1.5 mM CaCl2 was added. PV IgG (2 mg/mL), control IgG (2 mg/mL), anti-Dsg3-specific IgG fractions collected from Dsg3- and Dsg1-specific affinity purification (20 μg/mL) and anti-Dsg3/1-depleted IgG (2 mg/mL), respectively were added and incubated for 24 h. Subsequently, the cells were treated with dispase solution (2.5 U/ml for 30 min; Stemcell Techn., Vancouver, Canada) and subjected to mechanical stress by pipetting 10 times (5 times moderate, 5 times strong) with a 1 ml pipette. Cell fragments were fixed and stained with crystal violet (Sigma Aldrich). Photos were taken from each well and cell fragments were counted manually. Every experiment was performed at least in triplicate.

Passive Transfer Neonatal Mouse Model

Neonatals from C57BL/6 mice (Charles River Laboratories, Sulzfeld, Germany) were injected subcutaneously <24 h after birth with the respective PV IgG fraction at doses of 3–7 mg/g of total and anti-Dsg3/1-depleted IgG and 300 μg/g anti-Dsg3-specific IgG (each IgG batch was applied in 3 mice) with or without exfoliative toxin A (ETA; Toxin Technology Inc., Sarasota, USA) as described in parts previously (33, 34). ETA is a serine protease produced from Staphylococcus aureus which specifically degrades Dsg1 (35). Due to the different expression patterns of Dsg1 and Dsg3 in mucous membranes and the skin, anti-Dsg3 IgG is only pathogenic in the skin when Dsg1 is graded concomitantly (either by anti-Dsg1 IgG or ETA). In contrast, in mucous membranes, anti-Dsg3 antibodies alone are sufficient to induce intraepithelial splitting (12). Here, half of the minimum ETA dose was applied that in preliminary experiments had induced clinical blistering (usually 0.1 μg/g bodyweight). After 16–24 h, the mice were clinically evaluated before and after application of mechanical stress at the back and sides of mice (Nikolsky phenomenon). Blood was obtained as well as biopsies from the back for histopathology (H&E staining) and direct IF microscopy. All animal experiments were approved by the Animal Rights Commission of the Ministry of Agriculture and Environment, Schleswig Holstein (98-8/14).

Immunofluorescence Microscopy

For direct IF microscopy, a polyclonal rabbit anti-human IgG-FITC antibody (Bio-Rad, Hercules, USA) at a dilution of 1:50 in PBS was used for 1 h at room temperature. For indirect IF microscopy, 6 μm sections of monkey esophagus were incubated with human IgG and mouse sera in a dilution range of 1:20–1:5120 in PBS for 1 h at room temperature. For detection, a FITC-labeled polyclonal anti-human IgG (DAKO) at 1:50 in PBS was employed for 30 min at room temperature.

Statistics

Graphpad Prism 6 was used for the statistical analysis. The dispase assay data across different groups within each patient was compared for its statistical significance using the Kruskal-Wallis test. For all three patients, correction for multiple comparisons was done by post-hoc Dunn's tests to identify significant pairwise differences between the groups.

RESULTS

Dsg1- and Dsg3-Specific Adsorption of PV Patient IgG

Anti-Dsg3-specific IgG was immunoadsorbed from total PV IgG in all three PV patients as previously described in Langenhan et al. (26). In addition, in PV1 and PV2, the present Dsg1-reactivity was removed by Dsg1-specific immunoadsorption. To study the effect of Dsg-specific IgG we focused on anti-Dsg3-specific IgG since only two of the three PV patients revealed Dsg1-specifc IgG. Characteristics of patient IgG after Dsg3/1-specific adsorption are summarized in Tables 2, 3. Western blot analysis of cellular extracts of cultured human keratinocytes confirmed the specific purification of anti-Dsg3 PV IgG (Figure 1). Indirect IF microscopy on monkey esophagus revealed that total IgG from PV patients as well as Dsg3-specific IgG, but not Dsg3/1-depleted IgG and control IgG from a healthy blood donor, showed the PV-typical intercellular staining of the stratified squamous epithelium (Figure 2, Table 2).


Table 2. Characteristics of pemphigus vulgaris (PV) IgG fractions.
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Table 3. Characteristics of pemphigus vulgaris (PV) IgG fractions (dispase-based dissociation assay).
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FIGURE 1. Desmoglein3-specific IgG reactivity in Western blot using extract of cultured keratinocytes. Western blotting of a monoclonal anti-Dsg3 antibody (lane 1; Bio-Rad, Munich, Germany), Dsg3-specific IgG (2 μg/ml) from pemphigus vulgaris (PV) patient PV1 (lane 2), PV2 (lane 3), and PV3 (lane 4) with extract of cultured HaCaT keratinocytes. IgG affinity purified from a healthy volunteer (2 μg/ml) and IVIg (2 μg/ml, Biotest, Dreieich, Germany) are shown in lanes 5 and 6. Molecular weight markers are shown to the left (kDa). The arrow indicates the migration position of desmoglein 3.
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FIGURE 2. Indirect immunofluorescence (IF) microscopy on monkey esophagus confirms Dsg3/1-specific depletion of IgG from pemphigus vulgaris (PV) IgG. Total PV IgG from three different pemphigus vulgaris (PV) patients (PV1 (A), PV2 (D), PV3 (G)) and the respective anti-Dsg3-specific IgG (B,E,H) but not the anti-Dsg3/1 IgG-depleted IgG fractions (C,F,I) and normal human IgG (NH IgG; J) revealed the characteristic intercellular epithelial staining. Nuclei were counterstained with DAPI.



Dsg3/1-Specific Depletion of PV IgG Abolishes Pathogenicity in vitro

To evaluate the pathogenicity of the Dsg3-specific PV IgG and anti-Dsg3/1 IgG-depleted fractions in vitro, the desmosome degradation assay and the dispase-based dissociation assay were performed. The PV IgG-induced loss of Dsg3 expression on the keratinocyte cell surface due to internalization of Dsg3 into endosomes and degradation was determined microscopically. Incubation of HaCaT cell monolayers with either total PV patient IgG or anti-Dsg3-specific IgG resulted in an equivalent discontinuous Dsg3 staining at the keratinocyte cell borders (Figure 3). In contrast, when cells were treated with anti-Dsg3/1 IgG-depleted fractions and normal human IgG, respectively, Dsg3 staining was uniformly localized to the cell membrane of keratinocytes (Figure 3).
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FIGURE 3. Desmosome degradation assay. HaCaT keratinocytes were treated with 50 μg/ml total pemphigus vulgaris (PV) IgG, 5 μg/ml anti-Dsg3-specific and 50 μg/ml anti-Dsg3/1 IgG-depleted PV IgG from three different pemphigus vulgaris (PV) patients (PV1, PV2, PV3) before immunostaining with anti-Dsg3 IgG. Dsg3 degradation was detected after incubation with total PV IgG (A,D,G) and Dsg3-specific IgG (B,E,H) but not with the PV IgG fractions depleted of anti-Dsg1/3 IgG (C,F,I) and normal human IgG (50 μg/ml; NH IgG; J).



In the dispase-based dissociation assay, treatment with PV1, PV2, and PV3 IgG, respectively, as expected resulted in significantly more keratinocyte fragments compared to incubation with normal human IgG (PV1: p = 0.0011; PV2: p = 0.0045; PV3: p = 0.003; Figure 4). Incubation of monolayers with purified Dsg3-specific PV IgG from the three patients generated a significantly higher fragmentation level compared to incubation with anti-Dsg3/1-depleted IgG (PV1: p = 0.046; PV2: p = 0.011; PV3: p = 0.02; Figure 4). No difference was observed between treatment with anti-Dsg3/1-depleted IgG and normal human IgG (Figure 4).
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FIGURE 4. Dispase-based dissociation assay. Incubation of keratinocyte monolayers with total pemphigus vulgaris (PV) IgG and anti-Dsg3-specific IgG from three different PV patients (PV1, PV2, PV3) showed a significantly higher fragmentation compared to treatment with normal human IgG (NH IgG) and the anti-Dsg3/1-depleted PV IgG (Dsg-depl. IgG), respectively. No difference between incubation with NH IgG and anti-Dsg3/1-depleted IgG was observed. In addition, incubation with Dsg3-specific IgG resulted in significantly higher fragmentations compared to both Dsg-depleted PV IgG and NH IgG, respectively. Data show the mean and standard error of the mean (error bars) of seven independent experiments. *, p < 0.05; **, p < 0.01; n.s., not significant.



Anti-Dsg3/1 IgG-Depleted PV IgG Prevents Pathogenicity While Anti-Dsg3-Specific IgG Results in Blister Formation in Neonatal Mice

When injected into neonatal mice, only total PV1 IgG contained enough anti-Dsg1 antibodies for the induction of skin blisters without co-injection of a subclinical dose of ETA (Figure 5A, lane 1). For mice injected with PV2 or PV3 IgG, gentle mechanical friction was required to obtain macroscopic blistering (Figure 5A, lanes 4 and 7). The injection of anti-Dsg3-specific IgG fractions from all three PV patients (combined with subclinical ETA doses) induced gross skin blistering (Figure 5A, lanes 2, 5, and 8). In contrast, anti-Dsg3/1 IgG-depleted IgG from all three PV patients (combined with subclinical ETA doses) failed to induce blistering in neonatal mice (Figure 5A, lanes 3, 6, and 9). Lesional skin biopsies revealed suprabasal acantholysis, the characteristic histological finding of PV, after injection of PV IgG and anti-Dsg3-specific IgG, but not after injection of Dsg3/1-depleted PV IgG fractions or ETA alone (Figure 5D). By direct IF microscopy, intercellular IgG depositions were found in the epidermis in all PV IgG and anti-Dsg3-specific IgG-injected mice, but not in mice injected with anti-Dsg3/1 IgG-depleted PV IgG or ETA alone (Figure 5B). By indirect IF microscopy on monkey esophagus, the characteristic intercellular staining was seen with sera of mice injected with PV IgG and anti-Dsg3 specific PV IgG, but not after injection of anti-Dsg1/3-depleted IgG or ETA alone (Figure 5C).
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FIGURE 5. In vivo pathogenicity of pemphigus vulgaris (PV) IgG fractions. Injection of neonatal mice (n = 3/ group) with PV IgG and anti-Dsg3-specific IgG purified from three different PV patients PV1, PV2, PV3) induced flaccid macroscopic blisters (A; lanes 1, 2, 4, 5, 7, and 8; white arrows) and suprabasal splitting as seen by lesional histopathology (D; lanes 1, 2, 4, 5, 7, and 8). No macroscopic and microscopic blistering was induced by PV IgG depleted of anti-Dsg3/1 IgG from the three PV patients (A,D; lanes 3, 6, and 9) or ETA alone (A,D; lane 10). By direct immunofluorescence (IF) microscopy of back skin, an intercellular epidermal staining was observed in mice injected with PV IgG (B; lanes 1, 4, and 7) or anti-Dsg3-specific IgG (B; lanes 2, 5, and 8) but not after injection of anti-Dsg3/1 IgG-depleted IgG (B; lanes 3, 6, and 9) or ETA alone (B, lane 10). By indirect IF microscopy on monkey esophagus, the characteristic intercellular staining (1:80 dilutions are shown) was seen with sera of mice injected with PV IgG (C; lanes 1, 4, and 7) and anti-Dsg3-specific PV IgG (C; lanes 2, 5, and 8), but not after injection of PV IgG depleted of Dsg3-specific IgG (C; lanes 3, 6, and 9) or ETA alone (C, lane 10). Nuclei were counterstained with DAPI.



DISCUSSION

Adjuvant immunoadsorption is a well-established treatment option in a variety of autoantibody-mediated diseases including PV. So far, more than 100 pemphigus patients were reported to have been subjected to immunoadsorption which has been recommended in the guideline of the German Dermatological Society for the treatment of refractory or severe PV (21, 36). Furthermore, the results of a randomized control trial comparing the efficacy and safety of immunoadsorption plus best medical treatment with best medical treatment alone in pemphigus are currently evaluated. In PV, it may be of particular value to rapidly reduce the amount of circulating autoantibodies at the beginning of treatment at a stage when other therapies, i.e., corticosteroids, azathioprine, and rituximab, are not yet effective. This assumption is supported by the clear evidence of a direct pathogenic effect of pemphigus autoantibodies as demonstrated by the occurrence of transient pemphigus in neonates of mothers with PV, the correlation of disease activity with serum levels of anti-Dsg1/3 IgG and various experimental models in vitro and in vivo (2, 15, 20, 33). Conventional immunoadsorption is, however, limited due to the risk of hypogammaglobulinaemia and the subsequent risk of infections. This disadvantage would not be applicable for the use of autoantibody-specific adsorbers. Therefore, we have recently developed Dsg1- and Dsg3-specific adsorbers based on the recombinant Dsg ectodomains. We could show that the prototypic adsorbers effectively removed anti-Dsg1/3 IgG from PV and PF sera and eliminated the pathogenic effect of PV and PF IgG in vitro (26).

In the present study, the prototypic adsorbers were employed to investigate whether Dsg1/3-specific adsorption can also abolish the pathogenic effect of PV IgG in vivo. Extending our previous studies (26), we asked the question whether anti-Dsg3-specific IgG alone, i.e., without the addition of non-desmoglein antibodies, is sufficient to induce pathogenic effects in vitro and intraepidermal blistering in mice. Our experiments are of particular importance since the concept that in the great majority of PV patients, the pathogenic effects of autoantibodies are mediated by anti-Dsg antibodies is challenged (13, 16). Furthermore, although Amagai et al. previously showed that affinity-purified anti-Dsg3 IgG prevented pathogenicity in vivo (37), there are still doubts about the specificity of the affinity purification as the recombinant Dsg3 fragment used for this process contained the constant region of human IgG1 that might have also bound to non-Dsg PV autoantibodies (13, 38). In our Dsg1/3-specific adsorbers, only the ectodomains of Dsg1 and 3 were used (26).

Here, we initially demonstrated the high efficiency of the Dsg3/1-specific adsorbers since no anti-Dsg3 or anti-Dsg1 IgG antibodies could be detected in the Dsg3/1-depleted IgG fraction by ELISA. This result was corroborated by Western blotting of anti-Dsg1/3-specific IgG and anti-Dsg1/3 IgG-depleted PV IgG fractions with extract of human keratinocytes. In line, by indirect IF microscopy on monkey esophagus both, total PV IgG and anti-Dsg3-specific IgG but not anti-Dsg3/1 IgG-depleted PV IgG and normal human IgG stained the epithelium.

Next, we demonstrated in two different in vitro assays that PV IgG, depleted from anti-Dsg1/3 reactivity by the use of the Dsg1/3-specific adsorbers, lost their pathogenic effect. No difference between anti-Dsg1/3 IgG-depleted IgG and normal human IgG was observed in both, the desmosome degradation assay and the dispase-based dissociation assay. In contrast, PV IgG and anti-Dsg3-specific IgG obtained after elution from our Dsg1/3-specific adsorbers led to increased desmosome degradation and keratinocyte dissociation, respectively. It has already previously been shown that human keratinocytes loose Dsg3 expression on their cell surface after incubation with PV IgG (39, 40). Nevertheless, we observed that total PV IgG and anti-Dsg3-specific IgG from PV3 resulted in less Dsg3 degradation (Figures 3G,H) compared to the IgG fractions of PV1 and PV2. We hypothesize that the weaker desmosome-degrading capacity of both PV3 IgG and PV3 anti-Dsg3-specific IgG may be explained by the lower anti-Dsg3 IgG titers in this patient (Table 2).

Furthermore, the different PV IgG fractions were also assayed in the neonatal mouse model of PV. Initially, Anhalt and coworkers reported that the injection of PV serum in neonatal mice recapitulated major clinical and immunopathological characteristics of the human diseases, i.e., flaccid blisters that easily erode when mechanical friction is applied, intraepidermal split formation as detected by histopathology, and the intercellular binding of PV antibodies in the epidermis as seen by direct IF microscopy (33). In the present study, the injection of PV IgG and Dsg1/3-specific IgG led to macroscopic and microscopic blisters indicating that anti-Dsg1/3 IgG alone is pathogenic and does not require the presence of non-Dsg PV autoantibodies. These data are supported by the previous observations that injection of the monoclonal anti-Dsg3 antibody AK23 resulted in blister formation in neonatal as well as in adult mice (41, 42). More important for the future use of the Dsg1/3-specific adsorbers in the treatment of PV patients is our observation that PV IgG fractions depleted from anti-Dsg1/3 reactivity did not induce skin lesions when injected into neonatal mice. These results unequivocally show that non-Dsg antibodies that had been previously described in PV sera directed e.g., against muscarinic and nicotinic acethylcholine receptors, annexins, thyroid peroxidase, and mitochondrial proteins are not a prerequisite for blister formation in PV. In line, these non-Dsg antibodies have not yet been described to be pathogenic in vivo while co-pathogenic effects have been reported in vitro (13, 15, 17, 18, 20, 43, 44). One may speculate that the previously proposed pathogenic effect of non-Dsg antibodies in PV is not a key element for the initiation of blister formation.

In contrast, anti-desmocollin autoantibodies that have been described in pemphigus sera caused desmosome degradation in the desmosome degradation assay, cell fragmentation in the dispase-based dissociation assay, and suprabasal splitting in an ex vivo skin model (45–47). In line, desmocollin 3-deficient mice present with skin erosions and suprabasal intraepidermal blistering (48). However, evidence is accumulating that anti-desmocollin autoantibodies may be more relevant in paraneoplastic and atypical pemphigus than in PV and PF (49–51). In fact, in a large prospective study with more than 330 pemphigus patients, only 4% of all pemphigus sera and 2.7% of PV and PF sera exhibited anti-desmocollin reactivity, while 98% of sera contained anti-Dsg3 and/or anti-Dsg1 IgG (52). These data indicate that only in a small number of PV and PF patients, Dsg1/3-specific immunoadsorption may not be clinically effective although anti-Dsg1/3 antibodies have effectively been decreased. Future studies now aim at applying the Dsg3/1-specific adsorbers in a clinical trial with PV patients.
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Atopic dermatitis (AD) is a chronic pruritic inflammatory skin disease characterized by excessive inflammation and disrupted skin barrier function. Although the etiology of AD is not completely understood, clinical and basic studies suggest increasing involvement of autoantibodies against intracellular proteins. An actin remodeling protein, Flightless I (Flii), has been shown to promote development of inflammatory mediated skin conditions and impairment of skin barrier development and function. Here, we sought to determine the effect of altering Flii expression on the development of AD and its contribution to autoimmune aspects of inflammatory skin conditions. Ovalbumin (OVA)-induced AD skin-like disease was induced in Flii heterozygous (Flii+/−), wild-type (Flii+/+), and Flii transgenic (FliiTg/Tg) mice by epicutaneous exposure to OVA for 3 weeks; each week was separated by 2-week resting period. Reduced Flii expression resulted in decreased disease severity and tissue inflammation as determined by histology, lymphocytic, and mast cell infiltrate and increased anti-inflammatory IL-10 cytokine levels and a marked IFN-γ Th1 response. In contrast, Flii over-expression lead to a Th2 skewed response characterized by increased pro-inflammatory TNF-α cytokine production, Th2 chemokine levels, and Th2 cell numbers. Sera from OVA-induced AD skin-like disease Flii+/− mice showed a decreased level of autoreactivity while sera from FliiTg/Tg mice counterparts showed an altered autoantibody profile with strong nuclear localization favoring development of a more severe disease. These findings demonstrate autoimmune responses in this model of OVA-induced AD-like skin disease and suggest that Flii is a novel target, whose manipulation could be a potential approach for the treatment of patients with AD.
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INTRODUCTION

Atopic dermatitis (AD) is one of the most common heterogeneous inflammatory skin diseases affecting 20% of children and 1–3% of adults worldwide (1). The disease is associated with impairments in the skin barrier and variable clinical indicators including occurrence of eczematous lesions, pruritus, and cheilitis (1). The etiology of AD is complex and is often characterized by abnormal immunological pathways that manifest in an imbalance of T-helper (Th)1 and Th2 responses (2). Typically, AD is described as having a biphasic course consisting of an acute inflammatory Th2-dominated phase associated with IgE production and a chronic phase distinguished by reappearance of Th1 responses, tissue remodeling, and dermal thickening (3). Histopathologically, AD is characterized by an inflammatory infiltrate consisting of CD4+ memory T cells, mast cells, and eosinophils and a controlled temporal-spatial expression of pro-inflammatory cytokines and chemokines driving atopic inflammation of the skin (4).

Research within the last decade has found an association between AD and autoantibody development, suggesting the contribution of autoantibodies to the pathogenesis of AD (3, 5–8). It is proposed that tissue damage induced by AD allows exposure of intracellular antigens that are normally inaccessible by antibodies to the extracellular space, where they can interact with B cells and antibodies (9). A broad spectrum of IgE targeting self-antigens have been identified in above 90% of severe AD patients and high-avidity IgG autoantibodies have been proposed as potential diagnostic markers for severe AD (5, 10–12). The fact that these autoantibodies are associated with disease severity implicates their role in both humoral and cellular immunity in AD pathogenesis (5, 12). Antinuclear antibodies have been shown to have both biological and clinical significance acting as sensors of cellular stress and inflammation associated with environmental factors (13). While the presence of autoantibodies can have a protective role as natural autoantibodies (14), the presence of nuclear autoantibodies in AD has been suggested to lead to the continual provocation of the immune system hence contributing to the severity and chronicity of disease.

Flightless I (Flii) is a highly conserved and unique member of the gelsolin family of actin remodeling proteins and a nuclear receptor activator affecting the transcriptional activity of many modulators of tissue remodeling and inflammation (15, 16). Flii has been demonstrated to regulate cytokine secretion and cellular inflammatory responses via its intracellular and extracellular effects on toll-like receptors (17–20). Flii expression increases in skin during development and in response to inflammation, injury, skin cancer development, wound healing, and skin blistering (21–23). Over-expression of Flii delays the development of an intact skin barrier in the embryonic skin of mice and impairs the recovery of the epidermal barrier post injury via its effects on tight-junction formation (22). A recent study has shown that reducing Flii levels either genetically or using Flii neutralizing antibodies decreases erythema, inflammatory cell infiltrate, and pro-inflammatory cytokine secretion in a mouse model of psoriasiform dermatitis (24). Taken together, these findings suggest a possible role for Flii in inflammatory responses mediating AD. Using an OVA-induced AD-like skin mouse model (25), this study aimed to investigate the effect of differential Flii gene expression on development of AD via characterization of inflammatory and autoimmune responses responsible for AD pathogenesis.

MATERIALS AND METHODS

Animal Studies

Mice were maintained according to the Australian Code for the Care and Use of Animals for Scientific Purposes under protocols approved by the Child Youth and Women’s Health Service Animal Ethics Committee (AEC916/06/2015). Mice with the BALB/c background and wild-type controls were obtained from inbred litters. Flii-deficient heterozygous null mice (Flii+/−) and mice carrying the complete human Flii gene on a cosmid transgene were maintained as described previously (26, 27). Heterozygous transgenic mice FliiTg/+ were made by crossing Flii+/+ with cosmid transgene Flii+/−. These transgenic mice were intercrossed to obtain animals homozygous for the transgene FliiTg/Tg which carry two copies of the mouse Flii gene and two copies of the human Flii transgene.

Atopic dermatitis was induced via epicutaneous exposure of mice to OVA as previously described (25). Briefly, 10- to 12-week-old female wild-type (Flii+/+), Flii heterozygous (Flii+/−), and Flii transgenic (FliiTg/Tg) mice (n = 8/genotype) were anesthetized using isoflurane inhalation, the skin on the back of mice was shaved and then tape stripped four times by a transparent adhesive tape (Tegaderm) to introduce a standardized skin injury. A gauze patch (1 × 1 cm2) soaked with 100 μl of 0.1% OVA (OVA group) in saline or 0.9% saline (control group) was placed on the back skin and secured with Tegaderm dressing. The experiment comprised three 1-week exposures with a 2-week interval between each exposure week (Figure 1A). Clinical images of affected skin, transepidermal water loss (TEWL), and erythema measurements were recorded at the end of the third sensitization week. The level of skin erythema was measured daily using a handheld DermaLab Unit (Cortex Technology) following manufacturer’s instructions. This instrument uses skin reflectance spectroscopy to determine the redness of inflamed skin. The instrument was blanked prior to placing a probe directly onto the inflamed AD-like lesions on dorsal skin and a reading obtained as previously described (24). Measurements of TEWL were obtained with a calibrated Vapometer evaporimeter (Delfin Technologies, Finland). The probe was allowed to equilibrate for approximately 30 s before a brief measurement period (8 s) as indicated in manufacturer’s guidelines. The Vapometer was placed directly onto the inflamed AD-like lesions on dorsal skin (using an 11-mm adaptor) and held there securely for the duration of the measurement. For both erythema and TEWL analysis, three separate measurements were taken per mouse to ensure the entire region of AD-like inflamed back skin was assessed as previously described (24). Mice were then euthanized and skin biopsies collected for histology analysis, immunohistochemistry, and mRNA extraction. Blood was collected for autoimmunity experiments.
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FIGURE 1 | Reduced Flii expression leads to decreased development of OVA-induced atopic dermatitis (AD)-like lesions. (A) Ovalbumin (OVA) exposure protocol, including a total of three 1-week exposures to 100 μl 0.1% OVA or saline control on patches separated from each other by 2-week resting interval. (B) Representative clinical images of OVA-induced AD-like skin lesions in mice differential Flii expression illustrating high degree of erythema, skin thickening, and scaling (black arrowhead) in WT and FliiTg/Tg mice exposed to OVA. (C,D) OVA exposure leads to development of AD-like lesions demonstrated by increased erythema and transepidermal water loss (TEWL). Decreasing Flii expression reduces development of AD-like lesions with significantly decreased erythema and TEWL measurements compared to OVA exposed skin of WT and FliiTg/Tg animals. n = 8. Mean ± SEM. *<0.05.



Histology and Immunohistochemistry

Paraffin-embedded fixed tissue samples were stained with hematoxylin and eosin or toluidine blue following established protocols (28). Level of skin inflammation was assessed using skin thickness measurements, and analysis of inflammatory and mast cell numbers in lesional skin of OVA-induced AD-like skin lesions of Flii+/−, wild-type, and FliiTg/Tg mice using high magnification images and light microscopy using optimized protocols using Image Pro-Plus 5.1 program (MediaCybernetics Inc.) as previously described (24). Skin thickness included epidermal and dermal measurements of OVA-induced AD-like lesions; inflammatory cell number was assessed by counting total inflammatory cells in 10 different HPF of view in OVA-induced AD-like lesions, and mast cell analysis included counting toludine blue positive mast cells in entire sections of OVA-induced AD-like skin lesions per mm2. Immunohistochemistry was also performed on paraffin-embedded fixed AD-like skin lesions following antigen retrieval according to the manufacturer’s protocols (DAKO Corporation, Glostrup, Denmark). Following blocking in 3% normal goat serum, primary antibodies against CD4 [rat monoclonal, #14-9766-82 (Thermo Scientific, Australia) (1:200)], T-bet [rabbit polyclonal, #PA5-40573 (Thermo Scientific, Australia) (1:100)], GATA-3 [rabbit polyclonal, #ab106625 (Abcam Australia) (1:100)], and ROR-γ [rabbit monoclonal, #ab207082 (Abcam Australia) (1:3,000)] were applied and slides were incubated at 4°C overnight in a humidified chamber before application of species-specific, Alexa Flour-488 or Alexa Flour-594 secondary antibodies (Invitrogen, Australia) for 1 h at room temperature. Finally, slides were washed and mounted in Fluorescence Mounting Medium (Dako, Australia). Images were captured on Olympus microscope and CellSense Live Science Imaging Software program (Olympus, Germany) used for counting the positive cells in the AD-like lesions of Flii+/−, wild-type, and FliiTg/Tg mice. Negative controls included replacing primary antibodies with normal rabbit IgG, or normal mouse IgG. For verification of staining, non-specific binding was determined by omitting primary or secondary antibodies. All control sections had negligible immunofluorescence.

RTq-PCR

Harvested tissue was snap-frozen in liquid nitrogen and total RNA was isolated using Ultraclean Tissue and Cell RNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) according to the manufacturer’s protocol. Total cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) according to manufacturer’s protocol. Quantitative PCR was performed using iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA) in triplicate reactions. The plates were placed in a CFX Connect Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). Reactions underwent 30 s at 95°C, then 40 cycles of 5 s at 95°C, 20 s at 60°C, and 10 s at 95°C before determination of melt curve between 65 and 95°C. GAPDH and CyPA were used as reference genes and inter-reaction calculator method was applied for all plates. For relative comparison, the cycle threshold value (Ct) was analyzed using the ΔΔCt method and data reported as Ct normalized to reference genes. Sequences for PCR primers are listed in Table S1 in Supplementary Material.

Autoantibody Immunofluorescence

In order to assess the degree of autoimmunity in OVA-induced AD-like skin of Flii+/−, wild-type, and FliiTg/Tg mice, sub-confluent primary wild-type mouse keratinocytes were stained with mouse sera of AD-induced mice following established protocols (13, 29). Briefly, primary keratinocytes were isolated from murine epidermis as previously described (30), grown on glass coverslips and washed in 1× phosphate-buffered saline before paraformaldehyde (4%) fixation (10 min at room temperature). Fixed cells were subsequently permeabilized using 0.2% Triton-X-100 and 0.5% BSA in 1× phosphate-buffered saline (5 min at room temperature) before incubation with pooled murine serum (n = 3) diluted (1 in 10) in 0.5% BSA in 1× phosphate-buffered saline for 1 h. Bound murine IgG was detected with Alexa Flour 633 goat anti-mouse IgG (1 in 1,000; #A21050; Invitrogen, Mulgrave, VIC, Australia) in 1× phosphate-buffered saline for 1 h at room temperature. Following repeated 2 min washes with 1× phosphate-buffered saline, cells were stained with DAPI nucleic acid stain (Sigma-Aldrich) for 5 min at room temperature before washing and mounting for imaging. Negative controls included omitting the incubation with mouse serum. All control sections had negligible immunofluorescence. Staining pattern of autoantibodies was assessed using the Olympus microscope and CellSense Live Science Imaging Software program (Olympus, Germany).

Immunoblot Analysis of AD Serum Autoreactive Antibodies

Protein was extracted from WT murine keratinocytes using standard protein extraction protocols (31). Samples of extracted protein (20 μg) were run on 10% SDS-PAGE gels (30 min; 200V) and transferred to nitrocellulose by wet transfer (1 h; 100V). Membranes were cut into strips, blocked in 3% bovine serum albumin (Sigma) for 30 min, and probed with murine serum diluted (1 in 10) in tris-buffered saline containing 3% BSA and 0.1% Tween overnight. After washing, horseradish peroxidase-conjugated goat anti-murine immunoglobulin secondary antibody was added for a further 1 h at room temperature. Stringent washes were performed before detection of horseradish peroxidase and exposure using GeneSnap analysis program (SynGene, Frederick, MD, USA).

Statistical Analysis

Statistical differences were determined using the Student’s t-test or one-way ANOVA. For data not following a normal distribution, the Mann–Whitney U test was performed. A P value of less than 0.05 was considered significant.

RESULTS

Flii-Deficient Mice Exhibit Reduced OVA-Induced AD-Like Skin Disease

The repeated epicutaneous exposure of OVA (Figure 1A) on mouse skin results in an AD-like skin disease with histological and phenotypic features of human AD, including erythema, skin thickening, and a localized immune response (25). Flii homozygous (Flii−/−) mice are embryonic lethal (26); therefore, using the OVA-induced AD-like skin mouse model, the severity of OVA-induced AD-like lesions was determined in response to different Flii gene levels in Flii heterozygous (Flii+/−), normal (Flii+/+), and Flii transgenic (FliiTg/Tg) mice. All three mice genotypes developed localized inflammation which increased following each week of OVA exposure. Flii-deficient mice showed reduced levels of inflammation and scaling (Figure 1B). Spectrophotometric measurement of the redness of the OVA exposed skin showed that Flii-deficient mice had significantly less erythema (Figure 1B) than wild-type and FliiTg/Tg counterparts at day 50 of the experiment. Similarly, the degree of TEWL was also significantly reduced in Flii+/− mice and very similar to that observed in control animals (Figure 1C). Control mice administered saline only showed no evidence of AD-like inflammation macroscopically or any development of erythema or TEWL (Figures 1B–D).

A hallmark of AD is skin thickening with a marked influx of leukocyte and mast cell inflammatory infiltrate. All OVA-induced AD-like skin sections showed evidence of AD compared to control saline exposed skin including a degree of epidermal hyperplasia and edema coupled with inflammatory lymphocytic and mast cell dermal infiltrate (Figures 2A–C). Examining the skin thickness in OVA-induced AD-like skin lesions revealed that deficient Flii mice had significantly thinner skin than OVA-induced AD-like skin lesions of wild-type and FliiTg/Tg mice (Figure 2A). Assessment of lymphocytic and mast cell dermal infiltrate showed that Flii deficiency consistently resulted in significantly decreased inflammatory cell numbers (Figures 2B,C). In contrast, both normal and increased Flii gene expression resulted in thickened epidermis, increased numbers of inflammatory cells (Figure 2B) and mast cells (Figure 2C). Control mice skin exposed to saline only gauze patch showed no evidence of AD-like dermatitis features microscopically and had low levels of inflammatory infiltrate in the dermis (Figures 2A–C).
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FIGURE 2 | Mice with reduced Flii expression develop less severe OVA-induced atopic dermatitis (AD) skin-like lesions and tissue inflammation. (A) Representative images and graphical analysis of skin thickness in Flii+/−, WT, and FliiTg/Tg mice with OVA-induced AD skin-like lesions illustrating evidence of epidermal hyperplasia, edema, and lymphocytic infiltrate. Magnification 4× scale bar 200 μm. (B) Representative images and graphical analysis of lymphocytic inflammatory infiltrate in in Flii+/−, WT, and FliiTg/Tg mice with OVA-induced AD skin-like lesions illustrating decreased inflammation in Flii+/− mice skin. Magnification 1,000× scale bar 25 μm. (C) Representative images and graphical analysis of mast cells numbers in Flii+/−, WT, and FliiTg/Tg mice with OVA-induced AD skin-like lesions illustrating decreased inflammation in Flii+/− mice skin. Magnification 4× scale bar 200 μm. n = 8. Mean ± SEM. *<0.05.



Anti-Inflammatory Cytokine mRNA Profiles Are Increased in OVA-Induced AD-Like Skin of Flii-Deficient Mice

OVA-induced AD-like skin lesions of Flii+/−, wild-type, and FliiTg/Tg mice were assessed for Flii and levels of cytokines and chemokines mediating the Th1 and Th2 inflammatory responses during AD pathogenesis. Flii-deficient mice showed approximately 25% decrease in Flii levels, while Flii over-expressing mice had a twofold increase in Flii levels compared to wild-type counterparts (Figure 3). Flii gene levels were found to affect number of key cytokines and chemokines responsible for development of AD-like lesions. Notably, main Flii deficiency favored a Th1 immune response and decreased inflammation with significant threefold increase in IFN-γ mRNA levels compared to FliiTg/Tg mice, decreased pro-inflammatory IL-4, and increased anti-inflammatory IL-10 mRNA levels compared to both wild-type and FliiTg/Tg mice (Figure 3). Interestingly, Flii+/− OVA-induced AD-like skin lesions also showed increased IL-5 and IL-6 mRNA levels when compared to FliiTg/Tg mice but not wild-type counterparts (Figure 3). In contrast, over-expression of Flii resulted in similar cytokine levels to wild-type counterparts, except significantly increased TNF-α mRNA expression and significantly reduced IFN-γ mRNA expression when compared to both Flii-deficient and wild-type mice, which would favor more severe AD manifestation. Cytokine mRNA levels of IL-13, IL-23, and IL-17A did not differ between OVA-induced AD-like skin lesions of three genotypes (Figure 3). Expression of CCL22 mRNA was significantly increased in OVA-induced AD-like skin lesions of FliiTg/Tg mice compared to wild-type mice, while OVA-induced AD-like skin lesions of Flii+/− mice showed elevated CCL17 chemokine mRNA expression compared to FliiTg/Tg mice (Figure 4). CXCL9 chemokine mRNA levels were found to be similar in all three genotypes (Figure 4). The unbalanced skewed ratio of Th1/Th2 response in FliiTg/Tg mice was confirmed by immunohistochemical co-staining of T cell subset markers, namely Th1 (CD4 and T-bet), Th2 (CD4 and GATA-3), and Th17 (CD4 and ROR-γ) showing increased Th2 cell numbers in dermal area of FliiTg/Tg mice (Figures 5A–D).
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FIGURE 3 | OVA-induced atopic dermatitis (AD) skin-like lesions of Flii-deficient mice exhibit increased anti-inflammatory cytokine levels. mRNA levels of Flii, pro-inflammatory, and anti-inflammatory cytokines responsible for manifestation of AD were analyzed in the OVA-induced AD skin-like lesions of Flii+/−, wild-type, and FliiTg/Tg animals. OVA-induced AD skin-like lesions of Flii-deficient mice have significantly higher IFN-γ, reduced IL-4 signaling, and significantly higher levels of anti-inflammatory IL-10 while the Flii transgenic counterparts show significantly increased TNF-α and significantly reduced IFN-γ compared to wild-type animals. n = 6. Mean ± SEM. *<0.05.
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FIGURE 4 | Flii expression affects Th2 chemokine levels in OVA-induced atopic dermatitis (AD) skin-like lesions. mRNA levels of CCL17, CCL22, and CXCL9 chemokines responsible for manifestation of AD were analyzed in the OVA-induced AD skin-like lesions of Flii+/−, wild-type, and FliiTg/Tg animals. OVA-induced AD skin-like lesions of Flii+/− mice have significantly higher levels of CCL17 compared to FliiTg/Tg counterparts, while CCL22 was significantly increased in OVA-induced AD skin-like lesions of FliiTg/Tg mice compared to wild-type controls. n = 6. Mean ± SEM. *<0.05.
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FIGURE 5 | Mice with increased Flii expression exhibit increased Th2 cell numbers within OVA-induced atopic dermatitis (AD) skin-like lesions. (A) Representative images and graphical analysis of Th1 (CD4+T-bet+) cell numbers in AD skin-like lesions within Flii+/−, WT, and FliiTg/Tg mice. (B) Representative images and graphical analysis of Th2 (CD4+GATA-3+) cell numbers in AD skin-like lesions within Flii+/−, WT, and FliiTg/Tg mice. (C) Representative images and graphical analysis of Th17 (CD4+RORγ+) cell numbers in AD skin-like lesions within Flii+/−, WT, and FliiTg/Tg mice. (D) Ratio of Th1 to Th2 cells within AD skin-like lesions of Flii+/−, WT, and FliiTg/Tg mice. Magnification 4× scale bar 200 μm. n = 6. Mean ± SEM. *<0.05.



FliiTg/Tg OVA-Induced AD-Like Disease Mice Have Altered Autoreactivity Profiles Compared With WT and Flii−/− Mice

To compare autoantibody formation in the OVA-induced AD-like disease model between Flii-deficient, wild-type, and Flii-overexpressing mice, serum samples collected at day 50 were assessed by immunofluorescence and immunoblot analysis. Primary keratinocytes from wild-type mice were fixed and probed with pooled sera from experimental mice and staining patterns analyzed using fluorescence microscopy. Cytoplasmic and perinuclear staining within keratinocytes was apparent after incubation with sera from all three genotypes, however, only sera from OVA-induced AD-like disease FliiTg/Tg mice produced strong nuclear staining patterns (Figure 6A). To further elucidate autoreactivity in these samples, keratinocyte whole-cell lysates were separated via SDS-PAGE, transferred to nitrocellulose membrane, and probed with pooled sera (Figure 6B). Additionally, autoreactivity patterns of individual mouse sera are shown in Figure S1 in Supplementary Material. Regions of differential autoreactivity were detected at 145, 70, 60, and 43 kDa band sizes (black arrows). Immunoblot analysis of sera (Figure 6C) from individual mice found that autoreactivity was highest in wild-type mice (50%) and FliiTg/Tg mice (43%), while Flii-deficient (Flii+/−) mice showed the lowest degree of autoreactivity (25%). Positive autoreactive bands at 70 kDa were also different in FliiTg/Tg mice compared to the two other genotypes, which may be responsible for the nuclear staining pattern observed in immunofluorescence analysis. Immunoblot analysis of sera from normal non-dermatitis mice from each genotype were also analyzed; no autoreactivity was detected (Figure S2 in Supplementary Material).
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FIGURE 6 | Over-expression of Flii produces an altered autoantibody profile in murine OVA-induced atopic dermatitis (AD) skin-like disease. (A) Representative images of IF microscopy staining patterns produced by mouse autoreactive IgG (red) and DAPI nuclear counterstaining (blue) in primary mouse keratinocytes. Magnification 20×; scale bar 50 μm. Antibodies from OVA-induced AD skin-like lesions of Flii+/− and WT mice producing a predominantly cytoplasmic (white arrow) and perinuclear (green arrow) staining patterns, while antibodies from OVA-induced AD skin-like lesions of FliiTg/Tg mice produce a strong cytoplasmic, perinuclear (green arrow), and nuclear (black arrow) staining patterns. (B) Western blot analysis of murine keratinocyte proteins probed with pooled sera from OVA-induced AD-like mice (2–3 mice per lane); black arrows represent regions of autoreactivity. (C) Autoreactivity summary of Western blot results from murine keratinocyte lysate probed with sera from individual mice.



DISCUSSION

Flii is a cytoskeletal protein with important roles in skin development, tight junction function, skin barrier establishment, and recovery post injury which is upregulated in response to tissue inflammation and wounding (22, 31). The secreted form of Flii has been shown to affect innate immune signaling pathways and modulate cell activity and cytokine secretion from fibroblasts and macrophages in vitro (17, 20). Recent studies have described the contribution of Flii over-expression in exacerbation of inflammatory conditions, including psoriasiform dermatitis (24) and an autoimmune inflammation-mediated epidermolysis bullosa acquisita (23, 32).

To determine if Flii affects AD development and severity, mice with low (Flii+/−), normal (Flii+/+), and high (FliiTg/Tg) expression of the Flii gene were exposed to repeated epicutaneous exposure to OVA and induced to form AD-like skin lesions. In contrast to our original hypothesis, Flii over-expression did not result in a more exacerbated development of erythema and AD-like skin lesions. However, reduced Flii levels in Flii-deficient mice led to significantly decreased development of AD-like skin lesions as marked by decreased erythema, TEWL, epidermal hyperplasia, and lymphocytic and mast cell tissue infiltrate compared to both wild-type and FliiTg/Tg mice. Despite increased IFN-γ levels, the AD lesions of Flii+/− mice had reduced IL-4, which may contribute significantly to the reduced skin thickening in this model of AD (33). These findings are in agreement with studies which demonstrated that reducing Flii expression, either genetically or using Flii neutralizing antibodies, decreased tissue inflammation, and disease severity in mouse models of psoriasiform dermatitis and epidermolysis bullosa acquisita (23, 24, 32).

Genetically modified mice engineered to over-express Th2 cytokines develop skin barrier defects and AD spontaneously (34). The formation of AD lesions is known to be triggered by production of Th2 cytokines by mast cells and CD4+ T cells which also promote IgE production by B cells, while Th1 cells secrete IFN-γ to suppress proliferation of Th2 cells and IgE synthesis (35, 36). The dominance of Th2 cytokines in AD cause decreased expression of fillagrin and other barrier promoting molecules found in the skin (3). Examining the levels of cytokines and chemokines produced in AD-like lesional skin of Flii+/−, wild-type, and FliiTg/Tg mice revealed decreased IFN-γ levels in FliiTg/Tg mice suggestive of Th2 immune responses, while Flii+/− had increased IFN-γ levels and decreased clinical AD severity suggestive of potential Flii effect on IgE synthesis, however, this is yet to be investigated. Analysis of T-helper subsets within lesional skin showed a significantly Th2 skewed response in OVA-induced AD-like lesions of FliiTg/Tg mice with higher numbers of CD4+GATA3+ cells compared to AD-like lesions of Flii+/− or wild-type counterparts who showed significantly higher Th1:Th2 ratio. Additionally, AD-like lesions of FliiTg/Tg mice showed increased pro-inflammatory TNF-α cytokine levels and while TNF-α has been demonstrated to promote the AD development (37) we did not observe increased AD severity in these mice in this model of OVA-induced AD. As mast cell numbers were not significantly increased in FliiTg/Tg mice, and T-helper cells were heavily skewed toward a Th2 phenotype within FliiTg/Tg lesions, excess TNF-α was likely produced by other cell types such as macrophages, which is further supported by increased CCL22 chemokine levels observed in FliiTg/Tg mice. Interestingly, previous studies have shown that secreted Flii reduces macrophage secretion of TNF-α in vitro (20) while in vivo studies using a mouse model of psoriasiform dermatitis showed reduced TNF-α levels in response to reduced Flii (24) which was not observed in this model of OVA-induced AD. These findings may reflect inherent differences between in vivo and in vitro studies, for example differences in complex in vivo, multicellular environments, as well as differences in different models of inflammatory skin diseases.

In agreement with previous studies demonstrating decreased tissue inflammation and inflammatory cytokine secretion in Flii-deficient mice (24, 32), OVA-induced AD-like skin lesions of Flii+/− mice showed a reduced inflammatory response marked by significantly increased anti-inflammatory IL-10 secretion as well as significantly increased IFN-γ and significantly reduced IL-4 levels. Indeed, IL-4 has been shown to be essential for eosinophil recruitment, Th2 cell differentiation, and IgE production (38). The increased CCL17 expression observed in AD lesions of Flii+/− mice compared to FliiTg/Tg mice may be a potential mechanism to restore Th1/Th2 balance, as CCL17 has previously been shown to induce a Th2-dominated inflammatory reaction (39). Reduction of Flii levels did not alter IL-23 and IL-17A cytokine levels as previously observed in psoriasiform dermatitis (24) suggesting that Th17 responses are not involved in this model of AD. Despite significant differences in IFN-γ levels between three genotypes, CXCL9 chemokine levels were not altered between genotypes in this model of AD. IL-13 levels were also not significantly different between three genotypes, however, there was a trend to higher levels in FliiTg/Tg mice OVA-induced AD-like skin lesions and IL-13 cytokine has previously been linked to autoantibody production in early rheumatoid arthritis (40).

Autoimmunity has been increasingly recognized to play part in exacerbating the severity of AD (6, 9, 12) as a consequence of both humoral and cellular and immunity (6). It is postulated that IFN-γ signaling during AD pathogenesis may promote the development of autoimmunity as IFN-γ overexpressing mice spontaneously develop autoantibodies (41, 42) and deletion of the IFN-γ receptor inhibits autoantibody production in lupus-prone mice (43). On the basis of our findings showing altered AD severity and altered Th1/Th2 responses including significantly altered IFN-γ expression with different Flii genotypes, we examined the effect of Flii levels on autoimmunity in OVA-induced AD-like skin lesions. The decreased severity of AD observed in Flii+/− mice also correlated with the reduced degree of autoreactivity (50% reduction vs WT), and further studies are required to investigate whether the autoantibodies from OVA induced AD-like skin mice contribute to or are a product of the observed AD-like symptoms. Immunoblot analysis of sera from normal non-dermatitis mice showed no autoreactivity suggesting that autoantibody development was disease-specific. Interestingly, both Flii+/− and wild-type mice showed similar autoantibody staining patterns and regions of differential autoreactivity. FliiTg/Tg mice showed similar levels of autoreactivity compared to wild-type mice, however, in addition to the cytoplasmic and perinuclear staining pattern observed in all genotypes, the sera of these mice had a strong nuclear staining pattern. This pattern may indicate the presence of disease-mediating antinuclear antibodies which have been clinically associated with AD and other inflammatory skin disorders (44–46). Flii has previously been shown to affect TLR signaling pathways, both intracellularly and extracellularly, hence modulating innate inflammatory responses and directly impacting immune signaling, however, the potential role of Flii in autoimmunity has not been explored to date. Further studies are required to determine if autoreactivity in Flii genetic mice is a direct result of the impact of Flii on immune signaling or if it is secondary to increased pathology observed in these animals. In addition, determining the subtype of autoreactive immunoglobulins developed in the OVA-challenged murine model of AD would allow more comparison to be drawn to findings of previous clinical cohorts (10, 47).

While major differences between human AD and murine models have been demonstrated (47, 48), models of AD promote our understanding of the complex pathogenesis of human AD, and identify potential novel targets for design of targeted biologics (49). Here, we have demonstrated that Flii is a novel target in AD and that reducing its levels decreased the severity of AD in the ovalbumin-challenged murine model of AD. Additionally, we have examined the role of autoimmunity in this model of AD and while the exact mechanisms are yet to be identified, our results suggest that the effects of Flii upon Th1/Th2 balance and autoimmunity are important during AD pathogenesis.
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IgG3 is the IgG subclass with the strongest effector functions among all four IgG subclasses and the highest degree of allelic variability among all constant immunoglobulin genes. Due to its genetic position, IgG3 is often the first isotype an antibody switches to before IgG1 or IgG4. Compared with the other IgG subclasses, it has a reduced half-life which is probably connected to a decreased affinity to the neonatal Fc receptor (FcRn). However, a few allelic variants harbor an amino acid replacement of His435 to Arg that reverts the half-life of the resulting IgG3 to the same level as the other IgG subclasses. Because of its functional impact, we hypothesized that the p.Arg435His variation could be associated with susceptibility to autoantibody-mediated diseases like pemphigus vulgaris (PV) and bullous pemphigoid (BP). Using a set of samples from German, Turkish, Egyptian, and Iranian patients and controls, we were able to demonstrate a genetic association of the p.Arg435His variation with PV risk, but not with BP risk. Our results suggest a hitherto unknown role for the function of IgG3 in the pathogenesis of PV.

Keywords: immunology, dermatology, autoantibodies, allotype, pemphigus, pemphigoid, half-life, functional genetics

INTRODUCTION

Of the four human IgG subclasses, IgG3 (gene IGHG3) exhibits the strongest capabilities to activate complement and effector cells of the innate immune system (1). Compared with the other IgG subclasses, IgG3 has a reduced half-life which is probably caused by a decreased affinity to FcRn (2). FcRn is involved in IgG transport across mucosal cells and the placenta. Moreover, FcRn is responsible for the exceptionally long half-life of IgG, and it rescues IgG from lysosomal degradation by recycling it back to the surface in endothelial cells. It further appears to be involved in IgG-mediated phagocytosis (3). The reduced half-life of IgG3 appears to be caused by an amino acid replacement at residue 435, where this IgG subclass typically carries an arginine instead of a histidine like the other IgG subclasses. From the 19 different alleles that the IMGT (ImMunoGeneTics information) database1 lists for IGHG3, 3 alleles contain a histidine instead of an arginine at this position (IgG3:p.Arg435His variation, NG_001019.5:g.1053927G>A, RefSNP rs4042056, Figure 1). These three alleles are associated with the G3m15 and G3m16 allotypes which are quite rare in the European population and more frequent in Asia and Africa (4). The histidine residue at position 435 leads to a higher affinity of IgG3 to FcRn and, consequently, to a prolonged half-life and most likely to an increased bioavailability in extravascular tissues (2).
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FIGURE 1 | Alignment of human IgG gene alleles. Alignment of all human IgG alleles listed in IMGT [http://www.imgt.org (Accessed: 15 March, 2015)], including GenBank accession number, gene names, isotype, allele numbering, and allotype numbering. Primer annealing sites for KASP and IgG3-specific PCR are shaded in blue, green, and red, respectively. Nucleotides unique in IgG3 (IgG3 specific) and the g.1053927G>A variation (p.Arg435His) are indicated with a red border. The full DNA sequence is shown for the reference sequence (AJ390235), for all other sequences, all bases except those that differ from the reference are masked by a dot. The amino acid sequence of the reference sequence is shown on the bottom site, together with the PCR fragment amplified for Sanger sequencing. The IGHG3 alleles that contain the g.1053927G>A variation are highlighted in pink (G3m15). A marker for DNA positions within the alignment set is given on the top scale.



Immunoglobulin allotypes represent serological features of genetic variations within the constant domains. Gm–Am allotypes are inherited as fixed combination, also termed Gm–Am haplotypes (5). They have been associated with various autoimmune diseases and different immune responses to bacterial infections (6). Of note, an association with immunoglobulin kappa light chain allotypes (Km allotypes) has been described for bullous pemphigoid (BP) but not for pemphigus vulgaris (PV) (7). However, the underlying mechanisms remain unexplained. Genetic polymorphisms with functional impact like the p.Arg435His variation of IgG3 might affect the etiology and pathogenesis of associated diseases, including autoantibody-mediated diseases. Therefore, this study was conducted to elucidate a possible association of the p.Arg435His variation with PV. PV is a severe autoimmune blistering disorder of the skin and surface-close mucous membranes, characterized by autoantibodies against desmosomal proteins of the epidermis and epithelia of mucosal membranes: desmoglein 3 and, in the mucocutaneous variant of PV, also desmoglein 1. IgG1 and IgG4, the most frequent IgG subclasses, have been demonstrated to cause acantholysis (8, 9). IgG3, however, is often the first IgG subclass that appears immediately after the B cell switch from IgM (10). IgG anti-Dsg3 autoantibodies lead to steric hindrance in desmoglein interaction, altered cellular signaling, and aberrant cellular distribution of desmogleins resulting in acantholysis, the formation of flaccid blisters and erosions (11, 12). The events that lead to the irregular production of autoantibodies are largely unknown. While PV is known to be strongly associated with certain HLA alleles, such as DRB1*0402 and DQB1*0503, we have recently described an association with the first non-HLA gene, ST18, in PV patients from Egypt and Israel, but not from Germany (13, 14). Moreover, PV susceptibility was found to be associated with certain polymorphisms of FcγRIIb and FcγRIIc, indicating a role of peripheral tolerance in this disease (15). Here, we followed up on the idea of non-HLA susceptibility genes in pemphigus and investigated a possible association with the functionally important p.Arg435His variation of IgG3.

MATERIALS AND METHODS

Description of Cohorts

Samples and controls were stored and analyzed in the order in which they were collected, irrespective of age and gender. The inclusion criteria for PV and BP followed the recent guidelines of the German Society of Dermatology and European Academy of Dermatology and Venereology (16–18). In brief, PV was diagnosed based on the clinical picture with flaccid blisters and/or erosions on the skin and/or surface-close mucous membranes, intercellular IgG and/or C3 deposition in the epidermis/epithelia by direct immunofluorescence and/or detection of circulating anti-desmoglein 3 autoantibodies. In BP, diagnosis was made in patients with compatible clinical picture, i.e., tense blisters, erosions, prurigo-type lesions, and urticarial or eczematous lesions (19), deposition of IgG and/or C3 at the dermal–epidermal junction by direct immunofluorescence microscopy, and/or detection of serum BP180 NC16A IgG. The respective diagnosis was re-evaluated in the Department of Dermatology, Lübeck, Germany. Normal healthy controls were defined not to match any of the above criteria.

Allotype-Specific ELISA

The G3m15 allotype was detected with a sandwich ELISA using the same single chain Fv (scFv) for capture and detection, as described (2). Briefly, microtiter plates (Nalge Nunc International, Rochester, NY, USA) were coated with anti-hIgG3 G3m15 scFv [1.5A10 anti G3m(s,t)] at 5 μg/ml in carbonate buffer, pH 9.6. After washing with phosphate-buffered saline (PBS)/0.05% Tween-20 (PBST), plates were blocked with 1% biotin-free BSA (Carl Roth GmbH, Karlsruhe, Germany) in PBST (1% BSA in PBST). After washing, serum samples and the positive control G3m15 diluted in 1% BSA in PBST were loaded onto the plates and incubated for 2 h. For detection, plates were incubated with biotin-conjugated anti-hIgG3 G3m15 scFv, diluted at 5 μg/ml in 1% BSA in PBST, followed by peroxidase-conjugated streptavidin (Dako Deutschland GmbH, Hamburg, Germany) diluted 1:2,000 in 1% BSA in PBST. For colorimetric detection, plates were developed using TurboTMB (Perbio Science Deutschland GmbH, Bonn, Germany) and stopped with 1 M H2SO4 solution. OD values were measured at 450 nm using a VICTOR 3™ reader (PerkinElmer Inc., Waltham, MA, USA).

Determination of the rs4042056 Genotype by KASP Assay

The genotype of the rs4042056 was determined with the KASP method (LGC Genomics GmbH, Berlin, Germany), using a customized assay on a realplex2 Mastercycler (Eppendorf AG, Hamburg, Germany), followed by fluorescence end-point reading with an Applied Biosystems 7800 Real-Time PCR system (Life Technologies GmbH, Darmstadt, Germany). For each sample, 10 ng of genomic DNA was used and mixed with KASP reagents according to the manufacturer. The KASP assay contained the allele-specific HEX-conjugated primer 5′-ggc tct tct gcg tga agc-3′, the FAM-conjugated primer 5′-ggc tct tct gcg tga agt-3′, and the common primer 5′-cag gtg gca gca ggg gaa ca-3′.

Amplification of the rs4042056 Flanking Sequence

The gene sequence flanking the rs4042056 in the human IgG3 gene was amplified by PCR using the forward primer 5′-cag gtg gca gca ggg gaa ca-3′ and the reverse primer 5′-cgg ccg tcg cac tca ttt ac-3′, resulting in a 112 bp product (Figure S1 in Supplementary Material). After agarose gel purification with the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany), this product was subjected to Sanger sequencing at Eurofins Genomics, Ebersberg, Germany, using the same primers. For PCR, HotStart Phusion polymerase (Life Technologies GmbH, Darmstadt, Germany) was used with Phusion HiFidelity buffer, 1% DMSO and 10 pmol of each primer. PCR program: 98°C for 30 s; 10 cycles of 98°C for 5 s, 75°C (−1.0°C/cycle) for 20 s, 72°C 10 s; 25 cycles of 98°C for 5 s, 65°C for 20 s, 72°C 10 s; final elongation for 5 min at 72°C.

Statistical Analysis

The open-source software GNU R version 3.152 was used for statistical analysis, together with the package lme4 for generalized linear mixed effects regression of co-dominant, recessive and dominant genetic effects, including stratification by ethnic cohort. For cohort-wise analyses, Lidstone additive smoothing was applied by addition of a pseudocount of α = 0.5.

For combined analyses of serum and DNA samples, the generalized linear mixed effects regression was extended by using both sample type and ethnic cohort as stratification factors.

For comparison of genotyping results between different methods, Cohen’s weighted kappa was calculated using the function cohen.kappa in package psych. Hardy–Weinberg equilibrium was checked with the function HWAlltests from the R package HardyWeinberg.

To compare genotype frequencies determined in sera or DNA samples, we used a logistic regression with the risk allotype/allele as response variable and sample type (or genotyping method), ethnic origin and disease state (PV vs. healthy control) as covariates, including all two- and three-way interactions. For calculation of likelihood-ratio test p values, the function Anova from R package car was applied.

RESULTS

We collected genomic DNA or serum samples from 516 PV patients and 555 population-matched healthy controls from Germany (n = 137 patients, n = 259 controls), Iran (n = 78 patients, n = 90 controls), Turkey (n = 148 patients, n = 19 controls), and Egypt (n = 153 patients, 197 controls) (Table 1). Furthermore, DNA or serum from 173 German patients with BP, another autoimmune blistering skin disease associated with autoantibodies against BP180 (collagen type XVII), was analyzed (Table 2) (20). Separate cohorts were applied for serum and DNA samples.

TABLE 1 | IgG3 rs4042056 variation in pemphigus vulgaris by KASP assay.
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TABLE 2 | IgG3 rs4042056 variation and G3m15 allotype in bullous pemphigoid.
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Designing a PCR-based genotyping method for processing large sample numbers turned out to be challenging. The primer combination had to be specific for the IgG3 subclass and at the same time, should amplify most of the known allotypes and differentiate between the two allelic variants of the rs4042056 SNP (minor allele: g.1053927G>A, Figure 1). For this purpose, the Kompetitive Allele-Specific PCR method (KASP™) appeared to be appropriate. The selectivity for the IgG3 gene is provided by a 3′ base (G/A) mismatch of the common primer with the sequence of IgG1, IgG2, and IgG4 gene. This mismatch also suppresses amplification in case of the IGHG3*03 allele [rs79545032, g.105769317A>G, minor allele frequency (MAF) 4% in and 16% in African populations (21)], but 17 of the 19 IgG3 gene alleles listed in the IMGT database were matching the primer sequence sufficiently. To verify the results of the KASP assay we amplified the region flanking the g.1053927G>A variation in the IgG3 gene by PCR in a small number of samples representing the different genotypes. The genotype of this SNP was determined using Sanger sequencing (Figure S1 in Supplementary Material). The comparison showed that both methods were correlating well Table S1 in Supplementary Material, Cohen’s weighted kappa = 0.62 (95% CI: 0.39–0.85), Fisher’s exact test p = 0.0054]. Furthermore, we used a fully saturated logistic regression model to evaluate the dependency of genotype frequencies on disease status, genotyping method, ethnic origin and all possible interactions between those. The likelihood ratio test revealed that only disease status (p = 0.002) and ethnic origin (p = 0.0095) show a significant influence on the genotype frequency, while the genotyping method—and any interaction of genotyping method with the other covariates—did not have an effect. This confirms that both genotyping methods are equivalent, and it indicates the frequency of the p.Arg435His variation is more common in MENA countries.

For serum samples (n = 177 patients, n = 136), we used a sandwich ELISA to serologically determine the G3m15 allotype that is described to be linked to the p.Arg435His variation (2) (Table 1). The MAF estimation for the p.Arg435His variation did not differ significantly between the results from the KASP assay (3.3% in cases and 0.5% in controls) and the ELISA (2% in cases and 1.1% in controls). Moreover, the frequencies of the G3m15 allotype and the p.Arg435His variation were different in cases and controls especially in the Egyptian and the Turkish populations. The distribution of genotypes was not in Hardy–Weinberg equilibrium for all cohorts of PV cases and in the Iranian cohort of controls.

To test if our finding for p.Arg435His variation in PV was a general phenomenon for all autoimmune blistering diseases (20) a cohort of n = 173 German patients with BP was used. In this cohort of BP patients, no significant association of disease risk with the p.Arg435His or the G3m15 allotype was observed (Table 2). The genotype distribution of BP cases had no Hardy-Weinberg equilibrium.

DISCUSSION

Allotypic variation has been associated with various autoimmune diseases including autoimmune blistering skin diseases (6, 7). However, the functional role of allotypic variation is mostly unknown with the exception of the p.Arg435His variation which has been demonstrated to affect the half-life of IgG3 (2). We hypothesized that such a functionally relevant variation should be important for the susceptibility of autoantibody-mediated diseases like PV and BP.

High-throughput genotyping of the p.Arg435His variation is hampered by a high variability of the target gene region on the one hand, and a high degree of homology between IgG3 and the other three IgG subclass genes. We were able to design a genotyping method based on KASP technology, but this method did not discriminate heterozygotes from homozygotes. To check the results of this method in a subset of samples representing all detectable genotypes, we used PCR amplification and Sanger sequencing which overall confirmed the validity of the KASP assay. Using the KASP assay, we could demonstrate an association between the p.Arg435His variation and PV in the combined analyses of all ethnic groups, and within the group of German patients. Analysis within the other ethnic groups showed no significant association. This is most probably related to smaller cohort sizes, compared with the German one, because the odds ratio ranged between 1 and 3 in all ethnic cohorts.

As a secondary method for genotyping, we used an ELISA method that detects an amino acid variation which is, according to IMGT databases, linked to the p.Arg435His variation. Using this method alone, we could not find any association with PV disease, which might be explained by the overall lower number of available serum samples in the cohort. However, combining ELISA with KASP genotyping data, using genotyping method and ethnic origin for stratification in a mixed effects logistic regression analysis, reaffirmed the results gained by KASP assay alone. Furthermore, the genotype frequencies of cohorts did not differ significantly between the genotyping methods. Therefore, our results confirm that both genotyping by KASP assay and ELISA lead to equivalent results.

The IgG subclass of autoantibodies in PV is most frequently IgG4, followed by IgG1 (9). IgG2 and IgG3 are found in only sporadically. However, this does not exclude the possibility that the prolonged half-life of IgG3 with the p.Arg435His variation could affect very early preclinical stages of PV. IgG3 is the often first IgG subclass a B cell switches to from IgM, before IgG1 and IgG4 (10). Very early autoantibodies are possibly involved in feedback loops that self-promote autoimmune responses (22). In this scenario, the p.Arg435His variation might enhance these feedback loops by its ability to increase the half-life and biodistribution of these autoantibodies as well as the processing of IgG3-bound autoantigen by enhanced phagocytosis (3). We may speculate that the higher susceptibility to PV associated with the p.Arg435His variation is related to the altered promotion of preclinical PV to the clinically manifest disease. As an alternative explanation, the genomic region flanking the p.Arg435His variation might lead to a changed class switching behavior, as it has been shown for the G3m(b) (Figure 1, G3m5* allotype in current nomenclature) and G3m(g) (Figure 1, G3m21* allotype in current nomenclature) allotype (23). This alternative explanation assumes that the antibody repertoire is changed generally in way that promotes development of PV, but does not require the existence of early IgG3 autoantibodies.

In case of BP, other mechanisms might be important for the disease development. This is not only reflected by differences between PV and BP concerning associations with FcγR polymorphisms (15), but also, as found here, concerning the p.Arg435His variation that does not appears to be associated with BP susceptibility.

A study with individuals from malaria-endemic regions in Benin showed that anti-malaria IgG3 is transferred from pregnant mothers with the p.Arg435His variation to their unborn children and that these children have an improved immunoprotection against malaria (24). In our cohorts, we could find an increased frequency of the minor g.1053927G>A (p.Arg435His) allele in the patient cohorts from Iran and Turkey, in contrast to Egypt and Germany. Iran and Turkey are denoted as malaria-endemic countries from the U.S. Centers of Disease Control, while Egypt and Germany are not (25). A connection between malaria and pemphigus diseases has not been described, yet. Malaria is transmitted by stinging insects. This is remarkable, because in endemic Pemphigus foliaceus in Brazil, a connection to stinging insects has been described: autoantibodies against desmoglein 1 from affected patients cross-react with a salivary protein of a biting fly (26, 27). A genetic test does not allow to distinguish a direct effect of variation on susceptibility to a disease from a population effect. Our data show that the frequency of the p.Arg435His variation is higher in Iran and Turkey, favors the assumption of Dechavanne et al., that this variation could be an evolutionary adaption to malaria (24). Though highly speculative, a link between malaria and PV, be it genetic or environmental, would provide an alternative or additional explanation for the association between PV and the p.Arg435His variation: PV patients might preferably come from malaria-endemic areas within the investigated countries, while controls do not have this preference, leading to an increased frequency of the p.Arg435His variation. Such a population effect cannot be distinguished with the data available. However, a population effect would not imply any direct functional effect of the p.Arg435His variation on PV susceptibility or a theoretical involvement of IgG3 in PV.

The Hardy–Weinberg equilibrium assumption did not hold in any of the PV case cohorts. Next to the above described technical challenges, population effects as described above and the known high degree of consanguinity in the investigated populations could explain this phenomenon (28).

In summary, we found an association of PV but not of BP with a genetic variation that is known to change half-life and effector functions of IgG3. These data suggest that IgG3 may play a role in the pathogenesis of PV or that there may be a link between malaria or malaria-transmitting mosquitoes and PV in MENA countries.
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In this concept paper, the authors present a unique and novel protocol to treat autoimmune diseases that may have the potential to reverse autoimmunity. It uses a combination of B cell depletion therapy (BDT), specifically rituximab (RTX) and intravenous immunoglobulin (IVIg), based on a specifically designed protocol (Ahmed Protocol). Twelve infusions of RTX are given in 6–14 months. Once the CD20+ B cells are depleted from the peripheral blood, IVIg is given monthly until B cells repopulation occurs. Six additional cycles are given to end the protocol. During the stages of B cell depletion, repopulation and after clinical recovery, IVIg is continued. Along with clinical recovery, significant reduction and eventual disappearance of pathogenic autoantibody occurs. Administration of IVIg in the post-clinical period is a crucial part of this protocol. This combination reduces and may eventually significantly eliminates inflammation in the microenvironment and facilitates restoring immune balance. Consequently, the process of autoimmunity and the phenomenon that lead to autoimmune disease are arrested, and a sustained and prolonged disease and drug-free remission is achieved. Data from seven published studies, in which this combination protocol was used, are presented. It is known that BDT does not affect check points. IVIg has functions that mimic checkpoints. Hence, when inflammation is reduced and the microenvironment is favorable, IVIg may restore tolerance. The authors provide relevant information, molecular mechanism of action of BDT, IVIg, autoimmunity, and autoimmune diseases. The focus of the manuscript is providing an explanation, using the current literature, to demonstrate possible pathways, used by the combination of BDT and IVIg in providing sustained, long-term, drug-free remissions of autoimmune diseases, and thus reversing autoimmunity, albeit for the duration of the observation.
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INTRODUCTION

The treatment of autoimmune disease is a challenge and priority as they affect 50 million individuals in the United States, and currently they collectively are the third most common disease category (1, 2). This importance is further emphasized by the fact, that many people may be affected for a significant portion of their lives (1, 2). Historically, their prognosis dramatically improved with the advent and use of systematic corticosteroids (CS). Unfortunately, the much-needed long-term use of high dose systemic CS resulted in serious, and catastrophic, side effects, which caused morbidity and mortality (3). Consequently, immunosuppressive agents (ISA) in combination with CS became the major treatment modality (3, 4). The long-term use of this combination resulted in profound immune suppression, resulting in fatal opportunistic infections. B cells are considered the key participants in autoimmune diseases, since they produce pathogenic autoantibodies (5). Recently, B cell depletion therapy (BDT), specifically rituximab (RTX), has gained enormous popularity in the treatment of autoimmune diseases (6, 7).

B cell depletion therapy produces rapid clinical remissions in 70–80% of patients (8). However, majority if not most patients, develop relapses. Benefits from a single infusion usually last 9–18 months (9, 10). The reported rate of relapse depends on the duration of follow-up (11–15). As the effect of the BDT wears off clinical disease recurs, suggesting that BDT may not produce long-term sustained clinical remissions, without its continued use.

UNMET NEEDS

The preferable drug(s) to treat autoimmune disease would be whose use requires a defined protocol, grounded in scientific fact, with predictors of progress, discernible end point, produces long-term sustained clinical remission, without need for continued or additional therapy. It must be safe, have minimal immediate and long-term adverse events, readily available, easy to administer, and produce a good quality of life. Currently, no such drugs or agent(s) are available. To fulfill this unmet need, based on scientific literature, presented in this manuscript, a protocol was developed, and is the focus on this paper.

THE CONCEPT

Autoimmune diseases that are associated with the autoantibodies are presumed to be B cell driven (5). Therefore, BDT was used. Since use of RA protocol, in which 1 g of RTX is given 15 days apart, was associated with high relapse rates, multiple infusions were given (12). The rationale being that multiple infusions may delete CD20+ B cells (10). Repeated infusions would capture those cells residing at immune privileged sites, subsequently leave, enter peripheral circulation, and are lysed (16). Removal of autoreactive B cells would decrease inflammations in the microenvironment and eventually reduce pathogenic autoantibody production (9).

Intravenous immunoglobulin has multiple effects on the immune and inflammatory pathways (17–19). The properties used in this concept are those that act synergistically with BDT. IVIg would enhance and complement the anti-inflammatory effects of BDT (20–22). Once inflammation is significantly reduced or eliminated, IVIg might restore immune balance to normal homeostasis (23, 24). During BDT induced B cells depletion, IVIg provides immunoprophylaxis. Simultaneously, the multiple IVIg infusions produce sustained long-term clinical remissions, decrease and possibly eliminate pathogenic autoantibody (25).

Commercial preparations of IVIg in addition to IgG, contain small amounts of several molecules, playing a vital role in its biologic and pharmacological functions (24). Many have not been identified, and amongst others include cytokines, cytokine receptors, molecular markers, antibodies against T cells determinants, such as CD4 CD8, HLA antigens, super antigens, and anti-idiotypic antibodies (24). Their amounts are not constant and vary among batches, from the same manufacturer. Their relative amounts vary among brand names, since the patents used, have different biochemical methodologies and industrial processes (26). One of clinical implications of these variabilities is that, patients need multiple infusions to demonstrate clinical benefit, and subsequently additional infusions to retain the benefit obtained. Critical level of biochemical molecules or receptors may only be obtained from multiple infusions. Single or limited infusion may not provide the pharmacodynamics necessary for producing desired clinical response. Another explanation for multiple infusions is that antibodies in commercial preparations compete with pathological autoantibodies for neonatal Fc receptor (FcRn) binding (27). One recent clinical study highlights the long-term benefits of multiple infusions. In patients with chronic inflammatory demyelinating polyneuropathy, limited infusions of IVIg provide significant clinical relief because of its anti-inflammatory effect. Durations of remission are limited, relapse occurs, requiring repeat infusion (28). Recent study demonstrated that multiple infusions during the post-inflammatory recovery period provided prolonged remission lasting up to 52 weeks, in 70% of patients (28). This study demonstrated that it was multiple infusions, at defined intervals, after clinical recovery that produced a sustained prolonged clinical remission (28).

THE PROTOCOL

The protocol that has produced sustained clinical remissions without need for subsequent systemic therapy is presented in Figure 1 (Ahmed Protocol) (29). It has three phases. In phase 1, patient received a cycle of IVIg before receiving RTX, then eight infusions of RTX in eight consecutive weeks, at a dose of 375 mg/m2 per infusion. Thereafter, four additional infusions of RTX either at monthly or preferably at 3 months interval are administered. Patients are disease free during this period. These repeated infusions will enhance the penetration of RTX into bone marrow (BM), lymph nodes (LNs), and spleen, eliminates those CD20+ B cells that freshly migrate into the peripheral blood (PB) from these sites. The CD20+ B cell count is zero usually by the second or third infusion. Since the half-life of IVIg is usually 3 weeks, it is administered monthly (30). During phase 1, previous initiated treatments with CS and ISA have no demonstrable pharmacologic benefit or need, are tapered and discontinued.
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FIGURE 1 | Novel protocol using a combination of rituximab (RTX) and intravenous immunoglobulin (IVIg). In phase 1, before initiating RTX, patients were given one cycle of IVIg (2 g/kg/cycle) for immunoprophylaxis. Thereafter, they were given weekly infusions of RTX (375 mg/m2) for eight consecutive weeks. Additional RTX infusions were given once a month for four consecutive months. Thus, the patients received 12 infusions of RTX during a 6-month period. IVIg was given at monthly intervals during phase 1 for continuing immunoprophylaxis. In phase 2, patients received multiple cycles of IVIg at monthly intervals. The number of cycles depended on the repopulation of B cells. The CD19+ B-cell count was 0 at the beginning. Phase 2 ended when the CD19+ B-cell count was 15%. Phase 3 was based on a published protocol and was consistent in all patients. Each patient received a total of six cycles of IVIg given at 6-, 8-, 10-, 12-, and 14-week intervals. The last cycle was at 16-week interval. Thus phase 3 lasted 16.5 months. This was the end of the protocol. Abbreviations: CS, corticosteroids; ISA, immunosuppressive agents. Reprinted from Ref. (29), with permission from Elsevier.



Phase 2, is the period of continued B cell depletion. IVIg infusions are continued until B cells repopulate.

In phase 3, IVIg is used according to an established protocol (31), developed by a Consensus Development Committee on the use of IVIg therapy for the treatment of autoimmune mucocutaneous blistering diseases, in which it initially produced 36 months sustained remissions, without any additional systemic therapy (31, 32). Twenty years later, these patients are still in remission (unpublished data). In these patients, pathogenic autoantibody levels declined and were non-detectable during follow-up periods (33–38). These results were demonstrated in patients with pemphigus vulgaris (PV), pemphigus foliaceus, bullous pemphigoid (BP), mucous membrane pemphigoid (MMP) aka cicatrical pemphigoid, oral pemphigoid, ocular cicatrical pemphigoid (OCP), epidermolysis bullosa acquisita (EBA), and pemphigoid gestationis (33–38). Collectively, the data strongly suggest that, these last seven infusions during phase 3, most likely affected multiple cells, molecules, mediators, and receptors, causing a restoration of immune balance, return to hemostasis and possibly re-institution of tolerance.

The beneficial effects of IVIg, its anti-inflammatory actions and influence on the microenvironment, are best understood from situations where clinical failure or lack of response was observed. In such situations, the inflammatory influences are excessive. Wherein the microenvironment does not allow IVIg to exert immune-regulatory effects. Beneficial effects of IVIg can be influenced by mediators of inflammation, such granulocyte-colony stimulating factor (G-CSF), IL-1β, and IL6 (39). Threefold higher levels of G-CSF were observed in patients nonresponsive to IVIg compared to responders. G-CSF uses signaling pathways of STAT3 for induction of granulopoiesis and differentiation of granulocytes (39). Resultant high levels of neutrophils in the microenvironment, possibly inhibit many functions of IVIg. Interestingly, BDT can significantly inhibit STAT3 activity, resulting in reduction of granulopoiesis, neutrophil production, and decrease in inflammation in the microenvironment of the tissues (40). This supports the concept of synergistic effects of RTX and IVIg.

PROOF OF CONCEPT

The authors combined RTX with IVIg in a specific protocol (Ahmed Protocol) (Figure 1). All patients that are reported by our group completed the protocol. Limited aspects, relevant features including the results of treatment of severe recalcitrant patients with pemphigus vulgaris, bullous pemphigoid, mucous membrane pemphigus, ocular cicatrical pemphigoid, and epidermolysis bullosa acquisita (EBA) are presented in Table 1 (29, 41–45).

TABLE 1 | Relevant data from autoimmune bullous diseases treated with rituximab (RTX) and intravenous immunoglobulin (IVIg).
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Into October 2006, we reported successful clinical outcomes in 11 patients with severe widespread PV involving the skin and multiple mucosae (41). These patients were previously treated with long-term high dose prednisone, 4–8 ISA and IVIg. The duration of all systemic therapy prior to combination therapy was mean of 68.8 months (range 31–219). The mean duration of follow-up after discontinuation of combination therapy was a mean of 31.7 months (range 22–37). None of the patients had any serious infection, were hospitalized for disease- or treatment-related issues, and remained in complete clinical remission, off therapy, with no detectable autoantibody and normal B cells.

In 2015, follow-up study reported that the patients continued to remain in complete clinical remission, off systemic therapy, with serological and immunopathological remission, and normal levels of B cells (42). The serum IgM levels reduced after a RTX therapy, became normal. They were carefully monitored, did not develop malignancies or other auto-immune disease. Hence, for 12–15 years post therapy a prolonged sustained clinical, serological, and immuno-pathological remission resulted from the combination therapy (42).

Ten patients with severe and widespread PV with contraindications for CS and ISA, treated with the combination of IVIg and RTX, using the same protocol, were reported in 2016 (43). Combination therapy was first-line treatment. Clinical response and complete disease resolution was rapid. During the follow-up of 131.7 months (10.97 years), the patients were in complete clinical remission, off therapy, with accompanying serological and immune-pathological remission, no relapses, infections, hospitalizations, or serious adverse events. An approximately, 10-year later the remissions remain.

Twelve patients with recalcitrant bullous pemphigoid (BP) who had failed CS and ISA, had multiple relapses on them, some had already received RTX by RA protocol, were treated by the combination of RTX and IVIg and followed for a mean of 73.8 months (6 years) post therapy were reported in 2015 (29). The patients remained in complete clinical remission off therapy, in serological and immune-pathological remission with normal levels of B cells in PB. They experienced no serious adverse events, infections, or hospitalizations and enjoyed a high quality of life. These remissions remain in a current follow-up of 9 years.

The combination of RTX and IVIg used to treat patients with recalcitrant ocular cicatrical pemphigoid (CP) and MMP has been reported in a controlled trial (44). These patients had MMP with multiple mucosal involvements, but the urgent issue was impending total blindness. 12 patients were divided into two groups. The control group had six patients, blind in one eye, with rapidly progressive OCP in the second eye, were treated with conventional therapy with ISA. All six patients became blind in both eyes. In the study group, four patients blind in one eye and two had persistent bilateral severe non-responsive conjunctival inflammation, were treated with RTX and IVIg. There best-corrected visual acuity and Foster OCP staging of the study group recovered and stabilized. Blindness was prevented. They had no serious adverse events to RTX or IVIg, no infections, no hospitalizations and a good quality of life. Initially followed for 1-year post therapy (44) and now for additional 8 years, these six patients with recalcitrant OCP, had complete clinical and serological remission, with normal levels of B cells, and a good quality of life and most importantly preventions of blindness.

Investigators from Turkey reported five patients with cutaneous and mucosal epidermolysis bullosa acquisita (EBA), resistant to conventional therapy, who were treated with combination of RTX and IVIg in 2017 (45). The published protocol for the combination of RTX and IVIg (29) was not followed. Modified protocol was used. Patients did have a positive clinical response, but still were under treatment 22 months post therapy.

A British group in 2016 reported three patients with MMP and one with linear IgA bullous disease, non-responsive to conventional therapy, all four blind in one eye, treated with two cycles of RTX and 2–9 monthly infusions of IVIg (46). Ahmed protocol (41) was not used. Visual acuity stabilized in all patients and progression of scarring ceased. Three of the four patients continued to require conventional immunosuppressive therapy after discontinuing IVIg and RTX. Follow-up post combination therapy was limited. One patient developed pneumonia followed by life-threatening septicemia and corneal infections, 3 and 6 weeks, respectively, after RTX infusions.

This rather limited sample of studies on autoimmune blistering disease, adds an extremely important dimension to the “Concept,” albeit a little early in the overall scheme. In the two studies (45, 46) in which the Ahmed protocol was not followed, the outcomes were not as favorable compared to outcomes where the protocol was followed (29, 41–44). These limited observations validate its potential to produce long-term sustained clinical and serological remission.

It needs to be highlighted that autoimmune mucocutaneous blistering diseases are used as for proof of concept, only because published data, though limited, was available, and complete to validate the principle. The data lack experiments that would have given a molecular and cellular basis to the concept. The purpose of the authors is to encourage other investigators to emulate the concept and use the Ahmed protocol. It is interesting to note that BDT has shown to be effective in autoimmune diseases generally considered to be T cell mediated, such as type 1 diabetes, multiple sclerosis, and thrombocytopenic purpura (TTP) (47–50).

Certain features in the clinical profile and course give evidence for recalcitrant disease. Diseases were present for several years, failed high doses of CS and multiple ISA, IVIg and in some one cycle of RTX, had turbulent clinical course with multiple relapses and remissions, and numerous significant or catastrophic side effects, resulting in frequent hospitalization, poor quality of life, and frequent loss of employment. Combination therapy was used as a treatment of last resort.

In addition to sustained long-term clinical remission, serological and tissue immunopathology, this combination has additional benefits. Patients with MMP, oral pemphigoid (OP), OCP, and EBA ceased to have disease progression.

The authors recognize that data presented have definitive limitations. Number of patients and diseases are limited. Studies are retrospective and lack controls. Control group of similar recalcitrant patients are difficult to obtain, specially is rare and orphan diseases. Controlled studies on such sick patients could be unethical.

DISCUSSION

The authors provide the molecular and cellular basis from relevant studies in the literature, to provide the basis for reported observations. The mechanism of action of IVIg, and the effects of BDT on the immune system are presented. To put the “concept” into proper perspective, certain features of autoimmunity and autoimmune disease are discussed, only to demonstrate how and where these biologic agents have the potential to influence them. The attempts of the authors are to demonstrate the mechanism by which the combination of IVIg and BDT influences the clinical course and positive outcome. Ultimately, there could be reversal of autoimmunity, albeit only for the duration of the reported follow-up period.

It needs to be emphasized that this discussion is not focused or targeted to a specific autoimmune disease. This data derived from multiple sources, human and animal, in vitro and in vivo studies, is solely to present cellular and molecular evidence for the “concept.”

The illustrations in this manuscript taken from publications, with the permission of the publishers, utilize known facts to provide a foundation for the “concept.” Legends accompanying the illustrations have been included because they contain messages and valuable information to understand immunology germane to the “concept.”

TOLERANCE AND AUTOIMMUNITY

A detailed and comprehensive discussion on tolerance and autoimmunity is beyond the scope of this manuscript. Limited and relevant literature on both, specifically those directly impacting the proposed “concept,” and possible mechanism involved in producing the positive clinical outcomes observed.

Two features are pivotal. First, the importance of the microenvironment and processes within it that influence disease manifestation, and response to therapy. Second, inflammation is central to the pathogenesis and persistence of autoimmune diseases. The best proof of this comes from the fact, that if not all, most autoimmune diseases respond to CS (3). Frequently, as doses are reduced or discontinued, relapses occur. When the dosages are increased, clinical remissions are restored.

Tolerance is a state of natural equilibrium, wherein the body does not permit development of detrimental phenomena, and eliminates whichever occur (51, 52). Alteration or loss of tolerance results in autoimmunity (53). The progression from autoimmunity to autoimmune disease is complex, and multi-factorial, dependent on autoreactive B cells, T cells, plasma cells, and many other cells and molecules involved in inflammatory pathways and the immune system. These include several cytokines, leukotrienes, lymphokines, growth factors, and signaling pathways (51–56).

B Cell Development—Role of Checkpoints

Checkpoints that play a significant role in the process of B cell tolerance have been characterized (56) (Figure 2). Checkpoints 1 and 2, located in the BM influence pre B cells and B cell receptor (BCR). At checkpoint 3, between BM and PB, reactivity of the BCR develops and can respond to self-antigens. At checkpoint 4, in the spleen, positive or negative selection of B cells occurs. At checkpoint 5, mature B cells undergo somatic hypermutation. Deletion of genes can downgrade serum light chains, leading to continued pre BCR expression, resulting in pre B cell hyperplasia. These mutations can influence emergent self IgH-repertoire, maintaining the presence of autoreactive pre B cells. At checkpoint 5 present in the germinal centers of the LNs and spleen. B cells encounter auto-antigens, in the context of the MHC class II gene products, and can possibly produce autoreactive memory B cells (57). Checkpoints 1, 2, and 3 are referred to as central tolerance and checkpoints 4 and 5 to as peripheral tolerance (56).
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FIGURE 2 | B cell development in fetal liver and bone marrow (BM). pHSC progenitors originate extraembyronically from yolk sac and, at later stages of development, intraembyronically from the aorta-gonad-mesonephros region. pHSCs develop in the fetal liver prenatally and in BM postnatally; both of these environments (pink region) provide crucial transcription factors, chemokines, cytokines, and cell contacts that regulate differentiation. Additionally, pHSCs localize to specialized niches that allow for their long-term survival in BM but not in fetal liver. Expression of the transcription factor E2A and the V(D)J rearrangement machinery RAG1/2 restricts CLPs from developing into B lineage cells. B cell receptors (BCRs) are generated by stepwise rearrangements of Ig segments. Pre-B cells that have undergone productive VHDHJH rearrangement express an Igμ chain that can pair with SLC to form a pre-BCR, which stimulates large pre-B cell proliferation. lastly, VL-to-JL rearrangement occurs in small pre-BII cells, which become surface BCR-expressing immature B cells. They then enter the spleen (blue region), where fetal liver-derived BI cells predominately populate the gut and lung epithelia as mature B cells. BM-derived B cells mature in spleen to BI cells, which populate the lung and epithelia; MZB cells, which populate the marginal zone; and BII cells, which are organized in B cell-rich follicles where T cell-dependent antigenic stimulation promotes development of germinal centers (green region). Antigen-specific follicular helper T cells induce B cell Ig class-switching and IgV-region hypermutation and help to develop memory B cells and plasma cells. The developing B cell repertoires are monitored for structural fitness and autoreactivity at five checkpoints. Abbreviation: CMP, common myeloid progenitor. Reprinted from Ref. (56) with permission from American Society for Clinical Investigation.



At checkpoints 4 and 5 there is a potential influence from toll-like receptor (TLR) (58, 59). Negative selection of autoreactive B cells prevents autoreactivity by process of deletion, receptor editing, and anergy. In contrast, positive selection occurs due to clonal expansion of transitional B cells, in the periphery and is affected by interaction with BCR signaling, B cell activating factor receptor (BAFFR), CD40, and the TLRs (57, 60). When tolerance is effective there is an equal balance between negative and positive selection. In autoimmune diseases, this immune balance is lost and favors negative selection. Excessive amount of BAFF can result in negative selection and consequent produce autoimmunity is depicted in Figure 3. Transitional B cells mature and populate the follicular mature (FM) compartment or the marginal zone (MZ) and germinal centers of LNs and spleen (61). While majority of the autoreactive BCR specificities are deleted by negative selection, some in the MZ compartment survive and may contribute to autoimmunity (56). High levels of BAFF can rescue low affinity autoreactive B cells from negative selections. It is usually believed that more than 90% of autoreactive B cells are eliminated by checkpoints. Alterations in checkpoints have been associated with high levels of autoreactive B cells, T cells, and autoimmune disease (53, 56). During remissions, checkpoints resume normal functions, reduce autoreactive cells, and return to pre-disease or physiological status (62).
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FIGURE 3 | Altered B cell receptor (BCR) and co-receptor signaling promotes increased autoreactivity within the naive B cell repertoire. (A) Under homeostatic conditions, self-reactive B cells are subjected to both positive and negative selection mechanisms as they transit into the naive B cell pool and establish the naive repertoire. Whereas, tonic BCR signaling and BCR engagement with self-antigen primarily regulate these events, synergy between the BCR and co-receptors fine-tunes the tolerance program within a given B cell. Among these co-receptors, B cell activating factor receptor (BAFFR) signaling (1) synergizes with BCR signaling during late bone marrow and transitional development through a series of complex events, including proximal biochemical crosstalk and the downstream transcriptional regulation of both receptor and substrate expression. Dual BCR and toll-like receptor (TLR) signaling (2) is mediated by internalization and delivery of self-antigens that contain TLR ligands to autophagosomes, which contain endosome-resident TLRs. CD40 signaling (3), which is triggered by interaction with CD40 ligand (CD40L) on T cells and possibly other cell types, also integrates with the BCR signaling pathway. Although BCR signaling can modulate CD40 expression, other biochemical or transcriptional events that affect this crosstalk are less well understood. (B) In genetic (or environmental) settings that promote an increased risk of developing autoimmunity, the homeostatic signaling thresholds are modulated, and self-reactive B cells exhibit greater positive selection, and/or reduced negative selection, leading to a naive repertoire that is skewed toward autoreactivity. For example, excess amounts of B cell-activating factor (BAFF 1) in the Baff-transgenic mouse model rescue low-affinity self-reactive B cells from negative selection. A similar mechanism has been proposed to exist in individuals with systemic lupus erythematosus (SLE). Similarly, in mouse and human settings of Wiskott–Aldrich syndrome (WAS) deficiency (2), hyper-responsive dual BCR and TLR signaling promotes the positive selection of transitional B cells with BCRs that use a limited subset of genes that encode self-reactive heavy-chain variable (VH) domains. Healthy individuals with the autoimmunity-associated variant PTPN22R620W (3) exhibit altered BCR and CD40 signaling, and have an enrichment of self-reactive BCR specificities within the naive B cell compartment. Although it has not yet been definitively demonstrated, it is likely that enhanced positive selection, rather than relaxed negative selection, predominantly mediates this change. The thickness of the arrows indicates the strength of pathway activation. Abbreviations: MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor-κB; PI3K, phosphatidylinositol 3-kinase. Reprinted from Ref. (60) with permission from Springer Nature.



B Cells and Plasma Cells

B cells and plasma cells residing in specific niches, differentiate by a sequential processes, aided by growth and survival factors and their signals. Upon leaving the BM, B cells circulate through PB, reach the LNs and spleen, encounter cognitive antigens, costimulatory signals, and dendritic cells, proliferate and differentiate into plasmablasts and plasma cells (63). Short-lived plasma cells have a lifespan of approximately 3 weeks, while long-lived plasma cells may survive for 6 months or more (63). While majority reside in the BM, a smaller population may reside in the spleen (63). Their longevity is influenced by the microenvironment, including specific survival signals from BM and inflamed tissues (63).

Autoreactive B Cells

Autoreactive B cells play a significant role in propelling from autoimmunity to autoimmune disease. They act as antigen-presenting cells, interact with T cells in the germinal centers or target tissues, and may undergo somatic hypermutation and class-switch recombination (64). They amplify the inflammatory response and play a significant role in generating autoimmune pathogenic memory B cells (64). Certain subsets of B cells that express specific factors, can convert them to pathogenic autoantibody secreting cells, in the presence of tolerance checkpoints (63, 64). Some of those reported include overexpression of CD19, reduced expression of CD21 (63, 64), upregulation of CD95 and BAFF.

The maintenance of autoimmunity is facilitated, in part by the large plasma cells, prone to apoptosis, but thrive in disease microenvironments, because of survival and growth factors (56). For example, BAFF provides survival signals for immature B cells, mature NFB cells, plasma cells in the BM, and CD27+ memory cells (65). In the BM there is a feedback loop between pre B cells and plasma cells. Cytokines such as IL5, IL6, TNFα, and SDF-1a that can modulate inflammation and affect longevity of plasma cells (66). In this survival niche, these long-lived memory plasma cells are frequently protected from the effects of ISA and may play a role in disease progression or relapse (16). During relapse, emergence of CD20+CD27+ memory cells, in association with costimulatory T cells, provide signals to plasma cells so that they can produce more autoantibodies and cause disease (67). In addition, newly generated naive B cells (CD10+/IGD+) exiting the BM, with T dependent or independent signals, may have the capacity to undergo differentiation and become autoreactive plasma cells (68–70).

T Cells

T cell tolerance plays a critical and vital role in the generation and persistence of autoimmunity. (Figure 4) The authors have not provided as much information on T cell tolerance, as on B cell tolerance, because of their focus on B cell development and BDT. In the thymus, T cells encounter several self-peptides, in the context of MHC class II gene products, Foxp3 expression on regulatory T cells (CD4−, CD25-CTLA4) and proliferate and differentiate into cytotoxic T cells, but most importantly eliminate potentially autoreactive T cells (71). Studies in mice and humans, have demonstrated that T cells proliferate upon contact with dendritic cells and self-antigens, but are promptly eliminated by the processes of deletion or anergy and thus maintain tolerance (71). However, when these T cells are in contact with the inappropriate dendritic cells or an inappropriate self-antigen, they undergo a process of defective deletion or loss of anergy, and consequently became autoreactive and can produce autoimmunity (71).
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FIGURE 4 | Self reactive B cells initiate autoimmune germinal center (GC) formation by facilitating breaks in T cell tolerance. (A) After binding to self-antigen (either soluble or bound to antigen-presenting cells) derived from apoptotic particles or other disease-specific targets, autoreactive B cell receptors (BCRs) traffic nuclear antigens to the endosomal receptors toll-like receptor 7 (TLR7) and TLR9, resulting in initial B cell activation in response to integrated BCR-dependent and TLR-dependent signaling. In parallel, endolysosomal enzymes also process internalized self-antigens (including a broad range of nucleic acid-associated proteins) into peptides for loading onto MHC class II. (B) B cells function as antigen-presenting cells to present MHC class II-bound peptides to cognate self-reactive CD4+ T cells at the T cell–B cell border of lymphoid follicles. Together with co-stimulatory signals provided by CD80 and/or CD86 and inducible T cell co-stimulator ligand (ICOSL), self-reactive B cells initiate breaks in CD4+ T cell tolerance. Activated CD4+ T cells subsequently express CXC-chemokine receptor 5 and B cell lymphoma 6 (BCL-6), resulting in their migration to the B cell follicle as early T follicular helper (TFH) cells (not shown). Activated B cells also produce interleukin-6 (IL-6), which may facilitate TFH cell differentiation by inducing BCL-6 expression, although this has not yet been directly tested. (C) TFH cells promote GC formation through the production of IL-21, which sustains B cell BCL-6 expression and promotes B cell activation, class-switch recombination and plasma cell differentiation. In autoimmune settings, interferon-γ (IFNγ; probably derived from activated CD4+ T cells) drives GC formation in a B cell-intrinsic, signal transducer and activator of transcription 1-dependent manner, in part by enhancing BCL-6 expression. IFNγ also promotes B cell-intrinsic expression of the transcription factor T-bet (encoded by TBX21), which is required for class-switch recombination to pathogenic IgG2a and IgG2c isotypes, but is redundant for IFNγ-driven GC formation. Although not yet directly tested in autoimmune models, this dysregulated GC response is probably affected by additional cytokines, including B cell-activating factor (BAFF), which promotes the selection of high-affinity GC B cell clones, and IL-12, which facilitates T cell IFNγ production and TFH cell differentiation. (D) Iterative interactions between GCB cells and cognate TFH cells within ongoing autoimmune GCs probably result in epitope spreading and the recruitment of additional autoreactive T cell and B cell clones. Abbreviations: BAFFR, BAFF receptor; CD40L, CD40 ligand; ICOS, inducible T cell co-stimulator; IFNγR, IFNγ receptor; IL-6R, IL-6 receptor; TCR, T cell receptor. Reprinted from Ref. (60) with permission from Springer Nature.



Autoantibodies can be generated from autoreactive B cells, when activated by T independent signals some of which may act through toll-like receptors. Toll-like receptor 7 (TLR7) has promotional, while TLR9 has a regulatory role (72). Some other molecules that influence this process are CD38, CD40, CD40L, TLR7, 9, IFN-γ, IL6, IL10, IL21, CD86 (72). Dendritic cells often vital in autoimmunity can act independently or in collaboration with several cytokines, some of which are CXL2, 3 BAFF, BAFF-R, FCγR, APRIL, and interferon γ (71, 73).

Interestingly, active T cells can inhibit further T cell stimulation using dendritic cells and IL10 as a mediator, while simultaneously they are known to facilitate, T cell activation through IL6 (74) Therefore, it appears that they can simultaneously exert opposite effects on immune responses, indicating that their biological activities depend on their microenvironment. This has clinical relevance because the clinical course of many autoimmune diseases has multiple stages and phases, and microenvironments may significantly influence them (74).

Recent studies suggest that regulatory B cells (Bregs) that produce IL10 or TGFβ, capable of preventing or suppressing autoimmunity, may do so by introducing anergy in T cells (74).

The anatomical microenvironment of the germinal centers, considered essential for B cell differentiation and maintenance of homeostasis, may also facilitate induction of effector T cell function (75). B cells can influence maintenance and development of effector CD4+ memory T cells, induction of peripheral tolerance, and regulation of the balance of helper T cells (75, 76). In germinal centers, B cells can present antigens to memory T cells and elicit cytokine production (77). They provide a second activation signal to follicular CD4+ T cells, previously activated by dendritic cells (75, 76). Consequently, IL4 produced within the germinal centers can provide a microenvironment for Th2 development (77).

B CELL DEPLETION THERAPY

The concepts that guided initial investigations to use BDT in treating autoimmune disease, were primarily to provide the immune system reinstallation of regulating of emerging autoreactive B lymphocytes and establish a normal B cell repertoire (i.e., restoration of tolerance) (78).

B cell depletion therapy agents consist are hybridomas, produce IgG1 monoclonal antibodies that specifically target the CD20 molecule (78). The presence on mature B cells, but not on stem cells, plasmablasts, and plasma cells (79) significantly influences the pharmacokinetics and biopharmacology of BDT. Its efficacy depends on dosage, diffusion into the tissues, kinetics of elimination, and frequency of administration (80).

Mechanism of Action

The binding of BDT to the CD20 molecule leads to cell lysis and subsequently their disappearance from PB. Some depletion mechanisms include antibody dependent cellular cytotoxicity (ADCC), complement dependent cytotoxicity, phagocytosis by the reticuloendothelial system, and apoptosis of B cells by crosslinking CD20 molecules (80).

The clinical benefits of BDT were based on the “Road Block Hypothesis” (81). In the road from physiologic to autoimmune state, the autoreactive B cells may play a significant role in producing inflammation and pathogenesis by shifting the repertoire toward antigen-specific autoreactive B cells and BCR. Therefore, the hypotheses proposed that, depleting these autoreactive B cells, could eliminate interactions between costimulatory signals and pro-inflammatory mediators (81). Consequently, the “road” to autoimmunity would be blocked; local inflammation would be eliminated, resulting in clinical recovery.

Effects on Different Compartments of Immune System

B cells depletion is not universal, differs significant in different compartments of the immune system which has implication on clinical outcomes. 100% depletion is observed in the PB, compared to 32% in the BM, perhaps lower levels in germinal centers and marginal zones of LNs and spleen (82, 83). Furthermore, PB CD20+ cells account for approximately 2% of the total B cell population (84). Usually B cells differentiation and maturation occurs in the BM, where stromal cells produce factors promoting their survival and growth (85).

Role of Memory B Cells

The role of memory B cells in the clinical responses, final clinical outcome, notably relapse, cannot be overemphasized. Clinical response is observed with depletion of CD19+, CD27+ memory cells from the PB and BM (86). Studies demonstrate that pre-therapy levels of CD27+ memory cells may predict clinical response. Better responses are observed in patients with lower levels than with higher levels (87, 88). Clinical response is also influenced by the pre and post treatment levels of long-lived plasma cells and levels of survival factors (87, 88). After BDT infusion, there is a repopulation of naïve B cells that are CD38 high, CD27 high, and sIgD−. There is a decrease in the number of non-class-switched (IgD+, CD27+) and class-switched (IgD−, CD27+) memory B cells (86, 89). A gradual decrease in levels of naïve B cells and a progressive increase in CD27+ memory B cells occur as the pharmacological effects BDT begin to diminish (86).

Patients that do not demonstrate a favorable clinical response to the initial treatment with RTX, may have high levels of plasmablasts/plasma cells. Additional cycles, before complete repopulation occurs, could increase chances of good clinical response (86).

Several patients in clinical remission may have demonstrable levels of autoantibodies, because long-lived plasma cells, unaffected by BDT, produce them (90).

After depletion, return to normal levels is observed in all B cell compartments. Simultaneously, return to balance and appropriate ratios of Th1/Th2, increased numbers of helper T cells and T regulatory (Treg) cells occurs (91). Increase in Tregs is reported in ITP and systemic lupus erythematosus but not in RA patients, may be because they are simultaneously treated with methotrexate (91–93). This observation puts into focus the effects and influence of CS and ISA used as concomitant therapy with RTX. In many studies, “concomitant therapy” after RTX is continued, albeit in lower dosages.

Duration of Remission

The duration of clinical remission following BDT depends on known and unknown factors. A key factor is the duration required for CD27+ memory B cells to exit the BM, reach the spleen and LNs, and become autoreactive (88). Naïve memory cells are more susceptible than long-lived memory B cells (88). It is reported that, if at 2 years post-RTX, the levels of memory cells are less than 50% of their pretreatment levels, remissions are longer (94, 95). The process of conversions into memory cell phenotype occurs by somatic hyper-mutation, during highly variable periods, and can take up to 6 years after a single cycle of BDT (89). Longer remission occurs when fewer memory cells enter germinal centers of LNs and spleen and become plasmablasts and plasma cells (94).

Repopulation

Almost complete depletion of CD20+ B cells in the PB occurs within 3–7 days after the first infusion of BDT. Repopulation to normal levels in the PB, minimally requires between 6 and 12 months and could be 3 years (84). Repopulation influences clinical course, outcome, need for future therapy, and depends on extent of depletion, clearance of BDT and BM capacity to regenerate (84). A factor that has not received attention is presence of comorbidities, specially coexisting autoimmune diseases.

Formed inside and outside germinal centers, several subpopulations of memory cells, with different phenotypes develop during repopulation (88). In autoimmune diseases, there are greater expansions in IgD−IgM+CD27+ and IgG−CD27+ phenotypes (96–98), that predominantly use IgG1 and IgG3, potent activators of complement and involved in target killing by ADCC (99).

During the process of repopulation, CD27+IgD−IgM−CD38+ plasmablasts undergo differentiation, maturation, somatic mutation, and eventually become plasma cells (100, 101). CD20− plasma cells not detected in the PB during depletion are detected during repopulation (102, 103). Not infrequently, measurable levels of pathological autoantibodies are detected when repopulation reaches pretreatment levels, since long-lived plasma cells, repopulate (104) consequent to increased production of BAFF by the spleen (105). This is a paradoxical effect of BDT. It depletes CD20+ B cells, but facilitates the differentiation and growth of short-lived plasma cells to become long-lived plasma cells in the spleen (105–107).

Relapse After BDT

Rheumatoid arthritis (RA) was the first autoimmune disease, in which multiple trials showed significant clinical benefit after two infusions of 1 g of RTX, 15 days apart, mostly in 6–12 months follow up studies (108). In RA, the high incidence of relapse requires multiple cycles to maintain clinical remissions (12, 15), having influence on cellular and humoral immune responses (74). Incidence of relapse is directly related to the duration of follow-up reported in the study (11). Longer follow-ups have higher incidence, reaching 70–85% (11).

Usually relapse does not occur until repopulation of CD20+ B cells reach pretreatment level (86, 101, 109), and with increase in B cells exiting the BM into the microenvironment (90, 110), where with appropriate signals they differentiate into autoreactive B cells (90).

Levels of BAFF and autoreactive plasmablast are high in the PB during active disease (111). BAFF-R expression is reduced on naïve and memory B cells during relapse, regardless of serum BAFF levels (110).

Repopulation of autoreactive memory B cells and/or plasmablasts accompany relapse, and may be predictors of relapse (88). Soluble-free light chains and CD23 affect differentiation of plasmablasts present in early phase of relapse (90, 111). During relapse CD95+CD27+ cells that produce proinflammatory TNFa and IL10 have higher ratios compared to transitional cell in PB (112).

In the microenvironment of the germinal center, maintenance of memory B cells is independent of T cell interaction (75), but necessary for their differentiation into long-lived plasma cells (75, 113).

Proinflammatory autoreactive B cells in the microenvironment are characterized by the Ki67 marker present on pre B and immature B cells leaving the BM, while kappa-deleting recombination excision circles characterize migrating transitional cells (114, 115). Autoreactive B cells demonstrate high proportions of Hep2 autoreactive antibodies and have high prevalence of T1858, PTPN22 risk alleles (55, 64).

B cell depletion therapy has several serious adverse events, notable infection, due to immune suppression, resulting in septicemia and death (116). IVIg can reduce this risk. Late onset neutropenia associated with pneumonia (12, 116, 117) and cardiac issues (117) is of significant concern.

From a panoramic perspective, some investigators have suggested the following, “the evidence therefore indicates that currently used anti-CD20 treatments do not return the patient to an earlier state of immunity akin to the ‘tabula rasa’ (that is a blank slate), in which all the past levels reminiscent of memory and proves (auto) immune responses have been excised” (100).

Processes vital to central and peripheral tolerance, such as anergy, receptor editing, and deletion among others, are not affected or restored by BDT (118), consequently it cannot eliminate autoimmunity for sustained durations. Eventually, autoreactive B cells with the cooperation of autoreactive T cells produce inflammation giving the microenvironment a pathologic profile and autoimmune disease return (118).

IVIg THERAPY

Intravenous immunoglobulin has been used in treating immuno-deficiencies for more than six decades. It has to be used as monotherapy, or as an adjunct with other drugs, in treating autoimmune and inflammatory disease for several years (17). It influences almost every component of the immune and inflammatory systems, producing multiple beneficial results.

Mechanism of Action

Intravenous immunoglobulin’s has multiple mechanism of action (17). In Figure 5, the influence of IVIg on innate and adaptive immunity is presented. The (Fab)2 fragment and Fc fragment of the molecule, are known to have different functions and effects. The (Fab)2 fragment plays a vital role in killing of target cells, the blockade of cell–cell interactions mediated by cell-surface receptors, such as CD95 and CD95 ligand; the neutralization of cytokines; the neutralization of autoantibodies by anti-idiotypic antibodies; and the scavenging of the anaphylotoxins C3a and C5a (17, 18). The Fc portion may play a vital role in Fc-dependent pathways include; the saturation of the FcRn; the expansion of regulatory T (Treg) cell populations; the blockade of immune complex binding to low-affinity Fcy receptors (FcyR); the modulation of dendritic cell activation via FcyRIII; and the modulation of activating and inhibitory FcyR expression on innate immune effector cells and B cells (19, 20). IVIg regulates FcyRIIIa and IFN-yR2 on circulating dendritic cells and by stimulating production of IL-33 by human macrophages (119). This provides an important anti-inflammatory effect of IVIg through the IL1 receptor antagonist levels (120).
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FIGURE 5 | The impact of intravenous immunoglobulin (IVIg) on the innate and the adaptive immune compartments in the context of autoimmune and inflammatory diseases. IVIg inhibits activation and function of various innate immune cells, such as DCs, monocytes, macrophages (M⌽), neutrophils [polymorphonuclear cells (PMN)], and NK cells. It neutralizes activated complement components. In addition, IVIg modulates B-cell functions and plasma cells (Pl), reciprocally regulates Treg cells and effector T cells, such as Th1 and Th17 subsets and downregulates the production of inflammatory cytokines. Reprinted from Ref. (16) with permission from Oxford University Press.



Its anti-inflammatory effects and its ability to regulate immune balance are its most important functions (21–23, 121–125). Therefore, IVIg has the capacity to eliminate clinical autoimmunity, restore a state of tolerance, and reinstate physiologic homeostasis (17, 18).

Role in Autoimmunity and Autoimmune Disease

Intravenous immunoglobulin can influence repertoire of mature B cells, including their heterogeneity, and consequently plasma cells (17), which affect the persistence of autoimmunity, and possibly its elimination (24, 126–129).

Intravenous immunoglobulin facilitates the migration of immature plasmablasts and naïve plasma cells from BM into PB and eventually the microenvironment of diseased tissue (129, 130). These cells differentiate into CD138+ plasma cells that produce normal or physiologic antibodies that play a critical role in restoring immune balance (18). In the diseased microenvironment, previously present pathogenic autoantibody producing plasma cells compete with these new normal plasma cells for survival and growth factors (131). Positive clinical response to IVIg correlates with increased number of normal CD138+ plasma cells (130).

The effects of IVIg on regulatory T cells (Tregs) eventually decrease inflammation resulting from Th1 and Th17 cells (23). IVIg imposes a tolerogenic state to the dendritic cells accompanied by an expansion of antigen-specific Tregs which are ultimately capable of decreasing inflammation in the microenvironment (23, 132).

Several lines of evidence indicate that IVIg establishes a physiologic homeostasis in tissue environments, by multiple mechanisms such as anti-idiotypic antibodies (127, 133, 134), increasing the population of Tregs and normal BCR, the TGFB receptor of T and B cells, downregulating TNFα. IL-1, 2, 3, 4, 5, 6, 8, 11, and 17 and CXL2, 3, and 5 decreasing amounts of BAFF/APRIL and modulating FcyR (18–20, 119, 127, 133–138). Decrease in tissue inflammation occurs because IVIg maneuvers the functionally aberrant lymphocytes, neutrophils, macrophages, and other cells toward their normal physiologic states (18–20, 119, 127, 134–138). IVIg facilitates the development and proliferation of regulatory Tregs and Bregs (20, 23, 127, 132, 134–139).

Influence on Checkpoints

The role of checkpoints is crucial in maintaining the state of tolerance and is detailed in Figure 2 (56). Through the process of somatic mutation in naïve B cells, IVIg enhances the expression of IgD on the cells surface (140), which is implicated in the induction of anergy. Continued anergy eventually silences autoreactive B cells (56, 64). Receptor editing of BCR in autoreactive B cells is facilitated by the interaction between IVIg and CD22 (141). IVIg influences normal B cell by enhancing Vh germ line usage, and VDJ recombination process, which indirectly affects autoreactive B cells (142). IVIg promotes increased usage of Vh3–30 and 3–23 gene segments during the VDJ recombination process. This promotes the increased production of a normal B cell repertoire (142–144). It induces apoptosis of many cells via either Fas–FasL pathways or through anti-idiotypic antibodies (145, 146). Thus the cumulative evidence demonstrates that IVIg can induce and promote processes that mimic the actions and functions of physiologic checkpoints and thus has the capacity and efficacy to eliminate autoreactive T and B cells (57, 59).

Role of IVIg in Immunoprophylaxis

One of the most important aspects and secondary benefits of the Ahmed protocol is the role of IVIg in providing immunoprophylaxis, as evident by the fact that none of patients, in their studies had serious infections, were hospitalized or died from infectious etiologies (29, 41–44). Prolonged B cell depletion can induce immunosuppression by several mechanisms (147). In RA, it has been reported that 10% patients have hypogammaglobulinemia after first course of RTX and 30% after fourth course (148), becoming a risk factor for infection (147). RTX induced prolonged B cell depletion impairs T cell-mediated immunity with decreased risk for viral and fungal interferons (147). The issue of infection during immunosuppression is more significant in blistering disease, because denuded epithelium is more susceptible to infection. Indeed currently, the commonest cause of death in blistering diseases is infection (149).

There is significant body of evidence that documents the ability of IVIg therapy to prevent and fight serious infections and potentially fatal infections (150). An extensive or detailed validation of this is beyond the scope of this concept paper. Examples of such situations are as follows. Patients with RTX-induced hypogammaglobulinemia have serious, multiple, or recurrent infection for which IVIg therapy has been used (151–153). IVIg is a valuable therapeutic agent in several serious infections (154–156) and its use resulted in decrease of duration of hospitalization (157). It is considered standard therapy in patients with sepsis (150, 158, 159) including neonatal sepsis (160) and especially in post-surgical sepsis (161–163). It has been frequently used to treat immunosuppression in patients with malignancy, wherein the cancer itself or to its treatment produced it (164), and with significant benefits in multiple myeloma (165).

Intravenous immunoglobulin is also routinely used in protocols for bone marrow or solid organ transplants (166, 167). A meta-analysis of nine randomized trials, involving 435 patients using several objective parameters for assessment, in patients with severe sepsis and septic shock, IVIg not only was more effective clinically but also more cost-effective (168).

In Table 2, the authors have presented a synopsis of how the various compartments of the immune system are affected in autoimmunity. It is not all inclusive or exhaustive. Its purpose is to demonstrate some of the influence of BDT and IVIg on these compartments.

TABLE 2 | Mechanisms of immuno-regulation in the microenvironment in an autoimmune disease state and post-therapy.
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SELECTED RECENT STUDIES AND RELATIONSHIP TO “CONCEPT”

Several recently published studies have impact and influence on the “concept.” However, two publications warrant mention because of their content and immediacy of impact.

First is a recent study involving 90 untreated PV patients, by 36 investigators, from 25 centers in France, in which RTX is recommended as first-line treatment (169). The control group had 44 patients, who received only prednisone, dose of 1 mg/kg/day, for moderate disease, for 12 months, and 1.5 mg/kg/day, for severe disease, for 18 months. The study group of 46 patients was treated as follows. Initially, moderately severe patients received 0.5 mg/kg/day for 3 months and patients with severe diseases got 1.0 mg/kg/day for 6 months. They received 1 g of RTX at day 1 and 15, followed two prophylactic doses of 500 mg each, at month 12 and 18. This was done, although in an earlier report, the lack of benefit from “prophylactic” use of RTX in preventing relapses had been demonstrated (170). A statistically significant difference in benefits was observed in the RTX (study) group.

There are certain grave concerns regarding this study. The initial design of 2 years follow-up was extended to 3 years, with only one visit at month 36. Surprisingly, 79 of 90 patients (88%) with severe disease were never treated. Usually patients in countries with or without socialized medicine, with PV, would have been treated soon, and not have allowed to progress to untreated severe disease.

Incidence of relapse is vital to any RTX study on PV and reflects its validity and utility. Information on relapses is presented at multiple sites. The authors state that at month 24, 11 out of 44 patients (25%) had relapses, 4 (10%) of which were severe and 7 (15%) were moderate. Careful reading showed that 8 of 11 occurred in 6–12 months and three during 12–24 months. However, at month 36 only 2 of 41 patients (2%) had a relapse. Yet the authors report that 41 of 44 (89.8%) patients were in complete remission, off therapy at month 24. What is lacking is information on duration and treatment of the relapses, since there is no mention of additional RTX treatment. In the patients who relapsed within 6–12 months, were their B cells completely deleted by the two RTX infusion, prior to their developing a relapse? Did their B-cells repopulate within 6–12 months? How successful is a therapy when 25% of patients, relapses in less than 1 year? Since relapses were accompanied with increase in anti-desmoglein autoantibody titers, the critical question is, after initial RTX therapy did anti-desmoglein antibodies decrease, disappear, or remain unchanged. This would also be a valuable index of efficacy. The relapses in this study further support the inability of the “prophylactic” use of RTX to prevent relapses.

The issue of relapse and its management is critical to RTX therapy and to physicians using it. In these PV patients more detailed and clear information was needed.

It is difficult to duplicate or verify such a study based on patient selection. Finding 79 patients with severe untreated disease is a daunting task. Similarly, administering only high dose systemic corticosteroids, without any ISA is unlikely, especially when their significant and catastrophic adverse events are known and especially in patients with severe disease. In most instances, patients, their relatives, or their primary care physicians would not permit this option. It is also unclear that how many patients had more than one serious adverse event. The authors report that from a total of 80 patients, 20 patients (25%) had significant infections, 10 patients (13%) cardiovascular disorders, 6 patients (8%) psychiatric disorders, 10 patients (13%) bone disorders including fractures and osteoporosis 17 patients (21%) diabetes and endocrine disorders, while 13 patients (16%) developed steroid myopathy. It appears that these data were collected at month 24, and are very significant and concerning. What about month 36?

The manufacturer provided the drug. Based on this specific study, RTX has been granted Expedited Review or Fast Track Approval by the Food and Drug Administration of the US. Most investigators would consider a confirmation of this study in the US, essential. In studies with long-term follow-up, multiple relapses are reported (11). It would be important to know of the 44 study group, French patients develop relapses on longer observation periods. In spite of these comments, it needs to be recognized that this is the only randomized controlled trial (RCT) examining the efficacy and safety profile of RTX in PV. Recent studies indicate multiple infusions of BDT are necessary for rheumatoid arthritis patients to maintain a comfortable clinical condition (92). Consequences of large numbers of infusion, on the immune and inflammatory systems, could possibly emerge 20–30 years later.

An interesting and relevant clinical trial is currently in progress. A total of 124 patients with moderate to severe PV will be enrolled at 60 centers worldwide, to evaluate the efficacy and safety of RTX versus mycophenolate mofetil. It will involve a 52-week double blind treatment period and a 48-week post-treatment discontinuation safety follow-up period. Since the follow-up period is limited, it may not address its impact on the clinical course, especially production of long-term sustained clinical remissions or the issue of later relapses. Information on this clinical trial is available at clinicaltrials.gov identifier NCT02383589.

The second study, from the October 2017 issue of Frontiers in Immunology (84) examines what has been learnt from therapies that target CD20 and future trends. Most importantly, it addresses a vital issue, the need to enhance the efficacy of current BDT. This efficacy depends on its ability to penetrate lymphoid tissues (171). Studies in mice and primate indicate that B cell depletion in the BM, spleen, and lymphoid tissues frequently require larger amount of anti CD20 antibody. If not eradicated, there is a potential for such sites to act as reservoirs, from where autoreactive B cells can emerge leading to relapse (84). This may account for inability of a single cycle of RTX, to produce long-term remissions and also cause for frequent relapses in many patients (84). Cumulatively, these studies explain why frequent multiple doses given initially are more effective. Indirectly they also provide support for the initial and 1-year systematic use of RTX in the Ahmed Protocol.

Information on enhancing efficacy of BDT therapies is still evolving. Glycoengineering and Fc engineering have shown benefits (84). Several new immunomodulatory molecules are being developed for use with anti CD20 therapy. Some of these are STING antagonist which increases expression of activated FcγR’s crucial for antibody mediated therapy (84). Ibrutinib, an irreversible inhibitor of Btk, idelalisib targets the delta form of lipid kinase phosphoinositide-3-kinase expressed on leukocytes, Ventoclax an inhibitor that targets Bcl-2 (84). Bispecific antibodies are emerging (84). Investigators have combined antibodies to CD19 and CD3, CD20 and CD22, and a tribody which combine two CD20 antibodies with antibody to Fcγ RIIIA (84). Lenalidomide combined with anti-CD20 has greater benefit than anti-CD20 alone (84).

Decrelizumab as an anti-CD20 antibody has been effective in progressive multiple sclerosis (MS) and Ublituximab, a glycoengineering anti-CD20 mAb also helps MS patients. Some investigators recommend antibodies to BAFF to be more effective than RTX alone in autoimmune disease (84).

Autoreactive B cells and T cells have multiple participants during their development and functional processes. Blocking a single or limited number, may cause the human body to find the alternative pathways to bypass the block. Since IVIg influences many pathways of the immune and inflammatory system. (Table 1), it is entirely possible that IVIg may already contain some of these pharmacologically active agents under investigation and more. Their concentration may be low and variable. Further such studies on IVIg are, therefore, warranted.

SYNERGISTIC EFFECT OF IVIg WITH RTX

Based on the Ahmed protocol presented in this manuscript (Figure 1), the preceding discussion provides some mechanisms that account for the positive clinical outcome and prolonged remissions.

Rituximab eliminates autoreactive B cells from the PB shortly after its initiation. As BM and possibly the spleen and LNs expunge their autoreactive cells, subsequent periodic infusions eliminate them. Reduction of inflammation in the microenvironment, results from elimination of autoreactive B cells and proinflammatory mediators. These processes were enhanced by the anti-inflammatory effects of IVIg used simultaneously. This process continues during the B cell depletion phase. Inspite of lack of B cells, and prolonged immune suppression, there were no serious infections, because of immunoprophylaxis was provided by IVIg. In addition, when the effects of RTX begin to wear off, IVIg exerts immune restoration by increasing Treg, Breg, macrophages, dendritic cells, and promoting more CD138+, normal plasma cells. It decreases population of autoreactive B cells in the microevironment, decreases BAFF, other growth factors, neutralizes cytokines like IL4, IL6, and IL10 among others. Anti-HLA antibodies could reduce presentation of autoantigens to T cell receptors. In the reduction and absence of inflammation, the tissue microenvironment now has the opportunity to return to physiologic homeostasis, since IVIg continued in phase 3 of the protocol, accomplishes this by mimicking the function of checkpoints. In doing so, IVIg reduces emergence of autoreactive B and T cells, possibly decreasing chance for relapse. RTX’s inability to influence checkpoints is compensated by IVIg. The gradual withdrawal of IVIg allows the dysfunctional immune regulation to slowly return to normality until fully restored, and retain it for the foreseeable future.

FUTURE STUDY DESIGN

One of the objectives of this concept paper is to stimulate investigators to treat larger cohorts of patients with autoimmune blistering diseases with this combination treatment (Ahmed protocol), and investigate its potential benefit in other autoimmune diseases. Patients who are non-responsive to conventional therapy should be studied first, especially those with recalcitrant diseases. Defined inclusion criteria are essential. Four groups with reasonably similar disease severity would be required (i) RTX+ IVIg, (ii) RTX only, (iii) IVIg only, and (iv) CS and ISA. Careful monitoring of clinical disease with an objective scoring system, repeated serological testing, evaluation of lymphocytes subsets in PB at pre-determined time interval, memory B cells (CD27), Tregs, and Bregs plasma cells and regular assessment of several serological markers, such as BAFF, BAFFR, IL1, ILRA, IL4, IL6, IL10, and others. Likewise serum IgG, IgA, and IgM should be evaluated as designated intervals. When possible, various microarrays, proteomics, and other developing assays and technologies could be used to distinguish responders from non-responders. It would be essential to have the number of patients in each category sufficient for statistical analysis. One of the most important and key element would be a follow-up of 5 years or more. Without a long follow-up, the impact of the treatment on the clinical course and relapse cannot be completely assessed. The authors realize that obtaining funding for such a study could be a great challenge.

CONCLUSION

In conclusion, the authors consider that the combination of IVIg and BDT (Ahmed Protocol) could be a very valuable modality to treat patients with autoimmune diseases, especially those who are non-responsive to conventional immunosuppressive therapy or to BDT, and especially those with recalcitrant disease. The authors are not recommending this as standard of care or first-line therapy. Instead, it should be a treatment of last resort. Its initial and limited use has demonstrated that in patients with recalcitrant severe wide spread autoimmune mucocutaneous diseases, prolonged sustained disease and drug-free remissions, without relapse, infections, mortality, or hospitalization have been reported. The authors cannot predict whether factor(s) that initiated or precipitated autoimmune disease cannot recur in the future, or that reversal of autoimmunity would last lifelong. These patients enjoy a high quality of life they had never experienced, nor such a complete remission. These clinical observations provide the foundation and opportunity to conduct research which could produce meaningful insights into central and peripheral tolerance and mechanism for its restoration. Clinical recovery, accompanied by serological and immuno-pathologic remission, persistent normal levels of B cells, and lack of other immune abnormalities, would strongly suggest that, in this patient population, combined treatment with RTX and IVIg, possibly resulted in the reversal of autoimmunity and autoimmune disease.

AUTHOR NOTE

Since the submission and acceptance of this manuscript in May 2018, the Food & Drug Administration of the US has approved the use of rituximab in the treatment of pemphigus vulgaris.

AUTHOR CONTRIBUTIONS

ARA and SK: both authors contributed equally to the entire process.

ACKNOWLEDGMENTS

The authors are grateful to Dr. Yana Turkowski and Dr. Shawn Shetty for their valuable help in preparing the manuscript. This study was supported in part by an unrestricted educational grant from the Dysimmune Diseases Foundation, Plantation, FL.

REFERENCES

1. American Autoimmune Related Diseases Association. Autoimmune Disease Statistics. Available from: https://www.aarda.org/news-information/statistics/#1488234345468-3bf2d325-1052.2017

2. Wang L, Wang FS, Gershwin ME. Human autoimmune diseases: a comprehensive update. J Intern Med (2015) 278:369–95. doi:10.1111/joim.12395

3. Truhan AP, Ahmed AR. Corticosteroids: a review with emphasis on complications of prolonged systematic therapy. Ann Allergy (1989) 62:375–91.

4. Bijlsma JW, Van Everdingen AA, Huisman M, De Nijs RN, Jacobs JW. Glucocorticoids in rheumatoid arthritis: effects on erosions and bone. Ann N Y Acad Sci (2002) 966:82–90. doi:10.1111/j.1749-6632.2002.tb04205.x

5. Zhang J, Jacobi AM, Wang T, Diamond B. Pathogenic autoantibodies in systemic lupus erythematosus are derived from both self-reactive and non-self–reactive B cells. Mol Med (2008) 14:675–81. doi:10.2119/2008-00066.Zhang

6. Tandan R, Hehir MK, Waheed W, Howard DB. Rituximab treatment of myasthenia gravis: a systematic review. Muscle Nerve (2017) 56:185–96. doi:10.1002/mus.25597

7. Moreno Torres I, García-Merino A. Anti-CD20 monoclonal antibodies in multiple sclerosis. Expert Rev Neurother (2017) 17:359–71. doi:10.1080/14737175.2017.1245616

8. Arnold DM, Dentali F, Crowther MA, Meyer RM, Cook RJ, Sigouin C, et al. Systematic review: efficacy and safety of rituximab for adults with idiopathic thrombocytopenic purpura. Ann Intern Med (2007) 146:25–33. doi:10.7326/0003-4819-146-1-200701020-00006

9. Caporali R, Caprioli M, Bobbio-Pallavicini F, Bugatti S, Montecucco C. Long term treatment of rheumatoid arthritis with rituximab. Autoimmun Rev (2009) 8:591–4. doi:10.1016/j.autrev.2009.02.008

10. Edwards JC, Cambridge G, Leandro MJ. Repeated B-cell depletion in clinical practice. Rheumatology (2007) 46:1509–14. doi:10.1093/rheumatology/kem164

11. Wang HH, Liu CW, Li YC, Huang YC. Efficacy of rituximab for pemphigus: a systematic review and meta-analysis of different regimens. Acta Derm Venereol (2015) 95:928–32. doi:10.2340/00015555-2116

12. van Vollenhoven RF, Emery P, Bingham CO, Keystone EC, Fleischmann RM, Furst DE, et al. Long-term safety of rituximab in rheumatoid arthritis: 9.5-year follow-up of the global clinical trial programme with a focus on adverse events of interest in RA patients. Ann Rheum Dis (2013) 72:1496–502. doi:10.1136/annrheumdis-2012-201956

13. Routy B, Boulassel MR, Spurll GM, Warner MN, Routy JP. Multiple cycles of rituximab therapy in chronic refractory immune thrombocytopenia: a case report with a 10-year follow-up. Am J Ther (2013) 20:219–22. doi:10.1097/MJT.0b013e318258905e

14. Rommer PS, Dörner T, Freivogel K, Haas J, Kieseier BC, Kümpfel T, et al. Safety and clinical outcomes of rituximab treatment in patients with multiple sclerosis and neuromyelitis optica: experience from a national online registry (GRAID). J Neuroimmune Pharmacol (2016) 11:1–8. doi:10.1007/s11481-015-9646-5

15. Anderson D, Phan C, Johnston WS, Siddiqi ZA. Rituximab in refractory myasthenia gravis: a prospective, open-label study with long-term follow-up. Ann Clin Transl Neurol (2016) 3:552–5. doi:10.1002/acn3.314

16. Winter O, Dame C, Jundt F, Hiepe F. Pathogenic long-lived plasma cells and their survival niches in autoimmunity, malignancy, and allergy. J Immunol (2012) 189:5105–11. doi:10.4049/jimmunol.1202317

17. Galeotti C, Kaveri SV, Bayry J. IVIG-mediated effector functions in autoimmune and inflammatory diseases. Int Immunol (2017) 29(11):491–8. doi:10.1093/intimm/dxx039

18. Schwab I, Nimmerjahn F. Intravenous immunoglobulin therapy: how does IgG modulate the immune system? Nat Rev Immunol (2013) 13:176–89. doi:10.1038/nri3401

19. Nagelkerke SQ, Kuijpers TW. Immunomodulation by IVIg and the role of Fc-gamma receptors: classic mechanisms of action after all? Front Immunol (2015) 5:674. doi:10.3389/fimmu.2014.00674

20. Samuelsson A, Towers TL, Ravetch JV. Anti-inflammatory activity of IVIG mediated through the inhibitory Fc receptor. Science (2001) 291:484–6. doi:10.1126/science.291.5503.484

21. Arumugam TV, Tang SC, Lathia JD, Cheng A, Mughal MR, Chigurupati S, et al. Intravenous immunoglobulin IVIG protects the brain against experimental stroke by preventing complement-mediated neuronal cell death. Proc Natl Acad Sci U S A (2007) 104:L14104–9. doi:10.1073/pnas.0700506104

22. Ruiz de Souza V, Carreno MP, Kaveri SV, Ledur A, Sadeghi H, Cavaillon JM, et al. Selective induction of interleukin-1 receptor antagonist and interleukin-8 in human monocytes by normal polyspecific IgG (intravenous immunoglobulin). Eur J Immunol (1995) 25:1267–73. doi:10.1002/eji.1830250521

23. Kaufman GN, Massoud AH, Dembele M, Yona M, Piccirillo CA, Mazer BD. Induction of regulatory T cells by intravenous immunoglobulin: a bridge between adaptive and innate immunity. Front Immunol (2015) 6:469. doi:10.3389/fimmu.2015.00469

24. Kazatchkine MD, Kavery SV. Immunomodulation of autoimmune and inflammatory diseases with intravenous immune globulin. N Engl J Med (2001) 345:747–55. doi:10.1056/NEJMra993360

25. Ahmed AR. Treatment of autoimmune mucocutaneous blistering diseases with intravenous immunoglobulin therapy. Expert Opin Investig Drugs (2005) 13(8):1019–32. doi:10.1517/13543784.13.8.1019

26. Martin TD. IVIg: contents, properties and methods of industrial production—evolving closer to a more physiologic product. Int Immunopharmacol (2006) 6:517–22. doi:10.1016/j.intimp.2005.11.005

27. Wang Y, Tian Z, Thirumalai D, Zhang X. Neonatal Fc receptor (FcRn): a novel target for therapeutic antibodies and antibody engineering. J Drug Target (2014) 22(4):269–78. doi:10.3109/1061186X.2013.875030

28. Kuwabara S, Mori M, Misawa S, Suzuki M, Nishiyama K, Mutoh T, et al. Intravenous immunoglobulin for maintenance treatment of chronic inflammatory demyelinating polyneuropathy: a multicentre, open-label, 52-week phase III trial. J Neurol Neurosurg Psychiatry (2017) 88:832–8. doi:10.1136/jnnp-2017-316427

29. Ahmed AR, Shetty S, Kaveri S, Spigelman Z. Treatment of recalcitrant bullous pemphigoid (BP) with a novel protocol: a retrospective study with a 6-year follow-up. J Am Acad Dermatol (2016) 74:700–8. doi:10.1016/j.jaad.2015.11.030

30. Bonilla FA. Pharmacokinetics of immunoglobulin administered via intravenous or subcutaneous routes. Immunol Allergy Clin North Am (2008) 28(4):803–19. doi:10.1016/j.iac.2008.06.006

31. Ahmed AR, Dahl MV. Consensus statement on the use of intravenous immunoglobulin therapy in the treatment of autoimmune mucocutaneous blistering diseases. Arch Dermatol (2003) 139:1051–9. doi:10.1001/archderm.139.8.1051

32. Gürcan HM, Jeph S, Ahmed AR. Intravenous immunoglobulin therapy in autoimmune mucocutaneous blistering diseases: a review of the evidence for its efficacy and safety. Am J Clin Dermatol (2010) 11:315–26. doi:10.2165/11533290-000000000-00000

33. Sami N, Ali S, Bhol KC, Ahmed AR. Influence of intravenous immunoglobulin therapy of autoantibody titres to BP Ag1 and BP Ag2 in patients with bullous pemphigoid. J Eur Acad Dermatol Venereol (2003) 17:641–5. doi:10.1046/j.1468-3083.2003.00714.x

34. Sami N, Bhol KC, Ahmed AR. Influence of intravenous immunoglobulin therapy on autoantibody titers to desmoglein 3 and desmoglein 1 in pemphigus vulgaris. Eur J Dermatol (2003) 13:377–81.

35. Sami N, Bhol KC, Ahmed AR. Influence of IVIg therapy on autoantibody titers to desmoglein 1 in patients with pemphigus foliaceus. Clin Immunol (2002) 105:192–8. doi:10.1006/clim.2002.5278

36. Sami N, Bhol KC, Ahmed AR. Treatment of oral pemphigoid with intravenous immunoglobulin as monotherapy. Long-term follow-up: influence of treatment on antibody titres to human α6 integrin. Clin Exp Immunol (2002) 129:533–40. doi:10.1046/j.1365-2249.2002.01942.x

37. Letko E, Bhol K, Foster CS, Ahmed AR. Influence of intravenous immunoglobulin therapy on serum levels of anti-β4 antibodies in ocular cicatricial pemphigoid. A correlation with disease activity. Curr Eye Res (2000) 21:646–54. doi:10.1076/0271-3683(200008)2121-VFT646

38. Nguyen T, Alraqum E, Razzaque Ahmed A. Positive clinical outcome with IVIg as monotherapy in recurrent pemphigoid gestationis. Int Immunopharmacol (2015) 26:1–3. doi:10.1016/j.intimp.2015.02.038

39. Galeotti C, Kaveri SV, Bayry J. Molecular and immunological biomarkers to predict IVIg response. Trends Mol Med (2015) 21:145–7. doi:10.1016/j.molmed.2015.01.005

40. Zhao T, Ren H, Wang X, Liu P, Yan F, Jiang W, et al. Rituximab-induced HMGB1 release is associated with inhibition of STAT3 activity in human diffuse large B-cell lymphoma. Oncotarget (2015) 6:27816–31. doi:10.18632/oncotarget.4816

41. Ahmed AR, Spigelman Z, Cavacini L, Posner M. Treatment of pemphigus vulgaris with rituximab and intravenous immune globulin. N Engl J Med (2006) 355:1772–3. doi:10.1056/NEJMoa062930

42. Ahmed AR, Kaveri S, Spigelman Z. Long-term remissions in recalcitrant pemphigus vulgaris. N Engl J Med (2015) 373:2693–4. doi:10.1056/NEJMc1508234

43. Ahmed AR, Nguyen T, Kaveri S, Spigelman Z. First line treatment of pemphigus vulgaris with a novel protocol in patients with contraindications to systemic corticosteroids and immunosuppressive agents: preliminary retrospective study with a seven year follow-up. Int Immunopharmacol (2016) 34:25–31. doi:10.1016/j.intimp.2016.02.013

44. Foster C, Chang P, Ahmed AR. Combination of rituximab and intravenous immunoglobulin for recalcitrant ocular cicatricial pemphigoid. Ophtomology (2010) 117(5):861–9. doi:10.1016/j.ophtha.2009.09.049

45. Oktem A, Bengu N, Ayse B, NIhal K, Cengizhan E, Seher B, et al. Long term results of rituximab-intravenous immunoglobulin combination therapy in patients with epidermolysis bullosa acquisita resistant to conventional therapy. J Dermatolog Treat (2017) 28(1):50–4. doi:10.1080/09546634.2016.1179711

46. Steger B, Madhusudan S, Kaye SB, Stylianides A, Romano V, Maqsood SE, et al. Combined use of rituximab and intravenous immunoglobulin for severe autoimmune cicatricial conjunctivitis – an interventional case series. Cornea (2016) 35:1611–4. doi:10.1097/ICO.0000000000001024

47. Pescovitz MD, Greenbaum CJ, Krause-Steinrauf H, Becker DJ, Gitelman SE, Goland R, et al. Rituximab, B-lymphocyte depletion, and preservation of beta-cell function. N Engl J Med (2009) 361:2143–52. doi:10.1056/NEJMoa0904452

48. Castillo-Trivino T, Braithwaite D, Bacchetti P, Waubant E. Rituximab in relapsing and progressive forms of multiple sclerosis: a systematic review. PLoS One (2013) 8(7):e66308. doi:10.1371/journal.pone.0066308

49. Chen H, Fu A, Wang J, Wu T, Li Z, Tang J, et al. Rituximab as first-line treatment for acquired thrombotic thrombocytopenic purpura. J Int Med Res (2017) 45(3):1253–60. doi:10.1177/0300060517695646

50. Palanichamy A, Jahn S, Nickles D, Derstine M, Abounasr A, Hauser SL, et al. Rituximab efficiently depletes increased CD20-expressing T cells in multiple sclerosis patients. J Immunol (2014) 193:580–6. doi:10.4049/jimmunol.1400118

51. Theofilopoulos AN, Kono DH, Baccala R. The Multiple Pathways to Autoimmunity. Nat Immunol (2017) 18:716–24. doi:10.1038/ni.3731

52. Manjarrez-Orduño N, Quách TD, Sanz I. B cells and immunological tolerance. J Invest Dermatol (2009) 129:278–88. doi:10.1038/jid.2008.240

53. Mackay IR. Science, medicine, and the future: tolerance and autoimmunity. BMJ (2000) 321:93–6. doi:10.1136/bmj.321.7253.93

54. Wardemann H, Yurasov S, Schaefer A, Young JW, Meffre E, Nussenzweig MC. Predominant autoantibody production by early human B cell precursors. Science (2003) 301:1374–7. doi:10.1126/science.1086907

55. Menard L, Saadoun D, Isnardi I, Ng YS, Meyers G, Massad C, et al. The PTPN22 allele encoding an R620W variant interferes with the removal of developing autoreactive B cells in humans. J Clin Invest (2011) 121:3635–44. doi:10.1172/JCI45790

56. Melchers F. Checkpoints that control B cell development. J Clin Invest (2015) 125:2203–10. doi:10.1172/JCI78083

57. Salinas GF, Braza F, Brouard S, Tak PP, Baeten D. The role of B lymphocytes in the progression from autoimmunity to autoimmune disease. Clin Immunol (2013) 146:34–45. doi:10.1016/j.clim.2012.10.005

58. Mårtensson IL, Almqvist N, Grimsholm O, Bernardi AI. The pre-B cell receptor checkpoint. FEBS Lett (2010) 584:2572–9. doi:10.1016/j.febslet.2010.04.057

59. Yurasov S, Wardemann H, Hammersen J, Tsuiji M, Meffre E, Pascual V, et al. Defective B cell tolerance checkpoints in systemic lupus erythematosus. J Exp Med (2005) 201:703–11. doi:10.1084/jem.20042251

60. Pelanda R, Torres RM. Central B-cell tolerance: where selection begins. Cold Spring Harb Perspect Biol (2012) 4:a007146. doi:10.1101/cshperspect.a007146

61. Kolhatkar NS, Brahmandam A, Thouvenel CD, Becker-Herman S, Jacobs HM, Schwartz MA, et al. Altered BCR and TLR signals promote enhanced positive selection of autoreactive transitional B cells in Wiskott-Aldrich syndrome. J Exp Med (2015) 212:1663–77. doi:10.1084/jem.20150585

62. Alexander T, Arnold R, Hiepe F, Radbruch A. Resetting the immune system with immunoablation and autologous haematopoietic stem cell transplantation in autoimmune diseases. Clin Exp Rheumatol (2006) 34:53–7.

63. Manz RA, Arce S, Cassese G, Hauser AE, Hiepe F, Radbruch A. Humoral immunity and long-lived plasma cells. Curr Opin Immunol (2002) 14:517–21. doi:10.1016/S0952-7915(02)00356-4

64. Rawlings DJ, Metzler G, Wray-Dutra M, Jackson SW. Altered B cell signaling in autoimmunity. Nat Rev Immunol (2017) 17:421–36. doi:10.1038/nri.2017.24

65. Flint SM, Gibson A, Lucas G, Nandigam R, Taylor L, Provan D, et al. A distinct plasmablast and naïve B-cell phenotype in primary immune thrombocytopenia. Haematologica (2016) 101:698–706. doi:10.3324/haematol.2015.137273

66. Cassese G, Arce S, Hauser AE, Lehnert K, Moewes B, Mostarac M, et al. Plasma cell survival is mediated by synergistic effects of cytokines and adhesion – dependent signals. J Immunol (2003) 171:1684–90. doi:10.4049/jimmunol.171.4.1684

67. Hoffman W, Lakkis FG, Chalasani G. B cells, antibodies, and more. Clin J Am Soc Nephrol (2016) 11:137–54. doi:10.2215/CJN.09430915

68. Hutloff A, Büchner K, Reiter K, Baelde HJ, Odendahl M, Jacobi A, et al. Involvement of inducible costimulator in the exaggerated memory B cell and plasma cell generation in systemic lupus erythematosus. Arthritis Rheum (2004) 50:3211–20. doi:10.1002/art.20519

69. Bemark M. Translating transitions – how to decipher peripheral human B cell development. J Biomed Res (2015) 29:264–84. doi:10.7555/JBR.29.20150035

70. Shlomchik MJ. Sites and stages of autoreactive B cell activation and regulation. Immunity (2008) 28:18–28. doi:10.1016/j.immuni.2007.12.004

71. Ohashi PS. T-cell signalling and autoimmunity: molecular mechanisms of disease. Nat Rev Immunol (2002) 2:427–38. doi:10.1038/nri822

72. Lampropoulou V, Calderon-Gomez E, Roch T, Neves P, Shen P, Stervbo U, et al. Suppressive functions of activated B cells in autoimmune diseases reveal the dual roles of toll-like receptors in immunity. Immunol Rev (2010) 233:146–61. doi:10.1111/j.0105-2896.2009.00855.x

73. Rochas C, Hillion S, Saraux A, Mageed RA, Youinou P, Jamin C, et al. Transmembrane BAFF from rheumatoid synoviocytes requires interleukin-6 to induce the expression of recombination-activating gene in B lymphocytes. Arthiritis Rheum (2009) 60(5):1261–71. doi:10.1002/art.24498

74. Mauri C, Menon M. Human regulatory B cells in health and disease: therapeutic potential. J Clin Invest (2017) 127:772–9. doi:10.1172/JCI85113

75. Johansson-Lindbom B, Borrebaeck CA. Germinal center B cells constitute a predominant physiological source of IL-4: implication for Th2 development in vivo. J Immunol (2002) 168:3165–9. doi:10.4049/jimmunol.168.7.3165

76. Naradkian MS, Scholz JL, Oropallo MA, Cancro MP. Understanding B cell biology drugs targeting B cells in autoimmune diseases. In: Bosch X, Ramos-Casals M, Khamashta M, editors. Milestones in Drug Therapy. Basel: Spring (2014). p. 11–35.

77. Harris DP, Haynes L, Sayles PC, Duso DK, Eaton SM, Lepak NM, et al. Reciprocal regulation of polarized cytokine production by effector B and T cells. Nat Immun (2000) 1:475–82. doi:10.1038/82717

78. Anolik JH, Barnard J, Cappione A, Pugh-Bernard AE, Felgar RE, Looney RJ, et al. Rituximab improves peripheral B cell abnormalities in human systemic lupus erythematosus. Arthritis Rheum (2004) 50:3580–90. doi:10.1002/art.20592

79. Uchida J, Lee Y, Hasegawa M, Liang Y, Bradney A, Oliver JA, et al. Mouse CD20 expression and function. Int Immunol (2004) 16:119–29. doi:10.1093/intimm/dxh009

80. Maloney DG, Smith B, Rose A. Rituximab: mechanism of action and resistance. Semin Oncol (2002) 29(1 Suppl 2):2–9. doi:10.1053/sonc.2002.30156

81. Silverman GJ, Boyle DL. Understanding the mechanistic basis in rheumatoid arthritis for clinical response to anti-CD20 therapy: the B-cell roadblock hypothesis. Immunol Rev (2008) 223:175–85. doi:10.1111/j.1600-065X.2008.00627.x

82. Leandro MJ. B-cell subpopulations in humans and their differential susceptibility to depletion with anti-CD20 monoclonal antibodies. Arthritis Res Ther (2013) 15(Suppl 1):S3. doi:10.1186/ar3908

83. Nakou M, Katsikas G, Sidiropoulos P, Bertsias G, Papadimitraki E, Raptopoulou A, et al. Rituximab therapy reduces activated B cells in both the peripheral blood and bone marrow of patients with rheumatoid arthritis: depletion of memory B cells correlates with clinical response. Arthritis Res Ther (2009) 11:R131. doi:10.1186/ar2798

84. Marshall MJE, Stopforth RS, Cragg MS. Therapeutic antibodies: what have we learnt from targeting CD20 and where are we going? Front Immunol (2017) 8:1245. doi:10.3389/fimmu.2017.01245

85. Moser K, Tokoyoda K, Radbruch A, MacLennan I, Manz RA. Stromal niches, plasma cell differentiation and survival. Curr Opin Immunol (2006) 18:265–70. doi:10.1016/j.coi.2006.03.004

86. Benucci M, Manfredi M, Puttini PS, Atzeni F. Predictive factors of response to rituximab therapy in rheumatoid arthritis: what do we know today? Autoimmun Rev (2010) 9:801–3. doi:10.1016/j.autrev.2010.07.006

87. Leandro MJ, Cambridge G, Ehrenstein MR, Edwards JC. Reconstitution of peripheral blood B cells after depletion with rituximab in patients with rheumatoid arthritis. Arthritis Rheum (2006) 54:613–20. doi:10.1002/art.21617

88. Roll P, Dörner T, Tony HP. Anti-CD20 therapy in patients with rheumatoid arthritis: predictors of response and B cell subset regeneration after repeated treatment. Arthritis Rheum (2008) 58:1566–75. doi:10.1002/art.23473

89. Muhammad K, Roll P, Einsele H, Dörner T, Tony HP. Delayed acquisition of somatic hypermutations in repopulated IGD+CD27+ memory B cell receptors after rituximab treatment. Arthritis Rheum (2009) 60:2284–93. doi:10.1002/art.24722

90. Cambridge G, Perry HC, Nogueira L, Serre G, Parsons HM, De La Torre I, et al. The effect of B-cell depletion therapy on serological evidence of B-cell and plasmablast activation in patients with rheumatoid arthritis over multiple cycles of rituximab treatment. J Autoimmun (2014) 50:67–76. doi:10.1016/j.jaut.2013.12.002

91. Chavele KM, Ehrenstein MR. Regulatory T-cells in systemic lupus erythematosus and rheumatoid arthritis. FEBS Lett (2011) 585:3603–10. doi:10.1016/j.febslet.2011.07.043

92. van Vollenhoven RF, Emery P, Bingham CO, Keystone EC, Fleischmann R, Furst DE, et al. Longterm safety of patients receiving rituximab in rheumatoid arthritis clinical trials. J Rheumatol (2010) 37:558–67. doi:10.3899/jrheum.090856

93. Stasi R, Cooper N, Del Poeta G, Stipa E, Laura Evangelista M, Abruzzese E, et al. Analysis of regulatory T-cell changes in patients with idiopathic thrombocytopenic purpura receiving B cell–depleting therapy with rituximab. Blood (2008) 112:1147–50. doi:10.1182/blood-2007-12-129262

94. Rehnberg M, Amu S, Tarkowski A, Bokarewa MI, Brisslert M. Short- and long-term effects of anti-CD20 treatment on B cell ontogeny in bone marrow of patients with rheumatoid arthritis. Arthritis Res Ther (2009) 11:R123. doi:10.1186/ar2789

95. Anolik JH, Barnard J, Owen T, Zheng B, Kemshetti S, Looney RJ, et al. Delayed memory B cell recovery in peripheral blood and lymphoid tissue in systemic lupus erythematosus after B cell depletion therapy. Arthritis Rheum (2007) 56:3044–56. doi:10.1002/art.22810

96. Weller S, Braun MC, Tan BK, Rosenwald A, Cordier C, Conley ME, et al. Human blood IgM “memory” B cells are circulating splenic marginal zone B cells harboring a prediversified immunoglobulin repertoire. Blood (2004) 104:3647–54. doi:10.1182/blood-2004-01-0346

97. Fecteau JF, Cote G, Neron S. A new memory CD27-IgG+ B cell population in peripheral blood expressing VH genes with low frequency of somatic mutation. J Immunol (2006) 177:3728–36. doi:10.4049/jimmunol.177.6.3728

98. Wei C, Anolik J, Cappione A, Zheng B, Pugh-Bernard A, Brooks J, et al. A new population of cells lacking expression of CD27 represents a notable component of the B cell memory compartment in systemic lupus erythematosus. J Immunol (2007) 178:6624–33. doi:10.4049/jimmunol.178.10.6624

99. Berkowska MA, Driessen GJ, Bikos V, Grosserichter-Wagener C, Stamatopoulos K, Cerutti A, et al. Human memory B cells originate from three distinct germinal center-dependent and -independent maturation pathways. Blood (2011) 118:2150–8. doi:10.1182/blood-2011-04-345579

100. Silverman GJ. Therapeutic B cell depletion and regeneration in rheumatoid arthritis: emerging patterns and paradigms. Arthritis Rheum (2006) 54:2356–67. doi:10.1002/art.22020

101. Roll P, Palanichamy A, Kneitz C, Dorner T, Tony HP. Regeneration of B cell subsets after transient B cell depletion using anti-CD20 antibodies in rheumatoid arthritis. Arthritis Rheum (2006) 54:2377–86. doi:10.1002/art.22019

102. Teng YK, Wheater G, Hogan VE, Stocks P, Levarht EW, Huizinga TW, et al. Induction of long-term B-cell depletion in refractory rheumatoid arthritis patients preferentially affects autoreactive more than protective humoral immunity. Arthritis Res Ther (2012) 14:R57. doi:10.1186/ar3770

103. Huang H, Benoist C, Mathis D. Rituximab specifically depletes short-live dautoreactive plasma cells in a mouse model of inflammatory arthritis. Proc Natl Acad Sci U S A (2010) 107:4658–63. doi:10.1073/pnas.1001074107

104. Mahévas M, Michel M, Weill JC, Reynaud CA. Long-lived plasma cells in autoimmunity: lessons from B-cell depleting therapy. Front Immunol (2013) 4:494. doi:10.3389/fimmu.2013.00494

105. Mahévas M, Michel M, Vingert B, Moroch J, Boutboul D, Audia S, et al. Emergence of long-lived autoreactive plasma cells in the spleen of primary warm auto-immune hemolytic anemia patients treated with rituximab. J Autoimmun (2015) 62:22–30. doi:10.1016/j.jaut.2015.05.006

106. Cheng Q, Mumtaz IM, Khodadadi L, Radbruch A, Hoyer BF, Hiepe F. Autoantibodies from long-lived ‘memory’ plasma cells of NZB/W mice drive immune complex nephritis. Ann Rheum Dis (2013) 72:2011–7. doi:10.1136/annrheumdis-2013-203455

107. Hoyer BF, Moser K, Hauser AE, Peddinghaus A, Voigt C, Eilat D, et al. Short-lived plasmablasts and long-lived plasma cells contribute to chronic humoral autoimmunity in NZB/W mice. J Exp Med (2004) 199:1577–84. doi:10.1084/jem.20040168

108. Shetty S, Fischer MC, Ahmed AR. Review on the influence of protocol design on clinical outcomes in rheumatoid arthritis treated with rituximab. Ann Pharmacother (2013) 47:311–23. doi:10.1345/aph.1R574

109. Cambridge G, Leandro MJ, Edwards JC, Ehrenstein MR, Salden M, Bodman- Smith M, et al. Serologic changes following B lymphocyte depletion therapy for rheumatoid arthritis. Arthritis Rheum (2003) 48:2146–54. doi:10.1002/art.11181

110. Becerra E, Scully MA, Leandro MJ, Heelas EO, Westwood JP, De La Torre I, et al. Effect of rituximab on B cell phenotype and serum B cell-activating factor levels in patients with thrombotic thrombocytopenic purpura. Clin Exp Immunol (2015) 179:414–25. doi:10.1111/cei.12472

111. Ehrenstein MR, Wing C. The BAFFling effects of rituximab in lupus: danger ahead? Nat Rev Rheumatol (2016) 12:367–72. doi:10.1038/nrrheum.2016.18

112. Brezinschek HP, Rainer F, Brickmann K, Graninger WB. B lymphocytetyping for prediction of clinical response to rituximab. Arthritis Res Ther (2012) 14:R161. doi:10.1186/ar3901

113. de la Torre I, Moura RA, Leandro MJ, Edwards J, Cambridge G. B-cell activating factor receptor expression on naive and memory B cells: relationship with relapse in patients with rheumatoid arthritis following B-cell depletion therapy. Ann Rheum Dis (2010) 69:2181–8. doi:10.1136/ard.2010.131326

114. Van Zelm MC, van der Burg M, Langerak AW, van Dongen JJ. PID comes full circle: applications of V(D)J recombination excision circles in research, diagnostics and newborn screening of primary immunodeficiency disorders. Front Immunol (2011) 2:12. doi:10.3389/fimmu.2011.00012

115. Shahaf G, Zisman-Rozen S, Benhamou D, Melamed D, Mehr R. B cell development in the bone marrow is regulated by homeostatic feedback exerted by mature B cells. Front Immunol (2016) 7:77. doi:10.3389/fimmu.2016.00077

116. Shetty S, Ahmed AR. Preliminary analysis of mortality associated with rituximab use in autoimmune diseases. Autoimmunity (2013) 46:487–96. doi:10.3109/08916934.2013.838563

117. Kasi PM, Tawbi HA, Oddis CV, Kulkarni HS. Clinical review serious adverse events associated with the use of rituximab – a critical care perspective. Crit Care (2012) 16:231–41. doi:10.1186/cc11304

118. Chamberlain N, Massad C, Oe T, Cataert T, Herold KC, Meffre S. Rituximab does not reset defective early B cell tolerance checkpoint. J Clin Invest (2016) 126(1):282–7. doi:10.1172/JCI83840

119. Tjon AS, van Gent R, Jaadar H, Martin van Hagen P, Mancham S, van der Laan LJ, et al. Intravenous immunoglobulin treatment in humans suppresses dendritic cell function via stimulation of IL-4 and IL-13 production. J Immunol (2014) 192:5625–34. doi:10.4049/jimmunol.1301260

120. Bhol KC, Desai S, Kumari S, Colon JS, Ahmed AR. Pemphigus vulgaris: the role of IL-1 and IL-1 receptor antagonist in pathogenesis and effects of intravenous immunoglobulin on their production. Clin Immunol (2001) 100:172–80. doi:10.1006/clim.2001.5061

121. Basta M, Dalakas MC. High-dose intravenous immunoglobulin exerts its beneficial effects in patients with dermatomyositis by blocking endomysial deposition of activated complement fragments. J Clin Invest (1994) 94:1729–35. doi:10.1172/JCI117520

122. Basta M, Van Goor F, Luccioli S, Billings EM, Vortmeyer AO, Baranyi L, et al. F(ab)’2-mediated neutralization of C3a and C5a anaphylatoxins: a novel effector function of immunoglobulins. Nat Med (2003) 9:431–8. doi:10.1038/nm836

123. Bayry J, Lacroix-Desmazes S, Carbonneil C, Misra N, Donkova V, Pashov A, et al. Inhibition of maturation and function of dendritic cells by intravenous immunoglobulin. Blood (2003) 101:758–65. doi:10.1182/blood-2002-05-1447

124. Ephrem A, Chamat S, Miguel C, Fisson S, Mouthon L, Caligiuri G, et al. Expansion of CD4+CD25+ regulatory T cells by intravenous immunoglobulin: a critical factor in controlling experimental autoimmune encephalomyelitis. Blood (2008) 111:715–22. doi:10.1182/blood-2007-03-079947

125. Othy S, Hegde P, TOpcu S, Sharma M, Maddur MS, Lacroix-Desmazes S, et al. Intravenous gammaglobulin inhibits encephalitogenic potential of pathogenic T ells and interferes with their trafficking to the central nervous system, implicating sphingosine-1tareget of rapamycin axis. J Immunol (2013) 190:4535–41. doi:10.4049/jimmunol.1201965

126. Dietrich G, Varela F, Hurez V, Bouanani M, Kaatchkine ME. Selection of the expressed B cell repertoire by infusion of normal immunoglobulin G in a patient with autoimmune thyroiditis. Eur J Immunol (1993) 23:2945. doi:10.1002/eji.1830231133

127. Kazatchkine MD, Dietrich G, Hurez V, Ronda N, Bellon B, Rossi F, et al. Region meditated selection of autoreactive repertoire by intravenous immunoglobulin IVIG. Immunol Rev (1994) 139:79–107. doi:10.1111/j.1600-065X.1994.tb00858.x

128. Varela F, Andersson A, Dietrich G, Sundbald A, Holmberg D, Kazatchkine MD, et al. The population dynamics of antibodies in normal and autoimmune individuals. Proc Natl Acad Sci U S A (1991) 88:5917. doi:10.1073/pnas.88.13.5917

129. Marchlonis JJ, Kaveri S, Lacroix-Desmazes S, Kazatchkine MD. Natural recognition repertoire and the evolutionary emergence of the combinatorial immune system. FASEB J (2002) 8:842–8. doi:10.1096/fj.01-0953hyp

130. Dussault N, Ducas E, Racine C, Jacques A, Paré I, Côté S, et al. Immunomodulation of human B cells following treatment with intravenous immunoglobulins involves increased phosphorylation of extracellular signal regulated kinases 1 and 2. Int Immunol (2008) 20:1369–79. doi:10.1093/intimm/dxn090

131. O’Connor BP, Gleeson MW, Noelle RJ, Erickson LD. The rise and fall of long-lived humoral immunity: terminal differentiation of plasma cells in health and disease. Immunol Rev (2003) 194:61–76. doi:10.1034/j.1600-065X.2003.00055.x

132. Crow AR, Brinc D, Lazarus AH. New insight into the mechanism of action of IVIg: the role of dendritic cells. J Thromb Haemost (2009) 7:245–8. doi:10.1111/j.1538-7836.2009.03420.x

133. Dietrich G, Kazatchkine MD. Normal immunoglobulin for therapeutic use contain antiidiotypic specificities against and immunoglobulin antibodies. J Clin Invest (1990) 85:620–5. doi:10.1172/JCI114483

134. Sultan Y, Kazatchkine MD, Maisonneuve P, Nydegger UE. Anti-idiotypic suppression of autoantibodies to factor VIII by high dose intravenous immunoglobulin. Lancet (1984) 2:765–8. doi:10.1016/S0140-6736(84)90701-3

135. Mariño E, Grey ST. B cells as effectors and regulators of autoimmunity. Autoimmunity (2012) 45:377–87. doi:10.3109/08916934.2012.665527

136. Aschermann S, Lux A, Baerenwaldt A, Biburger M, Nimmerjahn F. The other side of immunoglobulin G: suppressor of inflammation. Clin Exp Immunol (2010) 160:161–7. doi:10.1111/j.1365-2249.2009.04081.x

137. Lux A, Aschermann S, Biburger M, Nimmerjahn F. The pro and anti-inflammatory activities of immunoglobulin G. Ann Rheum Dis (2010) 69:i92–6. doi:10.1136/ard.2009.117101

138. Le Pottier L, Bendaoud B, Dueymes M, Daridon C, Youinoi P, Shoenfeld Y, et al. BAFF, a new target for intravenous immunoglobulin in autoimmunity and cancer. J Clin Immunol (2007) 27:257–65. doi:10.1007/s10875-007-9082-2

139. Maddur MS, Othy S, Hegde P, Vani J, Lacroix-Desmazes S, Bayry J, et al. Immunomodulation by intravenous immunoglobulin: role of regulatory T cells. J Clin Immunol (2010) 30(Suppl 1):S4–8. doi:10.1007/s10875-010-9394-5

140. Sabouri Z, Perotti S, Spierings E, Humburg P, Yabas M, Bergmann H, et al. IgD attenuates the IgM-induced anergy response in transitional and mature B cells. Nat Commun (2016) 7:13381–7. doi:10.1038/ncomms13381

141. Séïté JF, Cornec D, Renaudineau Y, Youinou P, Mageed RA, Hillion S. IVIg modulates BCR signaling through CD22 and promotes apoptosis in mature human B lymphocytes. Blood (2010) 116:1698–704. doi:10.1182/blood-2009-12-261461

142. Rao SP, Riggs JM, Friedman DF, Scully MS, LeBien TW, Silberstein LE. Biased VH gene usage in early lineage human B cells: evidence for preferential Ig gene rearrangement in the absence of selection. J Immunol (1999) 163:2732–40.

143. Hoffmann M, Uttenreuther-Fischer MM, Lerch H, Gaedicke G, Fischer P. IVIG-bound IgG and IgM cloned by phage display from a healthy individual reveal the same restricted germ-line gene origin as in autoimmune thrombocytopenia. Clin Exp Immunol (2000) 121:37–46. doi:10.1046/j.1365-2249.2000.01229.x

144. Osei A, Uttenreuther-Fischer MM, Lerch H, Gaedicke G, Fischer P. Restricted VH3 gene usage in phage-displayed Fab that are selected by intravenous immunoglobulin. Arthritis Rheum (2000) 43:2722–32. doi:10.1002/1529-0131(200012)43:12<2722::AID-ANR12>3.0.CO;2-N

145. Shoenfeld Y, Rauova L, Gilburd B, Kvapil F, Goldberg I, Kopolovic J, et al. Efficacy of IVIG affinity-purified anti-double-stranded DNA anti-idiotypic antibodies in the treatment of an experimental murine model of systemic lupus erythematosus. Int Immunol (2002) 14:1303–11. doi:10.1093/intimm/dxf099

146. Lee CH, Suh CH, Lee J, Kim YT, Lee SK. The effects of anti-idiotypic antibody on antibody production and apoptosis of anti-dsDNA antibody producing cells. Clin Exp Rheumatol (2003) 21:291–300.

147. Kelesidis T, Daikos G, Boumpas D, Tsiodras S. Does rituximab increase the incidence of infectious complications? A narrative review. Int J Infect Dis (2011) 15(1):e2–16. doi:10.1016/j.ijid.2010.03.025

148. Samson M, Audia S, Lakomy D, Bonnotte B, Tavernier C, Ornetti P. Diagnostic strategy for patients with hypogammaglobulinemia in rheumatology. Joint Bone Spine (2011) 78(3):241–5. doi:10.1016/j.jbspin.2010.09.016

149. Kridin K, Sagi S, Berman R. Mortality and cause of death in patients with pemphigus. Acta Derm Venereol (2017) 97:607–11. doi:10.2340/00015555-2611

150. Hemming VG. Use of intravenous immunoglobulins for prophylaxis or treatment of infectious diseases. Clin Diagn Lab Immunol (2001) 8(5):859–63. doi:10.1128/CDLI.8.5.859-863.2001

151. Roberts DM, Jones RB, Smith RM, Alberici F, Kumaratne DS, Burns S, et al. Rituximab-associated hypogammaglobulinemia: incidence, predictors and outcomes in patients with multi-system autoimmune disease. J Autoimmun (2015) 57:60–5. doi:10.1016/j.jaut.2014.11.009

152. Roberts DM, Smith RM, Alberici F, Kumaratne DS, Burns S, Jayne DR. Immunoglobulin G replacement for the treatment of infective complications of rituximab-associated hypogammaglobulinemia in autoimmune disease: a case series. J Autoimmun (2015) 57:24–9. doi:10.1016/j.jaut.2014.11.004

153. Casulo C, Maragulia J, ZeLenetz AD. Incidence of hypogammaglobulinemia in patients receiving rituximab and the use of intravenous immunoglobulin for recurrent infections. Clin Lymphoma Myeloma Leuk (2013) 13:106–11. doi:10.1016/j.clml.2012.11.011

154. Shimizu M, Katoh H, Hamaoka S, Kinoshita M, Akiyama K, Naito Y, et al. Protective effects of intravenous immunoglobulin and antimicrobial agents on acute pneumonia in leukopenic mice. J Infect Chemother (2016) 22:240–7. doi:10.1016/j.jiac.2016.01.006

155. Koch C, Hecker A, Grau V, Padberg W, Wolff M, Henrich M. Intravenous immunoglobulin in necrotizing fasciitis – a case report and review of recent literature. Ann Med Surg (Lond) (2015) 4:260–3. doi:10.1016/j.amsu.2015.07.017

156. Hsu JL, Safdar N. Polyclonal immunoglobulins and hyperimmune globulins in prevention and management of infectious diseases. Infect Dis Clin North Am (2011) 25:773–88. doi:10.1016/j.idc.2011.07.005

157. Aghamohammadi A, Moin M, Farhoudi A, Rezaei N, Pourpak Z, Movahedi M, et al. Efficacy of intravenous immunoglobulin on the prevention of pneumonia in patients with agammaglobulinemia. FEMS Immunol Med Microbiol (2004) 40:113–8. doi:10.1016/S0928-8244(03)00304-3

158. Di Rosa R, Pietrosanti M, Luzi G, Salemi S, D’Amelio R. Polyclonal intravenous immunoglobulin: an important additional strategy in sepsis? Eur J Intern Med (2014) 25:511–6. doi:10.1016/j.ejim.2014.05.002

159. Bermejo-Martin JF, Giamarellos-Bourboulis EJ. Endogenous immunoglobulins and sepsis: new perspectives for guiding replacement therapies. Int J Antimicrob Agents (2015) 46(Suppl 1):S25–8. doi:10.1016/j.ijantimicag.2015.10.013

160. Capasso L, Borrelli AC, Ferrara T, Coppola C, Cerullo J, Izzo F, et al. Immunoglobulins in neonatal sepsis: has the final word been said? Early Hum Dev (2014) 90(Suppl 2):S47–9. doi:10.1016/S0378-3782(14)50013-8

161. Buda S, Riefolo A, Biscione R, Goretti E, Cattabriga I, Grillone G, et al. Clinical experience with polyclonal IgM-enriched immunoglobulins in a group of patients affected by sepsis after cardiac surgery. J Cardiothorac Vasc Anesth (2005) 19:440–5. doi:10.1053/j.jvca.2005.05.003

162. Kukic BP, Savic NB, Stevanovic KS, Trailovic RD, Cvetkovic S, Davidovic LB. Effect of IgM-enriched immunoglobulin as adjunctive therapy in a patient following sepsis after open thoracoabdominal aortic aneurysm repair. J Cardiothorac Vasc Anesth (2016) 30:746–8. doi:10.1053/j.jvca.2015.08.025

163. Tagami T, Matsui H, Fushimi K, Yasunaga H. Intravenous immunoglobulin use in septic shock patients after emergency laparotomy. J Infect (2015) 71:158–66. doi:10.1016/j.jinf.2015.04.003

164. Windegger TM, Lambooy CA, Hollis L, Morwood K, Weston H, Fung YL. Subcutaneous immunoglobulin therapy for hypogammaglobulinemia secondary to malignancy or related drug therapy. Transfus Med Rev (2017) 31:45–50. doi:10.1016/j.tmrv.2016.06.006

165. Chapel HM, Lee M, Hargreaves R, Pamphilon DH, Prentice AG. Randomised trial of intravenous immunoglobulin as prophylaxis against infection in plateau-phase multiple myeloma. The UK group for immunoglobulin replacement therapy in multiple myeloma. Lancet (1994) 343:1059–63. doi:10.1016/S0140-6736(94)90180-5

166. Ueda M, Bergerb M, Galec RP, Lazarusd HM. Immunoglobulin therapy in hematologic neoplasms and after hematopoietic cell transplantation. Blood Rev (2018) 32:106–15. doi:10.1016/j.blre.2017.09.003

167. Staak A, Renner F, Suesal C, Dietrich H, Rainer L, Kamali-Ernst S, et al. Immunoglobulin induction therapy in renal transplant recipients: effects on immunoglobulin and regulatory antibody levels. Transplant Proc (2006) 38:3483–5. doi:10.1016/j.transproceed.2006.10.041

168. Neilson AR, Burchardib H, Schneidera H. Cost-effectiveness of immunoglobulin M-enriched immunoglobulin (pentaglobin) in the treatment of severe sepsis and septic shock. J Crit Care (2005) 20:239–49. doi:10.1016/j.jcrc.2005.03.003

169. Joly P, Maho-Vaillant M, Prost-Squarcioni C, Hebert V, Houviet E, Calbo S, et al. First line rituximab combined with short term prednisone versus prednisone alone for the treatment of pemphigus (ritux 3); a prospective multicentre, parallet-group, open label randomized trial. Lancet (2017) 389:2031–40. doi:10.1016/S0140-6736(17)30070-3

170. Gregoriou S, Giatrakou S, Theodoropoulos K, Katoulis A, Loumou P, Toumbis-Ioannou E, et al. Pilot study of 19 patients with severe pemphigus: prophylactic treatment with rituximab does not appear to be beneficial. Dermatology (2014) 228:158–65. doi:10.1159/000357031

171. Blum KS, Pabst R. Lymphocyte numbers and subsets in human blood. Do they mirror the situation in all organs? Immunol Lett (2007) 108:45–51. doi:10.1016/j.imlet.2006.10.009

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 © 2018 Ahmed and Kaveri. 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 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: 16 July 2018
doi: 10.3389/fimmu.2018.01623





[image: image1]

Streptococcal Endo-β-N-Acetylglucosaminidase Suppresses Antibody-Mediated Inflammation In Vivo

Kutty Selva Nandakumar1,2*, Mattias Collin3, Kaisa E. Happonen4,5, Susanna L. Lundström6, Allyson M. Croxford7, Bingze Xu2, Roman A. Zubarev6, Merrill J. Rowley7, Anna M. Blom4, Christian Kjellman8 and Rikard Holmdahl1,2

1 School of Pharmaceutical Sciences, Southern Medical University, Guangzhou, China

2 Medical Inflammation Research, Department of Medical Biochemistry and Biophysics, Karolinska Institute, Stockholm, Sweden

3 Division of Infection Medicine, Department of Clinical Sciences, Lund University, Lund, Sweden

4 Department of Translational Medicine, Lund University, Lund, Sweden

5 Molecular Neurobiology Laboratory, Salk Institute for Biological Studies, La Jolla, CA, United States

6 Division of Physiological Chemistry I, Department of Medical Biochemistry and Biophysics, Karolinska Institute, Stockholm, Sweden

7 Department of Biochemistry and Molecular Biology, Monash University, Clayton, VIC, Australia

8 Hansa Medical AB, Lund, Sweden

OPEN ACCESS

Edited by:

Piotr Trzonkowski, Gdańsk Medical University, Poland

Reviewed by:

SunAh Kang, University of North Carolina at Chapel Hill, United States
Lennart T. Mars, Institut National de la Santé et de la Recherche Médicale (INSERM), France

*Correspondence:

Kutty Selva Nandakumar
nandakumar@smu.edu.cn

Specialty section:

This article was submitted to Immunological Tolerance and Regulation, a section of the journal Frontiers in Immunology

Received: 30 November 2017
Accepted: 02 July 2018
Published: 16 July 2018

Citation:

Nandakumar KS, Collin M, Happonen KE, Lundström SL, Croxford AM, Xu B, Zubarev RA, Rowley MJ, Blom AM, Kjellman C and Holmdahl R (2018) Streptococcal Endo-β-N-Acetylglucosaminidase Suppresses Antibody-Mediated Inflammation In Vivo. Front. Immunol. 9:1623. doi: 10.3389/fimmu.2018.01623

Endo-β-N-acetylglucosaminidase (EndoS) is a family 18 glycosyl hydrolase secreted by Streptococcus pyogenes. Recombinant EndoS hydrolyzes the β-1,4-di-N-acetylchitobiose core of the N-linked complex type glycan on the asparagine 297 of the γ-chains of IgG. Here, we report that EndoS and IgG hydrolyzed by EndoS induced suppression of local immune complex (IC)-mediated arthritis. A small amount (1 μg given i.v. to a mouse) of EndoS was sufficient to inhibit IgG-mediated arthritis in mice. The presence of EndoS disturbed larger IC lattice formation both in vitro and in vivo, as visualized with anti-C3b staining. Neither complement binding in vitro nor antigen-antibody binding per se were affected. Thus, EndoS could potentially be used for treating patients with IC-mediated pathology.
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INTRODUCTION

Endoglycosidases form a group (E.C.3.2 subclass) of enzymes that hydrolyze non-terminal glycosidic bonds in oligosaccharides or polysaccharides. Endo-β-N-acetylglucosaminidase (EndoS) is a member of the GlcNAc polymer hydrolyzing glycosyl hydrolases of family 18 (FGH18) secreted by group A β-hemolytic Streptococcus pyogenes. It exclusively hydrolyzes the β-1,4-di-N-acetylchitobiose core of the asparagine-linked complex-type glycan on Asn-297 of the γ-chains of IgG (1). The crystal structure of EndoS revealed that it contains five distinct protein domains (glycosidase, leucine-rich repeat, hybrid Ig, carbohydrate-binding module, and three-helix bundle domains) (2) and concerted conformational changes in both the enzyme and substrate are required for subsequent antibody deglycosylation (2, 3). Recently, functionally and structurally related enzymes have been identified in certain serotypes of S. pyogenes, Streptococcus dysgalactiae, and Corynebacterium pseudotuberculosis (4–6).

Glycosylation is an important post-translational modification affecting the structure and biological properties of proteins. Subtle changes in IgG N-glycome could alter Fc conformation with dramatic consequences for IgG effector functions (7). Extensive non-covalent interactions between the carbohydrate and the protein moiety in the IgG-Fc region result in reciprocal influences on conformation (8). NMR studies suggested a significant role for Fc-glycan dynamics in Fc receptor (FcR) interactions (9). The minimal oligosaccharide structure in IgG is a hexasaccharide (GlcNAc2Man3GlcNAc) with variable sugar residues attached resulting in the generation of many different glycoforms. Altered IgG glycoforms lacking terminal sialic acid and galactose residues were identified to be more common on IgG from RA patients (10). Differential sialylation was reported to regulate the inflammatory property of IgG (11). Furthermore, a single molecule Förster resonance energy transfer study has shown that Fc deglycosylation resulting from EndoS treatment led to wide changes in Fc conformation, which enhanced its flexibility (12).

Antibodies such as anti-citrullinated protein antibodies (ACPA), rheumatoid factors (RF), anti-type II collagen antibodies, and immune complexes (ICs) are prevalent in RA. ACPA and RF also precede disease development (13, 14). IC-mediated pathology is evident in several autoimmune diseases. Importantly, the pathogenic effect of circulating IC was shown to be dependent on their size and composition (15). Both antigen-driven (soluble and target tissue-bound) and RF containing ICs present in RA patients are of intermediate (6S–19S) to large (22S–30S) size. The larger ICs containing RF (>22S) are implicated in extra-articular manifestations in RA (16). Furthermore, CII containing ICs from RA synovial fluid were shown to induce production of inflammatory cytokines (TNF-α, IL-1β, and IL-8) from peripheral blood mononuclear cells via FcγRIIA (17).

Antibodies from RA patients upon passive transfer induced arthritis in mice (18, 19). The effector phase of arthritis is optimally studied using the collagen antibody-induced arthritis (CAIA) model, which is induced by anti-CII IgG mAbs (20). This model exhibits features of bone and cartilage erosion, major infiltration of granulocytes, and deposition of IgG and complement factors on the cartilage surface. CAIA is characteristic of RA and is dependent on complement, FcγRs, TNF-α, IL-1β, and neutrophils as well as macrophages (20). Furthermore, it should be mentioned that human intravenous immunoglobulins (hIVIg) were earlier used at very high concentrations (1 g/kg) and 1 h before arthritogenic serum transfer to attenuate joint inflammation and the anti-inflammatory property of IgG was shown to be mainly due to Fc sialylation (11). Interestingly, removal of the N-linked glycan by EndoS treatment abrogated the pathogenic potential of antibodies (21–23) and abolished all the pro-inflammatory properties of IC from SLE patients (24). In addition, EndoS-hydrolyzed IgG ameliorated several antibody-mediated diseases in mice, including arthritis (22). Attenuation of inflammation was reported to be dependent on IgG1 and IgG2b subclasses but the mechanisms were not clarified. EndoS hydrolyzes all the IgG subclasses in man and mice but no effects on the other isotypes have been detected under physiological conditions. Here, we demonstrate suppression of inflammatory arthritis by minimal amounts of EndoS, an effect which is dominant and mediated through disturbances in the formation of ICs on the cartilage surface.

MATERIALS AND METHODS

Mice

The B10.Q founder mice were obtained originally from Professor Jan Klein (Tubingen, Germany) and have been maintained in our laboratory for more than 20 years. The BALB/c founder mice were obtained from Jackson laboratories (Bar Harbor, ME, USA). (BALB/c × B10.Q) F1 mice, short named as QB, were bred in the Medical Inflammation Research animal house facility in Lund and Stockholm. For in vivo experiments shown in Figure 2, arthritis was induced in male BALB/c mice obtained from Harlan, Denmark. The animals were kept in a specific pathogen free (Felasa II) animal facility with a climate controlled environment having 12-h light/dark cycles in polystyrene cages containing wood shavings and were fed standard rodent chow and water ad libitum. Two- to four-months-old male mice were used in all the experiments, with the experimental groups matched for age, mixed in cages, and run blindly. Splenectomy or sham operation was done under isoflurane anesthesia. Two- to three-days-old pups were used for immunohistochemical studies. Local animal welfare authorities approved the animal experiments.

Antibodies

The CII-specific hybridomas (M2139, M284, CIIC1, CIIC2, CB20, and UL1) were generated and characterized as described (26–28). ACC4 antibody recognizes the citrullinated CII epitope, C1 (29). A mouse anti-trinitrophenol (anti-TNP) antibody-producing hybridoma (Hy2.15) was a gift from Georges Köhler (30). A mouse monoclonal hybridoma recognizing trophozoite antigens (2B5.3; CRL-1960) and human HLA-DR α-chain specific antibody clone (L243) were obtained from ATCC (Rockville, MD, USA). M284 and CB20 mAbs (31) bind CII epitopes, J1 and C1, respectively. Mouse intravenous immunoglobulins (mIVIg; Equitech-Bio Inc.) and hIVIg (Octagam, Octapharma AB) were used. All the hybridomas were cultured in ultra-low bovine IgG-containing DMEM Glutamax-I culture medium (Gibco BRL, Invitrogen AB, Sweden) with 100 mg/l of kanamycin monosulfate (Sigma, St. Louis, MO, USA). MAbs were generated on a large scale as culture supernatant using Integra cell line 1000 (CL-1000) flasks (Integra Biosciences, Switzerland). Antibodies were purified using γ-bind plus affinity gel matrix (GE Healthcare, Sweden) and the Äkta purification system (GE Healthcare, Sweden) as described (20). Briefly, culture supernatants were centrifuged at 12,500 rpm for 30 min, filtered, and degassed before applying to the gel matrix. The gel was washed extensively and the antibodies were eluted using acetic acid buffer at pH 3.0 and neutralized with 1 M Tris–HCl, pH 9.0. The peak fractions were pooled and dialyzed extensively against PBS, pH 7.0 with or without azide. The IgG content was determined by freeze drying. The antibody solutions were sterilized using 0.2-μm syringe filters (Dynagard, Spectrum Laboratories, CA, USA), aliquoted, and stored at −70°C.

EndoS Hydrolysis of IgG

IgGs (CIIC1, M2139, M284, CIIC2, UL1, CB20, ACC4, Hy2.15, L243, CRL-1960, mIVIg and hIVIg) were hydrolyzed with recombinant EndoS fused to GST (GST-EndoS) as previously described (1). Five micrograms of GST-EndoS in PBS were added per milligram of mAb followed by incubation for 16 h at 37°C. GST-EndoS was removed by three serial passages over Glutathione-Sepharose 4B columns with a 1,000-fold overcapacity of GST-binding (GE Healthcare, Uppsala, Sweden). SDS-PAGE and Lens culinaris agglutinin (LCA) lectin blotting were used to assess the purity and efficacy of EndoS cleavage. Briefly, 2 μg of EndoS hydrolyzed and unhydrolyzed IgG were separated on 10% SDS-PAGE followed by staining with PageBlue protein stain (Thermo Fisher Scientific), or blotted to PVDF using TransBlot Turbo transfer packs and apparatus (Bio-Rad, Hercules, CA, USA). Membranes were blocked with 10 mM HEPES (pH 7.5) with 0.15 M NaCl, 0.01 mM MnCl2, 0.1 mM CaCl2, and 0.1% Tween-20 (HBST) and incubated with 1 μg/ml of biotinylated LCA lectin (Vector Laboratories, Burlingame, CA, USA). After washing in HBST, membranes were incubated with 50 ng/ml of peroxidase-labeled streptavidin (Vector Laboratories), and developed using Super Signal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) and a ChemiDoc XRS imaging system (Bio-Rad). The DeGlycIt treatment was performed following the manufacturer’s instructions (Genovis AB, Lund, Sweden). Briefly, antibodies were added to a column with immobilized EndoS, the column was incubated for 30 min under rotation, and the deglycosylated antibodies were eluted by centrifugation.

Glycopeptide Identification

Endo-β-N-acetylglucosaminidase hydrolyzed or unhydrolyzed antibodies (15 μg) were trypsin digested similar to what has been previously described (32). Samples were analyzed using a reversed phase liquid chromatography system (Easy-nLC, Proxeon) connected to a Velos Orbitrap mass spectrometer (Thermo Fisher Scientific). The MS was operated in positive mode, and the survey MS scan in the range of m/z 300–2,000 was obtained at a resolution of 60,000. MS/MS was performed using CID and ETD fragmentation. IgG Fc glycopeptides were identified in LC-MS/MS datasets by their characteristic retention times and accurate monoisotopic masses (within <10 ppm from the theoretical values) of doubly and triply charged ions from M2139: EDYNSTIR, CIIC1, and L243: EDYNSTLR as well as Hy2.15: EEQFNSTFR, respectively. Protein identity was confirmed using MASCOT search engine (V.2.3.2) using IPI mouse concatenated database. Search parameters were as follows: MS mass error tolerance at 10 ppm, MS/MS mass accuracy at 0.5 Da, tryptic digestion with a maximum of two missed-cleavages, carbamidomethylation of cysteine as a fixed modification, asparagine and glutamine deamidation, methionine oxidation as well as N-glycosylation (HexNAc[n]dHex[n]Hex[n]) as variable modifications.

Rabbit IgG Cleavage Assay

This in vitro assay made use of rabbit IgG as a reporter for EndoS activity in combination with another streptococcal enzyme, IgG-degrading enzyme of Streptococcus pyogenes (IdeS). IdeS has the ability to efficiently cleave human (33) and rabbit IgG (34) while leaving mouse IgG1 and IgG2b intact (35). After IdeS treatment, deglycosylated rabbit Fc-fragment was possible to distinguish from the non-deglycosylated part using SDS-PAGE (i.e., a 25-kDa fragment with and without glycosylation). The reactions contained 5 μg of the EndoS-treated mouse antibodies and 5 μg of rabbit gamma globulin (Jackson ImmunoResearch) and were incubated at 37°C for 60 min during which potentially remaining EndoS will deglycosylate rabbit IgG, the reporter in this assay. After this incubation, IdeS (1 μg) was added and the reaction was allowed to continue for an additional 45 min. SDS loading buffer was added, and one-third of the reaction mixture was separated on SDS-PAGE (4–20% TGX, Bio-Rad), stained, and visualized.

Particle Size Measurement Using Dynamic Light Scattering (DLS)

To determine the size of ICs by EndoS-hydrolyzed IgGs we used DLS. Briefly, CII purified from rat chondrosarcoma dissolved in 0.1 M acetic acid at 5 mg/ml was diluted further in PBS (1 mg/ml) and anti-CII mAb (high affinity M2139 or low affinity CB20; 1 mg/ml) in PBS were mixed together at 1:1 ratio and incubated for 30 min at 37°C, followed by addition of either unhydrolyzed (Hy2.15) or EndoS-hydrolyzed (Hy2.15H) anti-hapten IgG at the ratio 1:1:1. Twenty microliters of this mixture were loaded on to the capillary tube in the DLS instrument (Precision Detectors Inc., Bellingham, MA, USA). The particle sizes expressed as the apparent Z-average (or intensity-weighted) hydrodynamic diameter (dH) and polydispersity index, which provides information on the deviation from monodispersity were measured (36) and compared between the groups.

Surface Plasmon Resonance (SPR) Analysis

Surface Plasmon Resonance (Biacore 2000; Biacore) analysis was performed using the standard procedure (37). Briefly, CII was immobilized on the surface of CM5 sensor chips. EndoS-hydrolyzed and unhydrolyzed IgGs were injected at different concentrations through flow cells in the running buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3.4 mM EDTA, and 0.005% surfactant P20) at a flow rate of 30 μl/min. Antibodies were injected for 3 min and dissociation of bound molecules was observed for 7 min. Background binding to control flow cells was subtracted automatically. The chips were regenerated using pulse injection of 100% ethylene glycol followed by 2 M NaCl and 100 mM HCl.

Collagen Antibody-Induced Arthritis

Endo-β-N-acetylglucosaminidase-hydrolyzed and unhydrolyzed, two or four arthritogenic mAb combinations were studied: M2139 (γ2b), CIIC1 (γ2a), CIIC2 (γ2b), and UL1 (γ2b) bind to triple helical J1 (MP*GERGAAGIAGPK—P* indicates hydroxyproline), C1I (GARGLTGRO) (38), D3 (RGAQGPOGATGF), and U1 (GLVGPRGERGF) CII epitopes, respectively. The cocktail of the mAbs (9 or 4 mg/mouse) was prepared by mixing equal concentrations of each of the sterile filtered antibody solutions. Mice were injected i.v. with 250–500 μl solution. All the mice received LPS (25 μg/mice/i.p.) at day 5 as described earlier (39). CAIA experiment shown in Figure 2 was done as follows: mice were administered with 2 mg/mouse of CII-specific mAb cocktail (MD Biosciences) i.p. on day 0 followed by 50 μg/mouse of LPS (E. coli 055:B5) on day 5. The animals were divided into different groups (n = 8–10 mice/group), and different substances were administered i.v. on day 0 and the arthritic score of the animals were followed between days 0 and 14. Mice were examined daily for development of arthritis. Scoring of the inflammation was done blindly using a scoring system based on the number of inflamed joints in each paw, inflammation being defined by swelling and redness. In all the arthritis experiments, the maximum score given was 15/paw, 60 for all 4 paws (25), except in Figure 2, where arthritis was evaluated using a scoring scale of 0–16 (25).

Histological Preparations

Paws were dissected from each group of mice (3–4 mice/group), fixed in 4% phosphate buffered paraformaldehyde solution (pH 7.0) for 24 h, decalcified for 3–4 weeks in a solution containing EDTA, polyvinylpyrrolidone, and Tris–HCl, pH 6.95 followed by dehydration and embedding in paraffin. Sections of 6 μm were stained with hematoxylin-eosin to determine cellular infiltrations and, bone and cartilage morphology. Joint sections were scored as follows: score 0, normal joints. Score 1, mild synovitis with hyperplastic synovial membrane and small focal infiltration of inflammatory cells, increased numbers of vessels in the synovium and a villous formation of synovium but without any bone or cartilage erosions. Score 2, moderate synovitis with pannus formation, bone and cartilage erosions limited to discrete foci and undisturbed joint architecture. Score 3, severe pannus formation with extensive erosions of bone and cartilage with disrupted joint architecture.

For immunohistochemistry, 2–3 days old QB pups (3–4 mice/group) were injected with 1 mg each of a unhydrolyzed antibody cocktail containing M2139 + CIIC2 + UL1 antibodies, EndoS-hydrolyzed IgG (M2139H + CIIC2H + UL1H), or a mixture of unhydrolyzed and EndoS-hydrolyzed IgG at 1:1 ratio. Twenty-four hours later, mice were sacrificed, and paw samples were snap frozen in OCT compound using cold isopentane and dry ice. Sections of 6 μm were stained with biotinylated anti-kappa (clone: 187.1) or goat anti-mouse anti-C3c antibodies (Nordic Immunological Laboratories, Tilburg, The Netherlands). Extravidin-peroxidase and diaminobenzidine were used for detection. CIIC1 mAb was excluded from this cocktail because of their inability to activate complement after binding to CII. Histology scoring of joint sections after anti-C3c antibodies was done as follows: 0, no staining; 1, staining only at sub-chondral bone junction area; 2, weak; and 3, strong staining uniformly on the cartilage surface.

Complement Activation and RF-Like Activity of CII-Binding Antibodies

Microtiter plates were coated with 3 μg/ml M2139 or CIIC1 alone or in combination with 3, 6, and 12 μg/ml of EndoS-hydrolyzed or unhydrolyzed Hy2.15, L243, M2139, and CIIC1 IgG in 75 mM sodium carbonate buffer pH 9.6 overnight at 4°C. Plates were washed between each step with 50 mM Tris–HCl, 150 mM NaCl, 0.1% Tween-20, pH 8.0. Wells were blocked with 1% BSA in PBS for 2 h at RT to prevent unspecific binding. Serum was diluted to 0.5% in GVB++ (5 mM veronal buffer pH 7.4, 144 mM NaCl, 1 mM MgCl2, 0.15 mM CaCl2, and 1% gelatin) and added to the plates, followed by 1 h incubation at 37°C. Deposited C3b was detected using a goat anti-C3 antibody (ICN pharmaceuticals/Cappel, Aurora, OH, USA) and a rabbit anti-goat HRP conjugate (Dako Denmark A/S, Glostrup, Denmark). Deposited C1q was detected using a biotinylated mouse anti-C1q (clone JL-1) antibody (Hycult Biotech, Uden, The Netherlands) and a streptavidin-HRP conjugate (Thermo Fisher Scientific). The plates were developed using O-phenylenediamine substrate (Dako) and H2O2 and the absorbance at 490 nm was measured.

To study complement activation on CII-bound antibodies, microtiter plates were coated with 10 μg/ml CII in 75 mM sodium carbonate buffer pH 9.6 overnight at 4°C. The wells were blocked using 3% fish gelatin in 50 mM Tris–HCl, 150 mM NaCl, 0.1% Tween-20, pH 8.0 (blocking buffer). M2139 mAb alone at a concentration of 10 μg/ml or in combination with 10, 20, and 40 μg/ml of EndoS-hydrolyzed or unhydrolyzed Hy2.15, L243, or M2139 IgG diluted in blocking buffer was added and the plates were incubated at 4°C overnight. Serum diluted to 4% in DGVB++ (2.5 mM veronal buffer pH 7.35, 72 mM NaCl, 0.1% gelatin, 1 mM MgCl2, 0.15 mM CaCl2, 2.5% glucose) was added to the wells and complement activation was allowed to proceed for 1 h at 37°C. Deposited C3b was detected as above. RF-like activity of CIIC1 antibodies was determined as described earlier (40). Biotin labeled CIIC1 was detected by europium-conjugated streptavidin using the dissociation-enhanced lanthanide fluoroimmunoassay system.

Analysis of the In Vitro Effects of mAbs Using Bovine Cartilage Explants

Articular cartilage samples extracted from adult bovine metacarpophalangeal joints and cartilage shavings (5 mm × 5 mm × 1 mm) were cultured for up to 14 days in DMEM with 20% (v/v) FCS and 25 μg/ml ascorbic acid, having 100 μg/ml of mAb or in medium alone. Medium was changed every 2 day, and fresh ascorbic acid and mAb were added at each change. Cartilage samples were tested in duplicate, and all experiments were performed at least twice. On day 14, cartilage explants were fixed in 4% paraformaldehyde and embedded in paraffin for Fourier transform infrared microspectroscopy (FTIRM). Sections (5 μm) were placed onto MirrIR low-e microscope slides (Kevley Technologies, Chesterland, OH, USA), and adjacent sections were stained with toluidine blue. FTIR images were recorded with a Stingray Digilab FTS 7000 series spectrometer coupled to a UMA 600 microscope equipped with a 64 × 64 focal plane array detector. For each spectrum, 16 scans were co-added at a resolution of 6/cm. The spectra were analyzed using CytoSpec imaging software (41). Raw chemical maps were generated from the integrated intensities of specific functional groups identified in the spectra, and 10 spectra from the surface of the explant and 10 from the interior were extracted from the raw chemical maps. The mean spectra for “surface” and “interior” were calculated to assess the effects of antibody penetration on the peaks characteristic of CII and proteoglycans. Analysis was performed on the location of the amide 1 peak (1,640–1,670/cm), which represents total protein, which for cartilage, is primarily CII. For proteoglycans, analysis was based on the height of the peak at 1,076/cm, within the region of 1,175–960/cm derived from carbohydrate moieties.

Collagen-Induced Arthritis

Arthritis was induced in male (BALB/c × B10.Q) F1 mice with 100 μg of rat CII/CFA per mouse by i.d. immunization on day 0 and treated i.v. with different test substances on days 14, 21, 28, and 35. Development of clinical arthritis was followed through visual scoring of the animals based on the number of inflamed joints in each paw, starting 2 weeks postimmunization and continuing until the end of the experiment. An extended scoring protocol (25) ranging from 1 to 15 for each paw with a maximum score of 60/mouse was used. The mice were scored three times per week after immunization.

Statistical Analyses

All the mice with arthritis were included for calculation of severity. The severity of arthritis was analyzed by Mann–Whitney U test and the incidence by Chi Square or Fisher exact test using Statview (version 5.0.1) and Prism software. Two-way ANOVA and two-tailed Student’s t-test were also used for statistical analysis. Significance was considered when p < 0.05, for a 95% confidence interval.

RESULTS

Small Amounts of EndoS Inhibit IgG-Mediated Inflammation

Endo-β-N-acetylglucosaminidase treatment specifically cleaved the Asn-297 glycan on IgG (Figure 1A), which removed almost all (99%) of the variable glycan chains attached to the first N-acetylglucosamine (GlcNAc) residue of the Fc region (Figures 1D,E; Tables 1 and 2). Injection of anti-CII mAb (EndoS-unhydrolyzed IgG) induced typical CAIA. Arthritis developed in mice as early as 48 h with 100% incidence at day 10. Massive infiltration of immune cells, pannus formation, and distinct bone and cartilage erosions were observed in this group of mice (Figure 1B). Injection of EndoS-hydrolyzed IgG, irrespective of CII epitope specificity, did not lead to any signs of arthritis (Figures 1B,F–J) resulting in normal joint architecture. Interestingly, mice treated with a mixture of unhydrolyzed and EndoS-hydrolyzed IgG potently blocked the development of arthritis. EndoS-hydrolyzed antibodies against trinitrophenol (TNP) (Hy2.15) and against human HLA-DR (L243), which are commonly used as control antibodies in the mouse, also completely inhibited CAIA when mixed with the anti-CII antibodies used for induction (Figure 1G). Inhibition of arthritis occurred irrespective of the IgG subclass, or the antigen specificity (Figures 1H,I). When we analyzed the dose dependence of the arthritis suppressive effect, we found that 1 mg of EndoS-hydrolyzed IgG present in the mixture of 9 mg of antibodies completely inhibited arthritis (Figure 1J), whereas 3 mg of unmodified anti-CII mAb was sufficient to induce arthritis (20).
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FIGURE 1 | Endo-β-N-acetylglucosaminidase (EndoS) and enzyme-hydrolyzed IgG inhibit inflammation. (A) SDS/PAGE and lectin blot analysis of mAbs incubated with (+) or without (−) EndoS hydrolysis and separated by 10% SDS/PAGE. The proteins were detected by PageBlue stain (Stain) or by blotting onto a PVDF membrane probed with Lens culinaris agglutinin (LCA). (B) Representative figures of H&E-stained ankle joints of mice (n = 3–4/group) injected with anti-CII mAbs; unhydrolyzed (Left), EndoS-hydrolyzed (Center), or mixed IgG (Right) on day 9. Magnification 10×. (C) Joint sections were scored under the microscope based on the scoring scale as described in Section “Materials and Methods.” In each group, at least five sections were scored for each mouse. ****p < 0.0001. Error bars indicate ± SEM. (D) Mass spectrometric analysis of Hy2.15 and (E) EndoS-treated Hy2.15. Shown spectra were acquired during the time period for which the majority of glycosylated peptides from EEQFNSTFR (21.5–23.0 min) elute. Doubly and triply charged ions as well as predicted glycan structures are shown. All numbers given are for the monoisotopic mass charge. In all of the animal experiments, male (BALB/c × B10.Q) F1 mice were used. Unless otherwise stated all of the mice received antibodies i.v. (d 0) and 25 μg of LPS i.p. (d 5). For arthritis induction in experiments shown in (F,G,J), 9 mg of two anti-CII mAb mixtures (M2139 + CIIC1) were used, whereas for experiments in (H,I) 4 mg of four anti-CII mAb mixture (M2139 + CIIC1 + CIIC2 + UL1) was used. Antigen specificity is not required for inhibition. Mice (n = 42) were injected with 4 mg of EndoS-hydrolyzed IgG (F) M2139H + CIIC1H or UL1H + CIIC2H or (G) Hy2.15H + L243H followed by anti-CII mAb. Dose and subclass dependency. (H) Mice (n = 39) were injected with EndoS-hydrolyzed or unhydrolyzed IgG1 (Hy2.15) or IgG2a (L243) mAb binding to joint unrelated antigens at two different concentrations (1 and 0.25 mg), followed by anti-CII mAb. (I) Mice (n = 65) were injected with different subclasses of EndoS-hydrolyzed anti-CII (M284H, M2139H, CIIC1H, CIIC2H, and UL1H) or anti-citrullinated CII peptide IgG (ACC4H) at two different concentrations (1 and 0.25 mg), followed by anti-CII mAb. (J) Mice (n = 25) were injected with a mixture of EndoS-hydrolyzed and/or unhydrolyzed anti-CII IgG at different combinations. In mixed IgG groups, group 1 received 4.5 mg of unhydrolyzed and 4.5 mg of EndoS-hydrolyzed IgG, group 2 had 6.8 mg of unhydrolyzed and 2.3 mg of EndoS-hydrolyzed IgG, and group 3 received 7.9 mg of unhydrolyzed and 1.1 mg of EndoS-hydrolyzed IgG. Error bars indicate ± SEM. Arthritis scoring scale of 0–60 was used (25). All the groups were compared with the untreated group for statistical analysis. *p < 0.05; **p < 0.01; ***p < 0.001.



TABLE 1 | IgG glycoforms before and after endo-β-N-acetylglucosaminidase (EndoS) hydrolyzation.
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TABLE 2 | Joint unrelated antigen(s)-specific IgG glycoforms before and after endo-β-N-acetylglucosaminidase (EndoS) hydrolyzation.

[image: image1]

We have earlier reported our results interpreted as dominant suppression of inflammation by glycan hydrolyzed IgG (42) but we withdrew this report as we discovered that we could not rule out that small amounts of EndoS, undetectable on PageBlue stained gels, remained after hydrolysis in vitro. Consequently, when we used DeglycIT column for cleaving the N-linked sugars instead of GST-EndoS treatment and serial passage through glutathione-Sepharose 4B columns (DeglycIT spin column contains EndoS immobilized on agarose, which facilitates complete removal of the enzyme in one step instead of two step process with GST-EndoS treatment and purification using glutathione-Sepharose 4B), we observed no inhibition of arthritis (Figures 2A–C) compared with the control mice (Figure 2D). We rechecked our GST-EndoS treated purified IgG samples used in the above experiments by Western blot and in most (12/14) of the samples we could still not detect the presence of EndoS. In the remaining two samples, we found very low level of residual enzyme, <0.02% of total protein (data not shown).
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FIGURE 2 | Analysis of endo-β-N-acetylglucosaminidase (EndoS) effects in vivo. Arthritic score (mean ± SEM) of collagen antibody-induced arthritis animals (n = 8–10 mice/group) treated with different antibody preparations that were either untreated or deglycosylated with GST-tagged EndoS (GST-EndoS) or EndoS immobilized to sepharose beads (DeGlycIt). Arthritis was induced on day 0 by i.p. administration of 2 mg/mouse of anti-collagen antibody cocktail followed by administration of 50 μg LPS on day 5. The test substances (1 mg/mouse) were injected i.v. on day 0. DeGlycIT or GST-EndoS treated mouse intravenous immunoglobulins (mIVIg) (A), human intravenous immunoglobulins (hIVIg) (B) or mouse monoclonal antibody recognizing trophozoite antigens (2B5.3; CRL-1960) (C) were used as test substances and PBS was injected as control (D). Error bars indicate ± SEM. Arthritis scoring scale (0–16) was used (25). All the groups were compared with the untreated group for statistical analysis. *p < 0.05; **p < 0.01; ***p < 0.001.



To find whether the residual EndoS present in the IgG preparation had any enzymatic activity, we designed a new rabbit IgG cleavage assay using another streptococcal enzyme, IdeS. With this assay, it is now possible to detect the presence of residual activity of EndoS in the IgG preparation treated with EndoS even after three serial passages over Glutathione-Sepharose 4B columns with a 1,000-fold overcapacity of GST binding but not after treatment with DeglycIT column (Figure 3A).
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FIGURE 3 | IgG treated with GST-endo-β-N-acetylglucosaminidase (EndoS) contains residual enzyme activity. (A) EndoS treated antibody preparations were tested for residual EndoS activity by using rabbit IgG cleavage assay. Rabbit IgG was used as a reporter for EndoS activity, in which ability of IdeS to efficiently cleave the heavy chain of rabbit IgG was used. After IdeS treatment, the deglycosylated rabbit Fc-fragment was distinguished from the non-deglycosylated rabbit Fc-fragment using SDS-PAGE (i.e., a 25-kDa fragment ± glycosylation). Rabbit IgG (1.7 μg) and IdeS (0.3 μg) were added to each of the sample. Molecular weight markers (lane 1); without EndoS (lane 2); with EndoS (0.5 μg, lane 3); 1.7 μg of CRL-1940 untreated (lane 4); CRL-1940 DeGlycIT treated (lane 5); CRL-1940 GST-EndoS treated (lane 6); mouse intravenous immunoglobulins (mIVIg) untreated (lane 7); mIVIg DeGlycIT treated (lane 8); mIVIg GST-EndoS treated (lane 9). m-IgG: mouse IgG, r-Fc: monomeric rabbit Fc-fragment. The gel shown was run under non-reducing condition. (B) BALB/c mice were intravenously injected with untreated control Octagam (human intravenous immunoglobulins, 1 mg) or GST-EndoS treated Octagam (1 mg). Serum was collected 18 h after injection and IgG was purified from serum using protein G sepharose. Samples were treated with IdeS to cleave remaining Octagam and the samples were analyzed on SDS-PAGE. m-HC, mouse heavy chain. IgG purified from mice injected with untreated control Octagam (lane 1) or GST-EndoS treated Octagam (lane 2) were shown. The gel shown was run under reducing condition.



To further investigate if the level of residual EndoS activity was sufficient to deglycosylate the mouse endogenous IgG pool in vivo, mice were injected with 1 mg of untreated hIVIg (Octagam) or GST-EndoS treated Octagam. IgG was purified from the mouse serum (collected 18 h later) using protein G Sepharose and the samples were treated with IdeS to cleave the human IgG. The results indicate that the intact (i.e., of mouse origin) IgG heavy chain band migrates a longer distance (indicating a decreased molecular size) in the sample purified from the mouse injected with the GST-EndoS treated Octagam compared with the heavy chain band from the mouse injected with the untreated control Octagam (Figure 3B). Hence, de-glycosylation is a likely explanation for this shift in size on SDS-PAGE. As a next step, we titrated the amount (100 μg to 1 ng) of EndoS needed for inhibiting antibody-mediated inflammation (Table 3). Our results show that intravenous injection of as low as 1 μg EndoS was sufficient to completely inhibit antibody-initiated inflammation and even lower when mixed with DeglycIT treated anti-CII antibody, 0.1 μg EndoS (Table 3). As a next step, we incubated antibodies with recombinant EndoS at two different concentrations (0.1 or 1 μg) and after incubation for 1 h antibodies were purified using affinity column or left unpurified (Figure 4). These antibodies were injected into mice before arthritogenic monoclonal antibodies were transferred into them. Interestingly, as observed earlier, 1 μg but not 0.1 μg of EndoS added to the purified DeglycIT treated antibody was sufficient to inhibit arthritis, whether it underwent one more cycle of affinity purification after incubation with EndoS or not (Table 3). However, deglycIT purified M2139 added with 1 μg of GST-EndoS was found to be inferior to GST-EndoS hydrolyzed M2139 in attenuating joint inflammation (Table 3).

TABLE 3 | Titration of inhibitory dose of endo-β-N-acetylglucosaminidase (EndoS) using antibody-mediated inflammation.
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FIGURE 4 | Detection of residual endo-β-N-acetylglucosaminidase (EndoS) in the GST-EndoS treated IgG after protein G purification. M2139 antibody (2 mg) was incubated with 0.1 μg or 1 μg of EndoS in PBS at 37°C for 1 h followed by immediate purification on HiTrap Protein G HP column (A) Chromatogram. The flow through fraction and the eluate were analyzed by SDS-PAGE followed by Western blot. (B) SDS-PAGE and Western blot using (C) alkaline phosphatase or (D) peroxidase conjugate as secondary antibody. Flow-through samples were concentrated before loading on to SDS-PAGE. After transfer, the Western blot membrane was incubated with Eu-N1-labeled anti-GST antibody, followed by donkey anti-goat AP or anti-goat HRP conjugate. For the AP conjugate, the positive bands were visualized using 1-Step TM NBT/BCIP substrate. For the HRP conjugate, the light emission was enhanced using ECL followed by film exposure. Lane 1, EndoS; lane 2, M2139; lane 3, concentrated flow through (0.1 mg group); lane 4, eluate (0.1 mg group); lane 5, concentrated flow through (1 mg group), lane 6, eluate (1 mg group); lane 7, protein standard; lane 8, control GST-fusion protein.



From these results, we concluded that the small amount of residual EndoS present in enzyme treated IgG fractions is a requirement for the observed hydolyzed antibody-mediated arthritis inhibition. To determine whether this small amount of EndoS was sufficient to cleave the sugars from IgG in vivo we injected small amounts of EndoS and analyzed the presence of glycan on circulating IgG. As shown in Figure 5, it is clear that 0.1 μg of EndoS injected in vivo was capable of specifically cleaving most of the carbohydrates present on all the IgG subclasses, whereas only at 1 μg concentration all the carbohydrates present in the Fc region of IgG were cleaved.
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FIGURE 5 | Relative abundance of dHex-HexNAc after endo-β-N-acetylglucosaminidase (EndoS) treatment in vivo. Male (BALB/c × B10.Q) F1 mice (n = 12) were injected with GST- recombinant protein (control), 0.1 μg, 1 μg, or 10 μg of GST-EndoS. Serum samples were collected before and 18 h after the injection. Even at 0.1 μg of EndoS injection the majority of the found glycopeptides, for all IgG types are the truncated dHex-HexNAc variants. The bar graph shows mean ± SEM of the relative abundance of dHex-HexNAc compared with other Fc-glycopeptides. dHex(1)-HexNAc (1), dHex (1)Hex (3)HexNac (4), dHex (1)Hex (4)HexNAc (4), dHex (1)Hex (5)HexNAc (4) sugars present on IgG1 (EEQFNSTFR), IgG2b (EDYNSTIR)/IgG2a (EDYNSTLR), and IgG3 (EAQYNSTFR) peptides, respectively. Glycopeptides were analyzed using mass spectrometry. *p < 0.05; ****p < 0.0005.



To find the effective therapeutic window, EndoS-hydrolyzed IgG was administered to groups of mice at different concentrations and time points and one group of mice was left untreated in each experiment. Dose titration of the EndoS-hydrolyzed IgG separately showed that complete inhibition of arthritis was achieved down to 250 μg (Figure 6A). In the time titration experiments, antibody cocktail and then LPS were injected at 0 and 3 h, respectively. In the 0 h treatment group, EndoS-hydrolyzed IgG was injected initially, followed by an injection of mAb cocktail. Unlike −48 h time, complete blocking of arthritis was observed when the treatment with EndoS-hydrolyzed IgG was done 3 h before or after the arthritogenic cocktail injection (Figure 6B). However, when EndoS-hydrolyzed IgG was injected 48 h after mAb injection (+48 h group), significant blocking of arthritis was observed (p < 0.05 to p < 0.01 for different time points), which increases the therapeutic value of the EndoS. Since anti-CII antibodies are bound to cartilage within 30 min after injection as detected by immunohistochemistry (43), we concluded that EndoS and the enzyme hydrolyzed IgG could block the disease most effectively if injected within 48 h after antibody binding or during the time when antibodies start binding to the cartilage surface. However, we did not find any role for the spleen (mice splenectomized or sham operated 2 weeks earlier were used for this purpose) in EndoS and enzyme-hydrolyzed IgG induced arthritis inhibition (Figure 6C).
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FIGURE 6 | Inhibition of inflammation and Surface Plasmon Resonance (SPR) and Fourier transform infrared microspectroscopy (FTIRM) analysis. (A) Mice (n = 25) were injected with different concentrations (50–4,000 μg) of endo-β-N-acetylglucosaminidase (EndoS)-hydrolyzed single anti-CII IgG (M2139H), followed by anti-CII mAb. Three hours after the antibody transfer, LPS was injected. H denotes EndoS-hydrolyzed IgG. Hy2.15 and L243 represent mAbs binding to TNP hapten and human HLA-DR antigen, respectively. (B) Mice (n = 30) were injected with 1 mg of EndoS-hydrolyzed anti-CII IgG (M2139H + CIIC1H + CIIC2H + UL1H) at different time points (−48, −3, 0, +3, or +48 h). At 0 and 3 h, anti-CII mAb (M2139 + CIIC1 + CIIC2 + UL1) and then LPS were injected. One group of mice received no treatment. (C) Effect of splenectomy. Mice (n = 21) were either splenectomized (Splx) or sham-operated (Sham). Three weeks later, they were injected with 4 mg of EndoS-hydrolyzed IgG (M2139H + CIICH) or left untreated, followed by anti-CII mAb (M2139 + CIIC1). Panel (H) denotes EndoS-hydrolyzed IgG. Error bars indicate ± SEM. (D) SPR (Biacore) analysis of antibody binding capacity of EndoS-hydrolyzed and unhydrolyzed IgG was performed using CII immobilized on CM5 sensor chip. MAbs were injected at different concentrations through flow cells at a flow rate of 30 μl/min. Antibodies were injected for 3 min and dissociation of bound molecules was observed for 7 min. There was no difference in antibody binding when EndoS-hydrolyzed or unhydrolyzed IgGs were added at different ratios to anti-CII mAb mixture. (E,F) Changes in the chemical composition of the cartilage were assessed using FTIRM analysis. Representative mean spectra are shown from cartilage cultures without antibody (E), and from cartilage cultured for 14 days with 100 μg/ml of unhydrolyzed mAb M2139 (F). The results shown are the mean of 10 measurements taken from the central areas (red line) and near the surface of the tissue (black line). The mean spectra for surface and interior were calculated to assess the effects of antibody penetration on the peaks characteristic of CII and of proteoglycans. (G,H) The mean peaks from the surface cartilage were compared with those from antibody-exposed surface of cartilage exposed to the EndoS-hydrolyzed or unhydrolyzed IgG. Cartilage exposed to either EndoS-hydrolyzed or unhydrolyzed IgG (CIIC1, M2139, and UL1) showed similar changes. (G) The height and location of the amide 1 peak, which represents the total protein content of the tissue, in the region 1,600–1,700/cm. (H) The height of the peak at 1,076/cm represents proteoglycans. All the groups were compared with the untreated group for statistical analysis. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.



EndoS Hydrolysis of IgG Does Not Affect Antigen Binding

Biacore analysis of the antigen-antibody binding in the presence or absence of EndoS and enzyme-hydrolyzed IgG clearly demonstrated that removal of carbohydrate moieties from mAbs did not affect their high affinity binding to CII epitopes (Figure 6D). We have earlier shown antibody-mediated damage in cartilage explants cultured in vitro with the mAb to CII used in this study: this pre-inflammatory effect does not require live cells, is mediated by Fab and is epitope dependent (44). To test whether EndoS hydrolysis could change this effect, FTIRM was used for chemical analysis of cartilage (41) cultured in the presence of 100 μg/ml EndoS-hydrolyzed IgG containing minor amounts of the enzyme or unhydrolyzed mAb (Figures 6E–H). The height and location of the amide 1 peak, representing protein, predominantly collagen, and the height of the proteoglycan peak at 1,076/cm were examined at the cartilage surface, where the mAb penetrates, and in the interior of cartilage explants (Figure 6E). After 14 days, the amide 1 peak at the surface and in the interior of the control cartilage cultured without mAb was at 1,659/cm (range 1,655–1,666/cm). There were striking changes in spectra from cartilage cultured in the presence of unhydrolyzed M2139 mAb (Figure 6F). However, the spectra [amide 1 peak representing mainly collagen (Figure 6G) and proteoglycan peak at 1,076/cm (Figure 6H)] obtained were similar when the cartilage was cultured with Endo-S hydrolyzed IgG containing minor amounts of the enzyme or unhydrolyzed anti-CII IgG. Beyond the region of penetration by mAb, the spectra were generally similar to those of controls cultured without mAb, but spectra from the surface of the cartilage showed substantial changes (Figures 6E,F). For both unhydrolyzed and EndoS-hydrolyzed anti-CII containing minor amounts of the enzyme, there was a shift in the location of the amide 1 peak from 1,659/cm to as low as 1,643/cm (Figure 6G). This shift is indicative of denaturation of the CII and accompanied by substantial decreases in the height of the amide 1 peak, as well as the proteoglycan peak at 1,076/cm, indicating a total loss of matrix (Figure 6H). These data confirm that the EndoS-hydrolyzed IgG retained its antibody reactivity.

EndoS and Enzyme Hydrolyzed IgG Disrupt Larger IC Formation

As a next step, we analyzed whether the EndoS and EndoS-hydrolyzed antibodies can disrupt the growth of Fc-dependent ICs. For this we used DLS technique and analyzed the formation of IC by CII and anti-CII mAb in the presence of EndoS-hydrolyzed IgG, which contain minor amounts of the enzyme or unhydrolyzed IgG. As shown in Figures 7A,B, larger IC formation was clearly disturbed by the presence of EndoS and enzyme-hydrolyzed IgG. Interestingly, disturbance of large IC was more prominent in the presence of low affinity (Figure 7A) than high affinity IgG (Figure 7B). It has earlier been shown that the binding to low affinity Fc-receptors is decreased by EndoS modification (21). However, the binding is directly related to IC formation. Different data have been reported regarding complement binding after EndoS hydrolysis (21, 22). To directly investigate this, we analyzed complement fixation using either immobilized EndoS-hydrolyzed IgG containing residual amount of EndoS or unhydrolyzed IgG, or CII-anti-CII ICs. The presence of the enzyme and EndoS-hydrolyzed IgG did not interfere with the ability of antibodies to stimulate complement deposition, when bound to immobilized CII (Figure 7C). Furthermore, presence of the enzyme and EndoS-hydrolyzed IgG did not interfere with the ability of antibodies to stimulate complement deposition, when antibodies were immobilized directly on the plate (data not shown).
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FIGURE 7 | Disturbance of stable ICs and complement activation. Collagen type II (CII; 1 mg/ml) and anti-CII mAb CB20 [low affinity; (A)] or M2139 [high affinity; (B)] at 1 mg/ml were mixed together at 1:1 ratio and incubated for 30 min at 37°C, followed by addition of anti-hapten IgG, either unhydrolyzed (Hy2.15) or endo-β-N-acetylglucosaminidase (EndoS)-hydrolyzed IgG (Hy2.15H) containing minor amounts of EndoS at the ratio 1:1:1. Twenty microliters of this mixture were loaded on to capillary tube in the Dynamic Light Scattering instrument. Relative sizes of ICs present in the solution are indicated in the X-axis and Y-axis denotes percentage of ICs present in the solution. Each sample was measured 5–7 times and the bars represent mean values from two experiments. Error bars indicate ± SEM. (C) Complement activation on CII bound anti-CII antibodies (M2139H) were monitored by measuring C3b deposition. Each bar represents mean values from three experiments ± SD. (D) Deposition of C3b on the cartilage of mice was used as a measure of IC deposition and complement activation after the injection of EndoS-hydrolyzed containing minor amounts of EndoS, unhydrolyzed or mixed anti-CII IgG. Two- to three-day-old mouse pups (3–4 mice/group) were injected with 1 mg each of unhydrolyzed IgG (M2139 + CIIC2 + UL1), EndoS-hydrolyzed IgG (M2139H + CIIC2H + UL1H) containing minor amounts of EndoS or a mixture of IgGs at 1:1 ratio. In each group, 26–44 joints were scored in total. **p < 0.01; ***p < 0.005. Error bars indicate ± SEM. (E) Paw samples collected 24 h later were stained with biotinylated anti-kappa (left column) or goat anti-mouse anti-C3c antibodies (right column). Joint sections from PBS (first row), unhydrolyzed (second row), EndoS-hydrolyzed containing minor amounts of EndoS (third row), or a mixture (1:1) of IgG (fourth row) injected mice is shown. Magnification 20×. Arrows indicate C3b deposition within ICs formed on the joint cartilage surface. (F) Diagram illustrating possible binding mechanisms involved in the suppression of arthritis by EndoS-hydrolyzed antibodies containing minor amounts of EndoS.



The presence of EndoS-hydrolyzed IgG did not affect complement activation but did affect IC stability in vitro; hence, we further analyzed deposition of C3b, the activated product of complement factor C3, on the cartilage of mice as a measure of IC deposition and complement activation in vivo. Twenty-four hours after the injection of EndoS-hydrolyzed, unhydrolyzed or mixed anti-CII IgG, mouse paws were analyzed for the binding of mAbs to cartilage using anti-kappa antibodies as well as for deposited C3b. The mAbs readily bound to the cartilage surface, but the pattern of C3b deposition between the groups was entirely different (Figures 7D,E). Minimal C3b staining was observed, only on the sub-chondral bone junction area of the joints from mice injected with EndoS-hydrolyzed IgG compared with a significant level of deposition throughout the cartilage surface in the unhydrolyzed IgG injected group. In mice injected with mixed IgG, staining on the sub-chondral bone junction area was more intense with weak staining on the cartilage surface.

Previously, we reported RF-like activity of one of the mAbs (CIIC1) present in the arthritogenic cocktail (40); hence, it might be possible that the observed inhibition of arthritis by EndoS hydrolyzed IgG might be due to this property of CIIC1 antibodies. However, we did not observe any difference in CIIC1 mAb binding activity to EndoS hydrolyzed and unhydrolyzed IgG (Figure 8), thereby ruling out the contribution of RF-like activity of CIIC1 in the inhibition of antibody-initiated inflammation. Though EndoS is highly potent in inhibiting antibody-mediated inflammation, we did not find any arthritis inhibitory activity of EndoS-hydrolyzed IgG (Figure 9A) or direct injection of the enzyme (Figure 9B) using collagen-induced arthritis model.
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FIGURE 8 | Disturbance of IC formation by rheumatoid factor (RF)-like activity of CIIC1 mAb. Endo-β-N-acetylglucosaminidase (EndoS) hydrolyzed (M2139H, CIIC1H) or unhydrolyzed (M2139, CIIC1) antibody coated (10 μg/well) ELISA plates after blocking with BSA were incubated with different concentrations of biotinylated CIIC1 antibody. Europium-conjugated streptavidin and the dissociation-enhanced lanthanide fluoroimmunoassay system were used for detection of biotinylated antibody. There was no significant difference in biotinylated CIIC1 antibody binding to EndoS hydrolyzed or unhydrolyzed M2139 and CIIC1 mAbs demonstrating negligible contribution of RF like activity of CIIC1 mAb in disturbing IC formation.
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FIGURE 9 | Neither endo-β-N-acetylglucosaminidase (EndoS) treated IgG nor EndoS inhibits collagen-induced arthritis. (A) Mean arthritis score in male (BALB/c × B10.Q) F1 mice (n = 26, 13 mice/group) is shown. Arthritis was induced with rat CII/CFA immunization on day 0 and treated i.v. with 2 mg of EndoS-hydrolyzed antibodies (1 mg each of M2139 and CIIC1) or PBS on days 14, 21, 28, and 35. Error bars indicate ± SEM. (B) Mean arthritis score in male (BALB/c × B10.Q) F1 mice (n = 46, 22–24 mice/group) were shown. Arthritis was induced with rat CII/CFA immunization on day 0 and treated i.v. with 50 μg of EndoS or PBS on days 14, 21, 28, and 35. Error bars indicate ± SEM.



DISCUSSION

Cleavage of the Fc glycan by the streptococcal enzyme EndoS leads to severely impaired effector functions. Here, we show that very small amounts of EndoS injected in vivo in the mouse blocks the development of CAIA. Based on our findings, we propose that EndoS and enzyme treated IgG disrupted larger IC lattice formation through destabilization of all the Fc effector functions including Fc–Fc interactions between pathogenic and deglycosylated Fc domains but without involving changes in C1q and C3b binding, leading to attenuation of joint inflammation.

It has earlier been reported that treatment of mice with higher doses (10–100 μg) of EndoS can suppress many antibody-mediated autoimmune disease models [thrombocytopenic purpura (23), arthritis (22), glomerulonephritis (45, 46), encephalomyelitis (47), hemolytic anemia (48), and epidermolysis bullosa acquisita (49)]. By contrast, we found that EndoS treatment of CIA could not affect the disease development although treatment was done with high EndoS doses (200 μg). However, CIA is a complex disease in which not only pathogenic antibodies are of importance and in addition, initiation and duration of arthritogenic antibody synthesis in the CIA model is likely to be highly variable. By contrast, in the CAIA model, we found that EndoS had a potent therapeutic effect. This was dependent on a strict time window indicating that EndoS is effective during the formation of ICs and also after 48 h of antibody transfer. In addition, we found that though the EndoS was effective in very low doses on CAIA, the same treatment protocols, with EndoS or with hydrolyzed IgG containing small amounts of EndoS had no effect on CIA.

Binding of the arthritogenic antibodies to the cartilage matrix happens within minutes after intravenous injection as detected using positron emission tomography (50) and the subsequent formation of ICs on the joint surface is likely to be the major factor leading to the clinically apparent inflammation and arthritis. In the process of local IC formation, Fc:Fc interactions play an important role (51), and the specific glycans present in the CH2 domain of IgG might have a vital function in this process. Since the suppression seems to be mediated through more acute effects during the binding of antibodies to the cartilage, we hypothesized this might be due to the instability of ICs formed within the target tissue, the articular joints (as illustrated in Figure 7F). Specific IgG glycan hydrolysis alters both murine and human IgG–FcγR interactions (21, 22) and, removal of outer-arm sugar residues affects the thermal stability and functionality of the CH2 domains of IgGs (52). However, the length and nature of residual carbohydrate structures could also affect Fc:Fc interactions and thereby IC formation, complement binding and FcR binding capacities. It is of interest to note that EndoS hydrolysis of IgG does not influence the interactions with the neonatal FcR; hence, overall circulation time of antibodies should be unaffected. However, after EndoS treatment of IgG binding to the other FcRs is affected to varying extent in vitro (21), which indeed could attenuate cell-mediated pathology and possibly also clearance of dead cells. Interestingly, it has been shown that IgG maintains several of its FcR-dependent activities with just a mono- or disaccharides present on the Fc glycan in vivo (53).

Anti-inflammatory property of terminal sialic acids present on IgG-Fc was demonstrated earlier (11). C-type lectin receptor SIGN-R1 (CD209) expressed on macrophages in the splenic marginal zone is required for recognition of such sialic acids (54), which results in the production of IL-33 and expansion of IL-4-producing basophils promoting increased expression of the inhibitory FcγRIIb on effector macrophages leading to attenuation of inflammation (55). However, in this study, splenectomy did not alter the inhibitory capacity of EndoS-hydrolyzed IgG suggesting involvement of other mechanisms than the SIGN-R1 pathway.

Analysis of immunohistochemical staining of the EndoS and enzyme-hydrolyzed and unhydrolyzed antibody-injected joints for complement activation has led to the conclusion that the presence of small amounts of EndoS and EndoS-hydrolyzed IgG indeed decreased the formation of larger IC in situ, most likely by in vivo cleaving of IgG sugars and through the disturbance of Fc:Fc-interactions. Significance of Fc:Fc interactions in precipitation (56) and formation of insoluble ICs (51) are early wisdoms. In addition, dinitrophenol specific non-precipitating antibodies were shown to inhibit as well as solubilize IC between antigen and precipitating antibodies (57) that might involve Fc:Fc interactions. Later, structural evidence for such interactions involving the glycosylation loop of one Fc-fragment dimer binding to the CH2–CH3 interface of another Fc fragment has been demonstrated (58). Although oligosaccharides have been reported not to be involved in direct contacts with symmetry-related molecules (58), their interactions with the protein moiety in the IgG–Fc region could very well affect the reciprocal influences on conformation (8). Recent studies also showed that reduced Fc/FcγR interactions through Fc deglycosylation by treatment with EndoS led to improvement of imaging specificity (59) as well as reduction in IC-mediated neutrophil activation (60). Importance of the size of the IC on its effector functions possibly by changes in its interactions with FcγRs has been documented (61).

Our present data clearly demonstrate that EndoS is the causal factor in preventing antibody-mediated inflammation. As shown in Figure 5, 0.1 μg of EndoS injected in vivo was capable of specifically cleaving most of the carbohydrates present on all the IgG subclasses, whereas EndoS at 1 μg concentration cleaved all the carbohydrates present in the Fc region of IgG. After intravenous injection, antibodies are present in the circulation for at least 14 days, and the binding of antibodies to the cartilage surface is a dynamic process; hence, it is plausible that the small amounts of EndoS is sufficient to deglycosylate at least part of the injected antibodies, which in turn through destabilization of all the Fc effector functions including Fc–Fc interactions between glycosylated and deglycosylated antibodies could lead to disruption of the formation of larger CII-specific antibody immune-complexes on the joints.

Streptococcus pyogenes secretes several enzymes and proteins that bind and modulate the functions of Igs as a part of its strategy for evading the immune system (62). Disruption of the development of larger IC lattices by EndoS and enzyme-cleaved IgG could very well be one such strategy. Conversely, antibodies as a constituent of ICs play an important role in promoting various inflammatory processes. Neutrophils play a vital part during this process, and sequential complement fixation generating C5a and direct engagement of Fcγ receptors are needed to initiate and sustain such neutrophil recruitment in vivo and subsequent inflammation (63). Bidirectional regulation of C5aR and FcγRs, which could significantly influence effector functions, was reported earlier (64). At the same time, IgG1 containing ICs could also suppress C5a-dependent inflammatory response. This suppression is dependent on high galactosylation of IgG N-glycans, because it promotes the association between FcγRIIB and dectin-1 (65).

In conclusion, very small amounts of residual EndoS present along with the glycan hydrolyzed IgG, but not the IgG with truncated sugars per se, inhibits arthritis. It highlights the extreme potency of EndoS in vivo and that the potency of EndoS is confined to a local effect on the formation and functions of ICs.
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Epidermolysis bullosa acquisita (EBA) is a rare, but prototypical, organ-specific autoimmune disease, characterized and caused by autoantibodies against type VII collagen (COL7). Mucocutaneous inflammation, blistering, and scarring are the clinical hallmarks of the disease. Treatment of EBA is difficult and mainly relies on general immunosuppression. Hence, novel treatment options are urgently needed. The phosphatidylinositol-3-kinase (PI3K) pathway is a putative target for the treatment of inflammatory diseases, including EBA. We recently discovered LAS191954, an orally available, selective PI3Kδ inhibitor. PI3Kδ has been shown to be involved in B cell and neutrophil cellular functions. Both cell types critically contribute to EBA pathogenesis, rendering LAS191954 a potential drug candidate for EBA treatment. We, here, demonstrate that LAS191954, when administered chronically, dose-dependently improved the clinical phenotype of mice harboring widespread skin lesions secondary to immunization-induced EBA. Direct comparison with high-dose corticosteroid treatment indicated superiority of LAS191954. Interestingly, levels of circulating autoantibodies were unaltered in all groups, indicating a mode of action independent of the inhibition of B cell function. In line with this, LAS191954 also hindered disease progression in antibody transfer-induced EBA, where disease develops dependent on myeloid, but independent of B cells. We further show that, in vitro, LAS191954 dose-dependently impaired activation of human myeloid cells by relevant disease stimuli. Specifically, immune complex-mediated and C5a-mediated ROS release were inhibited in a PI3Kδ-dependent manner. Accordingly, LAS191954 also modulated the dermal–epidermal separation induced in vitro by co-incubation of immune complexes with polymorph nuclear cells, thus pointing to an important role of PI3Kδ in EBA effector functions. Altogether, these results suggest a new potential mechanism for the treatment of EBA and potentially also other autoimmune bullous diseases.
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INTRODUCTION

Pemphigoid diseases comprise a group of autoimmune disorders with a high, and so far, unmet medical need. They are clinically characterized by chronic (muco)-cutaneous inflammation and subepidermal blistering, and are caused by autoantibodies targeting structural proteins of the dermal–epidermal junction (1–4). Pemphigoid diseases pose an immense burden on the affected patients, including an increased mortality (5), and are difficult to treat. For example, bullous pemphigoid, characterized by autoantibodies targeting type XVII collagen (COL17) respond well to corticosteroid treatment, but after stopping treatment, the disease frequently relapses (6). This requires prolonged, and often systemic, corticosteroid treatment. In contrast, the pemphigoid disease epidermolysis bullosa acquisita (EBA), characterized by autoantibodies against type VII collagen (COL7), is notoriously refractory to many treatments. Even after prolonged immunosuppressive treatment, many patients fail to reach a clinical remission (7, 8). Hence, there is a yet high unmet medical need for the development of novel treatments for pemphigoid diseases, especially EBA (3).

Animal models of EBA have provided detailed insights into the disease pathogenesis (9, 10). During the induction phase of the disease, COL7-autoreactive plasma cells are generated in a CD4-dependent fashion (11), which lead to the production of antibodies to COL7. In the effector phase, these autoantibodies bind to their cognate target antigen at the dermal–epidermal junction and trigger a cascade of events that include the activation of the complement network, recruitment of myeloid cells (12, 13), and engagement of Fcγ receptors (14). This in turn leads to the activation of signal transduction pathways downstream of Syk (15) and Src kinases (16), which also include PI3Kβ (17, 18), resulting in the release of potent inflammatory mediators, such as cytokines, reactive oxygen species, and proteases, which combined are instrumental for lesion formation.

The PI3Kδ-dependent pathways are activated in various inflammatory and cancerous conditions, and pharmacological inhibition or genetic inactivation of this pathway has demonstrated efficacy in several preclinical models of inflammation as well as in lymphoma patients (19). We hypothesized that the role of PI3Kδ could be critical in the context of the postulated EBA pathogenesis by directly impacting in the function of critical cellular players. On the one hand, genetic and pharmacological studies with specific PI3Kδ inhibitors have shown that antibody responses to T cell-dependent antigens as well as the production of autoantibodies in some models are PI3Kδ dependent (20–22). In addition, PI3Kδ is required for distinct neutrophil functions in vitro and in vivo such as neutrophil directional migration and degranulation in response to distinct receptor activations (23–25). Hence, pharmacological targeting of the PI3Kδ pathway could block two crucial pathways in EBA pathogenesis, namely autoantibody formation and production, and FcγR-mediated myeloid cell activation.

Based on the above considerations, we here evaluated the effect of LAS191954, a recently described novel selective PI3Kδ inhibitor (26), on clinical aspects of distinct experimental EBA mouse models. Our results indicate that the compound can reverse established immunization-induced disease and prevent disease induced by anti-COL7 antibody transfer. Further assessment of the mechanism of action suggests that these effects are greatly contributed by the inhibition of myeloid cell function in a predominantly PI3Kδ-dependent manner.

MATERIALS AND METHODS

Experiments With Human Biomaterials

Foreskin and blood collections from healthy volunteers were performed after written informed consent was obtained. All experiments with human samples were approved by the ethical committee of the Medical Faculty of the University of Lübeck and were performed in accordance with the Declaration of Helsinki.

Laboratory Animals

C57Bl/6 (B6) and B6.SJL-H2s (B6.s) mice were obtained from colonies held at the animal facility at the University of Lübeck. Mice were housed under specific pathogen-free conditions and provided standard mouse chow and acidified drinking water ad libitum. Mice aged 6–10 weeks were used for the experiments. All clinical examinations, biopsies, and bleedings were performed under anesthesia with i.p. administration of a mixture of ketamine (100 μg/g) and xylazine (15 μg/g). Evaluation of skin lesions was performed as described (10). Animal experiments were approved by local authorities of the Animal Care and Use Committee (Kiel, Germany) and performed by certified personnel. For KLH immunization studies, male Crl:CD1 (ICR) mice were purchased from Charles River. Female MRL/MpJ-Faslpr/J mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Animals were housed in polycarbonate cages, with free access to water and non-purified stock diet and allowed to condition for 2 weeks in their new environment at 22 ± 2°C, 40–70% relative humidity, and 12 h:12 h light:dark cycles. All animal care and experimental procedures followed the European Community Directive 86/609/CEE and the Autonomous Catalan law (Decret 214/1997) for the use of laboratory animals and were approved by the Almirall Animal Experimentation Ethical Committee.

Chemicals

LAS191954 was synthesized as previously described (26). For in vivo per os administration, LAS191954 was suspended in 0.5% methylcellulose, 0.1% Tween80. This mixture was stable for at least a week at 4°C. For chronic studies, compound was prepared once a week and kept at 4°C in the dark. Methylprednisolone (MP) (Urbason®) used in the EBA experiments was purchased from Sanofi-Aventis (Frankfurt, Germany). For KLH immunization and MRL/lpr studies, MP succinate and prednisolone was purchased from Sigma. All corticoids were dissolved in the vehicle described above for each model. Phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, Munich, Germany) and N-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLP; Sigma-Aldrich, Munich, Germany) were dissolved in Aqua ad injectable and PBS/2% ethanol, respectively.

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

Recombinant murine von Willebrand factor A-like domain 2 (vWFA2) of the NC1 of COL7 [aa 1048–1238 with five additional amino acids (GRAMG) at the N-terminus] were produced as previously described using prokaryotic expression (27). Rabbit anti-murine vWFA2 IgG was generated as previously described (28). IgG from rabbit serum was isolated using Protein G Sepharose Fast Flow affinity column chromatography (Amersham Biosciences, Freiburg, Germany) as described (28). Reactivity of IgG fractions was analyzed by IF microscopy on murine skin. Concentrations of the purified rabbit IgG were measured at 280 nm by spectrophotometer.

Animal Models of EBA

For induction of experimental EBA by immunization in B6.s mice, we followed previously published protocols (11). Mice were monitored weekly for presence of skin lesions. If in an individual mouse, skin lesions affected 2% or more of the body surface area, it was randomized to one of the four treatment groups: (i) vehicle (0.5% methylcellulose, 0.1% Tween80 once daily by oral gavage), (ii) MP (20 mg/kg once daily by oral gavage), (iii/iv) LAS191954 at 1 or 3 mg/kg (once daily by oral gavage). Mice that did not reach this inclusion criterion 8 weeks after immunization were not considered further. Treatments were carried out for a total period of 6 weeks. Each week mice were clinically evaluated and the percentage of the affected body surface area determined by an investigator unaware of the treatment. At randomization and at the end of the treatment period, serum was obtained for determination of circulating antigen-specific IgG, which was performed as described (11). Compound plasma levels were determined by spectrometry as described (26) on samples obtained 1 h after the last compound administration. This time point corresponds approximately to the Cmax of the compound in plasma as determined in healthy mouse PK studies (data not shown). At the same time, ears of the mice were fixed in paraformaldehyde for later H&E staining for semiquantitative evaluation of the dermal leukocyte infiltration.

Induction of experimental EBA by antibody transfer in B6 mice was performed as described earlier (28). Same treatments as above were started one day before the first IgG injection and maintained throughout the 12-day experiment. Mice were clinically evaluated every fourth day, and the percentage of affected body surface area was noted.

Assessment of T-Cell-Dependent Antibody Responses (TDAR) in Mice

Immunizations with KLH were performed as described (29) and the effect of compounds on the primary specific IgG subsequently assessed on day 15. Groups of six animals received LAS191954 (0.1, 0.3, 1, and 3 mg/kg) or MP (1, 3, and 10 mg/kg) or vehicle daily by oral gavage starting on the day of sensitization (day 1) until day 14. Terminal blood samples were collected 24 h after the last treatment administration (day 15) into EDTA tubes for anti-KLH antibody testing as described (29).

MRL/lpr Studies

Baseline antibody measurements were determined at weeks 9–10 of age and used to randomize animals to experimental groups using QuickCalcs tool from GraphPad (http://www.graphpad.com/quickcalcs/randomize2/). Each group consisted of a minimum of eight animals. Animals were orally administered vehicle, LAS191954 or prednisolone. All test solutions were analyzed after each period of administration to recheck stability and compound concentration. On weeks 2 and 4, blood was sampled by submandibular bleeding for antibody level determination. Samples from all time points were analyzed for anti-dsDNA levels and anti-desmoglein 3 antibody levels. Antibodies to dsDNA and Dsg3 were determined using the Mouse anti-dsDNA total Ig ELISA Kit (Alpha Diagnostic Cat#5110) and the Mouse Desmoglein 3 Antibody ELISA kit (MBL International Cat#7597), respectively.

ROS Release by Polymorph Nuclear Cells (PMN) and Monocytes

Polymorph nuclear cells are isolated from freshly drawn, heparin-anticoagulated blood from healthy volunteers by using PolymorphPrep™ (Axis-Shield GmbH, Heidelberg, Germany) according to the manufacturer’s protocol. Stock solutions of LAS191954 were prepared in DMSO at different concentrations starting at 3 × 10−3 M and following a fourfold bank dilution and stored at −80°C. For every experiment, LAS191954 was further diluted 1:250 in modified dye-free RPMI 1640 medium (Genaxxon, Ulm, Germany) containing 1% fetal calf serum and 25 mM HEPES to a fourfold assay concentration. MP was dissolved in modified dye-free RPMI 1640 medium containing 1% fetal calf serum and 25 mM HEPES to a fourfold assay concentration (2.0 × 10−3, 4.0 × 10−4, and 2.0 × 10−4 M). For release of ROS, PMA (10 ng/mL), fMLP (1 μM), and human recombinant C5a (100 nM; Hycultec, Beutelsbach, Germany) were prepared at a twofold assay concentration on white microwell plates (Greiner BioOne, Frickenhausen, Germany). For immune complex-induced activation, white microwell plates were coated with recombinant human COL7 (10 μg/mL), and after blocking with 1% bovine serum albumin (BSA), monoclonal anti-human COL7 IgG1 was added (2 μg/mL). Isolated PMN (4 × 106 cells/mL) were diluted 1:2 with different concentrations (fourfold) of LAS191954 or (fourfold) of MP, and preincubated for 15 min at room temperature before added to the different stimuli on the assay plate. Untreated and DMSO-treated cells served as controls. By using the luminol (5-amino-2,3-dihydro-1,4-phthalazindione)-amplified chemiluminescence assay, released ROS was measured at a VICTOR™ 3 reader (PerkinElmer Inc., Waltham, MA, USA) over a period ranging from 60 to 180 min as described in detail elsewhere (30). For monocyte isolation, human peripheral blood mononuclear cells (PBMCs) were isolated from heparin-anticoagulated blood samples using the Ficoll density gradient (GE Healthcare, Freiburg, Germany) according to the manufacturer’s instructions. In a next step, human monocytes were purified from the isolated PBMCs with the magnetic cell separation (MACS) method using the monocyte isolation kit II human (Miltenyi, Bergisch- Gladbach, Germany) according to the manufacturer’s instructions. The purity of monocytes and neutrophils was evaluated by fluorescent staining with PE/Cy7 anti- human CD14 antibody (clone HCD14, Biolegend, Kobenz, Germany) and FITC anti-human CD16 antibody (BD Biosciences, Heidelberg, Germany) in a flow cytometer measurement (MACSQuant® Analyzer 10, Miltenyi). ROS release assay using monocytes was performed as described above.

Ex Vivo Dermal–Epidermal Separation (DES) Assay

Cryosections of human skin were incubated with rabbit anti-human COL7FNIII8-FNIII9, followed by the addition of human PMN as described (31). To evaluate the potential effect of LAS191954, the compound or vehicle (0.1% DMSO) was added at varying concentrations along with the PMN onto the skin sections. Separation of the dermal–epidermal junction was calculated as length of separation divided by total length of the dermal–epidermal junction on skin section measured with BZ-9000 fluorescence microscope (Keyence, Frankfurt, Germany). Evaluation was conducted by an investigator unaware of the section’s treatments.

Chemotaxis of PMN

Polymorph nuclear cells were prepared from citrated blood of healthy donors by a combination of sedimentation and Ficoll density gradient centrifugation as described (10). Sedimented cells were incubated with ice-cold aqua dest for lysis of erythrocytes, washed in ice-cold phosphate buffered saline (PBS), and suspended in PBS at 4 × 106 cells/mL. To determine the effect of the PI3Kδ inhibitor LAS191954 on neutrophilic chemotaxis, stock solutions of the inhibitor stored at −80°C (prepared in DMSO at different concentrations starting at 3 × 10−3 M and following a fourfold bank dilution) were further diluted 1:500 in PBS containing 1% BSA to a twofold assay concentration and tested in a slightly modified chemotaxis assay (32). In brief, interleukine (IL)-8 (6 nM; Peprotech, Hamburg, Germany), fMLP (10 nM), and human recombinant C5a (12 nM) were diluted in PBS with Ca2+, Mg2+/0.1% BSA and added to the bottom wells of the chamber. After covering the bottom wells with a polycarbonate membrane (pore size: 5 μm, Costar Nucleopore GmbH, Tübingen, Germany), the top wells were filled with 1 × 105 freshly prepared neutrophils in PBS with Ca2+, Mg2+/1% BSA that were preincubated with different concentrations of the PI3Kδ inhibitor LAS191954 (10 min, 37°C). After incubation for 1 h at 37°C, migration was terminated by removing the cells from the top wells. Migrated cells were transferred from the bottom wells to a microtiter plate and lysed with 0.1% hexabromide solution. Number of migrated neutrophils was determined via endogenous myeloperoxidase activity by adding myeloperoxidase substrate tetramethylbenzidine (Life Technologies, Paisley, UK). The redox reaction was stopped by 0.9 M sulfuric acid and oxidized tetramethylbenzidine measured at λ = 450 nm. The number of migrated neutrophils was calculated from a standard curve of cell lysates run in parallel.

Statistical Analysis

Statistical analysis was performed using SigmaPlot 13.0. Used tests are indicated at each figure legend. A p-value of <0.05 was considered significant. If not otherwise indicated, mean and SEM are presented.

RESULTS

LAS191954 Ameliorates Already Established Disease in Immunization-Induced EBA

LAS191954 is a specific and potent inhibitor of the p110δ catalytic isoform of PI3K with a reported enzymatic potency of 2.6 nM (26). The compound is 30-fold selective versus the p110β (IC50 94.2 nM) and p110γ (IC50 71.7 nM) isoforms and 3,000-fold over the p110α isoform (IC50 8226 nM). A similar selectivity profile as in the enzymatic assays has been observed in PI3Kδ-dependent (human anti-IgD activated PBMC) or PI3Kβ-dependent (S1P-activated HUVEC) cellular assays, with reported IC50 of 4.6 nM and 295 nM, respectively. No off-target activity has been reported in a panel of GPCRs, transporter, and kinases up to 10 μM. In vivo, LAS191954 shows excellent oral bioavailability in preclinical species and demonstrates pharmacological activity in both acute and chronic settings (26).

We took advantage of the above selective and potent compound profile to first evaluate the therapeutic effect of pharmacological PI3Kδ inhibition in EBA, by treating mice with active disease with two different doses of LAS191954 daily for 6 weeks. Allocation to treatment was performed when skin lesions affected 2% or more of the body surface area in individual mice. To rule out a potential allocation bias, the time after immunization and the affected body surface area were analyzed in each group. Both, time after immunization (Figure S1A in Supplementary Material) and affected body surface area at time of allocation (Figure S1B in Supplementary Material) showed no significant differences in all groups. In vehicle-treated animals, affected body surface area increased twofold within the first week, remained constant until week 4, and then gradually decreased until the end of the 6-week treatment period. As shown in Figures 1A,B, in mice treated with LAS191954 at 1 mg/kg, disease progression was impaired, without a statistical significant difference between vehicle and the LAS191954-treated (1 mg/kg) group during individual time points of the 6-week observation period. Of note, a higher dose of LAS191954 (3 mg/kg) completely abolished disease progression and even improved disease (defined as less body surface area affected by skin lesions) starting from week 4. In line with the dose-dependent clinical effects, compound plasma exposures increased proportionally with the dose in the treated animals as assessed at the 1 h post-administration time point (corresponding to the Cmax) on the last day of the study. Free plasma levels were 575 ± 245 nM for the 3 mg/kg- and 135 ± 71 nM for the 1 mg/kg-treated group. These results were in agreement with oral pharmacokinetic studies performed in healthy mice (data not shown). High-dose corticosteroid treatment (20 mg/kg MP) was used as a reference treatment in a head-to-head comparison, because previous work demonstrated beneficial effects of high-dose MP treatment in this model (33). In line with previous data (where MP was given i.p.), orally administered MP hindered disease progression (with significant differences observed at week 4), but failed to improve skin blistering (Figures 1A,B). Investigation of the dermal leukocyte infiltrate, evaluated in ears of mice at the end of the treatment period, did not show any differences among the groups (Figures 1C,D).
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FIGURE 1 | Pharmacological PI3Kδ inhibition improves already clinically manifested experimental Epidermolysis bullosa acquisita (EBA). B6.s mice were immunized with COL7 for induction of experimental EBA. When skin lesions affected 2% or more of the body surface area, individual mice were randomly allocated to one of the four treatment groups. (A) Clinical disease severity, expressed as affected body surface area in relation to the time of allocation to treatment (week 0). Data are based on 11 mice per group, with the exception of LAS191954 1 mg/kg [n = 6; two-way ANOVA (taking time and treatment as variables) with Holm-Sidak posttest]. The global p values of testing solvent versus the treatments is given in the box on the left. For the posttest, p values < 0.05 are indicated by numbers, whereas “1” indicates a difference between solvent and methylprednisolone (MP), “2” a difference between solvent and LAS191954 (1 mg/kg), and “3” a difference between solvent and LAS191954 (3 mg/kg). (B) Representative clinical images of two mice from each group taken at the end of the experiment. (C) Semiquantitative evaluation of the dermal infiltrate of the ears at week 6 of the experiment, with 0 indicating no, 1 mild, 2 moderate, and 3 severe infiltration. While a tendency toward lower infiltration scores was noted in MP and LAS191954 (3 mg/kg), this was not statistically significant. Each datapoint represents one ear per group (if possible, both ears were evaluated). Statistical significance was calculated using ANOVA. (D) Representative H&E-stained sections from all treatment groups at week 6 of treatment. Original magnification 200×.



LAS191954 Does Not Modify Circulating Autoantibody Titer in Experimental EBA

In order to ascertain whether the mechanism of action of LAS191954 in experimental EBA involves the antibody response, we first assessed whether chronic treatment with the compound had an effect on circulating autoantibody concentrations. To address this, we determined the levels of anti-COL7 specific IgG in mice treated for 6 weeks with LAS191954 at the end of the treatment period (same experiment as in Figure 1). Of note, a similar decrease of COL7-specific IgG was observed in all treatment groups (Figure 2), suggesting that LAS191954 had no impact on autoantibody levels over this time period in this model.
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FIGURE 2 | Circulating anti-COL7 IgG remains unaltered after treatment with either LAS191954 or methylprednisolone. At randomization (week 0) and at the end of the treatment (week 6), serum was obtained from selected mice. The graph shows the mean and STW of the relative serum concentration of anti-COL7 IgG antibodies at week 6 in relation to week 0. In all groups, a decrease of COL7-specifig IgG was noted, with no statistically difference observed among the groups. Data are based on 6–11 mice per group. Each dot represents the data from one animal. Statistical analysis was performed using one-way ANOVA.



This result was in contrast with the reported role of PI3Kδ in TDAR and B cell function (20). To further study the effect of LAS191954 on humoral responses, we checked whether LAS191954 could prevent antibody responses to a model immunogen like KLH in CD1 mice. In this setting, the response is elicited in the absence of potent adjuvants, unlike in the EBA model. Indeed, LAS191954 dose-dependently inhibited the primary IgG response with a maximal response attained at 0.3 mg/kg (Figure S2 in Supplementary Material). We further tested whether LAS191954 could reduce the spontaneous production of autoantibodies in MRL/lpr mice, a mouse strain showing an autoimmune lymphoproliferative disorder with autoantibodies to various antigens including the skin-specific antigen, desmoglein (Dsg) 3 (34). Chronic treatment of mice daily for 4 weeks progressively and dose-dependently decreased the titer of circulating dsDNA-specific and Dsg3-specific autoantibodies (Figure S3 in Supplementary Material) with the dose of 1 mg/kg being maximal and similar to the effect of prednisolone in this model.

Taken together, these results indicate that the observed therapeutic effect of LAS191954 in immunization-induced EBA seems to be independent of modulatory effects on antibody responses, despite LAS191954 being able to modulate antibody responses in other induced and spontaneous mouse models at similar or lower doses, suggesting that differences in the way the immune response is elicited in all models may account for the results observed.

LAS191954 Prevents Onset of Inflammation in Antibody Transfer-Induced EBA

We next evaluated the effect of LAS191954 on antibody transfer-induced EBA. This model recapitulates the effector phase of the disease, as it is induced by direct transfer of anti-COL7 IgG and requires myeloid cell activation through activating FcγR (9). The same doses of LAS191954 and MP as in the immunization-induced EBA model above were administered to groups of mice following a preventive scheme as described in Section “Materials and Methods.” The results show that small but significant effects of both MP and LAS191954 were obtained at reducing blistering versus vehicle-treated mice (Figure 3) suggesting a potential effect of the compound in the effector phase.
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FIGURE 3 | LAS191954 treatment prevents the onset of antibody transfer-induced Epidermolysis bullosa acquisita (EBA). Experimental EBA was induced in B6 mice by repetitive injections of anti-COL7 IgG. Simultaneously, mice were treated with the indicated compounds. (A) In all groups, experimental EBA was induced. Data are based on 10 mice per group. Statistical analysis was performed using two-way ANOVA (taking time and treatment as variables) with Holm-Sidak posttest. (B) Representative clinical images of two mice from each group taken at the end of the experiment.



Taken together, the above results indicate that LAS191954 has a pharmacological effect in two different EBA mouse models at similar effective doses and suggest that inhibition of pathogenic myeloid cell activation rather than blocking autoantibody production accounts for the observed therapeutic effect.

LAS191954 Inhibits Myeloid Cell Function In Vitro

To validate these assumptions, we next set out to determine whether the mechanism of action of LAS191954 may be driven by effects on myeloid cells. For this, we isolated PMN from human volunteers’ peripheral blood and assessed the effect of LAS191954 on the release of ROS induced by immune complexes. LAS191954 dose-dependently reduced the immune complex-induced ROS release from human PMN with an IC50 of 11 nM (Figure 4A). These findings were validated by use of another PI3Kδ-selective inhibitor (IC-87114) (23), which also dose-dependently and well within the reported IC50, reduced the immune complex-induced ROS release from human PMN (not shown). Furthermore, we investigated the impact of LAS191954 on immune complex-induced ROS release from human monocytes, which recently has been shown to contribute to EBA pathogenesis (13). Like in PMN, LAS191954 also impaired the immune complex-induced ROS release from human monocytes (Figure S4 in Supplementary Material). The effect of MP on immune complex-induced ROS release was also investigated in parallel. As reported earlier, when MP was given at the same dose (35), MP impaired the immune complex-induced ROS release from PMN. Yet, and in contrast to LAS191954, higher concentrations were required, consistent with the high doses that are used in vivo (Figures 4B,C). To test if also other known inducers of PMN activation are sensitive to LAS191954 treatment, PMN were activated using PMA, fMLP, or C5a. While LAS191954 had no impact on PMA-induced ROS release (Figure 4E), C5a-induced and fMLP-induced ROS release was dose-dependently inhibited with IC50s of 19 and 7.6 nM, respectively (Figures 4D,F). Based on the potency and selectivity profile described for the compound [see above and Ref. (26)], these results suggest that inhibition of PI3Kδ is the mechanism that accounts for the observed inhibition of ROS release.
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FIGURE 4 | PI3Kδ is predominantly required for immune complex-induced ROS release from human polymorph nuclear cells (PMN). (A–C) Human PMNs were activated using immune complexes and their activation was determined by measuring ROS release over time in (A) the absence or presence of LAS191954. The graph shows the ROS release in relation to the vehicle control (n = 6/group). (B) In the same experimental setting, methylprednisolone was used as a reference treatment (n = 6/group). (C) Example of ROS release. The y-axis shows the relative light units, which correspond to the ROS release. Repeats indicate the time; one repeat approximately corresponds to 2.4 min. Human PMN were activated by (D) C5a, (E) PMA, and (F) fMLP, respectively, in absence or presence of LAS191954. All data in graphs (D–F) is based on three experiments per group. (G) Cryosections of human skin were incubated with rabbit anti-human COL7 and human PMN from healthy donors. This leads to dermal–epidermal separation (DES), which is shown in relation to vehicle-treated sections. Data are based on five experiments per group. (H) Representative, H&E-stained sections of human skin sections incubated with anti-human COL7 and human PMN from healthy donors. For all panels, one-way ANOVA with Holm-Sidak posttest was used for statistical analysis. Abbreviations: e, epidermis; d, dermis, arrows indicate DES, dotted line indicates location of dermal–epidermal junction.



In order to evaluate if LAS191954 can prevent a detrimental downstream effect of ROS on skin, we made use of a ROS-dependent in vitro model of human EBA. This model emulates the EBA prototypical DES on cryosections of human skin co-incubated with human COL7 antibodies bound to human PMN, reflecting IC-induced PMN activation (12). We measured the epidermolytic effect in the presence of different compound concentrations. In line with the previous results, LAS191954 dose-dependently and almost completely abolished ex vivo dermal-epidermal separation at and above concentrations of 47 nM (Figures 4G,H), suggesting that this process was also dependent on PI3Kδ activation.

In experimental EBA, the crucial CD18-dependent myeloid extravasation into the skin is partially driven by IL-8 mouse homolog cytokines and the complement cascade component, C5a (36, 37). We, therefore, next evaluated the effect of LAS191954 on human PMN migration induced by fMLP, IL-8, or C5a. Compared to the fMLP-induced ROS release, the impact of LAS191954 on fMLP-induced myeloid cell migration was minimal, albeit significant at the highest tested dose (Figure 5A). Similarly, C5a-induced migration was unaffected (Figure 5C). In contrast, LAS191954 completely abolished the IL-8 induced migration of human PMN with an IC50 of 93 nM (Figure 5B). Altogether, these results demonstrate that LAS191954 can efficiently modulate distinct human myeloid cell functions.
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FIGURE 5 | Blockade of PI3Kδ mainly blocks IL-8 induced polymorph nuclear cells (PMN) migration. Migration of human PMN was induced using (A) fMLP, (B) IL-8, or (C) C5a in the presence of LAS191954. All panels show migrated cells in relation to the positive control (vehicle, no LAS191954). Data are based on five experiments per group, with the exception of C5a-induced migration (n = 4). For all panels, one-way ANOVA with Holm-Sidak posttest was used for statistical analysis.



DISCUSSION

The aim of this study was to test whether pharmacological inhibition of PI3Kδ with a novel selective inhibitor can modulate the progression of experimental EBA in mice. We demonstrate that chronic administration of this compound using a therapeutic scheme (i.e., in established clinical disease induced by COL7 immunization) improves and even normalizes the cutaneous clinical manifestations in a dose-dependent fashion. This effect is superior to that obtained with a high dose of corticosteroid and does not seem to be mediated by modulation of antibody responses. Furthermore, in an antibody transfer-induced model of EBA reproducing the effector phase of the disease, the compound can prevent the blistering induced by pathogenic antibody transfer in a similar way as corticosteroids.

Myeloid cells are essential for experimental EBA development in mice and distinct contributions of different PI3K isoforms to neutrophil function have been described. In this regard, previous studies have shown that loss of PI3Kβ expression conferred a substantial, but incomplete, protection from inflammation in antibody transfer-induced EBA. Furthermore, chimeric mice created by adoptive transfer of PI3Kβ-deficient bone marrow cells into irradiated wild-type mice were similarly protected from EBA induction. Further in vitro experiments indicated that PI3Kβ and PI3Kδ may act synergistically to release ROS from immune complex-activated murine and human myeloid cells (17, 38). Similarly, combined pharmacological inhibition or genetic deficiency of PI3Kβ and PI3Kδ were found to be necessary to inhibit the mouse neutrophil ROS response to Aspergillus fumigatus hyphae (39). Hence, both, PI3Kβ and δ seem to be the driving forces for immune complex and pathogen-driven ROS release in neutrophils.

The differential potency of our compound in each PI3K isoform allows us to further assess the contribution of each isoform in the biological process studied. In vitro, the compound inhibits ROS release from human PMN stimulated with immune complexes or other physiologically relevant inducers (fMLP, C5a) and does so at concentrations expecting to inhibit mainly the PI3Kδ isoform while sparing the other class I PI3K isoforms. In addition, the epidermal–dermal separation promoted by immune complex-induced ROS release also occurs at nanomolar concentrations at which the δ isoform is predominantly inhibited. Conversely, several neutrophil responses were insensitive (i.e., C5a-induced PMN migration) to the compound or only at very high concentrations (i.e., fMLP-induced PMN migration) indicating that either no PI3K isoform is involved or only the α isoform is playing a role in those pathways, in agreement with previous reports (40, 41). We further corroborated these findings with IC-87114, another highly PI3Kδ inhibitor that is >50 times selective over PI3Kβ (23). IC87114 dose-dependently reduced the immune complex-induced ROS release from human PMN at concentrations exclusively covering the PI3Kδ (not shown). Considering these results along with our findings of an unaltered dermal neutrophil infiltrate at the end of the LAS191954 treatment (Figures 1C,D), this indicates that the PI3Kδ is predominantly required for ROS release from PMN, while having less pronounced effects on PMN migration.

When analyzing the in vivo situation, the calculated unbound compound concentrations in plasma (575 ± 245 nM) for the dose at which the compound exerts its maximum efficacy (3 mg/kg) in the experimental EBA model do not allow to attribute the observed effects solely to the inhibition of PI3Kδ. Whereas this dose may have ensured an extended inhibition period for PI3Kδ, partial and transient coverage of PI3Kβ and γ may also have occurred during the dosing period, suggesting that inhibition of more than one isoform may be necessary for full efficacy in the EBA models. This hypothesis is aligned with the reported PI3Kδ and PI3Kβ essential roles in the IC-induced neutrophil response. In addition, a predominant use of PI3Kβ by mouse neutrophils and of PI3Kδ by human neutrophils for the production of ROS in response to immune complexes was reported (41), indicating that species-specific differences in the usage of distinct PI3K isoforms in mouse and human neutrophils may be possible. However, an additional, highly selective PI3Kδ inhibitor, IC-87114, also impaired the induction of antibody transfer-induced EBA (data not shown), thus further supporting PI3Kδ as a key PI3K isoform in this model. This would be in agreement with our in vivo observations and also with our results in human PMN where PI3Kδ seems to be the only isoform required for the functions studied. Furthermore, our finding of an unaltered dermal neutrophil infiltrate at the end of the treatment with LAS191954 in the immunization-induced EBA model indicates that the PI3Kδ isoform is not essential for PMN migration while being required for IC-activated ROS release.

We found that the autoantibody response to COL7 was not altered by the chronic administration of the compound as determined by IgG levels on the last day of the experimental EBA study, ruling out the potential modulation of the adaptive response as a contributor to the therapeutic effect. Based on the biology of the target, this result was unexpected and is in contrast with the compound’s observed inhibitory effect on the antibody response to T-cell-dependent antigens and on the autoantibody titer in a spontaneous autoimmunity mouse strain (MRL/lpr) at doses similar or below the ones used in the EBA study. Although not a clear explanation can be put forward for this discrepancy, a potential difference may lie in the way the antibody response is elicited in the EBA model with the use of a very potent adjuvant and inducer of IgG production (unpublished observations). Alternatively, it is possible that effects of PI3Kδ inhibition on B cells may not have become evident during the 6-week observation period because of the 7-week autoreactive plasma cells half-life in this model (42). In addition, as we observed a decrease of anti-COL7 IgG in all groups, including the control group, the potential effects of PI3Kδ inhibition could have been masked. Finally, the particular T cell-dependent autoantibody generation in immunization-induced EBA (11) may be insensitive to pharmacological PI3Kδ inhibition.

Taken together, our results provide new evidence that targeting the PI3Kδ pathway may be a suitable approach for the treatment of EBA, and possibly also other pemphigoid diseases such as bullous pemphigoid in which activation of myeloid cells has a key pathogenic role.
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Background: A plurality of neurological syndromes is associated with autoantibodies against neural antigens relevant for diagnosis and therapy. Identification of these antigens is crucial to understand the pathogenesis and to develop specific immunoassays. Using an indirect immunofluorescence assay (IFA)-based approach and applying different immunoprecipitation (IP), chromatographic and mass spectrometric protocols was possible to isolate and identify a spectrum of autoantigens from brain tissue.

Methods: Sera and CSF of 320 patients suspected of suffering from an autoimmune neurological syndrome were comprehensively investigated for the presence of anti-neural IgG autoantibodies by IFA using mosaics of biochips with brain tissue cryosections and established cell-based recombinant antigen substrates as well as immunoblots. Samples containing unknown brain tissue-specific autoantibodies were subjected to IP with cryosections of cerebellum and hippocampus (rat, pig, and monkey) immobilized to glass slides or with lysates produced from homogenized tissue, followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, tryptic digestion, and matrix-assisted laser desorption/ionization–time of flight mass spectrometry analysis. Identifications were confirmed by IFA with recombinant HEK293 cells and by neutralizing the patients’ autoantibodies with the respective recombinantly expressed antigens in the tissue-based immunofluorescence test.

Results: Most samples used in this study produced speckled, granular, or homogenous stainings of the hippocampal and cerebellar molecular and/or granular layers. Others exclusively stained the Purkinje cells. Up to now, more than 20 different autoantigens could be identified by this approach, among them ATP1A3, CPT1C, Flotillin1/2, ITPR1, NBCe1, NCDN, RGS8, ROCK2, and Syntaxin-1B as novel autoantigens.

Discussion: The presented antigen identification strategy offers an opportunity for identifying up to now unknown neural autoantigens. Recombinant cell substrates containing the newly identified antigens can be used in serology and the clinical relevance of the autoantibodies can be rapidly evaluated in cohort studies.

Keywords: neural autoantibodies, immunoprecipitation, antigen identification, autoantigens, indirect immunofluorescence

INTRODUCTION

In autoimmune diseases, an abnormal response of the immune system attacks the body’s own cells causing malfunction or injury. The immune response is often associated with the appearance of autoreactive antibodies (=autoantibodies) that bind specifically to the body’s own structures (=autoantigens). In neurological autoimmune diseases the nervous system is affected as a result. The spectrum of diagnoses of neurological autoimmune disorders has expanded rapidly in the recent years due to the discovery of new anti-neural antibodies.

Most of the initially described anti-neural autoantibodies are directed against intracellular proteins like Hu, Yo, Ri, Ta, GAD, and amphiphysin (1). They are generally considered to be epiphenomena of a T-cell-driven reaction against tumor cells expressing neuronal antigens. Because of their limited access to their target antigens, they probably bear no pathogenic potential in vivo though anti-Hu has recently been shown to activate neurons (2). They are crucial biomarkers for the diagnosis of paraneoplastic autoimmune disorders and often lead to very early diagnosis of the corresponding cancers.

In the past years, a significant number of pathogenic autoantibodies against neural surface-associated proteins have been described, including AQP4, NMDAR, LGI1, CASPR2, AMPAR1, and AMPAR2, GABA-A and -B receptors, glycin receptor, DPPX, mGluR5, IgLON5, and neurexin-3-alpha (1, 3–7). These autoantibodies are frequently non-paraneoplastic, generally occur in association with inflammatory damage to the brain and can trigger seizures, impairment of visual acuity, psychosis-like symptoms, and/or movement disorders.

Most notably, anti-neural autoantibodies are not only important diagnostic markers. Knowing the identity of the corresponding autoantigens also helps to determine the treatment strategy. Patients with antibodies targeting intracellular proteins generally respond poorly to immunosuppressive treatments but need fast onset of oncotherapy in most cases. In contrast, antibodies targeting cell surface proteins can have direct pathogenic effects, and patients’ symptoms often improve after immunotherapy.

The most frequently used method for neural cell surface antigen identification has been immunoprecipitation after antibody binding to live primary hippocampal neurons (5–11). The neuronal cells used for these experiments are isolated from rat embryos and need to be cultivated for at least 14 days to allow differentiation before patient antibodies are applied to the culture. Preparation and cultivation of the cells are elaborate, thus hampering their use for screening of autoantibodies in clinical diagnostics. Moreover, the method is limited as it can only be used if the antigenic target is presented at the surface of the cultivated neurons.

For identification of intracellular antigens, immunoscreening of cDNA expression libraries (12, 13) or libraries of purified recombinant proteins (14) has been used successfully. Other strategies rely on the separation of brain tissue extracts in one- or two-dimensional gel electrophoresis followed by transfer of the separated proteins onto membranes and incubation with patient antibodies (15, 16). In these experiments, the frequency of irrelevant positive results is high because revelation of hidden epitopes may lead to unspecific binding of antibodies to unfolded and/or electrophoretically concentrated proteins. At the same time, these methods often denature the three-dimensional structure of protein antigens. Since autoantibodies sometimes do not bind to structurally non-authentic antigens in these setups, their usefulness is further limited.

Here, we report on an antigen identification strategy that is derived from indirect immunofluorescence assay (IFA) using brain tissue cryosections which is still one of the most versatile screening procedures for anti-neural autoantibodies, especially against up to now unspecified target antigens. Cryosectioning generally conserves the microenvironment of tissues such that protein structures are stabilized and epitopes presented nearly authentical.

MATERIALS AND METHODS

In the first step, the immunocomplexes formed by the patient’s autoantibodies and the animal tissue cryosections were analyzed in an immunocomplex extraction assay. A combination of histo- or tissue-immunoprecipitation (HIP/TIP), chromatography, and mass spectrometry was used for antigen identification. Correct antigen identification was verified by IFA using the respective antigen recombinantly expressed in HEK293 cells and by neutralizing the autoantibodies’ tissue reaction with the recombinant antigen.

Reagents

Reagents were obtained from Merck, Darmstadt, Germany, or Sigma-Aldrich, Heidelberg, Germany if not specified otherwise.

Human Samples

An ethics approval was not required as per institutional and national guidelines. The serum samples were collected by the clinical immunological laboratory Stöcker, Lübeck (Germany) for the purpose of autoantibody testing and were provided to the authors in an anonymized form. Hence, the authors did not have access to identifiable information. After use for clinical diagnostics the samples were coded and stored at −20°C until first research use after which they were stored at +4°C for further experiments to avoid repeated freeze/thaw cycles. Stored sera samples were used as sources of IgG antibodies.

Control collectives included healthy blood donors and patients with defined autoantibody-associated neurological syndromes.

Indirect Immunofluorescence Assay

Indirect immunofluorescence assay was conducted using slides with a diagnostic biochip screening array of brain tissue cryosections (hippocampus of rat, cerebellum of rat and monkey) combined with recombinant HEK293 cells, each biochip separately expressing the following 30 brain antigens: Hu, Yo, Ri, CV2, SOX1, PNMA1, PNMA2, ARHGAP26, Homer3, CARP VIII, ZIC4, DNER/Tr, GAD65, GAD67, amphiphysin, recoverin, GABAB receptor, glycine receptor, DPPX, glutamate receptors (types NMDA, AMPA, mGluR1, mGluR5), LGI1, CASPR2, AQP4 (M1 and M23), MOG, MP-0, and MAG. Each biochip mosaic was incubated with 70 μL of PBS-diluted sample at room temperature for 30 min, washed with PBS-Tween for 5 min. In the second step, either Alexa488-labeled goat anti-human IgG (Jackson Research, Suffolk, United Kingdom), or fluorescein isothiocyanate-labeled goat anti-human IgG (Euroimmun) were applied and incubated at room temperature for 30 min. Slides were washed again with PBS-Tween for 5 min. Slides were embedded in PBS-buffered, DABCO containing glycerol, and examined by fluorescence microscopy. Positive and negative controls were included. Samples were classified as positive or negative based on fluorescence reactivity of the transfected cells in direct comparison with mock-transfected cells and control samples. Cell nuclei were visualized by DNA staining with TO-PRO3 iodide (dilution 1:2,000) (ThermoFisher Scientific, Schwerte, Germany). In neutralization experiments, recombinant antigens were mixed with diluted serum samples 1 h prior to the IFA as described in Stöcker et al. (17). Results were evaluated independently by two observers using a laser scanning microscope (LSM700, Zeiss, Jena, Germany).

Immunocomplex Extraction Assay

The assay was performed using slides with a biochip array of brain tissue cryosections (rat hippocampus, rat cerebellum, and monkey cerebellum). Each biochip mosaic was incubated with PBS-diluted sample at room temperature for 30 min, washed with PBS-Tween, and immersed in PBS-Tween for 5 min. In the second step, the slides were incubated either in extraction buffer [100 mmol/L Tris–HCl pH 7.4, 150 mmol/L sodium chloride, 2.5 mmol/L ethylenediamine tetraacetic acid (EDTA), 0.5% (w/v) deoxycholate, and 1% (w/v) Triton X-100 containing protease inhibitors] or in detergent-free control buffer for 30 min at room temperature while gently shaking. After washing with PBS-Tween, the incubation with secondary antibody, washing, and preparation of slides fluorescence microscopy was performed as described for IFA. Extraction of the immunocomplexes was estimated by direct comparison of the signal intensity of the biochip mosaics incubated with extraction buffer or with the control buffer.

Histo-Immunoprecipitation

Cerebellum from rat or pig was dissected and shock-frozen in −160°C isopentane. The tissue was cryosectioned (4 μm) with a SM2000R microtome (Leica Microsystems, Nussloch, Germany), placed on the entire surface of glass slides, and dried. Whole slides were then incubated with patient’s serum (diluted 1:100) at 4°C for 3 h followed by three washing steps with PBS containing 0.2% (w/v) Tween 20. Immunocomplexes were extracted from the sections by incubation in extraction buffer [100 mmol/L Tris–HCl pH 7.4, 150 mmol/L sodium chloride, 2.5 mmol/L EDTA, 0.5% (w/v) deoxycholate, and 1% (w/v) Triton X-100 containing protease inhibitors] at room temperature for 30 min. Detached material was homogenized and centrifuged at 16,000 × g at 4°C for 15 min. The clear supernatants were then incubated with Protein G Dynabeads (ThermoFisher Scientific, Dreieich, Germany) at 4°C overnight to capture immunocomplexes. The beads were washed three times with PBS and eluted with NuPage LDS sample buffer (ThermoFisher Scientific, Schwerte, Germany) containing 25 mmol/L dithiothreitol at 70°C for 10 min. Carbamidomethylation with 59 mM iodoacetamide (Bio-Rad, Hamburg, Germany) was performed prior to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (NuPAGE, ThermoFisher Scientific, Schwerte, Germany). Separated proteins were visualized with Coomassie Brilliant Blue (G-250) (Merck) and identified by mass spectrometric (MS) analysis (see below for details).

Tissue-Immunoprecipitation

Hippocampus or cerebellum from rat was dissected and shock-frozen in liquid nitrogen. The tissues were homogenized in extraction buffer [100 mmol/L Tris–HCl pH 7.4, 150 mmol/L sodium chloride, 2.5 mmol/L EDTA, 0.5% (w/v) sodium deoxycholate, and 1% (w/v) Triton X-100] containing protease inhibitors (Complete mini, Roche Diagnostics, Penzberg, Germany) with a Miccra D-8 (Roth, Karlsruhe, Germany) and a hand homogenizer (Sartorius, Göttingen, Germany) at 4°C. The tissue lysates was centrifuged at 21,000 × g at 4°C for 15 min and clear supernatants were incubated with patient’s serum (diluted 1:33) at 4°C for 3 h. Pulldown of immunocomplexes and analysis of eluate fractions was performed as described for HIP.

Mass Spectrometry

Mass spectrometry sample preparation was performed similar to Koy et al. (18). Unless otherwise indicated, hardware, software, MALDI targets, peptide standards, and matrix reagents were obtained from Bruker Daltonics, Bremen, Germany.

Briefly, visible protein bands were excised from Coomassie Brilliant Blue G-250 stained gels. After destaining and tryptic digestion peptides were extracted and spotted with α-cyano-4-hydroxycinnamic acid onto a MTP AnchorChip™ 384 TF target.

Matrix-assisted laser desorption/ionization–time of flight mass spectrometry/TOF measurements were performed with an Autoflex III smartbeam TOF/TOF200 System using flexControl 3.0, 3.3, or 3.4 software. MS spectra for peptide mass fingerprinting (PMF) were recorded in positive ion reflector mode with 4,000–10,000 shots and in a mass range from 600 to 4,000 Da. Spectra were calibrated externally with the commercially available Peptide Calibration Standard II, processed with flexAnalysis 3.0, 3.3, or 3.4 and peak lists were analyzed with BioTools 3.2.

The Mascot search engine Mascot Server 2.3 (Matrix Science, London, UK) was used for protein identification by searching against the NCBI or SwissProt database limited to Mammalia. Search parameters were as follows: mass tolerance was set to 80 ppm, one missed cleavage site was accepted, and carbamidomethylation of cysteine residues as well as oxidation of methionine residues were set as fixed and variable modifications, respectively. To evaluate the protein hits, a significance threshold of p < 0.05 was chosen.

For further confirmation of the PMF hits two to five peptides of each identified protein were selected for MS/MS measurements using the WARP feedback mechanism of BioTools. Parent and fragment masses were recorded with 400 and 1,000 shots, respectively. Spectra were processed and analyzed as described above with a fragment mass tolerance of 0.7 Da.

Recombinant Expression of Antigens in HEK293 Cells

For cloning details see Table S1 in Supplementary Material. The antigens were expressed in the human cell line HEK293 after ExGen500-mediated transfection (ThermoFisher Scientific) according to the manufacturer’s instructions.

For the preparation of IFA substrates, HEK293 were grown on sterile cover glasses, transfected, and allowed to express the recombinant antigens for 48 h. Cover glasses were washed with PBS, fixed with acetone for 10 min at room temperature, air-dried, cut into 2 mm × 2 mm-sized fragments (biochips) and used as substrates in IFA as described. Alternatively, cells were transfected in standard T-flasks and the cells harvested after 48 h. The cell suspension was centrifuged at 1,500 × g, 4°C for 20 min and the resulting sediment extracted with 20 mmol/L Tris–HCl pH 7.4, 50 mmol/L potassium chloride, 5 mmol/L EDTA. The extracts were stored in aliquots at −80°C until further use.

RESULTS

Results of Serum Prescreening by IFA

The samples used in this study had originally been sent to the Clinical Immunological Laboratory for determination of anti-neural autoantibodies between 01/2011 and 07/2016. The 320 sera included in this study showed different IgG staining patterns on brain tissue cryosections (hippocampus of rat, cerebellum of rat and monkey) with a minimum endpoint titer of 1:100 (Figure S1 in Supplementary Material). Most samples (n = 261) produced speckled, granular, or homogenous staining of the hippocampal and cerebellar molecular and granular layers. Others (n = 59) stained cerebellar Purkinje cells. None of these sera revealed reactivity with the monospecific biochips of the diagnostic biochip screening array.

Immunocomplex Extractability

The extractability of immunocomplexes from cryosections bound to the glass slide surface was determined for each serum sample prior to immunoprecipitation. For sera which showed medium to high extractability (n = 182), HIP was applied, while for the other sera TIP was used (n = 138) (Figure 1).
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FIGURE 1 | Procedure diagram. Schematic representation of the steps of antigen identification. Abbreviations: HIP, histo-immunoprecipitation; TIP, tissue-immunoprecipitation.



Some sera did not show any differences in the signal intensities after using extraction and control buffer, while other sera showed slight or even strong reduction of signal intensity after incubation with extraction buffer (Figure 2). A strong decrease of signal intensity was interpreted as high extractability of the respective immunocomplexes.
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FIGURE 2 | Immunocomplex extraction. Slides with cerebellum cryosections were incubated with patients’ sera and subsequently with either extraction [100 mmol/L Tris–HCl pH 7.4, 150 mmol/L sodium chloride, 2.5 mmol/L ethylenediamine tetraacetic acid, 0.5% (w/v) deoxycholate, 1% (w/v) Triton X-100] (A2,B2), or detergent-free control buffer (A1,B1). Bound IgG was visualized by Alexa488-labeled goat anti-human IgG. Nuclei were counterstained by incubation with TO-PRO-3 iodide (blue). Examples of soluble (A) and insoluble (B) immunocomplexes are shown.



Identified Autoantigens

Coomassie stained SDS-PAGE of eluate fractions obtained from HIP preparations generally showed lower numbers of protein bands and less IgG compared to TIP eluate fractions (Figure 3B), because washing the cryosections attached to glass coverslides removed more effectively unbound antibodies (Figure 3A). Specific antigen bands and unspecific protein bands were discriminated by comparison with eluate fractions of control sera. Using matrix-assisted laser desorption/ionization–time of flight mass spectrometry (MALDI–TOF MS), several antigens could be identified, among them: AP3B2, ATP1A3, CLIP1, CNTN1/CASPR1, CPT1C, ERC1, Flotillin1/2, GLURD2, GRIPAP1, Hexokinase-1, Homer 3, ITPR1, KCNA2, NBCe1, Neurochondrin, RGS8, ROCK2, RyR2, and STX1b (Table 1). The immunoprecipitation method which was performed for the identification of each antigen is indicated in Table 2.
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FIGURE 3 | Immunoprecipitation of autoantigens. (A) Schema of histo-immunoprecipitation (HIP) with cerebellum cryosections immobilized on glass slides. Slides were incubated with patient’s serum followed by washing and removal of unbound antibodies. Cells were lysed and soluble immunocomplexes were isolated by protein-G-coated magnetic beads. Sodium dodecyl sulfate (SDS)-eluted proteins were separated by SDS-polyacrylamide gel electrophoresis and visualized by staining with colloidal coomassie blue. Antigen bands were prepared and analyzed with matrix-assisted laser desorption/ionization–time of flight mass spectrometry (MALDI–TOF MS). (B) Examples of HIP (upper panel) and tissue-immunoprecipitation (lower panel). Labeled protein bands were analyzed in MALDI–TOF MS. Results are listed in Table 1.



TABLE 1 | Proteins identified from immunoprecipitates using matrix-assisted laser desorption/ionization–time of flight mass spectrometry by peptide mass fingerprinting.
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TABLE 2 | Antigens identified using histo-immunoprecipitation (HIP) or tissue-immunoprecipitation (TIP).
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Verification

As a proof for correct antigen identification, the patients’ samples were then tested by IFA using transfected HEK293 cells which expressed the new target antigens (Figure 4A). Characteristic staining patterns were obtained on all cellular substrates containing the respective recombinant target antigens, while there were no corresponding stainings of mock-transfected cells or cells expressing the other target antigens.
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FIGURE 4 | Verification of identified antigens by indirect immunofluorescence. (A) Indirect immunofluorescence analysis of transfected HEK293 cells. Acetone-fixed recombinant HEK293 cells expressing the protein of interest (1, 3) or a mock-transfected control (2, 4) were incubated with patient serum (1, 2) or with control serum (3, 4) (both 1:1,000). Cell nuclei were counterstained with TO-PRO-3 iodide (blue). Only HEK293-expressing the protein of interest reacted with the patient sera (green). (B) Two examples for the neutralization of immunofluorescence reaction on neuronal tissues. Serum 1 and 2 (green) were pre-incubated with extracts of HEK293 cells transfected with empty control vector (1, 3) or the plasmid harboring the cDNA of interest and analyzed in an indirect immunofluorescence assay with rat cerebellar cryosections (2, 4). The extract containing the protein of interest greatly reduced or abolished the immune reaction of the serum on rat cerebellum (2, 4). The control extracts had no effect (1, 3). Nuclei were counterstained by incubation with TO-PRO-3 iodide (blue).



The reaction of the patients’ autoantibodies on brain tissue sections could be abolished or significantly reduced in all cases by pre-incubation with HEK293 lysate containing the respective recombinant antigen (Figure 4B). Antibody binding was unaffected when a comparable fraction from mock-transfected HEK293 cells was used.

Sera from patients with various anti-neural autoantibodies as disease controls (anti-NMDAR, anti-Hu, anti-Yo, anti-Ri, anti-AQP4, anti-LGI1, and anti-CASPR2), and sera from healthy blood donors were analyzed by IFA or ELISA with the recombinant antigens in parallel to the samples of the index patients. 18 of the 24 recombinant substrates showed no positive reactions with control sera. With five recombinant antigens only around 1–2% of the healthy blood donor sera reacted in a 1:10 dilution (Table 2).

DISCUSSION

Here, we describe a potent strategy to discover new neural autoantigens. Starting point is the definition of a characteristic IFA staining pattern on neural tissue. In sera of patients with putative neurological autoimmune diseases reacting with cryosections of cerebellum or hippocampus by indirect immunofluorescence but not with established brain autoantigens, we were able to identify more than 20 different target antigens. We verified all antigen identifications by (1) specific immunostaining of HEK293 cells expressing the respective recombinant antigens by the patient’s IgG and (2) specific competitive inhibition of the patient’s IgG antibody by pre-incubation with the antigen extracted from recombinant HEK293 cells.

In the first step, we analyzed the immunocomplex extractability, which determined the immunoprecipitation approach. Analyzing immunocomplex extractability rather than antigen extractability is beneficial, as autoantibody binding in first step of our HIP protocol might influence antigen solubility. The extraction buffer contained 0.5% (w/v) deoxycholate and 1% (w/v) Triton X-100 as detergents. Other solubilization agents like 0.1% SDS, as well as increased salt-concentration or pH variations could be used to adjust optimal extraction conditions for individual immunocomplexes.

In the second step, HIP was performed for extractable immunocomplexes. The antibodies bind to their targets, which are presented in their natural environment and conformation on cryosections of rat or primate cerebellum immobilized on glass slides. If HIP was not performed because of poor immunocomplex extractability, we were successful in nine cases using a classical immunoprecipitation approach by incubating tissue lysates with patients’ sera (TIP) (Table 2). In TIP, the antigens were solubilized prior to antibody binding, avoiding antigen insolubility by antibody cross linkage.

A number of techniques for the identification of autoantigens have been in use, since the discovery of autoantibodies. One approach that has been used for the discovery of neuronal surface-autoantigens in the past years relies on cultivated intact primary hippocampal neurons of rat embryos as antigen source followed by immunoprecipitation and mass spectrometry like in our protocol. Though it is focused on antibody-accessible surface proteins, and thus promises the discovery of immunosuppressable disease phenotypes it also has limitations. In particular, isolation and cultivation of these cells requires sophisticated technical skills and is highly labor-intensive. Moreover, intracellular antigens cannot be discovered by living cell-based immunoprecipitation. HIP provides better temporal flexibility as substrates can be prepared in bulk amounts and stored in aliquots for later use. In addition, cell surface and intracellular antigens are presented in their natural conformation and are accessible to antibody binding.

Compared to TIP, HIP immunoprecipitates showed fewer background bands and only weak IgG bands due to removal of unbound antibodies. This simplifies the selection of bands to be analyzed in MALDI–TOF MS and reduces false identifications. HIP also has the potential to be used for target antigen identification in patients with other organ-specific or not organ-specific autoimmune diseases.

Using HIP, five cell surface proteins could be identified (Table 2). Among them GLURD2, KCNA2, and CNTN1/CASPR1 have previously been reported as neuronal autoantigens (22, 32, 35). Out of the 19 identified intracellular antigens 7 are known antigenic targets in autoimmune diseases (19, 21, 23, 26–29, 34). Moreover, we were able to identify 14 novel autoantigens. Not all of the antigens we identified are exclusively expressed in neural tissues. For some antigens like ATP1A3, ITPR1, or ROCK2 an expression in tumor samples of the respective index patient was observed, pointing to a paraneoplastic autoimmune background (20, 31, 36). Antigens like Flotillin1/2, GRIPAP1, or CLIP1 are also expressed in non-neural tissues without a tumor association (21, 24, 26). However, other autoantibodies, like AQP4 or DPPX which are established markers for neurological autoimmune diseases (37, 38) show also expression in non-neuronal tissues.

Following the successful identification of target autoantigens based on index samples, cohort studies including patients with similar neurological symptoms and disease as well as healthy controls must validate whether the discovered autoantibodies appear rarely or are common markers for specific phenotypes like autoantibody-mediated brain disorders or paraneoplastic neurological syndromes. For autoantibodies against ATP1A3, ITPR1, NCDN, and ROCK2 an association to autoimmune cerebellar syndromes has already been demonstrated by the authors (20, 31, 33, 36). Moreover, anti-Flotillin1/2 autoantibodies were found to be present in multiple sclerosis patients (24). Thus, the antigen identification strategy that we present offers a potent instrument for identifying unknown autoantigens and contributes to better diagnosis of autoimmune diseases.
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Autoantibodies against double-stranded DNA (anti-dsDNA) are a hallmark of systemic lupus erythematosus (SLE). It is well documented that anti-dsDNA reactive B lymphocytes are normally controlled by immune self-tolerance mechanisms operating at several levels. The evolution of high levels of IgG anti-dsDNA in SLE is dependent on somatic hypermutation and clonal selection, presumably in germinal centers from non-autoreactive B cells. Twin studies as well as genetic studies in mice indicate a very strong genetic contribution for the development of anti-dsDNA as well as SLE. Only few single gene defects with a monogenic Mendelian inheritance have been described so far that are directly responsible for the development of anti-dsDNA and SLE. Recently, among other mutations, rare null-alleles for the deoxyribonuclease 1 like 3 (DNASE1L3) and the Fc gamma receptor IIB (FCGR2B) have been described in SLE patients and genetic mouse models. Here, we demonstrate that double Dnase1l3- and FcgR2b-deficient mice in the C57BL/6 background exhibit a very early and massive IgG anti-dsDNA production. Already at 10 weeks of age, autoantibody production in double-deficient mice exceeds autoantibody levels of diseased 9-month-old NZB/W mice, a long established multigenic SLE mouse model. In single gene-deficient mice, autoantibody levels were moderately elevated at early age of the mice. Premature autoantibody production was accompanied by a spontaneous hyperactivation of germinal centers, early expansions of T follicular helper cells, and elevated plasmablasts in the spleen. Anti-dsDNA hybridomas generated from double-deficient mice show significantly elevated numbers of arginines in the CDR3 regions of the heavy-chain as well as clonal expansions and diversification of B cell clones with moderate numbers of somatic mutations. Our findings show a strong epistatic interaction of two SLE-alleles which prevent early and high-level anti-dsDNA autoantibody production. Both genes apparently synergize to keep in check excessive germinal center reactions evolving into IgG anti-dsDNA antibody producing B cells.
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INTRODUCTION

The formation of antibodies against DNA is considered to be the serologic hallmark of systemic lupus erythematosus (SLE). Autoantibodies against double-stranded DNA (anti-dsDNA) antibodies are the most studied and the most enigmatic autoantibodies in SLE. Their presence correlates with nephritis both in human SLE patients and in mice with a spontaneous lupus-like disease (1–3).

Systemic lupus erythematosus has a strong genetic component as demonstrated by high concordance rates for disease manifestation as well as autoantibody development in monozygotic twins (4, 5). In rare cases, a monogenic cause for the development of SLE-like disease and autoantibody production illustrates the pathways that predispose for SLE. The strongest associations were found to loss of function of genes that are involved in clearance of apoptotic cells, chromatin, and nucleic acids (6). Homozygous mutations in the C1q genes are responsible for SLE or SLE-like disease (7) and C1q-deficient mice accumulate apoptotic cells in several tissues and develop anti-DNA autoantibodies and SLE in certain genetic backgrounds but not in the C57BL/6 background (8, 9). Homozygous mutations in the TREX1 gene encoding a DNA exonuclease present in the cytoplasm are associated with the Aicardi–Goutieres syndrome-1 with increased systemic type I interferon levels and antinuclear autoantibodies (10). Likewise, Trex1-deficient mice develop autoantibodies and SLE-like disease.

Other apparently monogenic causes of SLE-like disease and anti-DNA autoantibodies were described in mutant mice. The deficiency of the IgG inhibitory Fc γ receptor IIB (FcγRIIB) is associated with the development of SLE in mice with a strong influence of background genes, however (11, 12). In the absence of FcγRIIB, autoreactive B cells are found in the germinal centers and somatic hypermutation contributed to anti-DNA reactivity (13). In mice, a promoter variant in the Fcgr2b gene results in enhanced germinal center responses and autoantibody production (14). A defunctioning single nucleotide polymorphism (SNP) in the human FCGR2B gene is associated with susceptibility to SLE (15) and the upregulation of FcγRIIB in memory B cells is decreased in SLE patients (16). In addition, FcγRIIB plays an important regulatory function on dendritic cells (DCs), macrophages, and neutrophils [reviewed in Ref. (17)].

Another single gene defect leading to anti-DNA production and SLE-like disease is demonstrated by the observation that milk fat globule-EGF factor 8 has a critical role in removing apoptotic B cells in the germinal centers and that its absence can lead to autoimmune diseases (18).

More recently, deficiency in the Deoxyribonuclease 1 like 3 gene (DNASE1L3) was associated with SLE-like disease in Arabian, Turkish, and Italian families (19–21). SLE-like symptoms were associated with a hypocomplementemic urticarial vasculitis syndrome in several clinical cases. In Dnase1l3-deficient mice, anti-dsDNA autoantibodies develop, followed by a late onset of SLE-like disease (22). Dnase1l3 is part of four homologous mammalian extracellular deoxyribonucleases of the Dnase1 family, Dnase1, Dnase1l1, Dnase1l2, and Dnase1l3 (23).

Here, we describe a new conditional mouse model for Dnase1l3 deficiency and confirm the early appearance of IgG anti-dsDNA autoantibodies at moderate levels in the serum of these mice. The development of anti-dsDNA antibodies does not require the presence of toll-like receptor 9 (TLR9) but a strong epistatic interaction with a mutation in the Fcgr2b gene leads to strikingly early and high anti-dsDNA serum levels accompanied by spontaneous hyperactivation of germinal centers.

MATERIALS AND METHODS

Mice

Mice were maintained in SPF conditions at the animal facility of the Friedrich-Alexander-University, Erlangen. C57BL/6 mice were obtained from Charles River, Sulzfeld, Germany. TLR9-deficient mice (24) were a kind gift of H. Wagner, Munich. Fcgr2b-deficient mice (25) backcrossed for 12 generations to C57BL/6 were obtained from Taconic and the yaa mutation was introduced by breeding in the yaa mutation from male B6.SB-Yaa/J mice obtained from the Jackson laboratory. For the generation of Dnase1l3-deficient mice, a targeting vector was obtained from the KOMP consortium (project CSD48807, clone HTGRS01006_A_B09) and partially re-sequenced. Standard techniques were used to transfect the V6.5 embryonic stem cell line (kindly provided by R. Jaenisch, Boston) derived from a C57BL/6x129Sv F1 cross (26). Homologous recombination was screened with left arm and right arm primers by PCR using LongAmp® Taq (New England Biolabs) according to the instructions of the manufacturer. Primers are listed in the Primer List in Data Sheet S2 in Supplementary Material. Correct integration was further verified by sequencing of the PCR products from both sides of the genomic integration. ES cells were injected into C57BL/6 blastocysts and chimeric mice were crossed with C57BL/6 mice. After germline transmission, one line was kept on C57BL/6x129sv mixed background. A pure backcross to C57BL/6 background was obtained by marker-assisted speed-congenics using 74 genomic SNP markers (LGC Genomics, KASP genotyping) covering all mouse chromosomes. After five generations, heterozygous offspring mice containing all marker loci from C57BL/6 were intercrossed to obtain C57BL/6 “knockout-first” Dnase1l3-deficient mice. After crossing with flp-deleter mice (27), Dnase1l3-deficient mice with a deleted exon 2 were created. For the establishment of Dnase1l3/Fcgr2b double-deficient mice, male Fcgr2b−/− yaa mice were intercrossed with C57BL/6 “knockout-first” Dnase1l3-deficient mice. In the F2 generation, homozygous Dnase1l3/Fcgr2b double-deficient male and female mice were selected and used for further breeding. Animal care and experiments were approved by the animal ethics committee of Regierung von Mittelfranken (Animal Ethics Number: 54-2532.1-21/09 and TS-05/5).

Flow Cytometric Analysis

For cell sorting of macrophage and DC cell populations, spleen, liver, lung, brain, and lamina propria tissue from 8- to 14-week-old C57BL/6 mice was mechanically dissociated with a gentle MACS™ and the respective tissue dissociation kit (Miltenyi Biotec). Bone marrow cells were flushed from femurs of C57BL/6 mice. For analysis of germinal center cells and myeloid cells, spleens were harvested, crushed through a 100 μM nylon mesh filter and resuspended in RPMI 1640 medium (PAN-Biotech) supplemented with 10% FCS. After erythrocyte lysis (5 min at room temperature in 0.15 M NH4Cl, 0.02 M HEPES, 0.1 mM EDTA), cells were washed two times and resuspended in FACS buffer (PBS, 2% FCS, 1 mM EDTA) for staining with directly conjugated antibodies. For intracellular IFN-γ staining, cells were treated with Cell Stimulation Cocktail + Protein Transport Inhibitors (eBioscience) for 2 h at 37°C. Cells were stained extracellularly for TFH markers and were fixed and permeabilized with the FIX & PERM Kit (Nordic-MUbio) according to the manufacturer’s protocol. The following antibody conjugates were obtained from BioLegend: CD45-BV421, CD19-BV421, CD38-PE, GL7-APC, CD95-PECy7, CD11b-BV510, CD11b-PECy7, CD11c-APCCy7, LY6C-PerCPCy5.5, LY6G-FITC, CXCR5-BV421, and PD1-PECy7. The following antibody conjugates were obtained from eBioscience: MHCII-PE, CD4-FITC, CD44-APC, CD8-FITC, B220-PerCPCy5.5, IgD-PE, IgM-FITC, CD21-FITC, CD23-PE, and F4/80-AF647. BV510-conjugated anti-PSGL-1 and BV421-conjugated anti-F4/80 were obtained from BD Biosciences. APC-conjugated anti-Siglec-H was obtained from Miltenyi Biotec. Flow cytometry analysis was performed on a Cytoflex instrument (Beckman Coulter) and FlowJo v10.4 analysis software (FlowJo, LLC).

ELISA for Anti-dsDNA Autoantibodies

Levels of anti-dsDNA were measured by ELISA. 20 μg/ml % poly-L-lysine (Sigma-Aldrich) was used to precoat MaxiSorp plates (Nunc). After 2 h at RT, plates were coated with dsDNA from calf thymus (20 μg/ml; Sigma-Aldrich) in TE (pH 7.5) buffer overnight at 4°C. Plates were washed with PBS/0.05% Tween 20 and sera was added in 1/2 serial dilutions starting at 1/100. A serum pool obtained from 9-month-old diseased NZB/W mice served as internal standard. The starting dilution of 1/200 of the NZB/W serum was arbitrarily assigned to 100 relative units. Goat-anti-mouse IgG or goat-anti-mouse IgM, Fc-specific, coupled to horseradish peroxidase was used for detection (Jackson ImmunoResearch).

Gene Expression by Quantitative RT-PCR (qRT-PCR)

For qRT-PCR, RNA from FACS sorted cells was isolated by the RNeasy kit (QIAGEN) according to the manufacturer’s instructions. cDNA was synthesized by SCRIPTUM reverse transcriptase (Bio&Sell), and qRT-PCR was performed on a quantitative PCR system (Biorad CFX96) with Absolute qPCR SYBR Green Mix 2× (Thermo Scientific) using intron-spanning primers for Dnase1l3 and HPRT (see Primer List in Data Sheet S2 in Supplementary Material). In a second set of experiments, TaqMan® Assays for Dnase1l3 and GAPDH were performed on an Applied Biosystems 7500 machine. Calculation of relative expression levels were performed according to the relative ΔCt-method (28).

Hybridoma Production and Sequencing of V Region Genes

Hybridomas were generated from three female double-deficient mice that previously had a rise of IgG anti-dsDNA autoantibodies in the serum. As a fusion partner, SP2/0 cells obtained originally from F. Melchers, Basel were used. Standard techniques were applied and hybridoma supernatants were tested on day 10 after fusion for IgG anti-dsDNA antibodies by ELISA. Hybridoma cells from positive wells were expanded and subcloned by single cell sorting at least once.

Total RNA was isolated from the hybridomas with RNeasy (Qiagen) and variable genes of the hybridomas were cloned with RT-PCR using universal VH- and VL-primers (see Primer List in Data Sheet S2 in Supplementary Material) and the StrataClone PCR Cloning Kit. Inserts were Sanger sequenced with M13 primers annealing to the plasmid vector (LGC Genomics). The analysis for VH and VL gene usage, CDR-assignment and for potential somatic mutations was performed by V-QUEST (29) at the IMGT website.1 Sequence alignment was created with the Geneious Software (Biomatters Ltd.).

RESULTS

Expression of Dnase1l3 in Hematopoietic Cells

It was described that Dnase1l3 is primarily expressed in macrophages in liver and spleen (30). To obtain a more detailed view of the expression pattern of Dnase1l3 in hematopoietic cells in different tissues, we isolated lymphocyte, monocyte, macrophage, and DC populations from blood, bone marrow, spleen, lymph node, peritoneal cavity, liver, lung, brain, and lamina propria of the colon by FACS sorting and analyzed expression of Dnase1l3 by quantitative real-time PCR. The results are summarized in Table 1. Among lymphocytes, a low-level expression of Dnase1l3 was found in B1a B cells and marginal zone B cells, whereas conventional B cells as well as T cells did show no detectable expression. We did not detect any expression of Dnase1l3 in different blood or tissue monocytes, including inflammatory monocytes from mice infected with the murine cytomegalovirus. Also, granulocytes did not exhibit detectable expression. As described before (22), conventional DCs in the spleen but also in liver and lamina propria expressed the highest levels of Dnase1l3. Among tissue resident macrophages, we detected a more complex expression pattern. Red pulp macrophages from spleen, Kupffer cells from liver, as well as macrophages from the lamina propria expressed very high levels, whereas macrophages isolated from the bone marrow, the peritoneum, the brain (microglia), and lung (alveolar macrophages) showed no detectable expression. Lower levels were detected in subcapsular sinus macrophages as well as plasmacytoid DCs. In summary, we detected Dnase1l3 expression mainly in antigen-presenting cell populations like conventional DCs and B1a and marginal zone B cells as well as in some tissue resident macrophages.

TABLE 1 | Expression levels of Dnase1l3 in mouse hematopoietic cells.
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Generation of Conditional Dnase1l3-Deficient Mice

To study the physiological function of Dnase1l3, we generated Dnase1l3-deficient mice using the “knockout-first” strategy as described by Skarnes et al. (31). The knockout-first allele is initially a non-expressive form, but can be converted to a conditional allele after recombination with Flp recombinase (Figure S1A in Supplementary Material). Transcripts are forced to be spliced from exon 1 of the Dnase1l3 gene to the splice acceptor side of a lacZ reporter and terminated by the downstream polyA sides. This should result in a knockout allele, as downstream exons are not transcribed (Figures S1A,B in Supplementary Material). To verify that downstream exons are not transcribed from the knockout-first allele [allele name termed Dnase1l3tm1a(KOMP)Wtsi according to Skarnes et al. (31), abbreviated as Dnase1l3tm1a], we used cDNA from MACS-enriched DCs from spleens of homozygous and littermate mice in an RT-PCR reaction using primers located in downstream exons 5 and 7 (Figure S1B in Supplementary Material). As shown in Figure S1C in Supplementary Material, transcripts from the mutated allele were undetectable by this sensitive PCR reaction. This shows that the knockout-first allele is a null allele, as expected from the analysis of many similar alleles generated by the KOMP program (32). We also crossed mice with the knockout-first allele with E2a-Cre deleter mice (33) to obtain an exon 2 knockout allele missing exon 2 which will be termed Dnase1l3Δex2.

Development of Anti-dsDNA Autoantibodies in Dnase1l3-Deficient Mice

We analyzed serum IgG anti-dsDNA autoantibodies from groups of mice at different ages. As shown in Figure 1A, homozygous Dnase1l3-deficient mice showed significantly elevated IgG anti-dsDNA antibody levels already at young age (3–4 months). At later time points (Figures 1B–D), these titers show only a moderate increase. Dnase1l3-deficient mice at 1-year of age still have significantly, but modestly increased IgG anti-dsDNA titers. All groups except group 4 in Figure 1B are derived from mice in a mixed 129 × C57BL/6 background. For the group of mice at the age of 18–26 weeks fully congenic C57BL/6 mice have similar anti-dsDNA antibody levels, suggesting that the mixed genetic background of the mice had little if any influence on the development of anti-dsDNA antibodies (Figure 1B). For a cohort of 16- to 28-week-old mice, the influence of the sex on the development of autoantibodies was analyzed. As shown in Figure S2 in Supplementary Material a tendency for higher anti-dsDNA autoantibodies in female versus male mice was observed, which was not statistically significant. In addition, we analyzed homozygous Dnase1l3Δex2 mice with a complete deletion of exon 2 of Dnase1l3 and found similar levels of anti-dsDNA autoantibodies as compared to mice with a homozygous Dnase1l3tm1a mutation, further supporting the notion that Dnase1l3tm1a mutation is a null mutation (Figure 2A). Thus, Dnase1l3-deficient mice spontaneously develop moderate levels of anti-DNA autoantibodies already at 3-month of age which are not increasing significantly upon aging. Neither a significant contribution of residual 129 genetic background nor any significant influence of the sex of the mice influenced anti-dsDNA autoantibodies.
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FIGURE 1 | Development of IgG autoantibodies against double-stranded DNA (anti-dsDNA) antibodies in Dnase1l3-deficient mice. Sera from mice at the age of (A) 12–16 weeks, (B) 18–26 weeks, (C) 26–38 weeks, and (D) 40–52 weeks were tested for IgG anti-dsDNA antibodies by ELISA. The mice are grouped according to the genotype of the Dnase1l3tm1a mutation. All cohorts of mice are derived from 129 × C57BL/6 mixed background except homozygous mutant mice in (B) which are backcrossed to pure C57BL/6 background (B6−/−). Relative binding units are presented as compared to a standard serum pool from 9-month-old NZB/W mice. The dotted lines represent a cutoff derived from a panel of sera from C57BL/6 mice. Data are presented as box plot with individual data represented by filled circles (*p < 0.05; **p < 0.01; ***p < 0.001 Mann–Whitney U test).
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FIGURE 2 | Development of IgG and IgM autoantibodies against double-stranded DNA (anti-dsDNA) antibodies in double-deficient mice. In (A), the results from 3- to 4-month-old toll-like receptor 9 (TLR9) × Dnase1l3 mice are displayed. The genotypes of the mice are denoted at the axis. In (B), the results from 3-month-old FcgR2b × Dnase1l3 mice are displayed. The genotypes of the mice are denoted at the axis. The dotted lines represent anti-dsDNA antibody levels of a serum pool of 9-month-old female NZB/W mice. Data are presented as box plot with individual data represented by filled circles. (C) Follow-up of IgG anti-dsDNA autoantibody levels in individual female FcgR2b × Dnase1l3 double-deficient mice (red) and male FcgR2b yaa × Dnase1l3 double-deficient mice (blue). In (D), the IgM anti-dsDNA levels from a cohort of 2- to 3-month-old FcgR2b × Dnase1l3 mice are displayed. The genotypes of the mice are denoted at the axis. Data are presented as box plot with individual data represented by filled circles (*p < 0.05; **p < 0.01; ***p < 0.001 Mann–Whitney U test).



Epistatic Interactions With Other Mutations Involved in the Generation of Anti-dsDNA Antibodies

As anti-dsDNA autoantibody levels remained moderately elevated in Dnase1l3-deficient mice up to an age of 1 year, we asked the question whether other relevant single mutations might influence anti-dsDNA autoantibody titers. First, we intercrossed Dnase1l3-deficient mice with TLR9-deficient mice to obtain double-deficient mice. As demonstrated in Figure 2A, additional TLR9-deficiency had no significant influence on anti-dsDNA titers in Dnase1l3-deficient mice. We also generated double-deficient mice for Dnase1l3 and Fcgr2b in which male mice in addition contain the yaa mutation accelerating SLE-like disease in the FcγRIIB-deficient background (12). As shown in Figure 2B, we observed extremely high anti-dsDNA titers in double-deficient male mice at the age of 3-month reaching anti-dsDNA levels similar to 9-month-old NZB/W female mice. At this age, FcγRIIB−/− yaa male mice had anti-dsDNA titers comparable to single Dnase1l3-deficient mice which were around 50-fold lower than in male double-deficient mice (Figure 2B).

Since these anti-dsDNA antibody levels in double-deficient male mice were higher than in any other SLE-prone strain of mice including MRL/lpr and NZB/W mice at the same age, we weekly analyzed anti-dsDNA antibodies in sera starting at the age of 7 weeks. We included also female mice in this analysis. As shown in Figure 2C, already at the age of 7 weeks all male mice (blue curves in Figure 2C) had clearly elevated anti-dsDNA serum levels that might have be transferred from the double-deficient mothers via placental transfer. We consider this unlikely, however, as some female littermate mice at the same age had normal levels of anti-dsDNA antibodies in their sera (Figure 2C). In all male mice of this cohort and in three out of six female mice which we analyzed at this young age, IgG anti-dsDNA antibody levels massively increased within 3–5 weeks up to 50-fold, reaching a maximum level around 10–12 weeks of age. Most of the other female mice developed these maximum levels of autoantibodies at the age of 15–20 weeks. Thus, mutations in Dnase1l3 and Fcgr2b show strong epistasis and the yaa mutation further increases the penetrance of early hyperproduction of anti-dsDNA antibodies in male mice in this model.

As IgM anti-DNA autoantibodies typically develop early in SLE models, we analyzed IgM anti-dsDNA levels in a cohort of 2- to 3-month-old animals of the different genotypes. Interestingly, Dnase1l3 single-deficient mice show highly elevated IgM anti-dsDNA autoantibodies comparable to double-deficient mice, whereas FcγRIIB-knockout mice had normal IgM anti-dsDNA levels (Figure 2D). Thus, loss of tolerance toward DNA is an early event in Dnase1l3-deficient mice.

Spontaneous Germinal Center Formation and Elevated Production of Anti-dsDNA Secreting Cells in Dnase1l3 and FcγRIIB Double-Deficient Mice

We have proposed earlier that anti-dsDNA antibodies evolve from non-autoreactive progenitors in germinal centers (34, 35) and strong evidence has been accumulated that the FcγRIIB plays an important role in B cell tolerance in the GC (17). We therefore analyzed spontaneous germinal center development in double-deficient mice at the age of 9–14 weeks. As shown in Figure 3A, all male double-deficient mice had elevated frequencies of CD38lo, GL7+, Fas+ GC B cells in the spleen when compared to both single deficient male or female mice or wild-type C57BL/6 mice. In this cohort, one out of five female double-deficient mice showed a dramatically elevated GC B cell frequency. Therefore, the early and strong anti-dsDNA antibody response is accompanied by GC hyperactivation in double-deficient mice.
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FIGURE 3 | Spontaneous germinal center development and elevated production of autoantibodies against double-stranded DNA (anti-dsDNA) secreting cells in Dnase1l3 and FcgR2b double-deficient mice. (A) Analysis of splenic B cells from 9- to 14-week-old mice by flow cytometry. The frequency of GL7+, Fas+ germinal center B cells among all CD19+ B cells is displayed. The frequency of total IgG (B) and IgG anti-dsDNA (C) secreting B cells was determined by Elispot. Blue circles represent male mice, red circles represent female mice; dotted line in (C) represents the limit of detection (*p < 0.05; Mann–Whitney U test).



The activation of B cells in the spleens of double-deficient mice is also accompanied by high frequencies of IgG—antibody secreting plasma blasts or plasma cells (Figure 3B). Up to 3% of all B cells were found to be IgG antibody secreting cells, suggesting a considerable hyperactivation of the B cell compartment. Only a fraction of these IgG secreting B cells was anti-dsDNA specific (0.6–3.8% of all IgG secreting cells, Figures 3B,C).

Analysis of Somatic Hypermutation in IgG Anti-dsDNA Hybridomas

To gain further insight into the mechanism of anti-dsDNA development in double-deficient mice, we prepared hybridomas from spleens of unimmunized mice and selected IgG anti-dsDNA hybridomas for the sequence analysis of VH- and in selected case also VL-genes. For this analysis, we focused on female double-deficient mice that were selected for previous rise of IgG anti-dsDNA autoantibodies before fusion. Data for the VH-genes are summarized in Table 2. Most hybridoma clones used the IgG2c isotype (25/31 clones) followed by a few IgG2b and one IgG3 anti-dsDNA hybridoma, similar to anti-DNA autoantibodies in other SLE-prone mice (36). In all three mice that were used for the generation of hybridomas we observed clonally related hybridomas clearly derived from one B cell and diversified by somatic mutations. We detected somatic mutations in the heavy chains of all hybridomas (Table 2; Figure S3 in Supplementary Material). In many cases, the numbers of mutations within the VH and VL gene region were relatively low with few replacement mutations present. For those clones that contributed with three or more individual hybridomas, we analyzed the diversification from the germline sequence as well as intraclonal diversification in more detail. Very few shared mutations were observed within the clonal relatives as shown in Figure S3 in Supplementary Material suggesting a “bush-like” diversification by somatic hypermutation from a single B cell rather than a stepwise maturation with intermediate selection.

TABLE 2 | Summary of V region gene analysis from autoantibodies against double-stranded DNA hybridomas.
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We found that the CDR3 regions of the heavy chains of the hybridomas have an unusually high frequency of arginines, as it has been noted before in collections of anti-dsDNA hybridomas from SLE-prone mouse strains (39). Whereas 6,203 arginines can be found among 166,000 amino acids (3.7%) in the CDR3 region of mouse antibodies in the large abYsis antibody database,2 all anti-dsDNA hybridomas together described here have a frequency of 16.2% (47 arginines among 289 CDR3 amino acids; p < 0.001, Chi-Square). Interestingly, we found a recurrent usage of one VH gene (VH5-17) among expanded clones in all three independent mice (shaded in Table 2). In summary, sequence analysis of anti-dsDNA hybridomas showed clear evidence for clonal expansion and somatic mutation among the anti-dsDNA hybridomas from double-deficient mice.

Early Expansion of T Follicular Helper (TFH) Cells in Dnase1l3 and FcγRIIB Double-Deficient Mice

To get some mechanistic insight into the early spontaneous formation of germinal centers, we analyzed cohorts of young (8–9 weeks of age) and older mice (14–19 weeks) of single- and double-knockout mice for myeloid cell populations as well as T helper cell subpopulations in the spleen. The analysis of the frequency of monocytes, DCs, plasmacytoid DCs, and macrophages in the spleen did not reveal significant changes among single- or double-mutant mice as compared to C57BL/6 mice of similar age (data not shown). We observed an increase of Ly6G-positive neutrophils in the spleen of older FcγRIIB- as well as double-knockout mice, most likely reflecting inflammatory activity (Figure 4A). General activation of the CD4+ T cell compartment as evidenced by high levels of CD44 expression was observed in older FcγRIIB- as well as in double-knockout mice, but interestingly not in older Dnase1l3 single knockout animals (Figure 4B). Expansions of CD44hi TH cells were not observed in any cohort of young mice. T cell hyperactivation was particularly high in male animals carrying the yaa allele as denoted by the blue symbols but not restricted to yaa-animals in the cohorts (Figure 4B). We observed an expansion of the PD1hi PSGL-1lo TFH cells in older FcγRIIB-knockout mice and particularly striking in double-knockout mice (Figure 4C). Notably, TFH cell are significantly expanded already in young double-knockout mice (Figure 4C). The frequency of IFN-γ producing CD4+ T cells was elevated in both single-knockout strains of older age and strongly elevated in older double-knockout animals (Figure 4D). Thus, early expansion of TFH cells in the spleen correlates with the enhanced spontaneous germinal center development and high-level IgG anti-dsDNA production in double-deficient mice.
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FIGURE 4 | Early expansion of T follicular helper (TFH) cells and elevated levels of neutrophils in older Dnase1l3 and FcgR2b double-deficient mice. (A) Analysis of the expansion of Ly6G-positive neutrophils in the spleen of young (8–9 weeks old) and older (14–19 weeks old) mice. The genotypes of the mice are denoted at the axis. In (B), activation of the CD4+ T cell compartment is displayed by the frequency of CD44hi CD4 cells. (C) Analysis of the expansions of PD1hi PSGL-1lo TFH cells. In (D), the frequency of IFN-γ producing CD4+ T cells is displayed. As an example for each analysis, a density plot is shown for wild-type and double-deficient mice. Blue circles specifically highlight male mice, red circles represent female mice (*p < 0.05; **p < 0.01; Mann–Whitney U test).



DISCUSSION

The results described in this study reveal a strong genetic interaction of two individual susceptibility genes for anti-dsDNA autoantibody production in SLE that have been described in familiar lupus, as well as in knockout mouse models. Null mutations in the DNASE1L3 gene were described in familial forms of SLE in Saudi Arabia, Turkey, and Italy (19–21). Anti-dsDNA autoantibodies were observed in almost all of the cases reported. In addition, a potentially defunctioning missense SNP present in relatively high frequency in the Caucasian population (40) shows a very high association with anti-centromere antibody-positive systemic sclerosis (41). For FCGR2B a SNP with considerable variation in frequency among human populations results in threonine replacing isoleucine in the transmembrane domain of the receptor (15). This causes the variant receptor to be excluded from sphingolipid rafts, resulting in a malfunctioning receptor (15). As both SNPs have a relatively high frequency within the Caucasian and Asian population (the missense SNP in Dnase1l3 is rare among populations with African origin3), we consider it highly worthwhile to analyze the frequency of these two variations among SLE patients. Current GWAS studies can explain only a minority of the heritability of complex diseases, a phenomenon that has been termed missing heritability (42). Epistatic interactions would be difficult to detect in GWAS studies because of computational challenges and low statistical power (43). We are currently analyzing such a possible epistatic interaction of Dnase1l3 and FcγRIIB in a German/French SLE cohort from the upper Rhine.

In our analysis of cohorts of double-mutant mice, we also introduced the yaa allele that results in a TLR7 gene-duplication (44, 45). The analysis of female double-mutant mice and male double-mutant carrying the yaa mutation clearly revealed an influence of yaa on the penetrance of development of high levels of anti-dsDNA antibodies very early. Only approximately 50% of female mice developed high levels of anti-dsDNA antibodies at the age of 13 weeks. This is in accordance with the notion that yaa accelerates systemic autoimmunity as a genetic modifier in a context of a coexisting SLE background (44, 46). Also, the penetrance of early hyperactivation of germinal centers is much lower in female double-deficient mice, consistent with the described role of the yaa allele for defective germinal center selection in SLE (47). Importantly, double-deficient yaa male mice at the age of 3 months showed about 40 times higher anti-dsDNA levels when compared to FcγRIIb−/− yaa male mice of the same age.

Double-mutant mice showed a hyperactivation of spontaneously developing germinal centers which correlates with an early expansion of TFH cells in the spleen. Expansions of TFH cells were first noted in sanroque mutant mice with a lupus-like disease and autoantibody production (48) and later also in some SLE patients with severe disease (49). As TFH cells are essential for germinal center responses (50), our findings here in the context of two epistatically acting mutations in the C57BL/6 genetic background further strengthen the model that dysregulated germinal center reactions are crucially involved in the early phases of the generation of IgG anti-dsDNA autoantibodies and the development of SLE (35, 50).

In FcγRIIB-deficient mice, an increase in anti-DNA reactive GC B cells was observed and somatic mutations contributed to the generation of highly autoreactive IgG antibodies (13). Opposite to the findings in single Fcgr2b-deficient mice, however, we observed clonal expansions of anti-DNA reactive B cells as well as concomitant expansion of anti-DNA plasmablasts or plasma cells. These combined observations prompt a further development of our model of the evolution of anti-DNA autoantibodies in germinal centers (35). FcγRIIB and potentially other negative regulators for B cell signaling (51) might play a major role in the regulation of autoreactive GC B cells which otherwise would develop from non-self-reactive or low-level self-reactive precursors by somatic mutations (34). We now propose that the deficiency to eliminate nuclear material would drive such autoreactive B cell from the germinal center into clonal expansion and plasma cell differentiation, presumably outside of the germinal center. Our sequence analysis points in the direction that these B cells mutated only for limited periods of time. The “bush-like” diversification by somatic hypermutation from a single B cell rather than a stepwise maturation with intermediate selection is compatible with this model. Similar “bush-like” genealogies were also observed in SLE-prone mice (52, 53). An extraordinary high content of arginine residues in the CDR3 region of the heavy chain, which is also observed in our study here, apparently is a very common prerequisite for such an evolution of anti-dsDNA antibodies (39). Recent work attributed removal of apoptotic microparticles from the circulation as a major role of Dnase1l3 to prevent loss of tolerance to chromatin (22). We suggest an alternative explanation which is mutually not exclusive and might operate at local sites, particularly in the liver, the spleen, and lymph nodes. We found the highest levels of Dnase1l3 expression in cells with excellent antigen-presenting competence, high expression of scavenging receptors and TLRs, i.e., DCs and Kupffer cells in the liver. Local secretion of Dnase1l3 might function as a kind of shield to prevent these cells from being activated by damage-associated molecular patterns via TLRs and other receptors (54, 55).

In the same direction, local Dnase1l3 secretion might eliminate or lower the activation of DCs after uptake of DNA-containing immune complexes via Fc receptors which has the potential to trigger maturation and interferon production of DCs (17). Under non-inflammatory conditions, the inhibitory FcγRIIB would dominate activating signals from activating Fcγ receptors on DCs (17), however. This could reflect the situation in our single Dnase1l3-deficient mouse, in which anti-dsDNA production is stalled at relatively moderate levels. When FcγRIIB is blocked on human DCs, high levels of IL-12p70 can be induced when antibody coated tumor cells are delivered to the DCs (56) and type I interferon is induced after delivery of immune complexes to DCs (57). This scenario might explain the phenotype of Dnase1l3/FcγRIIB double-deficient animals described here. Under these circumstances, any DNA-containing immune complex could potentially trigger DC maturation and production of type I interferon and stimulate TH1 driven responses. A self-perpetuating feedback loop would result when anti-dsDNA autoantibodies have evolved in such a scenario (58). For the initial trigger, IgG anti-dsDNA antibodies are not an essential content in the stimulating immune complexes. Pathogen-derived DNA together with pathogen-specific antibodies would be sufficient for starting such a DC-initiated self-perpetuating feedback loop.

Our conditional Dnase1l3 allele as well as conditional deletion of FcγRIIB will allow the detailed analysis of the cell types that are essential for the protection against uncontrolled evolution of anti-dsDNA autoantibodies in germinal centers. Potentially, comprehensive understanding of this regulation might allow the development of new targeted therapies for SLE.
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Growing evidence indicates a link between persistent infections and the development of autoimmune diseases. For instance, the inability to control Salmonella infection due to defective toll-like receptor (TLR)/myeloid differentiation primary response 88 (MyD88) signaling has linked the development of persistent infections to a breakdown in B cell tolerance. However, the extent of immune dysregulation in the absence of TLR-MyD88 signaling remains poorly characterized. Here, we show that MyD88−/− mice are unable to eliminate attenuated Salmonella enterica serovar Typhimurium, even when challenged with a low-dose inoculum (200 CFUs/mouse), developing a persistent and progressive infection when compared to wild-type (MyD88+/+) animals. The splenic niche of MyD88−/− mice revealed increased counts of activated, Sca-1-positive, myeloid subpopulations highly expressing BAFF during persistent Salmonella infection. Likewise, the T cell compartment of Salmonella-infected MyD88−/− mice showed increased levels of CD4+ and CD8+ T cells expressing Sca-1 and CD25 and producing elevated amounts of IL-4, IL-10, and IL-21 in response to CD3/CD28 stimulation. This was associated with increased Tfh cell differentiation and the presence of CD4+ T cells co-expressing IFN-γ/IL-4 and IFN-γ/IL-10. Noteworthy, infected MyD88−/− mice had enhanced serum titers of both anti-Salmonella antibodies as well as autoantibodies directed against double-stranded DNA, thyroglobulin, and IgG rheumatoid factor, positive nuclear staining with HEp-2 cells, and immune complex deposition in the kidneys of MyD88−/− mice infected with live but not heat-killed Salmonella. Infection with other microorganisms (Acinetobacter baumanii, Streptococcus agalactiae, or Escherichia coli) was unable to trigger the autoimmune phenomenon. Our findings suggest that dysregulation of the immune response in the absence of MyD88 is pathogen-dependent and highlight potentially important genotype–environmental factor correlations.

Keywords: MyD88 deficiency, autoantibodies, Salmonella typhiumrium, hypergammaglobulinemia, Tfh cells

INTRODUCTION

The innate immune sensing apparatus, as originally proposed by Janeway (1), serves two important functions: first, it is a means through which the host can recognize and respond rapidly to microbial pathogens; second, the innate immune machinery directs and regulates the ensuing adaptive immune responses so as to achieve maximum efficiency against the invading pathogens. Over the past 25 years, extensive experimental evidence has been amassed in support of both of these essential functions (2). Particularly, recognition of conserved structures of pathogens by pattern recognition receptors such as toll-like receptors (TLRs) have been demonstrated to orchestrate both innate and adaptive immune responses (3, 4). Upon binding to pathogen-associated molecular patterns, most TLRs signal through myeloid differentiation primary response 88 (MyD88), an essential cytoplasmic adaptor protein that links triggering of TLRs and IL-1/IL-18 receptors to downstream activation of IL-1 receptor-associated kinases (IRAKs) and the nuclear factor-kappa B (NF-κB) (5). In turn, this initiates the production of various pro-inflammatory and immunoregulatory cytokines that control the subsequent development of antimicrobial B and T cell responses (6, 7). However, the requirement of TLR/MyD88 pathway for antibody responses has been challenged by several studies demonstrating T-cell-dependent antibody synthesis in the absence of TLR/MyD88 signaling (8).

The importance of the TLR-MyD88 pathway in host defense against a variety of microbial pathogens has been extensively demonstrated (9–20). Despite this critical requirement for TLR/MyD88 pathway for host defense against microbial infections, other studies demonstrated that it is dispensable for the generation of antibody responses, particularly in response to experimental infections by Salmonella enterica serovar Typhimurium (hereafter referred to as S. typhimurium) (17, 21, 22) and Borrelia burgdorferi (23). These apparently conflicting findings even extend to the requirement of MyD88/TLR pathway for protective adaptive immunity to Salmonella infection. While one study reported that MyD88 deficiency had little effect on protection (22), we and others have shown that MyD88-deficient mice are profoundly susceptible to infection (17, 21). Salmonella typhimurium bacteria are Gram-negative, food and water-borne pathogens that cause annually millions of cases of acute gastroenteritis, fever, and septicemia, representing a significant public-health problem worldwide (24, 25). Notably, damage of host tissues during Salmonella infections has provided a link between Salmonella outbreaks and the development of autoimmune diseases (26–28). However, the mechanisms behind these phenomena remain poorly understood, necessitating a better understanding of the host protective mechanisms in Salmonella infections.

To gain further insight into the role of TLR-MyD88 signaling in the immune response against Salmonella, we previously demonstrated that the inherent susceptibility of MyD88-deficient (MyD88−/−) mice to Salmonella infection is linked to a defective production of inflammatory cytokines and impaired recruitment of immune cells to the infection site (17). Despite the observed defects, MyD88−/− mice produced increased levels of anti-Salmonella IgG antibodies (17), suggesting that Salmonella dysregulates the adaptive immune response. Here, we report a follow-up of our previous findings in which we characterized the activation state of innate (myeloid cells) and adaptive (T and B lymphocytes) immune responses from MyD88−/− mice in response to an attenuated strain of S. typhimurium, designated BRD509E (29, 30). Furthermore, we determined the underlying mechanism of the hypergammaglobulinemia response in BRD509E-infected MyD88−/− mice as well as its implications for autoreactive B cell responses.

MATERIALS AND METHODS

Bacterial Strains

For the current studies, we have used an attenuated aroA−/aroD− double auxotrophic mutant strain of S. typhimurium (BRD509E) cultured and prepared as previously described (30, 31). Where indicated, we also utilized a strain of Acinetobacter baumanii (designated NM97), a clinical isolate from Tawam hospital, which was kindly provided by Dr. Tibor Pal (Department of Medical Microbiology and Immunology, College of Medicine and Health Sciences, United Arab Emirates University). Heat-killed (HK) Salmonella was prepared by incubating log-phase bacterial suspension at 65°C for 1 h.

Mice

C57BL/6 wild-type mice (MyD88+/+) were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). MyD88-deficient mice (MyD88−/−) were generously provided by Dr. Shizuo Akira (Osaka University, Japan) (32) through Dr. Richard Flavell (Yale University School of Medicine, USA). Mice were bred in our animal facility and maintained in filter-topped isolator cages on Bactrim-supplemented water. Mice were taken off antibiotic for at least 7–10 days before use in any experiment. All animals were routinely used at 8–12 weeks of age when the bacteria were inoculated intraperitoneally (i.p.). All studies involving animals were conducted in accordance with and after approval of the animal research ethics committee of the College of Medicine and Health Sciences, United Arab Emirates University. In some experiments, sera from 8-week-old female autoimmune MRL/MpJ-Faslpr (MRL-lpr) mice (Jackson Laboratory) were used for comparative determination of anti-double-stranded DNA (dsDNA) titers.

Enumeration of Bacteria in Target Organs and Fecal Pellets

Procedures for determination of bacterial loads have been detailed elsewhere (17, 33). Fecal CFUs were determined at the indicated time points by streaking fecal suspension on Salmonella–Shigella agar plates containing ampicillin and streptomycin. Similarly, bacterial CFUs were also determined in spleen and liver homogenates prepared in cold sterile saline.

Spleen Cell Preparation and Enrichment

Erythrocyte-depleted spleen single cell suspensions were prepared as described previously (31). Purification of CD4+ T cells and CD11b+ myeloid subpopulations was done using magnetic bead separation on an autoMACS cell sorter (Miltenyi Biotec, Germany) according to manufacturer’s instructions. The purity of CD4+ T cells was always between 90 and 95% and myeloid cells between 80 and 85%.

Phenotyping of Splenic Immune Cell Subsets

Processing of spleen cells for flow cytometric analysis was carried out as detailed previously (34). Immunophenotyping of splenic myeloid cells was done using the following panel of conjugated mAbs: CD11b-eFluor780, Gr-1-FITC, Sca-1-PE, and CD80-APC (all from Biolegend or eBioscience, San Diego, CA, USA). For the analysis of splenic T population, we used a panel of mAbs consisting of CD3-FITC, CD4-PE-Cy7, CD8α-APC-Cy7, CD25-APC, and Sca-1-PE. Splenic B lymphocytes were analyzed using the following mAb panel: CD19-PE-Cy7, Sca-1-PE, CD80-APC, and CD86-FITC. In all staining groups, 7-AAD dye was included in order to exclude non-viable cells from the analysis. Data were collected on 30,000 cells using BD FACSCantoII cytometer and analyzed using BD FACSDiva software.

Analysis of Intracellular Cytokine Levels

The levels of intracellular cytokines were assessed as recently described (35), with minor modifications. Briefly, spleen cell suspensions were seeded in 24-well plates and remained unstimulated or were stimulated with anti-CD3 (clone 2C11) mAb (5 μg/well) plus 100 μl of anti-CD28 (clone 37.N.51) at 20 μg/well for 24 h at 37°C in the presence of brefeldin A for the last 4 h of culture (GolgiPlug; BDcytofix/cytoperm plusTM solution kit, BD Biosciences). After overnight incubation, cells were harvested, stained with CD4-APC-Cy7 mAb (Biolegend), and intracellularly (BD Cytofix/Cytoperm Plus #555028) with anti-IFNγ-PE-Cy7 plus anti-IL4-APC or anti-IFNγ-PE-Cy7 plus anti-IL10-PE or isotype controls (all from Biolegend). Cells were read on a BD FACSCanto II and the data analyzed using BD FACSDiva software.

Cytokine Release

Purified splenic CD4+ T cells were cultured in the presence or absence of plate-bound mAbs specific to murine CD3 and CD28 molecules, as described above. After overnight incubation, supernatants were harvested and analyzed for IFNγ, IL-4, and IL-10 cytokines by ELISA following the manufacturer’s instructions (BD Biosciences).

Gene Expression Analysis

Expression of target gene from purified and CD11b+ myeloid and CD4+ T cells was evaluated using qRT-PCR as previously described (34) using TaqMan reverse transcription reagents (Applied Biosystems, Foster City, CA, USA) and following the manufacturer’s protocol. Briefly, TaqMan primers and probes (all from Applied Biosystems) were used to study the expression of various cytokines (including BAFF, IL-4, IL-6, IL-10, IL-12p35, IL-17F, IL-21, IFN-γ, and TGF-β), transcription factors (T-bet, GATA-3, RoRγ, Bcl-6, Foxp3), inducible nitric oxide synthase (iNOS), and the checkpoint protein PD-1. The levels of transcripts were normalized according to the ΔCq method to respective mRNA levels of the housekeeping gene hypoxanthine guanine phosphoribosyltransferase (HPRT).

Measurement of Antibacterial Antibodies

Serum samples were obtained at the indicated time points post i.p. infection with 200 CFUs/mouse (for live Salmonella), 2 × 105 CFUs/mouse (for HK Salmonella), or 1 × 105 CFUs/mouse of A. baumanii. The presence of Salmonella-specific or Acinetobacter-specific antibodies of IgG1, IgG2c, IgG3, and IgM isotypes were determined by ELISA as previously described (17, 31). Maxisorb microplates (Nunc, Roskilde, Denmark) were coated with 1 × 106/ml HK BRD509E overnight. After blocking (1% BSA, 5% sucrose, 0.05% NaN3 in 1XPBS, pH 7.2–7.4), serum samples were titrated serially in the reagent diluent (1% BSA in 1XPBS, pH: 7.2–7.4) and incubated at room temperature (RT) for 2 h. After washing, the plates were incubated for 2 h with the respective biotin-conjugated anti-mouse Ig isotypes (goat anti-IgM, Jackson Immunoresearch, West Grove, PA, USA; goat anti-IgG1, goat anti-IgG2c, and rat anti-IgG3, all from Southern Biotech, Birmingham, AL, USA) followed by Streptavidin-HRP. The plates were developed using TMB substrate and read at 450 nm using a TECAN microplate reader (Maennedorf, Switzerland). For the quantitative determination of anti-Salmonella Ab concentrations, wells were coated with 0.1 μg/ml of goat anti-mouse Ig (H + L) Ab (Southern Biotech). After blocking with 2% BSA/PBS (pH 7.2) buffer, the standard curve was generated using specific mouse isotype Abs (IgG1 or IgG2c; starting concentration 50 ng/ml). For the rest of the plate, serum samples from individual animals were serially titrated in duplicate. The test plate was then incubated at RT for 2 h, washed extensively, and received appropriate secondary Abs (biotin-conjugated, isotype-specific Abs) and incubated for an additional 2 h at RT. After another series of washings, streptavidin-HRP was added and the plates developed using TMB, as described above.

Determination of Serum Autoantibodies

The levels of autoantibodies directed against dsDNA, thyroglobulin, and mouse IgG rheumatoid factor (RF) were assessed by ELISA following a published method with modifications (36). For the detection of dsDNA-specific Abs, Maxisorp plates were coated with 1 μg/ml of dsDNA (from calf thymus; Sigma) diluted in borate-buffered saline (BBS) overnight at 4°C. After three wash cycles, wells were blocked for 1 h at RT with BBS supplemented with 0.4% Tween 20 and 1.0% BSA. Serum samples (1/500 to 1/1,000 final dilutions) were then added and incubated for 2 h. After washing with BBS, the plates were incubated with biotin-conjugated goat-anti-mouse IgG, Fcγ-specific Ab (Jackson Immunoresearch) for 2 h at RT. Finally, the plates were incubated with Streptavidin-HRP and developed with TMB, as described above. For the detection of RF and anti-thyroglobulin antibodies, Maxisorp plates were coated overnight at 4°C with 1 μg/ml of either mouse IgG (Jackson Immunoresearch) for RF assay or thyroglobulin (from bovine thyroid; Sigma) diluted in 0.05 M carbonate buffer (pH = 9.6). Following three washes with PBS containing 0.05% Tween, the wells were blocked with PBS/Tween/1% BSA for 2 h at RT. Serum samples, diluted to 1/1,000, were added in duplicate and incubated for 2 h at RT. The plates were then washed and developed using the same procedure described above.

Detection of Antinuclear Antibodies (ANA) by Immunofluorescence Using HEp-2 Cells

Serum ANA were detected by indirect immunofluorescence using a fluorescence-based HEp-2 ANA kit, according to the manufacturer’s protocol (INOVA Diagnostics, San Diego, CA, USA). Diluted serum samples (1/80) and controls were incubated for 30 min at RT in a moist chamber. After gently rinsing with PBS, FITC-conjugated goat anti-mouse IgG (Pierce,) was added and incubated for 30 min, following which the mounting media was added and coverslip placed. The fluorescence was visualized at 40× magnification using an Olympus BX51 fluorescent microscope (Olympus Corporation, Japan).

Histopathological Kidney Analysis

Kidney biopsies were fixed in 4% paraformaldehyde, embedded in paraffin, and assayed for immune complex deposition. Tissue sections were stained with biotin-goat anti-mouse IgG (Fcγ-specific; 1/2,000 dilution) for 2 h followed by streptavidin-HRP (BD Biosciences) for 1 h. The peroxidase activity was determined using DAB chromogen (BD Biosciences). After washing, hematoxylin was added and sections were then rehydrated, mounted with DPX, and viewed under 20× and 40× light microscope.

Statistical Analysis

Statistical significance was analyzed using Student’s t-test, using the statistical program of GraphPad Prism software (San Diego, CA, USA). Differences between experimental groups were considered significant when p values were <0.05.

RESULTS

Persistent Infection by Attenuated Salmonella Strain in MyD88−/− Mice

We have previously demonstrated that MyD88−/− mice are susceptible to infection by an attenuated strain of S. typhimurium (BRD509E) (17, 30). While the lethal dose 50 (LD50) of the BRD509E strain in C57BL/6 mice, when given i.p., is ~5 × 106 CFUs per mouse, the equivalent LD50 in MyD88−/− mice is ~400 CFUs/mouse, more than 10,000-fold lower than that of C57BL/6 mice. In this context, while i.p. inoculation of BRD509E (at doses as low as 4 × 102 CFUs/mouse) resulted in high mortality rates in MyD88−/− mice, its oral administration led to the establishment of a chronic infection that lasted for more than 6 months (17). Here, we examined further the extent of the susceptibility to BRD509E in MyD88−/− mice. We first followed the bacterial shedding in the feces over a 4-week period after the animals were infected i.p. with a low dose of BRD509E (200 CFUs/mouse). In wild-type MyD88+/+ mice, only a low level of fecal shedding of S. typhimurium organisms (~10 CFUs/g feces) was observed 2 weeks postinfection (Figure 1A). By day 21, as the infection was phenotypically resolved, a minimal fecal shedding of S. typhimurium organisms was observed. In contrast, MyD88−/− mice exhibited a persistent, progressively worsening infection accompanied by increasing levels of bacterial shedding over the 4-week observation period, reaching >105 CFUs/g feces (Figure 1A). This observation correlated with significantly elevated bacterial burden in the spleen and liver of infected MyD88−/− mice, where the bacteria recovered was 158- and 240-fold greater, respectively, than in infected MyD88+/+ mice (Figures 1B,C). Thus, MyD88−/− mice fail to control the replication of BRD509E strain irrespective of the challenge dose.
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FIGURE 1 | Splenomegaly and inflammatory myeloid cell influx in Salmonella-infected MyD88−/− mice. (A–C) WT (MyD88+/+) and MyD88−/− mice were infected i.p. with BRD509 (200 CFUs/mouse). Bacterial shedding in the feces was followed for 4 weeks (A). Bacterial loads in spleen (B) and liver (C) at day 28 postinfection are shown. (D,E) Mice were infected with BRD509 (3,000 CFUs/mouse) and sacrificed at day 21. (D) Spleens of non-infected (NI) and infected (I) groups are shown. (E) Spleen weights of the different experimental groups. Each data point represents the mean ± SEM of 6–10 mice per group. (F–H) Absolute cell counts of CD11b+ myeloid cells (F), CD19+ B lymphocytes (G) and CD3+ T lymphocytes (H) per spleen. (I–N) Flow cytometric analysis of splenic myeloid cells and activation status. Splenocytes of NI (I,K) or Salmonella-infected (J,L) MyD88+/+ (I,J) or MyD88−/− (K,L) mice were analyzed for CD11b and Gr-1 positivity. Based on Gr-1 expression levels, three distinct CD11b+ populations could be discerned, CD11b+Gr-1high (top panel), CD11b+Gr-1low (middle panel), and CD11b+Gr-1− (bottom panel). Each of these subpopulations was further analyzed for the expression of Sca-1 activation marker. Results of individual mice are shown. (M) Percentage of CD11b+ cells expressing high, low, or negative levels of Gr-1 protein in NI or BRD509-infected MyD88+/+ or MyD88−/− mice. (N) Alterations in expression of Sca-1 protein in the different myeloid subpopulations. The results are representative of at least three to four independent experiments. Asterisks denote statistically significant differences between MyD88−/− and MyD88+/+ mice (*p < 0.05; **p < 0.01; ***p < 0.001).



Increased Counts and Activation of Splenic Myeloid Cells Following Salmonella Infection in MyD88−/− Mice

To gain novel insights into the role of MyD88 in the immune response against Salmonella, MyD88−/− mice were infected with ~3 × 103 CFUs/mouse of BRD509E strain, which corresponds to an intermediate dose when compared to our previous report (17), and changes in spleen cellularity were analyzed at day 21 postinfection. MyD88−/− mice exhibited a protracted state of splenomegaly, ~3.8-fold larger than in wild-type counterparts (Figures 1D,E). Analysis of splenic immune cells demonstrated that MyD88−/− mice displayed a significant increase in the number of CD11b+ myeloid cells in comparison to infected MyD88+/+ counterparts (Figure 1F). Meanwhile, no change was observed in absolute counts of T and B lymphocytes (Figures 1G,H).

To characterize the different subpopulations of CD11b+ myeloid cells in the spleen of infected animals, we performed flow cytometric analysis using a combination of mAbs to CD11b and Gr-1 proteins as well as the activation markers Sca-1, CD80, and MHC class II. Based on staining with mAbs to CD11b and Gr-1, three CD11b+ myeloid subpopulations (Gr-1high, Gr-1low, and Gr-1−) could be discerned (Figures 1I–L). The Gr-1high cells represent granulocytes and are negative for MHC class II and CD80 expression (data not shown). The CD11b+Gr-1low and Gr-1− cells represent monocyte lineage cells and are positive for MHC class II (data not shown). By day 21 postinfection, the levels of splenic Gr-1high, and Gr-1low subpopulations were still elevated in both infected MyD88−/− and MyD88+/+ mice as compared to non-infected (NI) counterparts (Figures 1J,L). Splenic Gr-1low monocytes were the predominant cell type in infected MyD88−/− mice (Figure 1M), accounting for the observed protracted splenomegaly (Figure 1D). Sca-1 is an IFNγ-inducible activation marker on myeloid and lymphoid cells (37) and it has been shown to be upregulated in Salmonella infections (29). Analysis of Sca-1 expression on splenic myeloid cells confirmed its upregulation on all three subpopulations (Figures 1I–L,N) with the extent of activation being consistently higher in infected MyD88−/− mice. This is most likely a reflection of the chronicity of Salmonella infection in these mice.

Given the persistent infection and increased infiltration of inflammatory myeloid cells into the spleens of MyD88−/− mice at day 21 of infection, CD11b+ cells were purified from different experimental groups and assessed for the expression of inflammatory mediators. We observed an elevated iNOS transcriptional activity in myeloid cells which reached >1,000-fold higher levels in both MyD88+/+ and MyD88−/− myeloid cells compared to NI animals (Figure 2A), indicative of an ongoing pro-inflammatory milieu in both mouse strains. In agreement, equivalent levels of IL-12p35 and IL-6 were also evident in both NI and infected MyD88+/+ and MyD88−/− mice (Figure 2B). Of note, a significantly enhanced BAFF expression level was observed in infected MyD88−/− mice compared to wild-type mice (Figure 2C). Given the important role of BAFF in driving autoreactive B cell responses (38, 39), we also determined the levels of BAFF cytokine in mouse sera. Measurement of systemic BAFF levels revealed a 4.9-fold increase in BAFF in infected MyD88−/− mice compared to infected MyD88+/+ animals (Figure 2D). Interestingly, this analysis also showed significantly higher (threefold) BAFF serum levels in uninfected MyD88−/− mice compared to their wild-type counterpart (Figure 2D). Additionally, Salmonella infection induced significant elevation (2.5-fold) in serum BAFF levels in MyD88−/− mice compared to uninfected counterpart (Figure 2D). Collectively, these findings suggest a hyperinflammatory state of myeloid cells from MyD88−/− mice in the context of a chronic infection with attenuated Salmonella. This is also combined with significantly elevated serum BAFF levels in MyD88−/− mice.
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FIGURE 2 | Analysis of cytokine gene expression and serum levels in myeloid cells. Gene expression levels of (A) inducible nitric oxide synthase (iNOS) and (B) IL-12p35 and IL-6 in CD11b+ splenic myeloid cells purified from the different experimental groups. Each data point represents the mean ± SEM of three to four mice per group. (C) Analysis of BAFF gene expression in purified myeloid cells [n = 3 for non-infected (NI) groups and n = 8 for infected groups]. Alterations in gene expression are depicted as fold-change compared to NI WT mice. (D) Analysis of systemic BAFF levels in mouse sera by ELISA. Each data point represents the mean ± SEM of three (NI) or eight (infected) mice per group. Analysis was done on whole sera or purified myeloid cells obtained from NI or Salmonella-infected mice at day 21 postinfection. Data are compiled from two independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001).



Enhanced T Lymphocyte Activation in the Spleens of Salmonella-Infected MyD88−/− Mice

Considering the interconnection between innate and adaptive immune responses (3, 40), the abnormal activation displayed by splenic myeloid cells of MyD88−/− animals suggested the possibility that Salmonella infection could also affect the activation of adaptive immune cells. The frequency of CD3+ T cells in NI wild-type mice was 33.1 ± 2.1 and was essentially unchanged (34.9 ± 2.2) at day 21 postinfection (Figures 3A–C). Despite no changes in the absolute lymphocyte counts when comparing infected MyD88+/+ with MyD88−/− mice (Figure 1H), the latter showed a slightly lower frequency of CD3+ cells (25.9 ± 1.5) in the T lymphocyte compartment (Figure 3B). Since the frequency of CD4+ T cells was not abnormal in MyD88−/− mice, the reduced CD3+ cells in the T lymphocyte compartment was probably due to low percentage of CD8+ T cells (Figure 3D). Most important, phenotypic analysis of T cells upon Salmonella infection demonstrated an increased expression of Sca-1 on CD4+ and CD8+ T cells from both mice strains (Figures 3E,F; Figure S1 in Supplementary Material). However, the upregulation of Sca-1 expression was significantly higher on T cells from MyD88−/− mice compared to wild-type mice. Furthermore, while we did not detect increased CD25 expression on T cells from infected wild-type mice when compared to NI animals, the absence of MyD88 resulted in a strong upregulation of this activation marker (Figures 3G,H; Figure S1 in Supplementary Material). Therefore, the incapacity to control S. typhimurium infection in MyD88−/− mice leads to a hyperactivation of innate and adaptive immune cells.
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FIGURE 3 | Changes in splenic T lymphocyte populations following infection. A representative dot plot of non-infected (NI) WT splenocytes showing gated CD3+ T lymphocytes (A) and CD4 and CD8 subpopulations (C) within gated CD3+ cells. (B) Changes in the percent of CD3+ lymphoid cells in the whole spleen. (D) Changes in the ratios of CD4+ and CD8+ cells within the T cell populations. Analysis was done on day 21 postinfection with BRD509 (n = 4–6 for NI and 8–10 for infected groups). Changes in the percent of CD4+ (E,G) and CD8+ (F,H) T cells positive for Sca-1 (E,F) or CD25 (G,H) are shown (*p < 0.05, **p < 0.01, ***p < 0.001). The results are representative of three independent experiments.



Abnormalities in T Helper Subsets in MyD88−/− Mice

We sought to further characterize the immunopathological mechanisms behind the abnormal adaptive immune cells during uncontrolled S. typhimurium infection. Considering the pivotal role of CD4+ T lymphocytes in the global control of immune responses including the host resistance against Salmonella (41, 42), we evaluated the gene expression in purified splenic CD4+ T cells of cytokines and transcription factors that specify the program of T helper cells in MyD88+/+ and MyD88−/− mice. Transcription of IFN-γ, the main cytokine that defines the Th1 signature, was significantly elevated (27- to 32-fold) upon Salmonella infection in both MyD88+/+ and MyD88−/− mice (Figure 4A). Noteworthy, CD4+ T cells from MyD88−/− spontaneously expressed increased levels of IL-4 and IL-21 when compared to wild-type mice, which are pivotal cytokines that define Th2 (43–45) and Tfh (follicular Th cells) (46, 47) profiles, respectively. After Salmonella infection, the amount of IL-4 and IL-21 was strongly upregulated in CD4+ T cells of MyD88−/−, but not MyD88+/+, mice (Figure 4A). The expression level of IL-10, another Th2 cytokine (48), was also elevated (~14-fold) in infected MyD88−/− mice (Figure 4A). Interestingly, the enhanced Tfh-specific transcriptional signature was mirrored by significant upregulation in BAFF (5.3-fold) and PD-1 (39.2-fold) gene transcription compared to control (Figure 4A). The increase in IL-4, IL-21, IL-10, BAFF, and PD-1 gene transcription was significantly higher in infected MyD88−/− compared to infected MyD88+/+ mice. On the other hand, no significant changes were observed in the expression of IL-17 or TGF-β in CD4+ T cells from any mouse strain (data not shown) Overall, our data suggest that S. typhimurium infection exacerbates Th2 and Tfh transcriptional signatures, which are essential for the modulation of antibody production (49, 50).
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FIGURE 4 | Analysis of gene expression and cytokine production profiles in purified CD4+ T lymphocytes. (A,B) Gene expression levels of key cytokines (A) and transcription factors (B) in purified CD4+ T cells of different experimental groups were analyzed by quantitative real-time PCR (n = 3–6 per group). Alterations in gene expression are depicted as fold-change compared to non-infected (NI) WT mice. Analysis was done on CD4+ T cells purified from NI or Salmonella-infected mice at day 21 postinfection. (C–E) Secretion of IFN-γ (C), IL-10 (D), and IL-4 (E) by purified CD4+ T cells after stimulation with plate-bound anti-CD3/CD28 antibodies. Data are compiled from two independent experiments (n = 3–6 per group). (F,G) Intracellular cytokine staining of purified CD4+ T cells. The graphs depict cumulative data showing the percent of CD4+ T cells co-expressing IFN-γ plus IL-10 (F) or IFN-γ plus IL-4 cytokines (G). All determinations were done in triplicates. The data are representative of three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).



In order to validate our gene expression approach, we purified CD4+ T cells from NI and infected mice and analyze the secretion of cytokines upon stimulation with a combination of plate-bound anti-CD3/CD28 mAbs. Both MyD88+/+ and MyD88−/− mice secreted abundant and comparable levels of IFN-γ (Figure 4C). IL-10 secretion was only strongly detected in the supernatants of CD4+ T cells from infected MyD88−/− mice (Figure 4D). Moreover, IL-4 secretion was detected only from MyD88−/− CD4+ T cells, which is in agreement with the gene expression findings (Figure 4E). Interestingly, CD4+ T cells from uninfected MyD88−/−, but not MyD88+/+, mice could also secrete IL-4 upon induction via the TCR, suggesting an endogenous predisposition to Th2 responses in these mice (Figure 4E). Next, intracellular staining of cytokines in anti-CD3/CD28-activated CD4+ T cells was performed by flow cytometric analysis. The data revealed that while CD4+ T cells from infected MyD88+/+ mice follow the traditional Th1/Th2 polarized model, CD4+ T cells from MyD88−/− mice co-expressed IFN-γ and IL-4 or IFN-γ and IL-10 (Figures 4F,G; Figure S2 in Supplementary Material). The rather heterogeneous cytokine profile observed in MyD88−/− T cells is typical of the cytokine pattern expressed by Tfh cells (51). Recently, it was reported that naïve Th21 cells, which are implicated in autoimmune disease, do also express a combination of cytokines (IL-21 and IFNγ) typically associated with different Th cell lineages (52).

Underlying the findings described above, we observed an upregulated expression of T-bet, the transcriptional factor responsible for Th1 differentiation, in CD4+ T cells from both mice strains (Figure 4B). Meanwhile, NI MyD88−/− mice displayed a higher spontaneous gene expression of FoxP3, the transcription factor responsible for the differentiation of T regulatory (T reg) cells, compared to wild-type mice. However, following infection, the expression of FoxP3 was downregulated to levels comparable to those from wild-type mice. No changes were observed in the expression of GATA-3, RoRγ, or Bcl-6, which are responsible for the commitment of Th2, Th17, and Tfh cells, respectively (Figure 4B). Thus, despite the skilled T lymphocytes hyperactivation profile for Th2 and Tfh signatures, suggesting unique Th cell differentiation in infected MyD88−/− mice, transcription factor expression profiling in total CD4+ T cells showed no substantial differences between MyD88+/+ and MyD88−/− mice, most likely due to the low sensitivity of the assay.

MyD88−/− Mice Exhibit Dysregulated Antibody Responses When Challenged With S. typhimurium

Apart from hyperactivation of myeloid cells including the increased expression of BAFF, a well-known factor associated with abnormal B cell responses and autoimmune diseases (53–56), we demonstrate here that MyD88−/− mice develop hyperactivation of Th2 and Tfh cells. While the role of IL-4 producing cells (Th2) is still a paradox due to pro- or anti-inflammatory effects associated with the development or prevention of autoimmune diseases (57), respectively, it is clear that Tfh cells are key players for the development of humoral immunity and associated autoimmune diseases (52). Although NI and Salmonella-infected MyD88+/+ and MyD88−/− mice showed similar percentages of splenic B cells (Figure S3A in Supplementary Material), B cells of MyD88−/− mice exhibited higher Sca-1 expression (Figures S3B,C in Supplementary Material), suggesting hyperactivation. Analysis of costimulatory molecules on the surface of B cells demonstrated elevated levels of CD86 expression from infected MyD88−/− mice when compared to MyD88+/+ animals (Figure S3E in Supplementary Material), while no differences were observed in the expression of CD80 molecule (Figure S3D in Supplementary Material). Thus, B lymphocytes from MyD88−/− mice appear to be hyper-responsive to Salmonella infection.

In accordance, even at a low dose of infection (equivalent to <1 LD50), MyD88−/− mice displayed high serum levels of anti-Salmonella antibodies of IgM as well as IgG3 and IgG2c and IgG1 isotypes in comparison to wild-type mice (Figures 5A–D). The absolute levels of Salmonella-specific IgG2c and IgG1 were also measured and the data confirmed the serum titers (Figures 5E,F). The high IgG serum levels of anti-Salmonella antibodies in infected MyD88−/− mice first became evident as early as 21 days post Salmonella inoculation (Figures 5G–I) and was still significantly elevated up to 2 months later, the longest period of observation (data not shown). We also measured total IgG levels and observed that in NI animals, relatively low and comparable levels of serum IgG3 and IgG2c were detected in both MyD88+/+ and MyD88−/− mouse strains (Figures S4A,B in Supplementary Material), while IgG1 amounts in uninfected MyD88−/− mice were significantly elevated compared to MyD88+/+ mice (2,303 ± 740 vs 626 ± 95 μg/ml, respectively; Figure S4C in Supplementary Material). In Salmonella-infected mice, serum IgG3 and IgG2c concentrations were significantly increased, by an average of threefold to fivefold over those in uninfected controls, in both mouse strains (Figures S4A,B in Supplementary Material), while no significant changes in serum IgG1 concentrations were observed upon infection with Salmonella in both mouse strains. Noteworthy, the serum levels of all three IgG subclasses in infected MyD88−/− mice were higher in relation to MyD88+/+. Hence, in addition to showing a humoral immune response that is constitutively skewed to Th2-induced IgG isotypes, MyD88−/− mice challenged with attenuated Salmonella display hypergammaglobulinemia due to unresolved infection.
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FIGURE 5 | Hypergammaglobulinemia in Salmonella-infected MyD88−/− mice. Mice were inoculated i.p. with BRD509 (~200 CFUs/mouse) and sera collected at 4 weeks and analyzed for the presence of Salmonella-specific IgM (A), IgG3 (B), IgG2c (C), and IgG1 (D) isotypes. Quantification of Salmonella-specific serum IgG2c (E) and IgG1 (F) antibodies in non-infected (NI) and 3-week infected (I) mice. Absolute antibody levels are expressed in micrograms per milliliter serum (n = 3–6 per group). (G–I) The kinetics of development of antibodies to Salmonella infection was evaluated during the first 3 weeks post i.p. infection with a dose of 4,000 CFUs/mouse. Salmonella-specific IgG3, IgG2c, and IgG1 were determined (n = 3–6 per group per time point). Asterisks denote statistically significant differences between MyD88−/− and MyD88+/+ mice (*p < 0.05; **p < 0.01; ***p < 0.001). Data are compiled from three independent experiments.



Presence of Self-Reactive B Cells in MyD88−/− Mice Following Systemic Salmonella Infection

Considering the immune hyperactivation and potential etiological link between Salmonella infections and the development of autoimmune diseases (26–28), we analyzed the generation of autoantibodies in response to BRD509E. Mouse sera were collected 4–6 weeks following i.p. infection and tested for reactivity against dsDNA, thyroglobulin, and IgG. To rule out non-specific cross-reactivity, all autoantibody ELISAs were determined at a serum dilution of 1/1,000 or greater. Moreover, since all ELISAs were run using IgG-specific secondary antibodies, all observed reactivities reflect IgG isotype autoantibodies. No significant levels of autoreactive antibodies were detectable in wild-type (MyD88+/+) mice before or after infection. Similarly, sera from NI MyD88−/− mice had no reactivity to any of the autoantigens. On the other hand, Salmonella-infected MyD88−/− mice displayed increased titers of autoantibodies directed against dsDNA (i.e., ANA), thyroglobulin, and IgG RF (Figures 6A–C). In order to gain further insight about the physiological significance of the observed autoantibody levels, we compared the sera of Salmonella-infected MyD88−/− mice with that of autoimmune MRL-lpr mice for reactivity to dsDNA. The MRL-lpr serum samples were collected from 8-week-old female mice and were positive at 1/100 dilution for ANA using the Euroimmun IIFT:HEp-20-10 cell test kit (data not shown). As shown in Figure 6D, a comparison of randomly selected individual serum samples showed that the levels of dsDNA-specific IgG autoantibodies in infected MyD88−/− mice were comparable to, or higher than, those of MRL-lpr mice. Taken together, the data confirm that Salmonella infection of MyD88−/− mice induces significant levels of autoantibodies of multiple specificities.
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FIGURE 6 | Autoantibody reactivity of MyD88−/− sera after systemic Salmonella infection. Sera were collected 4–6 weeks following i.p. infection with BRD509 (~200 CFUs/mouse) and tested for reactivity with thyroglobulin (A), rheumatoid factor [RF; (B)], and double-stranded DNA (dsDNA) (C) by specific ELISA. The cutoff for the detection of these autoantibodies was determined at 1/1,000 dilution. Data are compiled from three independent experiments. (D) Comparison of anti-dsDNA reactivity in sera of MRL-lpr (n = 3) and infected MyD88−/− mice (n = 4). Serum reactivity with dsDNA was done at the indicated final dilutions (1/500 to 1/1,000). Non-infected sera are represented by the “Control” group. Data are representative of two independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001).



Sera were also tested for reactivity to fixed HEp-2 cells by immunofluorescence. Sera from infected MyD88−/− mice exhibited different patterns of reactivity to dsDNA, ranging from homogenous to fine/coarse speckled (Figures 7A–C). Importantly, sera from uninfected mice from both groups were negative for HEp-2 staining (Figures 7D,E). While only 8% of the sera from infected MyD88+/+ mice (1 out of 12) were positive for HEp-2 staining (Figure 7F), approximately 53% of sera (8 out of 15) collected from infected MyD88−/− mice showed strong reactivity to dsDNA in HEp-2 cells (Figure 7G). These data suggest that different nuclear antigens are being recognized by the autoantibodies produced in infected MyD88−/− mice.
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FIGURE 7 | Qualitative detection of antinuclear antibodies (ANA) by immunoflurosence on HEp-2 cells. Sera from Salmonella-infected (A–C) or non-infected (NI) (D) MyD88−/− mice were incubated with HEp-2 cells, as described in Section “Materials and Methods.” Positive staining showing homogenous (A), speckled (B), and cytoplasmic (C) patterns is shown. As a control, reactivity of sera from NI (E) or infected (F) MyD88+/+ mice is also shown. The percentage of sera from the different experimental groups (n = 5–15 mice/group) that was positive for ANA is summarized in panel (G). The fluorescence was visualized at 40× magnification using an Olympus fluorescent microscope. Data are compiled from three independent experiments.



Given the state of hypergammaglobulinemia and the increased levels of serum IgG autoantibodies in infected MyD88−/− mice, we next evaluated whether this fact was associated with more abundant immune complex deposition in kidney glomeruli. No evidence of staining was detected in the glomeruli of NI MyD88+/+ or MyD88−/− mice (Figures 8A,D). In sharp contrast, much brighter staining, indicating more deposits of immune complexes, was detected in ~69% of Salmonella-infected MyD88−/− mice (Figures 8B,C,G) while about 20% of infected MyD88+/+ mice showed positive staining of glomeruli but those were generally of low level of intensity (Figures 8E,F). Taken together, our data suggest that the absence of MyD88 predisposes animals to hypergammaglobulinemia, production of autoantibodies, and deposition of immune complexes in kidney glomeruli following infection with S. typhimurium.
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FIGURE 8 | Deposition of immune complexes in Salmonella-infected MyD88−/− mice. (A–F) Kidney sections were prepared from non-infected (NI) (A,D) and infected (I) MyD88−/− (B,C) and MyD88+/+ (E,F) mice and stained with anti-IgG antibody, as described in Section “Materials and Methods” (n = 5–15 mice/group). (G) The percentage of mice whose kidney sections scored positive for the presence of immune deposits by DAB staining. Images were taken at 40× magnification. Data are compiled from three independent experiments.



Requirements for Infection-Induced Hypergammaglobulinemia and Autoantibody Production

The next series of experiments were designed to study the requirements for the observed hypergammaglobulinemia and autoantibody synthesis in MyD88−/− mice. We first asked whether infection with another Gram-negative bacterium, A. baumanii (strain NM970), could lead to similarly dysregulated antibody production in MyD88−/− mice. Two months following inoculation, MyD88−/− mice exhibited higher bacterial loads in spleen and liver when compared to MyD88+/+ mice (Figures 9A,B). Infected MyD88−/− mice developed mainly IgG3 antibodies specific to Acinetobacter, but they were significantly lower (fourfold) than those observed in infected MyD88+/+ mice (Figure 9C). No significant bacteria-specific IgG2c or IgG1 antibodies were detected (Figures 9D,E). In addition, A. baumanii did not induce antibodies directed against dsDNA and thyroglobulin (Figures 9F,G). Furthermore, there was no evidence of antibody dysregulation or autoantibody production in MyD88−/− mice infected with the Gram-negative pathogen, Escherichia coli or with the Gram-positive bacterium Group B Streptococcus (Streptococcus agalactiae) (data not shown). Therefore, the development of autoreactive B cells in infected MyD88−/− mice is dependent on the pathogen with which the animals are challenged.
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FIGURE 9 | No evidence for immunoglobulin dysregulation in MyD88−/− mice following infection with Acinetobacter baumanii. Two months post i.p. infection with a dose of ~1 × 105 CFUs/mouse of A. baumanii, bacterial counts in spleen (A) and liver (B) were enumerated (n = 6–7 mice/group). Serum levels of anti-Acinetobacter IgG3 (C), IgG2c (D), and IgG1 (E) isotypes. (F,G) Serum reactivity to double-stranded DNA (dsDNA) and thyroglobulin. The cutoff for the detection of these autoantibodies was determined at 1/1,000 dilution (*p < 0.05, ****p < 0.0001). Data are compiled from two independent experiments.



We also tested the capacity of HK Salmonella (strain BRD509E) to induce hypergammaglobulinemia. Although triggering a larger production of IgG1 subclass in MyD88−/− mice in comparison to wild-type mice, the antibody levels in sera were lower than those induced when MyD88−/− mice were infected with live bacteria. HK Salmonella was unable to significantly trigger the production of IgG3 and IgG2 subclasses (Figures 10A–C) as well as ANA antibodies in both wild-type and MyD88−/− mice (Figure 10D). These results indicate that the nature of Salmonella antigens is critical for the breakdown in B cell self-tolerance in MyD88−/− mice.
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FIGURE 10 | Absence of immunoglobulin dysregulation and autoantibodies in MyD88−/− mice following injection of heat-killed (HK) BRD509. Serum levels of Salmonella-specific IgG3 (A), IgG2c (B), and IgG1 (C) antibodies were determined at 8 weeks post i.p. inoculation of 2 × 105 HK BRD509. For comparison, antibody production in response to low dose infection with live BRD509E strain, at 3 weeks postinfection, is shown. (D) Serum reactivity to double-stranded DNA (dsDNA) in HK vs live Salmonella-infected mice. The cutoff for the detection of dsDNA was determined at 1/1,000 dilution. Data are compiled from two independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001).



DISCUSSION

After penetration of epithelial barrier through M cells overlying the lymphoid follicles of Peyer’s patches, S. typhimurium, which is an important model commonly used to study human immune responses to S. typhi (58), typically infect macrophages, causing a self-limiting infection in the lamina propria. However, an impaired immune response can result in uncontrolled spread of bacteria into deeper organs such as spleen and liver, where the immune responses try to control the massive bacterial proliferation (22, 59, 60). Here, we show that even low doses (~2 × 102 CFUs/mouse) of an attenuated strain of S. typhimurium (29, 31) can cause a disseminated disease in MyD88−/− mice, as detected by shedding of bacteria in their stools, splenomegaly, and significantly elevated bacterial burden in spleen and liver compared to MyD88+/+ mice. Our data are in agreement with Seibert et al. (22) who reported a defective control of bacterial spread in response to the attenuated Aro− strain SL7207 and Ko et al. (21) who demonstrated that MyD88-dependent innate immune responses are indispensable for protection against another attenuated strain of S. typhimurium. Taken together, the data described above suggest that despite the well-characterized phenotypic differences between MyD88-deficient mice and humans, both species are naturally highly susceptible to invasive Salmonella infections (16, 17). Importantly, different attenuated bacteria have been designed to effectively work as live vaccines by inducing protection against invasive Salmonella diseases (61). Moreover, recombinant strains of Salmonella engineered to express immunomodulatory cytokines have been shown to boost innate and adaptive immune responses in normal as well as in immunodeficient hosts (13, 18, 29, 33, 62, 63). The success of these preclinical studies promises to improve the public-health problems caused by Salmonella infections, such as those caused by multidrug-resistant strains (64–69) and the high mortality of infected children (70, 71). However, adverse side effects of live vaccines in MyD88-deficient patients have been reported (72). Thereby, the translation of Salmonella live vaccines to the clinical routine will need to be carefully monitored to avoid severe adverse effects in infants with inborn errors of TLR signaling.

The establishment of persistent infections by bacterial species, such as S. typhimurium, is associated with considerable tissue damage, leading to hyperactivation of immune responses (28). In this context, the characterization of dysregulated adaptive immune responses, including hypergammaglobulinemia, in MyD88−/− mice remains to be explored. Seibert et al. (22) reported a reduced accumulation of CD11b+Gr1+ myeloid cells in spleens of infected MyD88−/− mice, which are unable to clear S. typhimurium (SL7207 strain). However, with the exception of elevated Salmonella-specific IgG1 antibodies, the authors found normal levels of anti-Salmonella IgM, IgG2b, and IgG2c as well as apparently no abnormalities in T cell responses, suggesting a minimal alteration of humoral and cellular immunity against S. typhimurium. On the other hand, Ko et al. reported that S. typhimurium-infected (RASV strain) MyD88−/− mice display expanded numbers of B cells, CD4+ T cells, and CD11b+Gr1+ myeloid cells in their spleen (73). Furthermore, MyD88−/− mice develop dysregulated antibody responses characterized by increased serum levels of IgG, IgA, and IgM Salmonella-specific antibodies, production of anti-dsDNA autoantibodies, and deposition of immune complexes in kidneys in a TFH cell-dependent manner.

The apparent differences between the aforementioned studies could be due to different approaches such as the route of bacterial administration (17) and/or the bacterial strains used (74), thus requiring further investigation. Our present findings indicate that abnormalities of myeloid and T cells from MyD88−/− mice contribute systemically to the development of an abnormal humoral immunity characterized by high serum levels of Salmonella-specific IgM, IgG3, IgG2c, and IgG1 antibodies and enhanced levels of anti-dsDNA, anti-thyroglobulin, and IgG RF. Our data also suggest that the Salmonella-driven B cell activation (73, 75) is dependent upon the establishment of a chronic infection, since only live bacteria were able to induce hypergammaglobulinemia and autoantibody production in MyD88−/− mice. Interestingly, the dysregulation of humoral immune responses in MyD88−/− mice seem to be dependent upon the species of pathogen that mice are challenged with. Thus, while MyD88−/− mice infected with different attenuated Salmonella strains or with B. burgdorferi (23) developed extreme hypergammaglobulinemia compared to MyD88+/+ animals, other bacterial species (A. baumanii, S. agalactiae, and E. coli) were unable to trigger the same phenomenon. Therefore, our findings provide an important link between environmental factor, genetic background, and the potential development of autoimmune diseases.

The hyperactivation of B cell responses in the context of a chronic infection in MyD88−/− mice correlates with aberrant activation of myeloid cells and Tfh cells and the production of BAFF cytokine. Increased levels of BAFF breach B cell tolerance by enhancing survival of self-reactive B cells, thus allowing their abnormal entry into the mature follicular compartment where they can receive T cell help (76). A suppressive role for B cell-intrinsic MyD88 expression has also been proposed (77), which may well underlie the breakdown of B cell self-tolerance in our Salmonella infection model. Our current findings show that the autoantibody levels produced in chronically infected MyD88−/− mice are comparable to, or higher than, those in autoimmune MRL-lpr mice. An inflammatory positive-feedback loop involving activated BAFF-producing myeloid cells and IFNγ-secreting T cells has been shown to play an important role in driving autoantibody production in autoimmune-prone mice (78). Purified T cells of infected MyD88−/− mice exhibited a heterogeneous cytokine expression pattern, including IL-21, IL-4, BAFF, IL-10, and IFN-γ and upregulated PD-1. Moreover, intracellular cytokine staining confirmed the increased presence of splenic T cells co-expressing IFN-γ plus IL-4 or IFN-γ plus IL-10 in Salmonella-infected MyD88−/− mice. This heterogeneous cytokine expression profile is typical of Tfh cells (51). Collectively, in the absence of MyD88, a persistent infection induces hypergammaglobulinemia and autoantibody development driven by the aberrant activation of myeloid cells and BAFF secretion. This, in turn, activates Tfh cells which consequently drive aberrant B cell responses.

In an attempt to translate our findings to humans, during approximately 10 years after the first report suggesting that the MyD88 signaling pathway is essential for the removal of autoreactive B cells, paradoxically neither autoreactive antibodies were identified in the serum of MyD88-deficient patients nor these subjects were reported to develop autoimmune diseases (72, 79). However, very few MyD88-deficient patients have been characterized so far (72). The clinical spectrum of MyD88-deficiency remains to be determined in different geographic regions of the world where MyD88-deficient subjects will enter in contact with different pathogens that could trigger the development of self-reactive B cells. In line with this hypothesis, during the time of manuscript preparation, a single Myd88-deficient patient and four with IRAK4 deficiency were reported to develop a particular pattern of self-reactive B cells, which are expanded during lupus flares, and speculated to be modulated by alterations in human microbiome (80). This indicates that patients with MyD88 deficiency must be monitored for the development of autoreactive B cells and that improvement in the genetic diagnosis of this primary immunodeficiency worldwide could provide a priceless opportunity to uncover new MyD88-dependent mechanisms that orchestrate the adaptive immune response.

In conclusion, our findings expand the knowledge about the role of the TLR-MyD88 pathway in the host protection against Salmonella infections. Importantly, these data further characterize the dysregulation of adaptive immune system triggered by S. typhimurium in MyD88−/− mice. Considering the link between Salmonella infections and the development of autoimmune diseases (26, 27, 81, 82), future studies to further investigate the nature of immune dysregulation induced by Salmonella species in immunocompromised and immunocompetent hosts could reveal several novel important immunological mechanisms that can be explored as new therapeutic targets.
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Pro- and anti-inflammatory effector functions of IgG antibodies (Abs) depend on their subclass and Fc glycosylation pattern. Accumulation of non-galactosylated (agalactosylated; G0) IgG Abs in the serum of rheumatoid arthritis and systemic lupus erythematosus (SLE) patients reflects severity of the diseases. In contrast, sialylated IgG Abs are responsible for anti-inflammatory effects of the intravenous immunoglobulin (pooled human serum IgG from healthy donors), administered in high doses (2 g/kg) to treat autoimmune patients. However, whether low amounts of sialylated autoantigen-reactive IgG Abs can also inhibit autoimmune diseases is hardly investigated. Here, we explore whether sialylated autoantigen-reactive IgG Abs can inhibit autoimmune pathology in different mouse models. We found that sialylated IgG auto-Abs fail to induce inflammation and lupus nephritis in a B cell receptor (BCR) transgenic lupus model, but instead are associated with lower frequencies of pathogenic Th1, Th17 and B cell responses. In accordance, the transfer of small amounts of immune complexes containing sialylated IgG Abs was sufficient to attenuate the development of nephritis. We further showed that administration of sialylated collagen type II (Col II)-specific IgG Abs attenuated the disease symptoms in a model of Col II-induced arthritis and reduced pathogenic Th17 cell and autoantigen-specific IgG Ab responses. We conclude that sialylated autoantigen-specific IgG Abs may represent a promising tool for treating pathogenic T and B cell immune responses in autoimmune diseases.

Keywords: autoimmunity, IgG glycosylation, sialylation, ST6gal1, systemic lupus erythematosus, rheumatoid arthritis, immunosuppression, Th17

INTRODUCTION

The ability of IgG antibodies (Abs) to modulate immune responses depends on the Ab subclass and the structure of the N-glycan attached to Asn-297 in the Fc region that affect IgG binding to activating and inhibitory Fcγ receptors (FcγRs) on effector cells (1, 2). The biantennary core of the Fc glycan consists of four N-acetylglucosamines (GlcNAcs) and three mannoses, which can be further modified with fucose, bisecting GlcNAc, galactose and terminal sialic acid residues (Figure S1 in Supplementary Material).

The abundance of non-galactosylated (agalctosylated; G0) serum IgG Abs that lack galactose and terminal sialic acid residues positively correlates with the disease severity in rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) (3–25), whereas alleviated disease activity in RA patients during pregnancy or after anti-TNF treatment is associated with increased levels of sialylated IgG Ab (6, 17, 20, 26–28). Intriguingly, this correlation is especially prominent when only autoreactive IgG Abs are analyzed (22), suggesting that G0 IgG Abs may exacerbate autoimmune inflammation in an antigen-specific manner. Indeed, agalactosylated, but not sialylated, IgG autoantibodies (autoAbs) are able to induce disease symptoms in passive models of arthritis (9, 24).

With regard to the development of differently Fc glycosylated IgG Abs, it has been shown that immune responses under inflammatory conditions induce plasma cells (PCs) that generate G0 IgG, whereas immune responses under tolerogenic conditions induce more galactosylated and sialylated IgG Abs (29–32).

The anti-inflammatory effects of sialylated IgG Abs have first been reported for the intravenous immunoglobulin (IVIG)—pooled human serum IgG from healthy donors (33–35). The sialylated IVIG fraction attenuates arthritis in mice via its binding to the C-type lectin receptor SIGN-R1 (specific ICAM-3 grabbing non-integrin-related 1) on regulatory marginal-zone macrophages (36), and thereby induces an anti-inflammatory environment and upregulates the inhibitory Fcγ receptor FcγRIIB on effector macrophages (37). Moreover, sialylated IVIG is able to inhibit dendritic cell (DC) maturation through an FcγRIIB-independent mechanism (29, 38–40). Together, these data suggest that the sialylated IVIG fraction exerts anti-inflammatory effects on both innate and adaptive immune cells.

Under physiological conditions, IgG Abs mediate their effector functions through the formation of immune complexes (ICs) with an antigen (29–32, 41). Recent reports suggest that sialylation of antigen-specific IgG Abs affects their effector functions and the course of an immune response (29, 30). In the context of autoimmunity, application of small amounts of sialylated IgG autoAbs has reduced joint swelling in the collagen-induced arthritis (CIA) model (24). Furthermore, endogenous sialylation of IgG Abs have attenuated disease development in mouse models of nephritis and arthritis through a pathway similar to IVIG (42). Finally, ICs containing sialylated antigen-specific IgG Abs have inhibited LPS-induced IL-6 production by DCs in vitro (29).

To further investigate the protective effect of sialylated autoantigen-specific IgG Abs on the development of autoimmune pathology, here we studied the disease course in lupus nephritis-prone FcγRIIB-deficient (Fcgr2b−/−) mice and in 56R+/−Fcgr2b−/− mice that express a transgenic self- and polyreactive B cell receptor (BCR) (43–46) and produce T cell-independent sialylated IgG2a and IgG2b autoAbs (47). We further tested how sialylated collagen type II (Col II)-reactive monoclonal murine IgG Abs influence the development of Col II-induced arthritis (CIA), accumulation of Th1 and Th17 cells, and autoAb production. Our results suppose that sialylated IgG autoAbs attenuate the development of pathogenic autoimmune conditions and might affect inflammatory T and B cell responses.

MATERIALS AND METHODS

Mice

C57BL/6 wt mice were purchased from Charles River Laboratories (Bar Harbor, ME, USA). Fcgr2b−/− mice and 56R+/−Fcgr2b−/− mice with the transgenic VDJ4 heavy (H) chain knock-in (56R) (43, 44) on the C57BL/6 background have been described previously (45, 46, 48–50). Ovalbumin (OVA)-specific TCR transgenic OT-II+/+ mice (B6.Cg-Tg(TcraTcrb)425Cbn/J; stock no. 004194) (51) and Thy1.1+/+ mice (B6.PL-Thy1a/CyJ; stock no. 000406) on the C57BL/6 background were purchased from Jackson Laboratories. F1 offsprings of OT-II+/+ × Thy1.1+/+ breedings were used for cell transfer experiments. Genotypes were determined via PCR amplification of tail DNA (46). The mice were bred and maintained in accordance with federal laws and institutional guidelines.

Reagents

For the experiments, ovalbumin (OVA) was purchased from Sigma-Aldrich (Steinheim, Germany) and 2,4,6-Trinitrophenyl (TNP)(12)-coupled bovine serum albumin (TNP(12)-BSA) and TNP(5)OVA were purchased from Biosearch Technologies (Novato, CA, USA or Petaluma, CA, USA). TNP-sheep IgG was prepared using TNP-e-aminocaproyl-OSu (Biosearch Technologies) and sheep IgG (Sigma-Aldrich) in the laboratory. IVIG (Intratect) was obtained from Biotest Pharma GmbH (Dreieich, Germany). Complete Freund’s adjuvant [CFA; 1 mg Mycobacterium tuberculosis (Mtb)/ml; #F5881] and incomplete Freund’s adjuvant (IFA; #F5506) were purchased from Sigma-Aldrich. Enriched CFA (eCFA) was prepared by adding heat-killed Mtb.H37 RA (BD Biosciences, San Diego, CA, USA) to IFA (5 mg Mtb/ml) (30).

Detection of Proteinuria

Urine samples were tested on Multistix 10 Visual strips (Bayer, Leverkusen, Germany). Proteinuria was scored as follows: 0 = negative, 1 = ≤ 75 mg/dl, 2 = ≤ 125 mg/dl, 3 = > 125 mg/dl.

Kidney Histology

Kidney specimens of lupus-prone Fcgr2b−/− or 56R+/−Fcgr2b−/− mice were embedded in Tissue-Tek OCT compound immediately after removal and snap frozen on dry ice. Sections (7 μm) were fixed in ice-cold acetone and stained with FITC-conjugated anti-mouse IgG2aa or IgG2ab (Bethyl Laboratories; Montgomery, TX, USA), Cy5-conjugated anti-mouse Mac-1 (M1/70.15.11) and Cy5-conjugated anti-mouse macrophage marker (F4/80).

HEp-2 Cell Staining

Sera (1:100 dilution) from lupus-prone Fcgr2b−/− or 56R+/−Fcgr2b−/− mice were added to commercially available HEp-2 slides (Orgentec, Mainz, Germany). The captured Abs were detected with a FITC-conjugated anti-mouse IgG2aa or IgG2ab Ab (Bethyl Laboratories).

Flow Cytometric Analysis

Indicated organs from immunized and untreated mice were prepared for flow cytometric analysis (LSRII, BD Biosciences or Attune; Thermo Fisher Scientific, Waltham, MA, USA) on the indicated days. The following biotin- or fluorochrome-coupled Abs were used for staining at 4°C: anti-CD138 (clone 218-2), anti-B220 (RA3-6B2), anti TCRbeta (H5-590), anti-CD95 (Jo-2), anti-CD4 (RM4-5), anti-IgMa (DS-1), anti-IgMb (AF6-78), anti-IL-17A (TC11-18H10), anti-IFNγ (XMG1.2) (all purchased from BD Biosciences), anti-CD8 (53-6.7), anti-GL-7 (GL-7), anti-IgG1 (RMG1-1), anti-CD90.1/Thy1.1 (Ox-7) (all purchased from Biolegend, San Diego, CA, USA), anti-Foxp3 (FJK16s), anti-IgM (eB121-15F9) (all purchased from Thermo Fisher Scientific), anti-IgG (polyclonal; Bethyl Laboratories), anti-St6gal1 (polyclonal; R&D Systems, Minneapolis, MN, USA), anti-CD44 (IM7) and anti-CD62L (MEL14) (all of which were generated in the laboratory). Fluorochrome-coupled OVA was purchased from Thermo Fisher Scientific and streptavidin reagents from Biolegend. For intracellular staining, the samples were fixed with Cytofix/Cytoperm according to the manufacturer’s instructions (BD Biosciences) followed by permeabilization with Perm/Wash Buffer (own preparation, 0.05% saponin in 0.05× PBS). For intranuclear Foxp3 staining, samples were fixed and permeabilized with the Foxp3 Fix/Perm buffer set according to the manufacturer’s instructions (Thermo Fisher Scientific). For intracellular cytokine analysis, cells were re-stimulated with PMA (10 ng/ml) and ionomycin (1 μg/ml) (Sigma-Aldrich) for 4 h, whereby Brefeldin A (Sigma-Aldrich) was added after 1 h of stimulation to facilitate the accumulation of cytokines in the interior of the cell.

Enzyme-Linked Immunofluorescence Assays (ELISAs)

Abs specific for double-stranded DNA were detected as described previously (46). Briefly, ELISA plates were precoated with 5 μg/ml of methylated BSA (Sigma-Aldrich), followed by overnight incubation at 4°C with 50 μg/ml of calf thymus DNA (Sigma-Aldrich). After washing, the plates were blocked (PBS, 3% BSA, 1 mM EDTA, 0.1% gelatin) and subsequently incubated with 1/100 diluted serum. Captured Abs were detected with horseradish peroxidase-coupled goat anti-mouse IgG, IgG1, IgG2aa, IgG2ab or IgG2b secondary Abs (Bethyl Laboratories), followed by incubation with a 3,3′,5,5′-tetramethylbenzidine substrate solution (BD Biosciences); the optical density was measured at 450 nm. Abs against nucleosomes were detected in 1/100 diluted sera using nucleosome-coupled ELISA plates (Orgentec). For the detection of TNP- or Col II-reactive Abs, ELISA plates were coated with 5 μg/ml of TNP-BSA or 2 μg/ml of Col II in 0.05 M Carbonate/Bicarbonate buffer, pH 9.6 (Sigma-Aldrich).

Depletion of CD4+ T Cells

For depletion of CD4+ T cells, mice were injected intraperitoneally (i.p.) with 250 μg of anti-mouse CD4 (GK1.5) every 4 days for the indicated period of time. GK1.5 hybridoma Abs were purified from hybridoma cultures using protein G Sepharose. The depletion of CD4+ T cells (blood samples) was verified via flow cytometry (Figure S2 in Supplementary Material).

Sialylation Analysis of Serum IgG Abs From wt, Fcgr2b−/− and 56R+/−Fcgr2b−/− Mice

Serum IgG Abs from the indicated wt, Fcgr2b−/− and 56R+/−Fcgr2b−/− mice were purified using protein G Sepharose. To characterize the sialylation of purified IgG Abs, the GlykoScreen™ Sialic Acid Quantification Kit (Prozyme, Hayward, CA, USA) was utilized according to the manufacturer’s instructions. In brief, sialic acid molecules were enzymatically released from the purified IgG Abs by incubation with sialidase A for 2 h at 37°C. Released sialic acid molecules were enzymatically converted in a two-step process to acetylphosphate and hydrogen peroxide. Addition of HRP catalyzed a reaction of hydrogen peroxide with another added substrate into a fluorescent dye, which was quantified at 590 nm.

Purification of Polyreactive Serum IgG Abs From 56R+/−Fcgr2b−/− Mice

Serum IgG Abs from 56R+/−Fcgr2b−/− mice were purified with Protein-G-Sepharose. Purified IgG Abs were applied to TNP(12)-BSA-coupled cyanogen bromide-activated Sepharose 4B (GE Healthcare, Fairfield, CT, USA) columns (prepared in the laboratory) for purification of polyreactive IgG Abs. Reactivity against various autoantigens was verified via ELISA (data not shown) and IgG N-glycosylation was characterized through MALDI-TOF mass spectrometry (MS).

In Vitro De-Sialylation of IgG Abs

De-sialylation of purified polyreactive serum IgG Abs was performed with the Prozyme Sialidase kit (Prozyme).

In Vitro Galactosylation and/or Sialylation of IgG Abs

In vitro galactosylation and/or sialylation of monoclonal anti-TNP murine IgG1 (clone H5) and anti-Thy1.1 murine IgG1 (clone OX-7) hybridoma Abs (52, 53) and cloned and produced anti-Col II murine IgG1 Abs (see below) were performed as described previously (29, 35). Briefly, Abs were galactosylated with human beta1,4-galactosyltransferase and UDP-Galactose and/or sialylated with human beta-galactoside alpha2,6-sialyltransferase (St6gal1) and CMP-sialic acid (all reagents were obtained from Calbiochem, Darmstadt, Germany). Antigen-reactivity was verified via ELISA, and IgG N-glycosylation was analyzed through MALDI-TOF MS or HPLC (32).

Glycan Analysis of Polyreactive Serum IgG Abs From 56R+/−Fcgr2b−/− Mice and Monoclonal IgG Abs via MALDI-TOF MS

N-glycans were isolated from purified IgG samples via hydrolysis with recombinantly expressed endoglycosidase S (EndoS) from Streptococcus pyogenes (54). EndoS cleaves the Fc N-glycans of IgG Abs between the first and second GlcNAc (Figure S1 in Supplementary Material). The resulting N-glycans were purified through solid phase extraction using reversed-phase C18 and graphitized carbon columns (Alltech, Deerfield, IL, USA). The samples were then permethylated according to standard protocols (30, 55) and further investigated via MALDI-TOF MS in duplicate. The spectra were recorded on an Ultraflex III mass spectrometer (Bruker Daltonics Corporation, Billerica, MA, USA) equipped with a Smartbeam laser. Calibration was performed on a glucose ladder, and 2,5-dihydroxybenzoic acid was used as the matrix. Spectra were recorded in reflector positive ionization mode, and mass spectra from 3,000 laser shots were accumulated. Based on the terminal sugar moiety, the EndoS resulting peaks were assigned to one of the following nine groups: G0+ bisecting GlcNAc, G0 w/o bisecting GlcNAc, G1+ bisecting GlcNAc, G1 w/o bisecting GlcNAc, G2+ bisecting GlcNAc, G2 w/o bisecting GlcNAc, G1S1, G2S1 and G2S2 (Figure S1 in Supplementary Material). Peaks containing both sialic acid and bisecting GlcNAc were not detected. In general, murine IgG Abs hardly showed bisecting GlcNAc structures. However, the calculated proportions of the bisecting GlcNAc versions of G0, G1 and G2 were added to the percentages of the G0, G1 and G2 versions without bisecting GlcNAc, respectively, to get six groups totaling 100%: G0, G1, G2, G1S1, G2S1 and G2S2. In some figures the percentages of S1 (G1S1 + G2S1) and S2 (G2S2) glycans are presented.

Nephrotoxic Nephritis-Induced Mouse Model

Nephritis was induced by injection of 100 μg of sheep IgG Abs in CFA on day 0, followed by intravenous (i.v.) injection of 80 μl of sheep anti-glomerular basement membrane (anti-GBM) nephrotoxic serum (NTS) 4 days later (56). Development of nephritis was verified by the detection of proteinuria as described above.

Cloning and Production of Col II-Reactive Murine IgG1 Abs

The variable VDJ heavy chain and VJ light chain DNA sequences of Col II-reactive murine IgG2b, clone M2139 (VDJ heavy chain: NCBI accession number Z72462; VJ light chain: NCBI accession number Z72463) (57) and IgG2a, clone CII 1-5 (VDJ heavy chain: NCBI accession number MMU69538; VJ light chain: NCBI accession number MMU69539) (58), were synthesized (Mr. Gene, Germany) with flanking restriction sites and cloned into previously described eukaryotic IgH and IgL expression vectors (59, 60), which were modified to include the murine C57BL/6 IgG1 heavy chain or kappa light chain constant region, respectively (Figure S4 in Supplementary Material). The constant heavy and light chain regions were amplified from C57BL/6 splenic cDNA via RT-PCR (IgG1 forward primer, 5′-GCGTCGACGACACCCCCATCTGTCTATCCACTGGCCC and reverse primer, 5′-TTATTCGGCGTACGCGTCATTTACCAGGAGAGTGGGAG; kappa forward primer, 5′-GCCGTACGGATGCTGCACCAACTGTATCCAT and reverse primer, 5′-TTATTCGGAAGCTTTCAACACTCATTCCTGTTGAAG). Col II-reactive monoclonal IgG1 Abs were produced via polyethylenimine (PEI; Sigma-Aldrich)-mediated cotransfection of human embryonic kidney 293 cells with plasmid DNA encoding the IgH and IgL chains (Figure S4 in Supplementary Material). IgG Ab integrity was analyzed through SDS gel electrophoresis, while Ab reactivity was controlled via ELISA, and IgG Fc N-glycosylation was analyzed using MALDI-TOF MS.

Chicken COL2-Induced Arthritis (CIA) Mouse Model

Chicken type II collagen (Col II; Sigma-Aldrich) was dissolved at 2 mg/ml in 0.05 M acetic acid and emulsified in an equal volume of enriched CFA (see reagents). Then, 8–10-week-old Fcgr2b−/− mice were immunized subcutaneously (s.c.) with 100 μl of the emulsion (equivalent to 100 μg of Col II). On day 21, a booster s.c. injection of 100 μg of chicken Col II in IFA was administered. Mice were monitored for swelling encompassing the paw and ankle or ankylosis of the limb to determine the onset and severity of the disease in a blinded manner. The swelling of each foot was scored as follows: healthy paws and ankles (score 0) showed no abnormal swelling, redness, contact sensitivity or motor activity alterations. Low swelling of paws and/or ankles was scored with 1, pronounced swelling with 2 and severe balloon-like whole swelling (ankylosis) with 3; thus, each mouse could achieve a maximum score of 12. The mean clinical score was calculated by totaling the scores of all mice in a group and dividing by the number of mice in that group. Prevalence indicates the percentage of animals in an individual group with a score >0 on the indicated time point. Onset of disease was specified at the indicated day, at which an animal reached score >0 for the first time.

Ankle Histology

Ankle samples were embedded in paraffin and sections were stained with hematoxylin and eosin (H&E) or anti-CD3. Immunofluorescence was detected using a Leica DM IRE confocal laser scanning microscope.

OT-II Cell Transfer Experiments

Purified splenocytes of OT-II+/− × Thy1.1+/− donor mice (8–12-week-old mice) were labeled with the CellTrace Violet Cell Proliferation Kit according to the manufacturer’s protocol (Thermo Fisher Scientific). 3 × 107 labeled cells were transferred i.v. in naive recipient C57BL/6 wt or Fcgr2b−/− mice (8–12-week-old mice). One hour later the recipient mice were injected i.p. with 90 μg of low-sialylated or in vitro galactosylated plus sialylated anti-TNP IgG1 (H5) Abs or PBS. On the following day, 200 μl of an 1:1 water-in-oil emulsion of enriched CFA and PBS containing 30 μg of TNP(5)-OVA (Biosearch Technologies) or OVA (Sigma-Aldrich) was injected into each of the recipient mice. After 4 days, the mice were sacrificed and splenic and mesenteric lymphnode cells were analyzed via flow cytometry.

DC Culture

Bone marrow (BM)-derived DCs were generated over 8 days in IMDM (Thermo Fisher Scientific) containing 10% FCS, 10 ng/ml IL-4, 20 ng/ml GM-CSF (R&D Systems) and 50 μM 2-mercaptoethanol. Subsequently, the cells were cultured in 96-well plates with ICs containing 10 μg of chicken Col II and different proportions of non-sialylated (<1% sialylation) and sialylated (46% sialylation) Col II-specific IgG1 (clone M2139; total amount per well: 40 μg/ml) in medium containing 10% IgG-depleted FCS. The IL-6 concentration was detected after 36 h via ELISA (BD Biosciences).

Statistical Analysis

Statistical analyses unless otherwise stated, were performed using Student’s t-test comparing two groups or One-way ANOVA for more groups, respectively, or the logrank test for survival curves: *P < 0.05, **P < 0.01, and ***P < 0.001. If not stated otherwise, murine data were taken from one representative out of 2–5 individual experiments or combined from multiple experiments and are presented as the mean or median (median fluorescence intensity) values as indicated ±SEM; each data point represents an individual animal.

RESULTS

56R-Derived IgG2a and IgG2b autoAbs Fail to Induce Disease Symptoms in Lupus-Prone Mice

To study how IgG Fc glycosylation is associated with the development of autoimmune pathology, we first used lupus-prone FcγRIIB knockout mice, a model of spontaneous lupus nephritis (Fcgr2b−/− females on the C57BL/6, haplotype b, background) (46, 48–50). By 4–5 months of age, more than a half of Fcgr2b−/− mice developed DNA-, nucleosome- and poly (here shown for anti-TNP reactivity)-reactive IgG2a and IgG2b autoAbs, which accumulated in the kidney (Figure 1; Figure S2 in Supplementary Material) (46, 49, 50, 60–64).
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FIGURE 1 | 56R+/−Fcgr2b−/− mice develop self- and polyreactive IgG2a and IgG2b autoantibodies (autoAbs) earlier than Fcgr2b−/− but show no signs of renal inflammation. (A) Indirect immunofluorescence analysis of IgG2a immune complex (IC) depositions and macrophage infiltration in kidney sections from 6-month-old wt mice, IgG autoAb (AB)-negative and proteinuria (PU)-negative (AB−PU−), AB+PU− and AB+PU+Fcgr2b−/− mice (all IgG2ab) and 56R+/−Fcgr2b−/− mice (IgG2aa). The presented immunofluorescence images are representative of at least five mice per group. (B) PU scores for 5–6-month-old wt (n = 30), Fcgr2b−/− (n = 39) and 56R+/−Fcgr2b−/− (n = 30) mice. Each data point represents an individual animal; horizontal lines represent mean values. (C) Schematic representation of the self- and polyreactive 56R VDJ4 knock-in (haplotype a) and the wt (haplotype b) heavy chain loci. The 56R VDJ4 knock-in replaced the endogenous IgH Js and can class-switch to all Ab isotypes (43–46). (D) The frequencies of B220+ B cells expressing the knock-in allele (a) or the wt allele (b) were analyzed by flow cytometry of splenocytes from 2-month-old 56R−/−, 56R+/− or 56R+/+Fcgr2b−/− mice. About 5–10% of B cells in 56R+/−Fcgr2b−/− mice expressed the wt (IgMb+) BCR. (E) Anti-DNA IgG2ab, IgG2b or IgG2aa subclass Abs in sera of 5–7-month-old wt and Fcgr2b−/− mice and 2- or 6-month-old 56R+/−Fcgr2b−/− mice were determined via enzyme-linked immunofluorescence assay. Each data point represents an individual animal. Bars indicate mean values. (F) IgG2ab and IgG2aa Ab binding to HEp-2 slides from sera of 6-month-old Fcgr2b−/− and 56R+/−Fcgr2b−/− mice, respectively.



Fcgr2b−/− mice positive for IgG autoAbs started to develop proteinuria by the age of 6 months, and about a half of the Fcgr2b−/− mice died due to severe nephritis by the age of 9 months (Figures 1A,B and data not shown) (46, 49, 50). Mice developing nephritis showed, in addition to IgG Ab depositions, also macrophage infiltrations in the kidney (Figure 1A). Inversely, mice with IgG Ab depositions in the kidney, but without macrophage infiltrations, did not show proteinuria and nephritis (Figure 1A).

In comparison, we analyzed nephritis development in female Fcgr2b−/− mice that expressed one “knock-in” allele of the self- and polyreactive 56R VDJ4 Ig heavy chain (haplotype a) (56R+/−Fcgr2b−/− mice; Figure 1) (43–46). About 90–95% of all B cells in 56R+/−Fcgr2b−/− mice expressed a 56R-based BCR (Figure 1D).

Earlier studies have shown that 56R+/− mice on the C57BL/6 wt background produce autoreactive IgM and some IgG Abs (47), and that the introduction of the 56R allele into lupus-prone Fcgr2b−/− mice lead to increased IgG class switched autoAbs, particular of the 56R allele (45, 46). Whereas the generation of IgG2a and IgG2b autoAbs in Fcgr2b−/− mice requires T cell help (50, 60), autoAbs in 56R+/− wt mice largely develop in a T-cell-independent manner (47). Because we recently demonstrated that T cell-independent B cell activation induces immunosuppressive sialylated IgG Abs in vivo (30), we wondered whether the introduction of the 56R allele into lupus-prone Fcgr2b−/− mice may lead to T cell-independent IgG autoAbs and provide a disease-protective effect.

In line with previous reports, 56R+/−Fcgr2b−/− mice generated high serum titers of class-switch DNA-, nucleosome- and polyreactive IgG2aa and IgG2b Abs, which formed depositions in the kidney (Figure 1; Figure S2 in Supplementary Material) (45, 46). In contrast to Fcgr2b−/− mice, all 56R+/−Fcgr2b−/− mice developed IgG2aa and IgG2b autoAbs already by the age of 2 months (45, 46), which (IgG2aa, but not IgG2b) only slightly further increased until the age of 6 months (Figure 1E). We also found comparable anti-nuclear reactivity of IgG2a Abs in the sera of 5–7 months old Fcgr2b−/− and 56R+/−Fcgr2b−/− mice (Figure 1F). However, despite the early presence of IgG Abs of similar antigen specificity and subclass, and IgG Ab deposition in the kidney, none of the 56R+/−Fcgr2b−/− mice showed macrophage infiltration into the kidney and proteinuria by the age of 9 months (Figures 1A,B).

56R+/−Fcgr2b−/− Mice Do Not Develop Splenomegaly and Do Not Accumulate Th1 and Th17 cells and PCs Seen in Fcgr2b−/− Mice

In Fcgr2b−/− mice, the development of IgG2a and IgG2b autoAbs was associated with splenomegaly, increased frequencies of Th1 and PCs and IC accumulation in the kidneys (Figures 1A and 2A,B). The subsequent development of lupus nephritis (manifested by proteinuria) was additionally associated with further enhanced splenomegaly, increased frequencies of Th17 cells and infiltration of macrophages into the kidneys (Figures 1A,B and 2A,B). These findings confirm recent studies showing that the IL-17 signaling pathway is important for the development of disease in lupus-prone mice (50).

In contrast, 56R+/−Fcgr2b−/− mice showed no signs of autoimmune inflammation (Figures 2A,B). Together these findings suggest that 56R-derived IgG autoAbs may be able to actively protect lupus-prone FcγRIIB-deficient mice from developing autoimmune inflammation.
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FIGURE 2 | Absence of splenomegaly and no accumulation of Th1, Th17 and plasma cells (PCs) in 56R+/−Fcgr2b−/− mice. (A) Spleen sizes of 5–7-month-old wt mice, Fcgr2b−/− mice in the following disease states: IgG autoAb (AB)-negative and proteinuria (PU)-negative (AB−PU−), AB+PU− and AB+PU+, and 56R+/−Fcgr2b−/− mice. The presented organ sizes are representative of a minimum of five mice per group. (B) The frequency of mesenteric lymph node (mLN) CD4+ IFNγ+ Th1 cells, splenic and mLN CD138+PCs and mLN and blood CD4+ IL-17+ Th17 cells of 5–7-month-old wt mice (Th1 cells, mLNs, n = 8/PCs, spleen, n = 3/PCs, mLNs, n = 3/Th17 cells, mLNs, n = 8/Th17 cells, blood, n = 15), Fcgr2b−/− mice [AB−PU− (n = 12/3/3/12/10), AB+PU− (n = 12/3/3/21/17) and AB+PU+ (n = 11/3/3/13/7)] and 56R+/−Fcgr2b−/− mice (n = 12/12/3/12/26), as measured by flow cytometry. The bars indicate the mean values.



56R-Derived IgG2a and IgG2b autoAbs Develop T Cell Independently in 56R+/−Fcgr2b−/− Mice

Next, we analyzed whether IgG2a and IgG2b autoAbs in 56R+/−Fcgr2b−/− mice developed independently of T cell help as described for 56R+/− mice on the C57BL/6 wt background (Figures 3A,B; Figure S2 in Supplementary Material) (47). While in Fcgr2b−/− mice, depletion of CD4 cells reduced the IgG2a and IgG2b autoAb titers and enhanced frequencies of splenic and BM PCs, which is in line with reported observations (50, 60), depletion of CD4 cells in 56R+/−Fcgr2b−/− mice with the same anti-CD4 doses failed to reduce IgG2a and IgG2b autoAb titers (Figures 3A,B; Figure S2 in Supplementary Material).
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FIGURE 3 | Self- and polyreactive IgG2a and IgG2b autoantibodies (autoAbs) in 56R+/−Fcgr2b−/− mice develop T cell independently and are sialylated. (A,B) AutoAb-positive 5-month-old Fcgr2b−/− mice or 2.5-month-old 56R+/−Fcgr2b−/− mice received i.p. injections of anti-mouse CD4 (GK1.5) every 4 days for 25 days to deplete CD4+ T cells (Figure S2 in Supplementary Material). (A) Serum anti-DNA IgG2ab, IgG2b and IgG2aa levels before and after CD4 depletion. (B) The frequencies of CD138+ PCs in the spleen and bone marrow (BM) of untreated (n = 6) versus CD4-depleted (n = 4) Fcgr2b−/− mice, and untreated (spleen, n = 13; BM, n = 3) versus CD4 depleted (n = 4) 56R+/−Fcgr2b−/− mice were analyzed via FACS. One representative experiment is shown. (C) The biantennary core of the glycan structure linked to Asn 297 in the Fc region of IgG Abs consists of four N-acetylglucosamines (GlcNAc; blue) and three mannoses (Man), which can be further modified with fucose, bisecting GlcNAc and terminal galactose (G) and sialic acid (S) residues. (D) The sialic acid content in serum IgG Abs of 5–6-month-old autoAb (AB)-negative and proteinuria (PU)-negative [AB−PU− (n = 8), AB+PU− (n = 6) and AB+PU+ (n = 4)] Fcgr2b−/− mice and 56R+/−Fcgr2b−/− mice (n = 11) compared to wt mice (n = 10) were analyzed with the GlykoScreen™ Sialic Acid Quantification Kit (Prozyme) (Efl: fluorescence emission at 590 nm). (E,F) St6gal1 protein expression in splenic total and IgG+ PCs of 6–7-month-old AB−PU− (n = 4), AB+PU− (n = 5) and AB+PU+ (n = 9) Fcgr2b−/− mice and 56R+/−Fcgr2b−/− mice (n = 6), compared to wt mice (n = 5). (E) Representative intracellular staining of St6gal1 protein expression levels in splenic PCs of wt, AB+PU+Fcgr2b−/− and 56R+/−Fcgr2b−/− mice measured by flow cytometry. (F) Relative median fluorescence levels of St6gal1 protein expression. Median St6gal1 protein expression levels in total or IgG+ PCs of three independent experiments were measured by flow cytometry and normalized (fold change) to the expression in wt controls (=1) in the respective experiments. The normalized data of three independent experiments were summarized (mean) in the graphs.



Although, it has been mentioned that autoAbs develop more or less independently of Toll-like receptor (TLR) 9 in 56R+/− mice (47), it has been shown that the accumulation of class switched IgG2a and IgG2b autoAbs in 56R+/−Fcgr2b−/− mice depends at least partially on TLR9 and particularly on MyD88 signaling (46). Hence, B cell activation and IgG2a and IgG2b class switching might take place T cell independently via 56R BCR and TLR/MyD88 signaling in 56R+/−Fcgr2b−/− mice (65).

Lupus-Resistant 56R+/−Fcgr2b−/− Mice Generate Sialylated IgG Abs

Next we studied whether the serum IgG glycosylation differs between lupus-prone Fcgr2b−/− mice and 56R+/−Fcgr2b−/− mice. Autoimmune-prone MRL-Fas(lpr) mice and SLE patients show increased levels of pro-inflammatory agalactosylated (G0) IgGs in serum, compared to healthy controls (8, 12, 15). In line with that, serum IgG Abs from lupus-prone Fcgr2b−/− mice were less sialylated, compared to wild-type controls (Figures 3C,D; Figure S1 in Supplementary Material). Reduced IgG sialylation was especially evident in Fcgr2b−/− mice that developed signs of lupus nephritis (proteinuria and kidney inflammation) (Figure 3D). In contrast, serum IgG sialylation in 56R+/−Fcgr2b−/− mice was comparable to that of healthy wild-type animals (Figure 3D).

Notably, the protein expression level of the alpha2,6-sialyltransferase 1 (St6gal1), which is responsible for terminal sialylation of IgG Fc glycan (24, 29–31), was reduced in total and IgG-switched PCs (IgG+PC) of Fcgr2b−/− mice with nephritis, but not in PCs of 56R+/−Fcgr2b−/− mice (Figures 3E,F). These data are consistent with our recent findings that T cell independent B cell activation leads to the development of PCs expressing high levels of St6gal1 and producing sialylated IgG Abs (30).

Transfer of ICs Containing Sialylated IgG Abs Inhibit Nephritis in Fcgr2b−/− Mice

To address such a possible ameliorating effect, we next tested whether ICs containing sialylated IgG autoAbs from 56R+/−Fcgr2b−/− mice can directly attenuate the onset of nephritis in an induced nephritis model (53). We purified polyreactive TNP-binding (Figure S2 in Supplementary Material) IgG Abs from sera of 56R+/−Fcgr2b−/− mice and generated ICs with TNP-coupled sheep (TNP-sheep) IgG Abs using either the purified native (sialylated) or in vitro sialidase-treated (de-sialylated) polyreactive IgG Abs (Figures 4A,B). The ICs were then transferred to Fcgr2b−/− mice and, 2 weeks later, the nephritis was induced by injecting TNP-sheep IgG Abs in CFA followed by i.v. injection of sheep anti-GBM NTS 4 days later (Figure 4) (56).
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FIGURE 4 | Transfer of sialylated polyreactive IgG antibodies (Abs) derived from 56R+/−Fcgr2b−/− mice or administration of sialylated antigen-specific monoclonal IgG Abs reduces nephritis-induced mortality in Fcgr2b−/− mice. (A–C) Transfer of sialylated polyreactive IgG Abs from 56R+/−Fcgr2b−/− mice reduces nephritis-induced mortality. (A) Graphical representation of the experimental strategy. Fcgr2b−/− mice received ICs containing 100 μg of TNP-sheep IgG and 200 μg of either sialylated (native) or sialidase-treated de-sialylated (de-sial) polyreactive IgG Abs derived from 2–3-month-old 56R+/−Fcgr2b−/− mice. The positive control (pos. ctrl.) group was treated with PBS and TNP-sheep IgG only. After 14 days, nephritis was induced by injection of sheep IgG in CFA and subsequent intravenous injection of sheep anti-glomerular basement membrane nephrotoxic serum (NTS) 4 days later. (B) Fc sialylation of purified total serum IgG Abs from wt mice and purified polyreactive IgG Abs from 56R+/−Fcgr2b−/− mice before and after sialidase treatment was determined through EndoS-treatment and MALDI-TOF mass spectrometry (MS) (percentage of glycans with one or two sialic acid residues: S1 and S2; Figure S1 in Supplementary Material). (C) Kaplan-Meier survival analysis of the indicated groups. (D–F) Application of sialylated antigen-specific monoclonal IgG Abs reduces nephritis-induced mortality. (D) Graphical representation of the experimental strategy as described in (A). Fcgr2b−/− mice were treated with ICs containing 100 μg of TNP-sheep IgG and 100 μg of either native non-sialylated (αTNP murine IgG1 non-sial) or in vitro sialylated (αTNP IgG1 +sial) monoclonal anti-TNP murine IgG1 (clone H5) Abs. After 14 days, nephritis was induced as described above. (E) Fc sialylation of the monoclonal anti-TNP murine IgG 1 Abs (clone H5) before and after in vitro sialylation was determined through EndoS-treatment and MALDI-TOF MS (the percentage of one or two sialic acid residues coupled to the glycan: S1, S2; Figure S1 in Supplementary Material). (F) Kaplan–Meier survival analysis for the indicated groups. One representative experiment out of two independent experiments is shown.



The ICs containing de-sialylated polyreactive IgG Abs increased nephritis-induced mortality when compared to a positive control (Figure 4C). In contrast, the ICs containing native sialylated polyreactive IgG Abs attenuated nephritis-induced mortality in Fcgr2b-/- mice (Figure 4C). Similarly, ICs containing in vitro sialylated anti-TNP monoclonal murine IgG1 (clone H5) Abs, but neither native non-sialylated anti-TNP monoclonal nor sialylated antigen-unspecific monoclonal murine IgG1 Abs, reduced mortality in this nephritis model (Figures 4D–F; Figure S3 in Supplementary Material). In summary, these results showed that only antigen-specific sialylated IgG Abs were able to attenuate disease development.

Sialylated Collagen-Specific IgG autoAbs Attenuate Autoimmune Inflammation in the CIA Model Independent of FcγRIIB

In order to see whether these sialylation dependent attenuating effects are detectable in a broader spectrum of autoimmune disease models, we further analyzed whether sialylated IgG autoAbs are able to attenuate autoimmune pathology and inflammation also in the collagen type II-induced arthritis (CIA) model. In contrast to earlier studies (24) we chose FcγRIIB-deficient mice for our experiments (66), because the observed inhibitory effect of sialylated IgG autoAbs in the former experiments was FcγRIIB-independent.

We produced two monoclonal murine Col II-reactive murine IgG1 Abs (clones M2139 and CII 1–5;  57, 58) in a native, very low-sialylated form and then generated sialylated forms of these Abs by in vitro galactosylation and sialylation (Figures 5A,B; Figures S1 and S5 in Supplementary Material), which do not affect antigen reactivity (Figure S5 in Supplementary Material). CIA was induced via s.c. injection of chicken Col II in enriched CFA and challenged with Col II in IFA 3 weeks later (Figure 5A).
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FIGURE 5 | Sialylated collagen type II (Col II)-reactive monoclonal IgG antibodies (Abs) suppress collagen-induced arthritis (CIA). (A) Graphical representation of the experimental strategy. CIA was induced in Fcgr2b−/− mice by subcutaneous injection of Col II in enriched CFA (eCFA) and subsequent challenge with Col II in incomplete Freund’s adjuvant (IFA) on day 21. One day before and 9 days after the first immunization, the mice received 100 μg of either low-sialylated (low-sial) or in vitro galactosylated plus sialylated (+sial) anti-Col II murine IgG1 Abs (clones M2139 and CII 1–5; 50 μg each) The positive control group received PBS instead of Abs. (B) Fc sialylation of native (low-sial) and in vitro galactosylated plus sialylated (+ sial) anti-Col II M2139 and CII 1–5 murine IgG1 Abs measured by EndoS-treatment and MALDI-TOF mass spectrometry (MS) (percentage of glycans with one or two sialic acid residues: S1 and S2; Figure S1 in Supplementary Material). (C–F) Combined clinical data of two independent CIA experiments (PBS: n = 21; low-sial: 21; +sial; n = 20). Foot swelling was scored on the indicated days from 0 to 3 per foot resulting in a maximal clinical score of 12 per mouse. The (C) mean clinical score of all mice and the (E) prevalence (percentage of affected animals with a score > 0) are shown for all groups on the indicated days. (D) The area under the curve (AUC) of the clinical score over the time was calculated for each mouse. AUC = 0 indicates that the animal never developed foot swelling (mice with score 0: PBS: n = 3; low-sial: n = 4; +sial: n = 10). (F) The day of disease onset shown only of the mice that developed foot swelling (score > 0) during the experiment. Differences in disease evolution (C) were analyzed using two-way ANOVA.



100 μg of the Col II-reactive IgG1 Abs (either the low-sialylated or the sialylated form) were administered twice –1 day before and 9 days after the first immunization (Figure 5A). Foot swelling (clinical scores of 0–3 per foot with a maximum clinical score of 12 per mouse) was used as the marker to assess the CIA reaction.

The sialylated, but not the low-sialylated, Col II-reactive IgG Abs significantly reduced the mean clinical score of foot swelling, as compared to a PBS-treated control group (Figures 5C,D). In detail, only about 50% of the mice treated with the sialylated Col II-specific IgG1 Abs started to develop foot swelling (clinical score > 0 per mouse), whereas more than 80% of the mice treated with low-sialylated Col II-specific IgG Abs or with PBS developed foot swelling (Figures 5D,E). No significant differences in the timing of the disease onset were observed between the groups (Figure 5F). Together, these data are consistent with recent findings that sialylated Col II-specific IgG1 Abs can attenuate CIA in DBA/1 mice (24). Their studies further showed that the suppressive effect of sialylated IgG autoAbs was autoantigen-specific; an antigen-unspecific sialylated IgG1 Ab failed to attenuate CIA in their model (24). Here, we further show, that the attenuation of CIA with sialylated IgG autoAbs is independent of FcγRIIB.

Furthermore, the effect of 100 μg of the different sialylated Col II-specific IgG1 Abs was compared to the effect of high (50 mg; approximately 2 g/kg) and low (100 μg; approximately 4 mg/kg) doses of IVIG on the induction of CIA and particular inflammatory T and B cell responses in the CIA model (Figure S5 in Supplementary Material). We found that high doses of IVIG attenuated the mean clinical score and the prevalence of CIA such as low amounts (1/500 compared to high dose IVIG) of sialylated IgG autoAbs (Figure S5 in Supplementary Material), whereas administration of equal amounts of non-specific (sialylated) IgG (low doses of IVIG) was insufficient to alleviate autoimmune inflammation. Random analysis of ankle sections by histology H&E and anti-CD3 staining showed no differences between mice from different groups with identical foot scores (Figure S5 in Supplementary Material and data not shown).

Also, high, but not low, doses of IVIG and sialylated, but not low-sialylated, Col II-reactive IgG autoAbs reduced by trend the accumulation of Th1 cells and significantly the accumulation of inflammatory Th17 cells, which are known for their important role also in the pathogenesis of CIA (Figure 6A) (67–71). Interestingly, unlike sialylated Col II-specific IgG1 Abs, the high doses of IVIG failed to inhibit the generation of Col II-specific IgG2 autoAbs (Figure 6B) suggesting a different or additional mechanism of low doses of sialylated Col II-specific IgG Abs as compared to high doses of IVIG.
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FIGURE 6 | Sialylated collagen type II (Col II)-reactive monoclonal IgG antibodies (Abs) reduce the accumulation of proinflammatory Th17 cells and IgG autoAbs. Collagen-induced arthritis (CIA) was induced in Fcgr2b−/− mice as described in Figure 5 and Figure S5C in Supplementary Material. One day before and 9 days after the first immunization, the mice received 100 μg of either low-sialylated (low-sial; n = 10) or in vitro galactosylated plus sialylated (+sial; n = 9) anti-Col II murine IgG1 Abs (clones M2139 and CII 1–5; 50 μg each) or high dose (50 mg; n = 10) or low dose (100 μg; n = 10) of intravenous immunoglobulin (IVIG) (Figure S5B in Supplementary Material). The positive control group received PBS instead of Abs (n = 10). (A) Pooled popliteal and brachial lymph nodes (LN) of each mouse from the indicated groups were analyzed on day 47 to determine total cell counts and the frequencies of activated CD4+CD44+CD62L− T cells, CD4+IFNγ+ Th1 cells and CD4+IL-17+ Th17 cells. (B) Col II-reactive IgG2ab and IgG2b serum Ab levels measured on day 42 by enzyme-linked immunofluorescence assay (ELISA). One representative experiment out of two independent experiments is shown. (C) Sialylation of Col II-specific IgG1 Abs inhibits IL-6 secretion by dendritic cells (DCs). Bone marrow-derived DCs from Fcgr2b−/− mice were cultured in the presence of ICs containing 1 μg of Col II and 4 μg of different ratios of low-sialylated (< 1% sialylation; Figure 5B) and in vitro galactosylated and sialylated (46% sialylation; Figure 5B) Col II-specific IgG1 Abs (clone M2139; % of sialylation from left to right: <1, 3, 6, 12, 23, 46%). The IL-6 concentration in the supernatant was analyzed after 36 h via ELISA. The presented data are representative of four independent experiments.



We could not detect a significant influence of sialylated or low-sialylated anti-Col II IgG Abs on the frequency of total Foxp3+ regulatory CD4 T (Treg) cells in the CIA model (data not shown). However, we observed an increase in antigen-specific Foxp3+Treg frequencies and a tendency toward a reduction of antigen-specific CD4 T cell proliferation with sialylated IgG Abs as compared to low-sialylated IgG Abs in a transfer model with OVA-specific (OT-II) CD4 T cells in C57BL/6 wt and Fcgr2b−/− mice (Figure S6 in Supplementary Material).

Also, the induction of OVA-specific Foxp3+Tregs by sialylated monoclonal TNP-specific IgG Abs seemed to be antigen-specific, as mice immunized with OVA (in contrast to TNP-OVA) failed to elicit a comparable increase in Foxp3+Treg frequencies (Figures S6D,E in Supplementary Material).

These data further suggested an effect of sialylated antigen-specific IgG Abs on the adaptive immune response through an FcγRIIB-independent mechanism.

Matured dendritic cells (DCs) that produce inflammatory cytokines are a prerequisite for induction of inflammatory T and B cell responses and there is evidence that ICs containing sialylated IgG Abs can inhibit DC activation (29). We assessed how IgG sialylation modulates the capacity of ICs to suppress IL-6 production, a cytokine critical for Th17 generation (72, 73) and CIA development (70, 71, 74, 75), by BM-derived FcγRIIB-deficient DCs in vitro (Figure 6C). IL-6 secretion induced by treating DCs with ICs containing asialylated Col II-reactive IgG1 autoAbs was dramatically reduced by adding sialylated IgG Abs (Figure 6C).

In summary, the data suggest that ICs containing antigen and sialylated antigen-specific IgG Abs can influence DC activation and thereby regulate antigen-specific T and finally B cell responses.

DISCUSSION

Fc glycosylation of IgG molecules regulates their effector functions and thereby may critically contribute to development of autoimmune pathology. On the one hand, agalactosylated IgG autoAbs are associated with severity of autoimmune disorders, such as RA and SLE (3–25), and able to induce disease symptoms in mouse models of RA (9, 24). On the other hand, the presence of autoAbs in sera of many healthy humans (76–79) implies that additional factors, including Fc glycosylation, seem crucial for rendering autoAbs pathogenic. For instance, RA patients develop IgG autoAbs long before clinical symptoms (21, 80), and the glycosylation patterns of these early autoAbs are less inflammatory compared to IgG Abs detected in patients with the manifested disease (21, 25).

Another unexplored possibility is that anti-inflammatory sialylated autoAbs not only lack pathogenic activity, but may be responsible for inducing immune tolerance to autoantigens in healthy animals and humans. Indeed, we have recently demonstrated that T-cell-independent antigens promote generation of immunosuppressive sialylated IgG molecules (30), whereas T-cell-dependent immunizations can induce antigen-specific IgG Abs with pro- or anti-inflammatory glycosylation patterns depending on the co-stimuli (29, 30). Our present study further suggests that sialylated IgG2a and IgG2b autoAbs produced by 56R BCR-expressing B cells in a T-cell-independent manner are able to attenuate development of nephritis in lupus-prone FcγRIIB-deficient mice. These findings therefore would extend the existing knowledge that B cells regulate immune responses and inhibit autoimmune pathology via secretion of immunosuppressive cytokines, such as IL-10 and IL-35 (81).

Antigen specificity of sialylated IgG Abs may play a critical role in exerting their anti-inflammatory effect. Indeed, the transfer of ICs containing sialylated polyreactive IgG autoAbs from 56R+/−Fcgr2b−/− mice or sialylated antigen-specific monoclonal IgG Abs attenuated the development of the induced nephritis (Figure 4), whereas antigen-unspecific sialylated monoclonal IgG Abs failed to reach the inhibitory potential of antigen-specific sialylated IgG Abs.

In the arthritis model, sialylated Col II-specific IgG Abs reduced arthritis symptoms (Figure 5), whereas administration of equal amounts of non-specific (sialylated) IgG (low dose of IVIG) was insufficient to alleviate autoimmune inflammation. These data are well consistent with recent reports showing that sialylated Col II-specific IgG1 Abs can inhibit CIA in DBA/1 mice (24). Importantly, Ohmi et al. demonstrated that the inhibitory effect of sialylated IgG autoAbs in the CIA model is autoantigen-specific, since non-specific sialylated IgG1 failed to suppress CIA (24). We cannot exclude, however, that the suppressive effects of sialylated IgG autoAbs observed here are only partially mediated in an antigen specific manner.

Mouse studies that used IVIG and sialylated Fc fragments suggest that antigen specificity is not essential for the anti-inflammatory action of the sialylated subfraction of IVIG (35). By comparing the effects of high doses of (sialylated) IVIG and sialylated collagen-specific IgG Abs, our data suggest that antigen specificity might significantly enhance the capacity of sialylated Abs to inhibit immune reactions. In accordance, we found that small amounts of collagen-specific sialylated IgG1 Abs, but not high doses of IVIG, were able to inhibit the development of IgG2 autoAbs in the CIA model. Since antigen specificity is necessary for IC formation, antigen-specific sialylated IgG Abs might inhibit IgG autoAb production via an alternative pathway that potentially requires IC formation.

Extensive evidence suggest that generation of Th17 cells plays a crucial role in pathogenesis of many autoimmune disorders and mouse models of SLE and CIA are dependent on IL-17 (50, 67, 70, 71). Moreover, IL-17 is necessary for development of pathogenic G0 IgG Abs (30). IL-6 skews T cell differentiation toward IL-17A-producing Th17 cells, suppressing the generation of Foxp3+Treg cells (72, 73). In line, we showed that sialylation of IgG autoAbs reduces IL-6 production by DCs in vitro and Th17 cell accumulation in autoimmune models. Moreover, we observed that only the formation of sialylated IgG ICs increases the frequencies of antigen-specific Foxp3+Treg cells in the OT-II+T cell transfer model.

In summary, we suppose that ICs containing autoantigen-specific sialylated IgG Abs influence inflammatory DC activation and IL-6 production in a FcγRIIB-independent manner and thereby downregulate Th17 generation, formation of pathogenic G0 autoAbs and, hence, alleviate clinical signs of autoimmune pathology.

ETHICS STATEMENT

All of the mice were bred and maintained at the German Rheumatism Research Center in Berlin or the University of Lübeck, Germany and all experiments were conducted with the approval of and in accordance with regulatory guidelines and ethical standards set by both institutions and the Ministry of Berlin or Schleswig-Holstein, Germany.

AUTHOR CONTRIBUTIONS

YCB, JR and MMMM conducted key experiments. SE and FKML performed the chicken collagen induced arthritis mouse experiments. ADS, DB, AKL, AW, G-ML, JP, JH, MS, CH, VH, CTS, CMO and AL performed some of the in vivo and in vitro experiments. YCB, DB and VB performed IgG glycan analysis. ME coordinated and supervised the experiments and wrote the manuscript.

ACKNOWLEDGMENTS

We thank Angelina Jahn, Heidi Hecker-Kia, Heidi Schliemann, Tuula Geske, Toralf Kaiser, Detlef Grunow, Katja Grollich, Anja A. Kühl, and Robina Thurmann for technical assistance. We thank Michael Madaio for the support with NTS, Mattias Collin for the EndoS and Birgitta Heyman for the anti-TNP IgG1 H5 hybridoma cells.

FUNDING

ME’s laboratories were supported by the Else-Kröner-Fresenius Foundation (2014_A91) and the German Research Foundation [EH 221/4-1, EH 221/5-1, EH 221/8-1, EH 221/9-1, Research Training Group (GRK) 1727, international GRK1911, Clinical Research Unit (CRU) 303, SFB/TR 654 and Excellence cluster 306]. ME was a fellow of the Claussen-Simon-Foundation. AL was supported by the German Research Foundation (excellence cluster 306, junior grant) and the University of Lübeck (junior grant) and VB was supported by the German Ministry of Research and Education (03IP511) and the Sonnenfeld Foundation. We acknowledge financial support by Land Schleswig-Holstein (funding program: “Open Access Publikationsfonds”).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at https://www.frontiersin.org/articles/10.3389/fimmu.2018.01183/full#supplementary-material.


FIGURE S1 | EndoS-released glycan structures. (A) The biantennary core of the glycan structure linked to Asn 297 in the Fc region of IgG antibodies (Abs) consists of four N-acetylglucosamines (GlcNAc; blue) and three mannoses (Man), which can be further modified with fucose, bisecting GlcNAc and terminal galactose (G) and sialic acid [S; human (purple) – N-acetylneuraminic acid (Neu5Ac) or murine (light-blue) – N-glycolylneuraminic acid (Neu5Gc)] residues. MALDI-TOF mass spectrometry (MS) of N-glycans linked to Asn 297 at IgG Fc fragments was performed through EndoS-treatment; the endoglycosidase S (EndoS) cleavage site is indicated with an arrow. (B) Possible human and murine Fc glycan structures released from Asn 297 using EndoS. The patterns include glycan structures with human (blue) sialic acid (Neu5Ac) residues or murine (red) sialic acid residues (Neu5Gc). The numbers represent the molecular mass (m/z) of the possible Fc glycan structures (permethylated) released upon EndoS treatment.

FIGURE S2 | Early development of self- and polyreactive IgG2a and IgG2b autoAbs in 56R+/−Fcgr2b−/− mice is T cell independent. These data are part of the analyses described in Figures 1–3. (A) Anti-nucleosome (nuc) and (B) anti-TNP (polyreactive) IgG2ab, IgG2b or IgG2aa serum subclass antibodies (Abs) of 5–7-month-old wt and Fcgr2b−/− mice and 2- or 6-month-old 56R+/−Fcgr2b−/− mice were determined via enzyme-linked immunofluorescence assay (ELISA). Each data point represents an individual animal. Bars indicate mean values. (C,D) AutoAb-positive 5-month-old Fcgr2b−/− mice or 2.5-month-old 56R+/−Fcgr2b−/− mice were treated every 4 days (d) with i.p. injections of anti-mouse CD4 (GK1.5) to deplete CD4+ T cells for 25 days. (C) The efficacy of CD4+TCRbeta+ cell depletion via anti-CD4 Ab treatment was monitored through FACS analysis of peripheral blood samples from C57BL/6 wt mice on days 2 and 5 after a single injection of 250 μg of anti-CD4. (D) Serum anti-nucleosome (nuc) IgG2ab, IgG2b and IgG2aa autoAb levels before and after CD4 depletion were determined via ELISA. Data from the same representative experiment as described in Figures 3A,B are shown. (E) Representative intracellular staining of St6gal1 protein expression levels in splenic plasma cells (PCs) of a wt and AB+PU+Fcgr2b−/− mouse and an isotype control staining of the same AB+PU+Fcgr2b−/− mouse analyzed by flow cytometry.

FIGURE S3 | Sialylated antigen-specific IgG antibodies (Abs) protect significant better from mortality in the nephrotoxic nephritis model than sialylated IgG Abs with an irrelevant specificity. (A) The data in (A) are also part of the experiment described in Figures 4D–F. TNP-specific enzyme-linked immunofluorescence assay (ELISA); the Fc glycosylation pattern of anti-TNP murine IgG1 Abs (clone H5) has no influence on TNP recognition. (B) Graphical representation of the experimental strategy. C57BL/6 wt mice received 100 μg of TNP-sheep IgG and 100 μg of either sialylated antigen-specific anti-TNP murine IgG1 (clone: H5; H5 + sial; n = 6) or sialylated antigen-unspecific anti-Thy1.1 murine IgG1 (clone: OX-7; OX-7 + sial; n = 4) Abs. After 14 days, nephritis was induced by injection of sheep IgG in complete Freund’s adjuvant (CFA) and subsequent intravenous treatment with sheep anti-glomerular basement membrane nephrotoxic serum (NTS) 4 days later. (C) Fc sialylation of the monoclonal anti-TNP murine IgG 1 (clone H5) and anti-Thy1.1 murine IgG1 (clone OX-7) Abs was determined through EndoS-treatment and MALDI-TOF mass spectrometry (MS) (percentage of glycans with one or two sialic acid residues: S1 and S2). (D) Kaplan–Meier survival analysis of the indicated groups. One representative experiment is shown.

FIGURE S4 | Sequences and cloning of the CII-reactive monoclonal murine IgG1 antibodies used in the experiments shown in Figures 5 and 6 and Figure S5 in Supplementary Material. The start and stop codons are colored in red. The restriction sites used for cloning are highlighted in yellow. The first box (blue) represents the leader sequence. The second box (yellow) shows the variable VDJ or VJ sequence whereas the third box (gray) is the constant IgG1-Fc or kappa chain sequence, respectively. (A) Col II-reactive (clone M2139) murine IgG1 heavy chain (accession number: MH208236). The 43 bold and underlined bases behind the leader sequence were missing in the original sequence description (NCBI Z72462) (57) and completed here by the J558.2.88 (NCBI BN000872) sequence because of its highest homology to the original sequence observed after NCBI, IgBlast alignment. The C57BL/6 IgG1 heavy chain constant region starts two bases in front of the SalI restriction site. Because of the introduction of the SalI restriction site, the constant IgG1 heavy chain sequence starts with the amino acids (A)STT… instead of (A)KTT…, which had no functional influence (60). (B) Col II-reactive (clone M2139) murine kappa chain (accession number: MH208237). The first 27 bold and underlined bases behind the leader sequence were missing in the original sequence description (NCBI Z72463) (57) and were completed here by the 21-1 (NCBI X16955) sequence because of its highest homology to the original sequence observed after NCBI, IgBlast alignment. The IGKJ2 sequence in the original sequence description was incomplete and completed here with bold and underlined letters representing the IGKJ2 sequence (accession number V00777) identified on the ImMunoGeneTics (IMGT) Marie-Paule homepage (http://www.imgt.org). The C57BL/6 constant light chain region starts with the BsiWI restriction site. Because of the introduction of the BsiWI restriction site, the constant kappa light chain sequence starts with the amino acids (R)TDA… instead of (R)ADA…, which had no functional influence (60). (C) Col II-reactive (clone CII 1-5) murine IgG1 heavy chain (accession number: MH208238). The IGHJ2 sequence in the original sequence description (NCBI MMU69538) (58) was incomplete and completed here with bold and underlined letters representing the IGHJ2 sequence (accession number V00770) identified on the ImMunoGeneTics (IMGT) Marie-Paule homepage (http://www.imgt.org). The C57BL/6 IgG1 heavy chain constant region starts two bases in front of the SalI restriction site. Because of the introduction of the SalI restriction site, the constant IgG heavy chain sequence starts with the amino acids (A)STT… instead of (A)KTT…, which had no functional influence (60). (D) Col II-reactive (clone CII 1-5) murine kappa chain (accession number: MH208239). The four bold and underlined bases behind the leader sequence were corrected from the original sequence description (NCBI MMU69539) (58) because of its obvious mismatching from the highly homologous 12-44 (NCBI AJ235955) sequence observed after NCBI, IgBlast alignment probably resulting by sequencing/analyzing mistakes. The exchanges were from g to c, c to a, c to g and a to g. The IGKJ1 sequence in the original sequence description was incomplete and completed here with bold and underlined letters representing the IGKJ1 sequence (accession number V00777) identified on the ImMunoGeneTics (IMGT) Marie-Paule homepage (http://www.imgt.org). The C57BL/6 constant light chain region starts with the BsiWI restriction site. Because of the introduction of the BsiWI restriction site the constant kappa light chain sequence starts with the amino acids (R)TDA… instead of (R)ADA…, which had no functional influence (60).

FIGURE S5 | Low doses of sialylated Col II-reactive monoclonal IgG antibodies (Abs) and high doses of intravenous immunoglobulin (IVIG) attenuate collagen-induced arthritis (CIA). These data are parts of the experiments described in Figures 5 and 6. (A) Col II reactivities of native low-sialylated (low-sial) and in vitro galactosylated plus sialylated (+sial) M2139 and CII 1-5 IgG1 Abs and of an antigen-unspecific, TNP-specific murine IgG1 hybridoma Ab (clone H5; negative control) (52) were determined through ELISA. (B) Graphical representation of the experimental strategy used in Figure 6. CIA was induced in Fcgr2b−/− mice as described in Figure 5A. One day before and 9 days after the first immunization the mice received 100 μg of either non-sialylated (low-sial; n = 10) or in vitro galactosylated plus sialylated (+sial; n = 9) anti-Col II murine IgG1 Abs (clones M2139 and CII 1-5; 50 μg each) or high dose (50 mg; n = 10) or low dose (100 μg; n = 10) IVIG. The positive control group received PBS instead of Abs (n = 10). (C) Foot swelling was scored on the indicated days from 0 to 3 per foot resulting in a maximal clinical score of 12 per mouse. The mean clinical score of all mice and the prevalence (percentage of affected animals with a score > 0) are shown for all groups on the indicated days. (D) Representative foot ankle sections of representative mice with CIA score 0 (left; healthy mouse) or score 2 (right; mouse with a swollen ankle) were stained with hematoxylin and eosin (H&E) or anti-CD3. One representative experiment out of two independent experiments is shown. Differences in disease evolution were calculated using two-way ANOVA.

FIGURE S6 | Application of sialylated antigen-specific murine IgG1 antibodies (Abs) enhances the development of antigen-specific Foxp3+Tregs. (A) Graphical representation of the experimental strategy. On day −1, C57BL/6 wt or Fcgr2b−/− mice were treated intravenous with 3 × 107 labeled splenocytes from OT-II+/− × Thy1.1+/− mice and subsequently treated i.p. with 90 μg of low-sialylated (low-sial) or in vitro galactosylated plus sialylated (sial) monoclonal murine anti-TNP IgG1 Abs (clone H5) or no Ab. On day 0, mice were immunized i.p. with 30 μg of TNP(5)-OVA or OVA (antigen-unspecific control) in enriched CFA (eCFA) and on day 4, mice were sacrificed for flow cytometry analysis of mesenteric lymph node (mLN) cells and splenocytes. (B) Fc sialylation of low-sialylated or in vitro galactosylated plus sialylated anti-TNP IgG1 Abs (H5) was determined through EndoS-treatment and MALDI-TOF mass spectrometry (MS) (percentage of glycans with one or two sialic acid residues: S1, S2; Figure S1 in Supplementary Material). (C) Representative Foxp3 expression analysis of gated, proliferating (as a marker for antigen-specific activation) OT-II+/− × Thy1.1+/−CD4+ mLN cells of all three groups treated with TNP-OVA by flow cytometry on day four. (D,E) Foxp3+cell frequencies of transferred proliferating OT-II+/− × Thy1.1+/− mLN and spleen cells from C57BL/6 wt mice after immunization with (D) TNP-OVA or (E) OVA in eCFA as determined by flow cytometry. (F) Percentage of proliferating OT-II+/− × Thy1.1+/− of all CD4+ spleen cells from C57BL/6 wt mice after immunization with TNP-OVA in eCFA. One representative out of two independent experiments is shown. (G) Foxp3+ cell frequencies of transferred proliferating OT-II+/− × Thy1.1+/− mLN and spleen cells from Fcgr2b−/− mice after immunization with TNP-OVA in eCFA. One representative out of two independent experiments is shown.
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Introduction: Autoantibodies to cytosolic 5′-nucleotidase 1A (cN-1A; NT5C1A) have a high specificity when differentiating sporadic inclusion body myositis from polymyositis and dermatomyositis. In primary Sjögren’s syndrome (pSS) and systemic lupus erythematosus (SLE) anti-cN-1A autoantibodies can be detected as well. However, various frequencies of anti-cN-1A reactivity have been reported in SLE and pSS, which may at least in part be explained by the different assays used. Here, we determined the occurrence of anti-cN-1A reactivity in a large number of patients with pSS and SLE using one standardized ELISA.

Methods: Sera from pSS (n = 193) and SLE patients (n = 252) were collected in five European centers. Anti-cN-1A, anti-Ro52, anti-nucleosome, and anti-dsDNA reactivities were tested by ELISA (Euroimmun AG) in a single laboratory. Correlations of anti-cN-1A reactivity with demographic data and clinical data (duration of disease at the moment of serum sampling, autoimmune comorbidity and presence of muscular symptoms) were analyzed using SPSS software.

Results: Anti-cN-1A autoantibodies were found on average in 12% of pSS patients, with varying frequencies among the different cohorts (range: 7–19%). In SLE patients, the anti-cN-1A positivity on average was 10% (range: 6–21%). No relationship was found between anti-cN-1A reactivity and the presence or absence of anti-Ro52, anti-nucleosome, and anti-dsDNA reactivity in both pSS and SLE. No relationship between anti-cN-1A reactivity and duration of disease at the moment of serum sampling and the duration of serum storage was observed. The frequency of muscular symptoms or viral infections did not differ between anti-cN-1A-positive and -negative patients. In both disease groups anti-cN-1A-positive patients suffered more often from other autoimmune diseases than the anti-cN-1A-negative patients (15 versus 5% (p = 0.05) in pSS and 50 versus 30% (p = 0.02) in SLE).

Conclusion: Our results confirm the relatively frequent occurrence of anti-cN-1A in pSS and SLE patients and the variation in anti-cN-1A reactivity between independent groups of these patients. The explanation for this variation remains elusive. The correlation between anti-cN-1A reactivity and polyautoimmunity should be evaluated in future studies. We conclude that anti-cN-1A should be classified as a myositis-associated-, not as a myositis-specific-autoantibody based on its frequent presence in SLE and pSS.

Keywords: Cytosolic 5′-nucleotidase 1A, anti-cN-1A, NT5C1A, autoantibodies, inclusion body myositis, Sjögren’s syndrome, systemic lupus erythematosus

INTRODUCTION

Autoantibodies are often helpful in the diagnosis and follow up of patients with inflammatory myopathies. Traditionally these antibodies are characterized as myositis-specific (MSA) or myositis-associated antibodies (MAA), according to their specificity. In 2013, two independent research groups described a novel antibody in sporadic inclusion body myositis (IBM): anti-cytosolic 5′-nucleotidase 1A (anti-cN-1A; anti-NT5C1A) (1, 2). cN-1A is an enzyme involved in the conversion of adenosine monophosphate to adenosine, and it has a role in the dephosphorylation of nucleotides to nucleosides (1). IBM is a slowly progressive muscle disease with a late onset. Its cause is yet unknown; inflammation, degeneration, and mitochondrial dysfunction all seem to play a role in the pathogenesis of IBM. Anti-cN-1A is present in 33–76% of IBM patients, and the variation is probably not only due to differences between cohorts, but is also dependent on the detection method and cutoff values that are used (1). Anti-cN-1A testing can improve the diagnostic process in IBM, and it can be used as a marker of expected disease severity. Anti-cN-1A positive IBM patients have more pronounced bulbar weakness and a higher mortality rate (2, 3). The presence or absence of anti-cN-1A antibodies in IBM is not related to the duration of symptoms or to the presence or absence of other autoimmune diseases or other autoantibodies (2). The specificity of anti-cN-1A antibodies has been established in previous studies. In healthy controls and in patients with polymyositis, dermatomyositis, and other neurological diseases, the prevalence of anti-cN-1A is low (0–4%) (4). However, in the systemic autoimmune diseases primary Sjögren’s syndrome (pSS) and systemic lupus erythematosus (SLE) anti-cN-1A autoantibodies have been detected at various frequencies with different methods of detection (4–7). We aimed to establish the occurrence of anti-cN-1A reactivity in multiple independent groups of European pSS and SLE patients using a single standardized detection method.

MATERIALS AND METHODS

Patients

Sera from pSS (n = 193) and SLE patients (n = 252) were collected in five different European centers: Tolmezzo, Italy; Strasbourg, France; Utrecht, The Netherlands; Malmö, Sweden and Copenhagen, Denmark. The patients were enrolled in biobanks in each of the participating centers, for which ethical permission was obtained. The SLE patients were diagnosed using the 1997 American College of Rheumatology criteria; pSS patients fulfilled the American-European Consensus Classification Criteria (8, 9). Demographic data (age and sex of the patient), clinical data (duration of disease at the moment of serum sampling, autoimmune co-morbidity, and presence of muscular symptoms) and the total duration of storage of the sample were retrieved from the respective biobank databases by the local researcher blinded for anti-cN-1A status. Muscular symptoms were defined as myalgia and muscle weakness, autoimmune comorbidity was defined as the presence of any other autoimmune disease. Patients with Sjögren’s syndrome secondary to SLE were classified as SLE.

Laboratory Analysis

Anti-cN-1A, anti-dsDNA, anti-nucleosomes, and anti-Ro52 reactivities were tested by ELISA in a single laboratory. The anti-cN-1A, anti-dsDNA-NcX, and anti-nucleosomes ELISA are commercially available ELISAs and were performed according to the manufacturer’s instructions (respective order numbers EA 1675-4801G, EA 1572-9601G, and EA 1574-9601G, Euroimmun AG, Lübeck, Germany). The anti-cN-1A ELISA is based on recombinant full-length cN-1A antigen as described earlier (7). Results were evaluated semi-quantitatively as a ratio (optical density (OD) 450 sample/OD450 calibrator, ratio ≥ 1 positive). The anti-dsDNA-NcX ELISA utilizes native dsDNA (isolated from calf thymus) as antigen, which is immobilized via highly purified mononucleosomes free of histone H1, Scl-70, and other non-histone components (cutoff: ≥ 100 IU/ml) (10). The anti-nucleosomes ELISA is based on native mononucleosomes free of histone H1, Scl-70 and non-histone components (cutoff: ≥ 20 RU/ml) (11).

Determination of anti-Ro52 reactivity was performed using an in-house ELISA (Euroimmun). Microtiter plates (Nunc, Denmark) were coated with 1 μg/ml recombinant Ro52 in PBS, pH 7.5 overnight at 4°C, washed with PBS-0.05% (w/v) Tween-20, and blocked for 2 h with PBS-0.1% (w/v) casein, followed by washing. Sera diluted 1:200 in PBS-0.1% (w/v) casein were incubated for 30 min before washing. Bound antibodies were detected using anti-human IgG peroxidase conjugate (Euroimmun) and stained with tetramethylbenzidine (Euroimmun) for 15 min. OD was determined at 450 nm (reference 620 nm) using an automated spectrophotometer (Spectra Mini, Tecan, Germany). All procedures were carried out at room temperature. The cutoff of the anti-Ro52 ELISA was defined at the 99% percentile based on samples from healthy blood donors (n = 100), anti-nuclear antibodies-negative patients (n = 52) and rheumatoid arthritis patients (n = 40). Results were evaluated semi-quantitatively as a ratio (OD450 sample/OD450 calibrator, ratio ≥ 1 positive).

Statistics

IBM SPSS for Windows version 22 (IBM Corp., Armonk, NY, USA) was used for statistical analyses. Chi-square tests and Fisher’s exact test (categorical variables) and Mann–Whitney U test (continuous, non-parametric variables) were used for pairwise comparisons between groups. Correlations between autoantibody titers and other variables (e.g., duration of storage) were analyzed using Spearman ranking. A 2-sided p-value of 0.05 or less was deemed statistically significant in this exploratory study.

RESULTS

Anti-cN-1A antibodies were found in 12% of the pSS patients (23/193) and in 10% of all SLE patients (26/252). The prevalence of anti-cN-1A showed some variation between countries in both diseases (Tables 1 and 2). The distribution of the levels of anti-cN-1A antibodies did not appear to differ between the groups from different countries and between pSS and SLE (Figure 1).

TABLE 1 | Clinico-demographic correlations: anti-cN-1A in primary Sjögren’s syndrome (pSS).
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TABLE 2 | Clinico-demographic correlations: anti-cN-1A in systemic lupus erythematosus (SLE).
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FIGURE 1 | Distribution of anti-cN-1A reactivity in primary Sjögren’s syndrome and systemic lupus erythematosus (SLE) patients from different countries. Dotted line = cutoff of anti-cN-1A reactivity (1.0 AU).



The associations between anti-cN-1A reactivity and clinical, demographic, and laboratory findings are presented in Tables 1 and 2. A trend toward gender-association of anti-cN-1A reactivity did not reach statistical significance (18% of men in pSS and 17% in SLE showed anti-cN-1A reactivity, versus 12 (p = 0.5) and 10% (p = 0.2), respectively, of women). No association between anti-cN-1A and duration of disease or sample storage duration was found. Muscular complaints were almost equal for anti-cN-1A-positive and -negative patients, with myalgia being the most frequently reported symptom. One of the pSS patients had a biopsy-proven polymyositis, but this patient had no anti-cN-1A antibodies. In the anti-cN-1A-positive patients, a higher rate of autoimmune co-morbidity was seen: 15% of the anti-cN-1A-positive pSS and 50% of the anti-cN-1A-positive SLE patients suffered from one or more other autoimmune diseases, whereas autoimmune comorbidity was observed in 5 and 30%, respectively, of the anti-cN-1A-negative patients (p = 0.05 in pSS, p = 0.02 in SLE). The presence or absence of other antibodies did not differ between the anti-cN-1A-positive and -negative patients in both disease groups.

DISCUSSION

The current cohort with anti-cN-1A reactivity in 12% of pSS and 10% of SLE patients confirm the relatively high prevalence of anti-cN-1A in these diseases. In addition, a range of frequencies was observed in the groups from various European countries (pSS: 7–19%; SLE: 6–21%), which seems to be consistent with the variation in anti-cN-1A reactivity that was observed in these diseases in previous studies. However, it should be noted that the results of these studies were obtained with various in-house assays. Our study is the first to analyze anti-cN-1A in pSS and SLE patients from different centers in parallel using a single, standardized assay at a single laboratory. The current study does not offer an explanation for the relatively frequent presence of anti-cN-1A in pSS and SLE sera, nor for the variation in the frequency of anti-cN-1A among different countries.

Table 3 summarizes the results reported in four previous publications on anti-cN-1A reactivity in pSS and SLE. The largest cohort thus far consisted of 96 SLE and 44 pSS patients and the study included a comparison with clinical data as well. The subset of SLE patients with myositis (5%) did not show anti-cN-1A reactivity, and no correlation was found between anti-cN-1A reactivity and Raynaud’s phenomenon or interstitial lung disease. Similarly, among pSS patients no correlation could be found between anti-cN-1A status and clinical and laboratory features, and none of the pSS patients had any muscular complaints (6). Muro and coworkers reported concomitant positivity for anti-dsDNA and anti-Ro/SSA in the pSS and SLE patients with anti-cN-1A reactivity (5). The clinical and laboratory features of the two other reported cohorts are not described in detail (4, 7).

TABLE 3 | Anti-cN-1A reactivity among systemic lupus erythematosus (SLE) and primary Sjögren’s syndrome (pSS) cohorts in former and current studies.
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Currently, IBM diagnosis is based on the combination of clinical features, laboratory findings, and muscle biopsy results (12). Unfortunately, application of the diagnostic criteria does not always lead to a quick and definite diagnosis. Although no treatment is yet available for IBM, a correct diagnosis is important, as for example misclassification as polymyositis and subsequent treatment with steroids can negatively influence the IBM disease course (13). The detection of anti-cN-1A antibodies could accelerate and improve the diagnosis of IBM. The presence of anti-cN-1A reactivity in a subset of SLE and pSS patients does not interfere with the clinical usefulness of anti-cN-1A testing in myositis due to the phenotypic differences between IBM and systemic autoimmune diseases. A standardized assay to detect anti-cN-1A antibodies, with clearly defined sensitivity and specificity, is of great importance before starting to use anti-cN-1A detection in clinical practice.

The large variation in the frequencies of anti-cN-1A in SLE and pSS reported in the aforementioned previous studies might be due to the different techniques that were used: western blotting and ELISA with the full-length recombinant protein produced in different host cells, and ELISA with three synthetic peptides [Table 3, reviewed in detail in Ref. (1, 14)]. The ELISA using three synthetic peptides is based on epitope mapping that has shown three regions of cN-1A that are targeted most frequently by autoantibodies. In that study, different patterns of reactivity with these three linear epitopes were observed (4). However, the use of small synthetic peptides does not allow the detection of antibodies against discontinuous or conformational epitopes. IBM sera reactive with one of these epitopes were not always positive when using full-length recombinant protein as antigen, whereas other sera were not reactive with any of the epitopes, but were positive when assessed using the full-length cN-1A ELISA (1). Variable seropositivity was seen in IBM patients dependent upon which isotype (IgG, IgA, or IgM) of anti-cN-1A antibody was tested (15, 16). In general, immunoblotting with full-length cN-1A expressed in transfected HEK293 cells showed a higher sensitivity and lower specificity than the three-peptide cN-1A ELISAs (1, 7). A direct comparison of the methodologies to detect anti-cN-1A antibodies has not yet been undertaken.

The role of cN-1A in the pathophysiology of IBM and the possible pathways of anti-cN-1A antibody induced pathology are not yet fully elucidated, although a recent study confirmed a role of anti-cN-1A antibodies in the onset of IBM (14, 17). In vitro and in vivo (in mice) passive immunization with anti-cN-1A–positive IgG leads to histological changes in the muscle fibers resembling the changes in IBM: an increase of p62 aggregates and an associated macrophage infiltration was seen in the in vivo model (17). Whether passive immunization led to pathophysiological changes as seen in SLE and pSS, is not stated. The variation in anti-cN-1A reactivity between the different countries included in our current study might be due to the different genetic backgrounds of the patients, although HLA-association studies in IBM did not show a difference between anti-cN-1A-positive and -negative patients (18).

The retrospective nature of our study led to some difficulties in the interpretation of the clinical data. First of all, for some items a large subset of data is lacking, for example regarding the presence or absence of muscular complaints. Furthermore, the presence or absence of muscular symptoms might be subject to reporting bias of patients: fatigue and diffuse pain in patients with systemic autoimmune diseases could be reported as myalgia. Autoimmune comorbidity might have been reported in different ways and antiphospholipid syndrome, for example, might not have been reported in a subset of patients. This means that the finding of an increased rate of autoimmune comorbidity in the anti-cN-1A-positive patients should be interpreted with caution. A prospective study with standardized clinical data collection and a broader panel of autoantibodies (including for example anti-CCP, anti-thyroid, and anti-skin autoantibodies) should clarify the relationship between anti-cN-1A reactivity and the presence of comorbidities, in particular other autoimmune diseases. A former study on IBM, using standardized data extraction sheets, did not show such a correlation (2). The included sera were provided by European centers only, meaning that comparisons with cohorts with other ethnical backgrounds can be difficult. We did not test healthy subjects in parallel with the SLE and pSS patients, but two independent laboratories have previously evaluated healthy subjects using the same ELISA as we have used in this study, showing anti-cN-1A reactivity in 2 and 3% (1/52 and 7/202) (7).

This retrospective study confirms the relatively high prevalence and substantial variation in anti-cN-1A reactivity in different cohorts of pSS and SLE patients. Based on this, we conclude that anti-cN-1A should be classified as a MAA, not as a MSA. Prospective studies should shed more light on the role of anti-cN-1A in pSS and SLE to elucidate its pathophysiological role and to further explore its potential correlation with clinical features.
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Pemphigus vulgaris (PV) is a potentially life-threatening mucocutaneous autoimmune blistering disease. Patients develop non-healing erosions and blisters due to cell–cell detachment of keratinocytes (acantholysis), with subsequent suprabasal intraepidermal splitting. Identified almost 30 years ago, desmoglein-3 (Dsg3), a Ca2+-dependent cell adhesion molecule belonging to the cadherin family, has been considered the “primary” autoantigen in PV. Proteomic studies have identified numerous autoantibodies in patients with PV that have known roles in the physiology and cell adhesion of keratinocytes. Antibodies to these autoantibodies include desmocollins 1 and 3, several muscarinic and nicotinic acetylcholine receptor subtypes, mitochondrial proteins, human leukocyte antigen molecules, thyroid peroxidase, and hSPCA1—the Ca2+/Mn2+-ATPase encoded by ATP2C1, which is mutated in Hailey–Hailey disease. Several studies have identified direct pathogenic roles of these proteins, or synergistic roles when combined with Dsg3. We review the role of these direct and indirect mechanisms of non-desmoglein autoantibodies in the pathogenesis of PV.
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INTRODUCTION

Pemphigus vulgaris (PV) is a potentially life-threatening mucocutaneous autoimmune blistering disease. Patients develop non-healing erosions and blisters due to cell–cell detachment of keratinocytes (acantholysis), with subsequent suprabasal intraepidermal splitting. Identified more than 25 years ago, desmoglein-3 (Dsg3), a Ca2+-dependent cell adhesion molecule belonging to the cadherin family, has been considered the “primary” autoantigen in PV.

While convincing evidence has supported the pathogenic role of anti-Dsg antibody-mediated acantholysis, there has been a shift in our understanding of the disease from steric hindrance by autoantibodies to modification of cell metabolism and signaling, and structural alterations in the desmosome affecting cell adhesion (1–3).

Proteomic studies have identified numerous autoantibodies in patients with PV that have known roles in the physiology and cell adhesion of keratinocytes. These autoantibodies include desmocollins (Dsc) 1 and 3, several muscarinic and nicotinic acetylcholine receptor (nAChR) subtypes, mitochondrial proteins, human leukocyte antigen (HLA) molecules, thyroid peroxidase (TPO), and hSPCA1—the Ca2+/Mn2+-ATPase encoded by ATP2C1, which is mutated in Hailey–Hailey disease (HHD).

The presence of numerous potentially pathogenic autoantibodies in pemphigus points toward a need to understand these non-Dsg antibodies. While several of the most prevalent non-Dsg autoantibodies have been characterized regarding their effect on keratinocyte biology, a majority of identified autoantibodies remain poorly understood. We review the direct and indirect pathogenic mechanisms of non-Dsg autoantibodies in PV.

MAJOR DEFINED AUTOANTIGENS

Desmocollins

Desmocollins (Dsc) and Dsgs are two specialized Ca2+-dependent cadherin subfamilies that provide structure to the desmosomes (4). On the cell surface, Dsc and Dsg bind to each other, providing support, and meditating connections between intermediate filaments of neighboring cells (5, 6). In addition, this cadherin complex forms an anchor for keratin intermediate filaments which attach to the inner cytoplasmic surface (6).

Desmocollins play an important role in cell-to-cell adhesion. This role was demonstrated by Spindler et al. (7) through the application of monoclonal antibodies against extracellular domains of Dsc3 in human skin model which resulted in intraepidermal blister formation. They also provided evidence of homophilic and heterophilic trans-interaction of Dsc3 with Dsg1. Their data showed that Dsg-1 IgG antibodies reduces the adhesion of Dsc-3 to the surface of keratinocytes, possibly by targeting the Dsc3/Dsg1 binding on keratinocyte cell surface (7).

Previously, IgA autoantibodies to Dsc1 were identified in subcorneal pustular dermatosis (8). However, various reports of IgG autoantibodies against the three different Dsc have been found in paraneoplastic pemphigus/paraneoplastic autoimmune multiorgan syndrome (PNP/PAMS), PV, pemphigus foliaceus (PF), pemphigus vegetans (PVeg), and pemphigus herpetiformis (PH) (9).

In a study of a large cohort of pemphigus patients, autoantibodies to Dsc 1 and 3 were present in 44% of patients, with only 7% in matched controls (10). Ishii et al. reported their findings related to the detection of anti-Dsc antibodies in a series of 164 pemphigus cases. Anti-Dsc antibodies were found in 3 of 22 PV cases (13%) and 3 of 18 PF cases (18%). By contrast, 53 of 79 PNP/PAMS cases (67%) demonstrated anti-Dsc 1–3 antibodies. Specifically, Dsc3 antibodies were detected in roughly 60% of the cases, Dsc 2 in 37%, and Dsc 3 in 16.5% of cases. In PH and PVeg, around 40% of sera showed strong reactivity with Dsc1–3 (11).

Dettmann et al. studied serum reactivity with Dsc 1, 2, and 3 serum autoantibodies in various groups of patients with pemphigus. In their first cohort consisting of 102 PV patients with oral lesions with positive direct immunofluorescence (DIF) and the presence of anti-Dsg3 IgG, no antibodies were found against Dsc 1, 2, and 3. The second cohort was composed of 24 patients with oral lesions but no detectable Dsg3 autoantibodies; therein IgG antibodies against Dsc 3 were found in one case. The third cohort composed of 23 patients with PNP/PAMS mostly reactive against anti-Dsg3 and envoplakin, from whom anti-Dsc 2 and anti-Dsc 3 IgG autoantibodies were identified in two patients, respectively (9). A fourth cohort consisting of sera from 749 patients of the International Autoimmune Bullous Diseases Study Group was also analyzed for reactivity with epitopes of Dsc. Of these patients, 333 were diagnosed with pemphigus. Investigators found 14 (4%) Dsc reactive cases; 3 were from patients with PNP/PAMS, 2 from patients with PVeg. 2 of 14 sera were from PV patients in whom no Dsg 1 or 3 reactivity was found. Three reactive cases of PF showed Dsc 1-specific IgG. Of 5 Dsg3-negative sera, 333 (40%) showed reactivity with Dsc 1. Thus, testing for autoantibodies against Dscs was only recommended in patients with atypical pemphigus (9).

hSPCA1

The ATP2C1 gene codes for a magnesium-dependent enzyme that catalyzes the hydrolysis of Ca2+-transport ATP. This secretory pathway Ca2+ ATPase pump is expressed in the Golgi apparatus (GA) which is involved in the transport of calcium and manganese ions from the cytosol to the lumen of the GA. Mutations in ATP2C1 results in depletion of Ca2+ stores in the GA with increased Ca2+ in the cytosol (12). Low Ca2+ concentration in the GA could impair posttranslational processing of important desmosomal proteins such as Dsg and Dsc. As a result, acantholysis develops. These mutations have been found in HHD (12, 13).

Clinical and pathological similarities between HHD and PV exist. Clinically, vesicle and bulla formation may be present in early lesions of HHD. However, features of established lesions include eroded scaly plaques in symmetrical and intertriginous distribution, commonly in axillae, groin, neck, inframammary fold, and perineum (14). On the other hand, features of PV include flaccid blisters and erosions on mucosa and sometime also skin. Histologically, in PV, suprabasal acantholysis is present with intraepidermal bulla formation and a tombstone pattern of the remaining cells of the basal layer. Although acantholysis is also present in HHD, it involves all epidermal layers resembling the dilapidated brick wall (14). Invariably, DIF is negative in HHD.

Over 125 pathogenic mutations through the ATP2C1 gene have been described in HHD (15, 16). Approximately 20% are nonsense mutations, 30% are frame-shift mutations with premature termination codons, and 28% are missense mutations (17). Investigators suggest that haploinsufficiency is the mechanism of dominant inheritance observed in this entity (18).

Autoantibodies against hSPCA1 are seen in 43% of patients with PV compared to 8% in matched controls (OR = 8.51) (10). Given the similarities in clinical phenotype and role of cell disadhesion in both of these diseases, it is tempting to suspect that anti-hSPCA1 autoantibodies have an active role in PV. To date, however, there have been no studies assessing the pathogenic role of these autoantibodies.

Cholinergic Receptors

The human epidermis has an elaborate non-neuronal cholinergic system composed of an axis that involves keratinocyte acetylcholine (ACh) enzymes involved in ACh synthesis and degradation, and nicotinic and muscarinic acetylcholine receptors (AChRs) (19). Keratinocyte ACh plays a role in the regulation of cell–cell and cell–matrix adhesion. This mechanism is accomplished through AChR signaling. These receptors have a regulatory effect by activation or inhibition of kinase cascades. Resulting outcome will lead to either upregulation or downregulation of the expression of cell adhesion molecules such as cadherins and integrins (19).

Muscarinic acetylcholine receptors (mAChRs) are single-subunit transmembrane glycoproteins composed of five receptor subtypes (M1–M5). Odd-numbered mAChRs bind to pertussis toxin-insensitive G proteins stimulating phospholipase C enzymes that hydrolyze phosphatidylinositol 4,5-bisphosphate, yielding the second messenger molecules inositol 1,4,5-trisphosphate (IP3) and diacyl glycerol which in turn control intracellular levels of Ca2+ and protein kinase C activity, respectively. Even-numbered mAChR subtypes couple to pertussis toxin-sensitive G proteins ultimately leading to inhibition of adenyl cyclase, and weakly stimulating phospholipase C; they also rectify K+ channels, and augment arachidonic acid release (19). In vitro experiments have shown that mAChR activation may prevent, stop, and reverse acantholysis mediated by pemphigus antibodies (20). Autoantibodies against mAChRs have been identified in the serum of 85–100% of pemphigus patients (21, 22). Lakshmi et al. prospectively evaluated the disease severity of 45 patients with pemphigus who were followed up at baseline, 3 months, and 15 months. They collected sera from these patients to assess the titers of antibodies against Dsg1/Dsg3 and anti-M3 mAChR to correlate them with disease severity and response to therapy. They found that antibody titers correlated significantly with disease activity and that anti-M3 mAChR antibodies were present in all cases (22).

Nicotinic acetylcholine receptors are members of the superfamily of ligand-gated ion channel proteins, mediating Na+ and Ca2+ influx and K+ efflux. These receptors are not only present on the surface of keratinocytes but also on the mitochondrial outer membrane (23). Mitochondrial-nAChRs inhibit mitochondrial permeability transition pore (mPTP) opening, restraining cytochrome c (CytC) release, thereby preventing apoptosis (24). IgG from patients with PV bind to several mitochondrial-nAChR subtypes (α3, α5, α7, α9, α10, β2, and β4), resulting in swelling of mitochondria, rupture of outer membrane, and release of CytC caused by mPTP opening. Moreover, CytC induces apoptosome formation with activation of caspase-9 with subsequent induction of apoptosis (25).

Pemphaxin (PX) is a 75-kDa annexin also known as annexin 31 or ANXA9 (26) which was discovered by screening of keratinocyte λgt11 cDNA expression library with PVIgG antibodies. PX acts as an AChR with dual muscarinic and nicotinic pharmacology. In vitro studies demonstrated that anti-PX antibodies induced acantholysis in keratinocyte monolayers; confirmation was done with immunofluorescence studies showing positivity in a net-like pattern. In vivo experiments demonstrated that while adsorption of anti-PX autoantibody abolished acantholytic activity of PV IgG fraction, adding it back to the preabsorbed fraction restored the acantholytic activity of PV IgG fraction, although anti-PX autoantibody alone did not cause clinically evident skin blisters (27). This finding indicates that PV results from synergistic action of several antibodies to different self-antigens, including AChRs (28). Simultaneous and synergistic action of PV IgGs against the cell membrane and mitochondrial-nAChRs inactivates adhesion molecules and opening of mPTP. Affected keratinocytes shrink and detach from neighboring cells. Therein, antibodies to desmosomal components prevent keratinocyte from re-attachment making keratinocyte detachment irreversible (29).

Anti-Mitochondrial Proteins

Anti-mitochondrial antibodies (AMA) play an important role in the pathogenesis of PV as they can trigger the intrinsic apoptotic pathway. Adsorption of AMA prevents acantholysis (30). Autoantibodies against numerous mitochondrial antigens are seen in patients with PV, as summarized in Table 1. Other studies evaluating AMA in patients with pemphigus included that by Marchenko et al., which found AMA in 100% (6/6) of sera of patients with PV when studying penetration of PVIgG into the subcellular mitochondrial fraction (30). Experiments conducted by Chernyavsky et al. (25) found AMA against different subunits of mitochondrial ACh receptors in 100% (5/5) sera from patients who had anti-nAChR antibodies.

TABLE 1 | Mitochondrial autoantibodies in patients with PV with an incidence greater than 5% and OR > 2 when compared with healthy controls (10).
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Anti-mitochondrial antibodies bind mitochondrial proteins eliciting the opening of the mPMP which cause massive swelling of mitochondria, rupture of outer membrane, release of CytC, and subsequent activation of caspase-9 (31). In so doing, AMA can complement pro-acantholytic actions of other types of non-Dsg antibodies launching a downstream signaling event involving Src, epidermal growth factor receptor kinase, p38 mitogen-activated protein kinase (p38MAPK), and c-Jun N-terminal kinase (30).

Chen et al. (29) demonstrated that PV IgGs including AMA couple with neonatal Fc receptor (FcRn) on the cell membrane. The PV IgGs–FcRn complex allows the entrance of AMA to the keratinocyte. Once in the cytosol, they dissociate and are trafficked to the mitochondria where they trigger proapoptotic events with subsequent CytC release and activation of caspase-9 (25, 30). These events correlate with the shrinkage of basal keratinocytes seen in histologic sections (29).

Upon recovery, new desmosomes are extended toward neighboring keratinocytes; however, anti-Dsg antibodies prevent bonding of new desmosomes due to steric hindrance, thereby acantholysis becomes an irreversible process (29). The term “apoptolysis” has been introduced to denote these apoptotic and acantholytic events (30).

Overexpression of suppression of tumorigenicity 18 gene (ST18) in keratinocytes of predisposed individuals appears to increase susceptibility of cells to apoptosis and immune dysregulation (32–34). Interestingly, ST18 is overexpressed in PV non-lesional skin when compared with the skin of healthy individuals, indicating a possible predisposition to pemphigus (32). A variant in the promoter region drives increased gene transcription in a p53/p63-dependent manner. This polymorphism, however, appears to be most associated with PV arising in Jewish and Egyptian patients, rather than German, or Chinese (32, 35). Sarig et al. did, however, note an increase of ST18 in patients with psoriasis. Thus, it unclear whether ST18 overexpression simply is associated with inflammatory processes.

Thyroid Peroxide Antibodies

Thyroid peroxidase (TPO), originally described as thyroid microsomal antigen, is a member of the thyroid autoantigens which includes thyroglobulin and thyroid-stimulating hormone receptor (36). TPO is a glycoprotein present on the apical surface of thyroid follicular cells (36); it is involved in the synthesis of T3 and T4, catalyzing several steps in the process (37). Approximately 85–90% of patients with chronic thyroiditis have anti-TPO antibodies (38); therefore, these antibodies are considered to be the hallmark of autoimmune thyroid disease (ATD), particularly, Hashimoto’s thyroiditis, postpartum thyroiditis, and Grave’s disease (37).

Several studies have documented the association between PV and the presence of anti-TPO antibodies as it is summarized in Table 2. The mean percentage of pemphigus patient with anti-TPO antibodies among all these studies was 19% (3.6–40%), which is well above the standard incidence of anti-TPO autoantibodies. Nevertheless, larger prospective multi-centric studies are needed to further characterize this association.

TABLE 2 | Current studies on the incidence of thyroid autoantibodies and thyroid disease in patients with pemphigus.
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The link between thyroid and skin development and homeostasis has been well documented (47–49). This relationship correlates with the ability of thyroid hormones to bind nuclear receptors with consequent effects on proliferation of keratinocytes and fibroblasts (50, 51). However, the role of thyroid proteins in cell-to-cell adhesion remains poorly understood (51).

Plakophilin 3

Plakophilin 3 is a member of the armadillo family of proteins; this protein has an important role in the generation of a stable desmosome due to its multiple interactions with several proteins such as desmosomal cadherins, Dsg1, Dsg3, desmoplakin, plakoglobins, and epithelial keratin 18 (52, 53).

Autoreactivity against plakophilin-3 (PKP3) has been demonstrated by Lambert et al. in five PNP/PAMS (100%) sera and in one PV (25%) serum in a series that evaluated sera from five PNP, four PV, two PF, five bullous pemphigoid (BP), one cicatricial pemphigoid, and one linear IgA dermatosis (53). In a large study of PV patients using proteomic technique, 43% of PV patients had autoantibodies targeting plakophilin 3, compared with 7% of matched controls (OR = 6.56) (10).

Preliminary experiments done by Sklyarova et al. have demonstrated that mice deficient in PKP3 show alteration and rearrangement of desmosomes in the epidermis and hair follicles (54). While desmosomes and adherens junctions were significantly altered, compensatory changes in junctional proteins were seen, with upregulation of desmoplakin, plakophilin 1 and 2, E-cadherin, and β-catenin. These mice were also prone to dermatitis. Thus, while it appears unlikely that loss of PKP3 can lead to the clinical phenotype in pemphigus, it is one key to a dense network of proteins that stabilize desmosomes.

E-Cadherin

E-cadherins along with P-cadherin are the classical cadherins forming adherens junctions, which in conjunction with desmosomes mediate cell-to-cell adhesion (55). Overexpression of E-cadherin has been observed as a result of disruption of desmosomes by PV autoantibodies. E-cadherin partially compensates for loss of cell cohesion, rescuing the cell but also attenuating activation of p38MAPK. E-cadherin is required to assemble Dsg3 into desmosomes (55).

Oliveira et al. and Evangelista et al. have demonstrated antibodies targeting E-cadherin in sera of pemphigus patients (56, 57). One study identified autoantibodies in 78% of mucocutaneous pemphigus vulgaris (mcPV) (n = 62) and 33% (n = 18) of those with mucosal involvement. Moderate correlation was found between the index values of E-cadherin and Dsg1 antigen/antibody, but no correlation with Dsg3; this finding suggested that antibodies against E-cadherin might cross-react with Dsg1 (or vice versa) (57). Similar findings were reported by Evangelista et al. who demonstrated anti-E-cadherin antibodies in 100% of sera of patients with pemphigus foliaceus (n = 13) and fogo selvagem (n = 15); autoantibodies were observed in 79% of those with mcPV and none of the mucosal-type PV (n = 7) (56). More recent proteomic studies of patients with PV demonstrate autoantibodies against E-cadherin in 31% of pemphigus patients compared with 7% of healthy controls (OR = 4.29) (10). Thus, while further pathogenicity studies are needed, the already published data suggests an important synergistic role of E-cadherin autoantibodies in the pathogenesis of pemphigus.

Plakoglobin

Plakoglobin is a member of the Armadillo family of adhesion and signaling proteins. It has a key role in the organization of desmosomes (58, 59). The highly conserved intracytoplasmic–cadherin-like segment of Dsgs is required for direct binding of Dsgs to plakoglobin (60). Silencing of plakoglobin results in p38MAPK-dependent cell disadhesion in cultured keratinocytes. Plakoglobin additionally regulates levels of Dsg3 (61). Interestingly, inhibition of p38MAPK can prevent PV IgG-induced blistering (62). In PV, there is an accumulation of c-Myc, due to a decrease in plakoglobin-mediated suppression of c-Myc (63). Plakoglobin is a principle effector of PV IgG downstream signaling (64–66). Plakoglobin can additionally regulate the promoters of Dsc2 and Dsc3 (67). While a compensatory increase in beta-catenin can be seen in the setting of plakoglobin silencing, it is insufficient for maintaining normal levels of plakophilin-1 or desmoplakin in the desmosomal plaque (68).

Plakoglobin is precipitated from sera of PV and PF patients, linked to Dsgs (69). It is internalized in combination with Dsg3 and PV IgG, resulting in retraction of keratin filaments (70). PV IgG may also promote separation of Dsg3 and plakoglobin (71). This is consistent with immunohistochemical studies in PV, in which plakoglobin staining was displaced toward the nucleus in comparison to healthy control (72).

Larger studies of autoantibodies in patients with PV demonstrated that 26% of patients carried autoantibodies against junctional plakoglobin, compared with 5% of controls (OR = 5.15) (10). Ishii et al. likewise described a patient with PNP/PAMS who had immunoreactivity against plakoglobin (73). Whether these anti-plakoglobin autoantibodies participate in the plakoglobin-Dsg3 dissociation remains to be determined.

FcεRI

Human immunoglobulin E (IgE) molecules bind with very high affinity to receptors on the surface of basophils and mast cells. As a result, mast cells release histamine, leukotrienes, prostaglandins, and cytokines (74). Basophils and mast cells can be activated by cross-linking of IgE interacting with antigens (direct anaphylaxis) or by antibodies directed against Fcε chain of IgE, or against the epitopes of α chain of FcεRI or anti-IgG acting on IgG–IgE complexes bound to FcεRI (74).

Tissue specific or systemic autoimmunity might lower the threshold of immunocompetent cells to recognize FcεRI. For this reason, Fiebiger et al. (75) in their study on anti-FcεRIα autoantibodies in chronic urticaria, included sera from patients with systemic and skin-specific autoimmune diseases including systemic lupus erythematosus, dermatomyositis, BP, and PV. Interestingly, anti-FcεRIα antibodies were found in all groups. As opposed to chronic urticaria, antibodies from the autoimmune cutaneous diseases group lacked complement-activation properties, potentially limiting the activation of basophils and subsequent histamine release (75). Sera from 28 PV patients were analyzed by ELISA, of which 39% were positive for anti-FCεR1 antibodies. Pronounced IgG reactivity against Western-blotted recombinant soluble FcεRIα was found in sera of 2 PV patients. Particularly, IgG2 and IgG4 subtypes were found in these patients (75).

The significance of the anti-FcεRIα antibodies in pemphigus remains unclear.

Other Autoantibodies

While the above discussed non-Dsg autoantibodies target known participants in cell disadhesion and autoimmunity, numerous other autoantibodies have been detected in patients with pemphigus (10). A better understanding of these and other non-Dsg antibodies will provide significant insight into the pathogenesis of pemphigus.

HLA AS A LINK BETWEEN DIFFERENT IMPLICATED AUTOANTIGENS

The HLA region is located on chromosome 6, present only in humans coding for the major histocompatibility complex (MHC) genes. MHC class I genes are known as HLA-A, HLA-B, and HLA-C; coding for proteins present on the surface of almost all cells. MHC class II genes are located within the HLA-D region on chromosome 6 which contains three subregions: DP, DQ, and DR. Each subregion has one expressed α and β chain gene. Six genes are contained: HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB1, HLA-DRA, and HLA-DRB1 (76).

There is a strong association between PV and HLA class II genes, especially DR4 and DR14. Further analyses on particular allele subtypes have demonstrated an association with the DRB1*0402, DRB1*1401, DRB1*1404, DRB1*1454, DQB1*0503, and DQB1*0302 alleles. In fact, more than 95% of PV patients carry one the following alleles: DRB1*0402 or DQB1*0503 (2, 77, 78). Particularly, these last two alleles are strongly associated with the Ashkenazi Jewish population (79). PV has been associated with HLA class I including those with HLA-A3, A10, A26, B15, B35, B38, B44, and B60; however, their significance is yet to be elucidated (77). Susceptibility to PF has been linked to the presence of DR4, DR14, and DR1, although no single DR4 or DR14 allele was associated with the PF (80).

High-risk HLA alleles can efficiently accommodate autoantigen-derived peptides, thus eliciting a T-cell-mediated response (78). At the same time, B-cells can be activated by anti-desmosomal CD4 T effector cells.

In contrast to antigen presentation, MHC II autoantibodies can be seen in up to 45% of patients with PV compared 7% in healthy controls (OR = 6.22), with autoantibodies against numerous MHC I and MHC II molecules (10). The functional role of these autoantibodies remains unclear.

Sajda et al. studied a panel of different autoantibodies present in sera of 40 PV patients, 20 healthy relatives, and 20 unrelated controls. Among these antibodies, they identified five which were more significantly associated with PV including Dsg3, mAChR3, mAChR4, mAChR5, and TPO. Of particular interest, non-Dsg autoantibodies in sera of healthy relatives of patients with PV were also seen. Subsequently, they performed HLA analysis clustering the patients into those who had presence or absence of PV-associated HLA alleles DRB1*0402 and/or DQB1*0503. Interestingly, most healthy relatives who presented with these alleles had similar antibody profiles to that of active pemphigus patients, whereas relatives who were negative for the risk alleles had antibody profiles similar to those of unrelated controls (81). Further findings revealed that autoantibody levels on HLA+ and HLA− relatives were comparable, thus implying that further genetic and environmental factors may lead to clinical pathology and remains to be studied (81). These data highlight the importance of HLA as a driver for the breakdown of self-tolerance and the specificity of the autoimmune response.

CONCLUSION

The pathogenesis of pemphigus is a complex process involving autoantibodies against numerous structural and metabolic proteins that regulate keratinocyte adhesion and survival. Several of these autoantibodies have been confirmed to have a pathogenic role in pemphigus, by altering the desmosomal plaque, synergistically complementing classic anti-Dsg autoantibody action, or altering mitochondrial physiology. In light of the hundreds of autoantibodies present in patients with PV, only few remain characterized. Thus, significant work is needed to determine the pathogenicity of these autoantibodies.
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Mucous membrane pemphigoids (MMPs) and bullous pemphigoid (BP) are autoimmune bullous diseases that share physiopathological features: both can result from autoantibodies directed against BP180 or BP230 antigens. An association has been reported between BP and intake of gliptins, which are dipeptidyl peptidase-IV inhibitors used to treat type 2 diabetes mellitus. Clinical and immunological differences have been reported between gliptin-induced BPs and classical BPs: mucosal involvement, non-inflammatory lesions, and target BP180 epitopes other than the NC16A domain. Those findings accorded gliptins extrinsic accountability in triggering MMP onset. Therefore, we examined gliptin intrinsic accountability in a cohort of 313 MMP patients. To do so, we (1) identified MMP patients with gliptin-treated (challenge) diabetes; (2) selected those whose interval between starting gliptin and MMP onset was suggestive or compatible with gliptin-induced MMP; (3) compared the follow-ups of patients who did not stop (no dechallenge), stopped (dechallenge) or repeated gliptin intake (rechallenge); (4) compared the clinical and immunological characteristics of suggestive-or-compatible-challenge patients to 121 never-gliptin-treated MMP patients serving as controls; and (5) individually scored gliptin accountability as the trigger of each patient’s MMP using the World Health Organization-Uppsala Monitoring Center, Naranjo- and Begaud-scoring systems. 17 out of 24 gliptin-treated diabetic MMP patients had suggestive (≤12 weeks) or compatible challenges. Complete remission at 1 year of follow-up was more frequent in the 11 dechallenged patients. One rechallenged patient’s MMP relapsed. These 17 gliptin-treated diabetic MMP patients differed significantly from the MMP controls by more cutaneous, less buccal, and less severe involvements and no direct immunofluorescence IgA labeling of the basement membrane zone. Multiple autoantibody-target antigens/epitopes (BP180–NC16A, BP180 mid- and C-terminal parts, integrin α6β4) could be detected, but not laminin 332. Last, among the 24 gliptin-treated diabetic MMP patients, five had high (I4–I3), 12 had low (I2-I1) and 7 had I0 Begaud intrinsic accountability scores. These results strongly suggest that gliptins are probably responsible for some MMPs. Consequently, gliptins should immediately be discontinued for patients with a positive accountability score. Moreover, pharmacovigilance centers should be notified of these events.

Keywords: autoimmune bullous diseases, mucous membrane pemphigoid, fibrosis, dipeptidyl peptidase IV inhibitor, gliptin, diabetes mellitus, adverse drug reaction, drug-accountability study

INTRODUCTION

Mucous membrane pemphigoids (MMPs) are rare diseases with very low annual incidences worldwide, ranging from 0.07 million inhabitants in Kuwait to 2 million inhabitants in Germany, and intermediate, with 1.25 million inhabitants, in France (1). These diseases are defined clinically. They cover a heterogeneous group of subepithelial autoimmune blistering diseases that predominantly affect the mucous membranes (2). They include the classical MMP, formerly called cicatricial pemphigoid, laminin 332 MMP, α6β4 integrin MMP, mucous membrane dominant epidermolysis bullosa acquisita (MM-EBA), and mucous membrane dominant linear IgA disease [MM-linear IgA bullous dermatosis (LABD)]. Abnormal scarring is the hallmark of MMPs: lesions heal via a fibrosing process leading to cicatricial lesions that can cause severe impairment of the eyes or can be life-threatening in larynx or esophagus.

Although MMP clinical characteristics differ from those of bullous pemphigoid (BP) (younger patients, mucous membrane involvement, bullous cutaneous lesions predominantly on the head-and-neck, cicatricial evolution) (3), classical MMP, and BP share physiopathological features: both result from the activity of autoantibodies directed against hemidesmosomal proteins of basal keratinocytes, BP 230 (BP230) and BP 180 (BP180) antigens, predominantly the C-terminal region and BP180–NC16A epitopes in MMP and BP, respectively (2, 4, 5).

An association between BP and the intake of several drugs (spironolactone, amiodarone, sulfasalazine, allopurinol, furosemide, etc.) has been reported, since 1970 (6–8), and most recently with gliptins, which are dipeptidyl peptidase-IV (DPPIV) inhibitors used to treat type 2 diabetes mellitus. Three gliptins are currently available in France: sitagliptin and vildagliptin, since 2007, and saxagliptin, since 2009. The first BP cases associated with gliptin intake were described in 2011. Since then, 42 cases of gliptin-associated BP have been published as case reports or in short series (9–23), 37 in two case-control studies (20, 24), and 208 identified in pharmacovigilance databases (16, 25). A study comparing 3,397 BP patients to 12,941 basocellular carcinoma controls from the Finnish nationwide registry and showing that vidagliptine increases the risk of BP has also been partially published very recently (26). Several authors have highlighted different clinical and immunological phenotypes of these gliptin-associated BPs: mucosal involvement (15), non-inflammatory lesions (18, 23), and target BP180 epitopes outside the NC16A domain (18, 23).

Because the role of gliptins in MMP had never been investigated, we examined gliptin accountability in MMP induction in 24 gliptin-treated diabetic MMP patients in our center cohort of 313 MMP patients. Our primary objective was to identify patients with a first gliptin-intake-to-MMP-onset interval “suggestive” or “compatible” with MMP induction. Then we analyzed clinical and immunological findings and outcomes of these selected patients to evaluate other accountability criteria of gliptin MMP induction and, finally, indicate prognosis.

MATERIALS AND METHODS

Referral Center Database

This single-multisite-center retrospective study (January 2007–June 2016), approved by our local Institutional Review Board (IRB 00003835 no. 2013/39NI), was conducted using the database of our Referral Center for autoimmune bullous diseases. The following information was systematically recorded in each patient’s standardized medical chart. During their first consultation at our Center, all patients were asked about their medical history and treatments, evaluated by a multidisciplinary team that noted all cutaneous and mucous membrane lesions, clearly distinguishing MMP reversible “active” mucous membrane lesions from irreversible “cicatricial” mucous membrane lesions (27–29). Skin and/or mucous membrane biopsy findings and immunoserological results at diagnosis yielding a definite diagnosis were also recorded: direct immunofluorescence (DIF) immune-deposit pattern at the dermal–epidermal junction (linear) and Ig class(es) (IgA, IgG, IgM), ±C3 deposits; ultrastructural immune-deposit location by direct immunoelectron microscopy (IEM; when done, according to availability in each department); standard indirect immunofluorescence (IIF) on rat or monkey esophagus and 1 M NaCl-treated human or commercially available (Euroimmun, Lübeck, Germany) monkey salt-split skin (SSS), using polyvalent anti-IgG, IgA, IgM as secondary antibodies; commercially available BP180–NC16A and BP230 enzyme-linked immunosorbent assays (ELISAs) using anti-IgG secondary antibodies (MBL, Nagoya, Japan and/or Euroimmun, Lübeck, Germany); and immunoblot on amniotic membrane extracts (when done, according to availability in each department). In patients with a subepithelial autoimmune blistering disease [i.e., linear immunoglobulin (Ig) deposits along the basement membrane zone (BMZ) in DIF], diagnoses of MMP and BP were retained on clinical criteria: the first when lesions predominantly affected the mucous membranes (2) and the second in patients who fulfilled criteria of Vaillant (3). Diagnoses of LABD and EBA were retained on immunological criteria: the first on class IgA of autoantibodies and the second when autoantibodies targeted type VII collagen (by ELISA and/or immunoblot) and/or are located in anchoring-fibril zone (AFz) (by IEM). Diagnosis of MM-LABD or MM-EBA was retained in patients with predominant mucous membrane lesions and respectively a LABD or an EBA. Other MMP subgroups have been diagnosed according to the target antigen of autoantibodies (by IEM, IIF on SSS, ELISA, and/or immunoblot). In particular, the immunoblot on amniotic extract allowed the detection of antibodies to laminin 332 and α6/β4 integrin (30). Last, MMP was classified as severe or not according to Chan criteria (2, 27–29).

Gliptin-Treated MMP Patients

First, we identified all consecutive patients with a definite MMP diagnosis, then selected those with diabetes mellitus, and, finally, included MMP patients prescribed gliptins to treat their diabetes.

Chronology of Gliptin Intake and MMP Onset

Using Begaud’s updated nomenclature (terms in bold type; 31) to impute a potential gliptin role in triggering MMP, dates of gliptin introduction (challenge), discontinuation (dechallenge), reintroduction (if any) (rechallenge), and the first MMP symptoms were extracted from the Center’s database, collected from patient’s chart and/or by contacting the patient’s general practitioner. Diabetics who started taking a gliptin before MMP onset and had a first gliptin-intake-to-MMP-onset interval suggestive or compatible with MMP induction formed the suggestive-or-compatible challenge group (Figure 1). Those who discontinued gliptin during the first year of MMP follow-up formed the dechallenge group and those who did not comprised the no-dechallenge group.
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FIGURE 1 | Flowchart. Abbreviation: MMP, mucous membrane pemphigoid.



Clinical and Immunological Findings and MMP Follow-Up

Clinical and immunological characteristics at MMP diagnosis were extracted from the Center’s database. Observation end points were collected retrospectively from patients’ charts: time to first MMP complete remission (CR), CR rate at 1 year of MMP follow-up, and relapse rates at 1 year and the end of MMP follow-up (1–3 years), according to Murrell et al.’s criteria (31).

Reference Series of MMP Patients Without Gliptin Intake

One hundred and twenty-one consecutive MMP patients who had never taken a gliptin and had at least 1 year of follow-up served as controls. Patients with MM-LABD were excluded, as were those with MM-EBA. Clinical and immunological findings at diagnosis and CR and relapse rates at 1 year of follow-up were extracted from the Center’s database and/or collected from each patient’s chart.

Statistical Analyses

Quantitative variables, reported as mean ± SD or medians (range), were compared with Mann–Whitney U-tests. Qualitative parameters, expressed as numbers (%) were compared with chi2 or Fisher’s exact tests, as appropriate. Two-tailed p-values less than 0.05 were considered statistically significant. Statistical analyses were computed with R version 3.4.3 (R Foundation for statistical Computing, Vienna, Austria).

Accountability Scoring

Accountability criteria were analyzed and scored using Begaud’s system, updated in 2011 (32, 33), Naranjo’s method (34) and the World Health Organization–Uppsala Monitoring Center’s (WHO–UMC) assessment (35).

RESULTS

Gliptin-Treated MMP Patients

Among the 313 MMP patients seen in our Center between January 2007 and June 2016, 64 (20%; 39 F/25 M) were diabetics and 24 (38%) of them were treated with gliptin (Figure 1). All but four of them (patients 7, 10, 13, and 14) had >1 year of follow-up in our Center.

Chronological Data on Gliptin Use

17 (71%) of the 24 MMP patients started taking a gliptin to treat their diabetes before MMP onset (suggestive-or-compatible challenge group), with the median first gliptin-intake-to-MMP-onset interval of 136 (range 4–588) weeks (Table 1). Arbitrarily, ≤12 weeks to MMP onset was considered suggestive of gliptin induction for patients 1–4 and >12 weeks considered compatible for patients 5–17. Patients 1–11 (11, 65%) of the 17 had discontinued gliptin because of uncontrolled diabetes (dechallenge group) and patients 12–17 (6, 35%) did not (no-dechallenge group). 5 (21%) of the 24 gliptin-treated MMP diabetics started taking it after MMP onset (incompatible-challenge group). For the remaining two patients, the date of gliptin introduction could not be determined (undetermined-challenge group). No other therapeutic agent was suspected in MMP onset.

TABLE 1 | Clinical characteristics of the 17 MMP patients with suggestive-or-compatible gliptin challenges.
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Clinical and Immunological MMP Data

Among the 17 suggestive-or-compatible-challenge group patients (nine women; eight men), patient 1 took saxagliptin, 11 vildagliptin (patients 2–7 and 12–16), and five sitagliptin (patients 8–11, 17) (Table 1) alone or combined with metformin. At MMP diagnosis, their ages ranged from 48 to 81 (mean 69, median 71) years, 48–75 (mean 66, median 71) years for women and 60–81 (mean 71, median 74) years for men (Figure 2), their weight from 55 to 154 (mean 87, median 80) kg and their body mass indexes from 24 to 45 (mean 32, median 29). Three (18%) of them had exclusively mucous membrane involvement, and 14 had (82%) mucous membrane and cutaneous involvements. A median of three sites per patient were involved (Figure 3): skin (14, 82%), mouth (11, 65%), larynx (6, 35%), genitals and/or anus (8, 47%), and conjunctiva (2, 12%); none had esophageal involvement. Last, patients 1, 4, 6, 9, 12, 13, and 17 [seven, 41%] had severe MMP involvement, with more than three involved sites for patient 12, and laryngeal involvement in the other six associated with severe conjunctival fibrosis in patients 1 and 6. Initial treatment chosen according to the MMP severity and the patients’ comorbidities was dapsone, alone or in association with 11 patients, doxycycline with 6, cyclophosphamide with 5, and rituximab with two (Table 1).
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FIGURE 2 | Percentage of patients by age group in the general diabetic population and our suggestive-or-compatible gliptin-induced mucous membrane pemphigoid group: (A) in women, (B) in men, diabetic patients (36).
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FIGURE 3 | Typical patterns and locations of active and cicatricial mucous membrane pemphigoid lesions in patients 10 (A), 13 (B,E,F), 16 (C), 8 (D), and 3 (G). (A) Active buccal mucosa lesions: erosions covered by pseudomembranes or yellowish slough, surrounded by inflammatory erythema. (B) Cicatricial cutaneous lesions: atrophic scars and milia on the upper back. (C) Active and cicatricial lesions: post-bullous erosion and atrophic scars on the breast. (D) Post-bullous erosions and synechiae between the prepuce and the glans penis. (E) Disappearance of the balanopreputial furrow. (F) Synechiae in perianal area and atrophic scars on the skin. (G) Perianal linear erosion and atrophic scars.



Direct immunofluorescence microscopy of tissue samples from 14 (82%) of the 17 of suggestive-or-compatible-challenge group patients had linear IgG deposits and 15 (88%) linear C3 deposits along the BMZ; none had IgA deposits (Table 2). IEM (Figure 4) of nine patients’ biopsies were positive for eight (89%): immune deposits were located on the lamina densa with/without the lamina lucida (LL) in seven (78%) of them and exclusively on the upper LL in the last one (11%); none had deposits under the lamina densa in the AFz. Autoantibodies directed against BMZ antigens were detected in 8 (47%) of the 17 patients whose sera were tested by IIF on rat or monkey esophagus. IIF on SSS was positive for 4 out of 15 patients and autoantibodies always labeled the cleavage roof; none labeled the cleavage floor. ELISA BP180 and BP230 were positive for 7 (47%) and 3 (20%) of the 15 patients tested, respectively. Immunoblots on amniotic membrane extract (Figure 5) of sera from seven of the nine ELISA BP180–NC16A-negative patients were negative for three patients and positive for four, detecting: a 200-kDa band consistent with the β4 chain of α6β4 integrin (patient 8), whose immune deposits were located on hemidesmosomes by direct IEM; a 180-kDa band (patient 3); a 120-kDa band (patient 11); and 180- and 120-kDa bands (patient 7).

TABLE 2 | Immunological findings of the 17 gliptin-treated MMP patients with suggestive-or-compatible challenges.
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FIGURE 4 | Direct immunoelectron microscopy of tissue sections from patients 10 (A,B) and 8 (C) was performed as previously described (37). (A) Immune deposits (arrow) on the lamina lucida (LL) cleavage roof. (B) Immune deposits (arrow) in the lower LL and lamina densa at the cleavage floor. (C) Immune deposits (arrow) in the upper LL, close to hemidesmosomes. Abbreviations: Ke, keratinocyte; De, dermis.
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FIGURE 5 | Immunoblot on amniotic membrane extract with sera from patients 3, 7, 8, 11, and 17 of the suggestive-or-compatible gliptin-induced mucous membrane pemphigoid group, was performed as previously described (30). Positive controls were α6 β4 integrin, laminin 332, and BP 180 antigen; C− was a negative control with normal human serum. Abbreviation: MW, molecular mass.



Follow-Up of the Suggestive-or-Compatible-Challenge Group

Overall, median follow-up was 40 (range 0–164) weeks and median time to CR 8 (range 0–36) weeks. After the first year of follow-up, CR and relapse rates were 82 and 31%, respectively (Table 3). No patient died.

TABLE 3 | Evolutive characteristics of the suggestive-or-compatible challenge MMP patients who discontinued gliptin (dechallenge) vs. those who continued it (no dechallenge).a
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When dechallenge (patients 1–11) and no-dechallenge (patients 12–17) groups were compared, respectively, the CR rate was higher for the former than latter (88 vs. 66%). Conversely the follow-up durations [32 (0–104) vs. 78 (4–164) weeks], times to first (CR) [8 (2–16) vs. 18 (0–36) weeks] and relapse rates of 22 vs. 50% were lower in dechallenge group than in no-dechallenge one. It is worth noting that dechallenge group patient 6 relapsed before gliptin withdrawal and patient 4 after it, and patient 8 relapsed 17 months after MMP diagnosis and 1 month after gliptin rechallenge.

Last, for the dechallenge group, MMP evolution was suggestive of gliptin imputability for six (1, 2, 5, 8, 9, and 11) of the seven patients who obtained CR, non-suggestive for the patient who did not, inconclusive for patient 4 in CR at 1 year of follow-up but who relapsed, and for patients 3, 7, and 10, with <1 year of follow-up, and patient 3 not seen at 1 year. For the no-dechallenge group, at 1 year of follow-up, MMP evolution was non-suggestive for patients 15 and 16 in CR, suggestive for patient 12 who had not achieved CR and inconclusive for remaining patients 13, 14, because of too short follow-up, and 17, who was not seen at 1 year.

Control MMP Patients Without Gliptin Use

Our controls were 121 patients with MMP (excluding MM-EBA and MM-LABD) seen consecutively in our Center, who had never taken a gliptin and were followed for at least 1 year (Table 4). At MMP diagnosis (baseline), their ages ranged from 38 to 96 years, weights from 44 to 114 kg, and body mass indexes from 18 to 40. Half of them had only mucous membrane involvement and the other half had cutaneous and mucous membrane involvements, and 78 had severe MMP. Controls had a median of 2 (1–5) involved sites: 50% skin, 89% mouth, 30% larynx, 31% genitals/anus, 25% conjunctiva, and 31% esophagus. Immunologically, by DIF microscopy, 74% controls had linear IgG deposits along the BMZ, 71% had linear C3 deposits, and 26% had linear IgA deposits which were neither isolated nor predominate over IgG. Immune deposits were located on the lamina densa with/without the LL in 60% of them and on the upper LL in 13%. IIF microscopy of their biopsies identified circulating autoantibodies labeling the cleavage roof of SSS in 21%, the cleavage floor 2%, both sides in 3%, and no labeling of 74%. Control MMP patients whose sera labeled the cleavage floor in IIF on SSS had deposits on the lamina densa, but not the AFz by IEM, thereby excluding EBA and consistent with a laminin 332 MMP diagnosis. ELISA detected circulating anti-BP180 autoantibodies in 43 (51%) and anti-BP230 in 10 (13%) control sera. At 1 year of follow-up, 56% of the controls were in CR, 23% suffered relapses/flares, and 2% had died.

TABLE 4 | Characteristics and comparisons of suggestive-or-compatible challenge vs. never-gliptin-treated control MMP groups.
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Comparing the suggestive-or-compatible-challenge group’s characteristics to those of the MMP controls, most were comparable, especially the relapse and CR rates at 1 year of follow-up. The suggestive-or-compatible-challenge patients were older than controls but not significantly so. However, suggestive-or-compatible-challenge group differed significantly from controls by weighing more, having higher body mass indexes, with more frequent cutaneous involvement, less frequent buccal, and severe involvements, and no IgA deposits.

Accountability Scoring

Using Begaud’s scoring system, extrinsic accountability was rated B2 (sparse and/or unreliable publications) for all our gliptin-treated MMP patients, in analogy with reported gliptin-induced BP, a similar autoimmune bullous disease (Table 5). For the suggestive-or-compatible-challenge group, the chronological accountability criterion was scored C3 (likely): for patients 1 and 2 because of their suggestive times to MMP onset and suggestive outcomes after gliptin dechallenge, and patient 8 because of the compatible time to MMP onset, positive rechallenge, and suggestive outcome; C2 (plausible): for patients 3 and 4 with suggestive times to MMP onset and inconclusive outcomes, and patients 5, 9, 11, 12, and 17 with compatible times to MMP onset and suggestive outcomes; and C1 (doubtful) for the seven others because of compatible times to MMP onset but inconclusive or non-suggestive outcomes.

TABLE 5 | Gliptin accountability scores for suggestive-or-compatible MMP-induction patients.
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The symptomatological accountability criterion was scored: S2 (evocative) for five patients whose clinical (cutaneous lesions, no buccal disease, no severe involvement) and immunological features (no IgA deposits), which differed significantly from controls; and S1 (not evocative) for the 12 other patients. No specific laboratory test can prove the link between gliptin intake and MMP.

Finally, the intrinsic accountability (combining C and S scores) was rated I4 for three patients, I3 for two patients, I2 for eight, I1 for four, and I0 for the seven patients with chronologically incompatible or undetermined challenge.

Naranjo’s accountability score assigns points according to the following information: (1) previous reports described a similar adverse drug reaction (ADR) (gliptin-induced BP) (1 point); (2) MMP appeared after gliptin intake (2 points); (3) MMP regressed faster after gliptin withdrawal (1 point) (patients 1–4, 8, 9, 11); (4) the adverse event appeared when the drug was readministered (2 points) (patient 8); (5) MMP that could have been idiopathic (−1 point); (6) no placebo was given (0 points); (7) the drug concentration in blood was not tested (0 points); (8) no dose-related reaction was sought (0 points); (9) a patient had the same reaction as when previously exposed (1 point) (patient 8); (10) no objective test assessed the adverse event (0 points). The Naranjo’s score was 6 for patient 8, meaning a probable ADR, but 3 for 5 patients and 2 for 11 patients meaning possible ADRs.

According to WHO–UMC accountability criteria, gliptin was probably responsible for triggering MMP for all patients of the suggestive-or-compatible-challenge group, a reasonable time relationship between drug intake and first MMP manifestations; MMP regressed after gliptin withdrawal and relapsed after readministration; and because MMP could have been spontaneous.

DISCUSSION

Our novel study on gliptin accountability in MMP induction was undertaken because of their extrinsic accountability, based on the following reports: MMP and BP have clinical and immunological similarities (4), a demonstrated significant association between gliptin intake and BP onset in diabetic patients (16, 24, 25) and some gliptin-associated BPs have atypical clinical and immunological phenotypes (15, 18, 23, 25).

Mucous membrane pemphigoid and BP are subepithelial AIBDs, characterized by linear immune deposits along the BMZ, but have different clinical features. MMP is clinically defined by the predominance of mucous membrane lesions over skin lesions (2) and healing of its lesions leads to characteristic cicatricial scarring. BP, on the other hand, is typified by the absence of mucous membrane lesions, absence of predominant head-and-neck involvement, and absence of scars, and older age at onset (>70 years) (3).

Mucous membrane pemphigoid and BP share two autoantibody-target antigens, BP230 and BP180, but the dominant BP180 epitopes differ (4). The majority of MMP patients’ sera react with the C-terminal domain of BP180, located in the lamina densa, combined or not with reactivity against the NC16A epitope, which is the membrane-proximal non-collagenous region of the BP180 ectodomain in upper LL (5, 38, 39). Conversely, 80–90% of BP patients have IgG autoantibodies directed against the NC16A domain (40–42). Moreover, many authors reported that variable percentages (10–50%, depending on the study) of BP autoantibodies targeted BP180 regions outside the NC16A domain (23, 43–49). Notably, that reactivity with extracellular epitopes of the BP180 C-terminal domain appeared suggestive of atypical BP, i.e., with skin and MM involvements (44, 46) or lesions limited to the lower legs and scarring of the toenail beds (49).

Other target antigens associated with the clinical MMP phenotype have been characterized molecularly: laminin 332, both α6β4 integrin subunits, and type VII collagen (4), respectively defining laminin 332 MMP, α6β4 integrin MMP, and MM-EBA. MMP also includes MM-LABD, with predominant IgA immune deposits along the BMZ.

Potential drug induction of autoimmune bullous diseases has been known for decades. Although autoimmune bullous diseases are rare diseases with low annual incidences, among which BP is the least rare, associations have been published between drug intake and many BP (6–8) and LABD cases (50) but only a few MMPs (51). Since 2011, an increasing number of reports have suggested that gliptins trigger BP (9–15, 17–23). Last, very recently, four comparative case–non-case studies demonstrated a significant association between gliptin intake and BP onset in diabetic patients (16, 24–26). To the best of our knowledge, possible gliptin-induced MMP has not been described to date.

Gliptins are DPPIV inhibitors used to treat diabetes, since 2007 in France (52, 53). They inhibit incretin degradation, which improves β-cell function in diabetics (54) by increasing insulin-secretory tone (55). Their HbA1c-lowering ability is less than that of hypoglycemic sulfonamides and glucagon-like peptide-1 inhibitor but they carry a lower risk of hypoglycemia (56).

Dipeptidyl peptidase-IV is not specific to insulinotropic hormones. It is abundantly distributed, notably in the skin, on the surface of keratinocytes, sebocytes, fibroblasts, and T cells. DPPIV is involved in the regulation of DNA synthesis and cytokine production by those cells, for example, CCL11/eotaxin (57) and transforming growth factor-β1 (TGF-β1) (58–60). DPPIV is also a cell-surface plasminogen receptor that activates plasminogen conversion leading to more plasmin (61), which is a major serine protease known to cleave the 120-kDa ectodomain of BP180, thereby generating LABD-97 antigen (62). Role of eotaxin and plasminogen–plasmin system is well known in BP pathogenesis (63, 64) and that of TGF-β1 in MMP is suspected (65). How gliptins induce BP or MMP by acting as DPPIV inhibitors on eotaxin, TGF-β1, and/or plasminogen/plasmin system remains to be elucidated.

Between 2011 and 2017, 14 case reports or small series reported 42 patients who developed BP while taking gliptins for their diabetes (Table S1 in Supplementary Material). The authors of those original articles individually scored gliptin accountability for each patient with the WHO–UMC system for 17 of them (10, 15, 20) and Naranjo’s score for 6 (19), Karch-Lasagna system for 1 (16), and accountability was assigned a posteriori for the remaining 18 (9, 11–14, 17, 18, 21, 22) (See Table S1 in Supplementary Material). 17 BPs were probable gliptin-induced ADRs, 23 were possible ADRs, and 2 BPs were most likely not gliptin-induced because of long interval (>48 months) between gliptin intake and BP onset.

19 (45%) out of those 40 probable-or-possible gliptin-induced BPs appeared to be associated with vildagliptin, 10 (24%) with sitagliptin, 8 (19%) with linagliptin, and 5 (12%) with another gliptin (See Table S2 in Supplementary Material). Their overall characteristics were as follows: 19 women and 21 men (F/M sex ratio 0.90), median age 76 (59–93) years, and median gliptin-intake-to-BP-onset interval 32 (4–192) weeks. Gliptin dechallenge for 33 had favorable outcomes for 26 and were, therefore, considered suggestive of gliptin imputability. One patient died 14 days after starting corticosteroids. Information on evolution after dechallenge was not available for five.

The first two comparative case–non-case studies were published in 2016, after analysis of pharmacovigilance databases (16, 25). Comparing French patients with BP ADRs to those with non-BP ADRs, Béné et al. showed that the former were associated more significantly and frequently with gliptin exposure (odds ratio 67.5; 95% CI 47.1–96.9) and vildagliptin carried a higher risk than other gliptins. The individual gliptin accountability for those 42 BPs was rated as probable for 10 andpossible for 31, and not reported for one (Table S2 in Supplementary Material). In the European pharmacovigilance database, Garcia et al. identified 166 BPs reportedly induced by gliptin exposure. Using proportional reporting ratios, they found that BP was relatively more frequently associated with gliptins than with other drugs, again with vildagliptin being most strongly associated. Unfortunately, detailed clinical features were not reported.

Recently, a third well-designed case–non-case study was published (24). Comparing 61 diabetic BP patients to 122 age- and sex-matched diabetic controls, those authors demonstrated a significant association between gliptin use and BP onset in univariate analysis and after adjustment: 28 (46%) of the 61 diabetic BP patients took gliptins vs. 18% of the diabetic controls (odds ratio 2.64, 95% CI 1.19–5.85; p = 0.02 in multivariable analysis). Stratified analyses showed a stronger association for men and patients ≥80 years old. Once again, vildagliptin had a stronger association but the study was underpowered to detect differences among the other gliptins.

Very recently, a study comparing 3,397 BP patients with 12,941 basocellular carcinoma controls from the Finnish nationwide registry has shown that vidagliptine and BP are significantly associated with an adjusted odds ratio of 10.4 (4.56; 23.80) (26). The Gliptin-onset-to-BP-diagnosis interval was of 449 days. Clinical and immunological data were not available in this study.

Another case-control study (20) comparing gliptin-treated diabetic patients with BP to diabetic patients without skin diseases found more frequent gliptin use among BP diabetics [9/23 (39.1%) vs. 57/170 (33.5%)], but not significantly so.

Last, some reportedly gliptin-associated BPs had atypical clinical and/or immunological phenotypes, raising doubts about the BP diagnosis. Izumi et al. (23) described seven gliptin-associated BPs and showed they differed significantly from conventional BP by the absences of inflammatory lesions and circulating autoantibodies targeting the BP180–NC16A epitope and the presence of autoantibodies targeting the mid-portion of BP180 (120-kDa ectodomain and LABD-97). However, those patients had no autoantibodies targeting the BP180 C-terminal domain, which could have suggested an MMP diagnosis. Sakai et al. (18) also had a patient with similar gliptin-associated BP. Mendoça et al. (15) reported a patient with mucous membrane involvement at diagnosis, including arytenoid edema with several ulcerated lesions covered with fibrin, raising the question of gliptin-induced MMP rather than BP.

Finally, seven cases reported in the French pharmacovigilance database as BP ADRs to gliptin were excluded from Béné et al.’s study (25) because they did not meet Kershenovich BP, and Vaillant BP criteria, suggesting that they might really have been MMP.

This retrospective, monocenter study on a historical cohort was limited by MMP rarity. However, because our Center recruits patients with autoimmune bullous diseases, our findings should provide a fairly accurate appreciation of this population. Its retrospective design often means that data collection was incomplete and, indeed, some patients immunological test results are missing. In addition, we did not compare diabetic MMP cases to diabetic controls and epitope mapping of autoantibody-targeted antigens was not done.

The potential of gliptins to induce MMP was not investigated previously. We identified 24 gliptin-treated diabetic MMP patients, representing 38% of all MMP diabetic patients, a rate similar to that of gliptin-triggered BP in diabetics (24). We evaluated chronological gliptin accountability in MMP induction case by case: it was incompatible, excluding gliptin’s role, for 5 patients but suggestive or compatible for 17.

Vildagliptin was the most frequently incriminated gliptin for our 17 MMP diabetic patients, as for BP in the literature (Table S2 in Supplementary Material), but the highest intrinsic accountability scores were equally distributed among gliptins. It is worth noting that sitagliptin (and not vildagliptin) is the most prescribed in France, and the rest of Europe (66), suggesting that vildagliptin has a greater capacity to induce autoimmune bullous diseases.

The female/male ratio of these 17 MMP diabetics was higher than that of the general diabetic population and BP diabetics (1.1 vs. 0.7 vs. 0.65–0.83, respectively) but similar to that of our MMP controls (Table 4). MMP diabetics were younger than the general diabetic population (36) and BP diabetics tended to be older than our MMP controls. Median time to MMP onset was longer, with a wider range, than for gliptin-induced BP, which can be explained by the insidious evolution of mucous membrane lesions in MMP. The arbitrarily chosen time to distinguish suggestive (4 patients) from compatible (13 patients) chronology was ≤12 weeks; the 13 patients with compatible chronologies had intervals exceeding 36 weeks.

At MMP diagnosis, most of our 17 MMP diabetics did not have severe involvement. They differed significantly from MMP controls by their higher weights and their body mass indexes. Indeed, overweight and obesity is known to be a risk factor for type 2 diabetes. This difference was, therefore, expected from our population of type 2 diabetic MMP patients. They also had more frequent cutaneous involvement, less buccal involvement, and absence of DIF-detectable IgA deposits along the BMZ. The MMP outcomes of these 17 patients, during and at the end of the first year of follow-up, were the same as that for MMP controls. Indeed, gliptin-associated MMPs responded well to usual treatments after gliptin withdrawal. Intriguingly, the endocrinologists had discontinued gliptins for all the 11 patients because of insufficient diabetes control. Gliptin-triggering of MMP had never been suspected by dermatologists treating MMP patients.

Our immunological study results suggested that in vivo-fixed and circulating autoantibodies targeted multiple BMZ antigens/epitopes. IEM showed immune deposits in the lamina densa with/without the LL as in “classical MMP” in seven patients, four of them ELISA BP180–NC16A-positive. The three BP180–NC16A-negative ELISAs were immunoblot-positive on amniotic membrane extract, detecting each with band(s) at 180, 120, or 180 and 120 kDa. These serological findings along with IEM observations showed that gliptin-associated MMP autoantibodies could target the NC16A epitope, the mid-portion and the C-terminal domain of BP180. IEM of patient 8’s biopsy showed deposits exclusively at the upper LL, his BP180–NC16A ELISA was negative and immunoblotting detected a 200-kDa band consistent with the β4 chain of α6β4 integrin. Laminin 332 MMP, MM-EBA, and MM-LABD were excluded for all gliptin-associated MMPs.

Using three accountability methods, WHO–UMC’s criteria, Naranjo’s score (most used worldwide), and Begaud’s method (most used in France and Europe), we assessed gliptin imputability in MMP induction. With the WHO–UMC accountability criteria, gliptin triggering of MMP was probable for 17 patients and unlikely for 7. With Naranjo’s system, ADRs were considered probable for only 1 patient, possible for 16, and doubtful for 7 patients. Last, according to Begaud’s method, with scores ranging from I0 to I6, only 5 patients (I4 for three, I3 for two) were given high accountability scores, 12 had low accountability (I2 for eight, I1 for four), and 7 were scored I0, meaning chronologically incompatible or undetermined challenge.

The results of this study demonstrated that gliptins are probably responsible for some MMPs. Hence, all doctors prescribing gliptins must be made aware of this potential toxicity. The practical consequence of that finding is that, as soon as a positive accountability score is established, by precaution, gliptins, which can be easily switched in the case of inefficacy or ADR, should be replaced by another antidiabetic drug. Importantly, all such cases must be reported as possible ADRs to a pharmacovigilance center.

Large case–non-case comparative studies need to be performed to confirm or refute MMP induction by gliptins and better understand their pathogenic mechanism. Target-epitope mapping might help to determine whether a particular immune response occurs in drug-induced MMP.
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Several sporadic cases, in which direct and indirect immunofluorescence studies simultaneously detected IgG and IgA autoantibodies to keratinocyte cell surfaces, have been reported mainly under the name of IgG/IgA pemphigus. However, there have been no systematic studies for this condition. In this study, we collected 30 cases of this condition from our cohort of more than 5,000 autoimmune bullous disease cases, which were consulted for our diagnostic methods from other institutes, and summarized their clinical and immunological findings. Clinically, there was no male–female prevalence, mean age of disease onset was 55.6 years, and mean duration before this condition was suspected was 18 months. The patients showed clinically bullous and pustular skin lesions preferentially on the trunk and extremities, and histopathologically intraepidermal pustules and blisters with infiltration of neutrophils and eosinophils. Immunologically, ELISAs frequently detected IgG and IgA autoantibodies to both desmogleins and desmocollins. From the characteristic clinical, histopathological, and immunological features, which are considerably different from those in classical IgG types of pemphigus, we propose this disease as a new disease entity with preferential name of intercellular IgG/IgA dermatosis (IGAD). This was the largest study of IGAD to date.
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INTRODUCTION

Autoimmune bullous disease (AIBD) is divided into pemphigus group with autoantibodies to keratinocyte cell surfaces (CSs) and pemphigoid group with autoantibodies to epidermal basement membrane zone (BMZ) (1, 2). Two representative classical IgG types of pemphigus are pemphigus vulgaris (PV) and pemphigus foliaceus (PF), which react with desmoglein 3 (Dsg3) and Dsg1, respectively, although there are many other forms of pemphigus (3, 4). Among them, cases with anti-CS antibodies exclusively of IgA class had been called as IgA pemphigus (5–8), for which we proposed intercellular IgA dermatosis (IAD) as a preferable name (5, 7, 8).

IgG/IgA pemphigus is the name given to an atypical form of pemphigus characterized by in vivo bound and/or circulating anti-keratinocyte CS antibodies of both IgG and IgA classes (1). The results in approximately 20 reports indicated that IgG/IgA pemphigus is an atypical form of pemphigus with heterogeneous clinical and histopathological features (9–30). However, because this condition is extremely rare, there is no systematic study and disease entity of this condition has not been established. At Kurume University, we have examined more than 5,000 cases of various AIBDs, which were consulted at other institutes for our diagnostic studies (1, 31). Therefore, in this study, we attempted to determine the characteristic clinical, histopathological, and immunological features of all patients with both IgG and IgA anti-keratinocyte CS antibodies as the first step to establish this disease entity.

In this retrospective study, we selected 30 cases with IgG and IgA anti-CS antibodies from our AIBD cohort, and characterized them clinically, histopathologically, and immunologically. Considerably distinct features found in these cases indicated this condition as a new disease entity, and we propose the term “intercellular IgG/IgA dermatosis (IGAD)” to this disorder, following the designation of IAD.

MATERIALS AND METHODS

This study was performed following Declaration of Helsinki and guidelines of local ethics committees of Kurume University School of Medicine. Informed consents were provided by all patients and normal individuals.

Cases and Sera

In this study, we used our AIBD cohort of 5,402 cases. Information and sera for these cases were sent to us from other institutes in either Japan or other countries between 1996 and 2015. Information of clinical and histopathological findings and direct immunofluorescence (IF) was obtained from consultation letters.

Various Immunological Methods

IF Studies

Direct IF for IgG, IgA, IgM, and C3 using skin biopsies was performed mainly at other institutes. Indirect IF studies of normal human skin and monkey esophagus for both IgG and IgA antibodies were performed by standard method. In cases with autoimmune reactivity with epidermal BMZ, indirect IF of 1 M NaCl-split normal human skin for IgG and IgA antibodies were also performed (32).

Immunoblotting Studies

Immunoblotting of normal human epidermal extract was performed as described previously (33, 34). In cases with reactivity with BMZ, we also performed IB analyses using BP180 NC16a domain recombinant protein (RP) (35), BP180 C-terminal domain RP (36), concentrated culture supernatant of HaCaT cells (37), normal human dermal extract (38), and purified human laminin-332 (39) for both IgG and/or IgA antibodies.

ELISA Studies

Commercially available IgG ELISAs of Dsg1 and Dsg3 (cutoff: <index 12) (MESACUP, MBL, Nagoya, Japan) (40) were conducted according to the manufacturer’s instruction. Using the same ELISA kits, IgA antibodies to Dsg1 and Dsg3 (cutoff: <OD 0.15) were also examined (41). In addition, ELISAs of mammalian RPs of human desmocollin 1 (Dsc1)-Dsc3 were performed for both IgG antibodies (42) and IgA antibodies (43). Cutoff OD values were 0.2 for Dsc1, 0.07 for Dsc2, and 0.12 for Dsc3 for IgG antibodies, and 0.123 for Dsc1, 0.048 for Dsc2, and 0.074 for Dsc3 for IgA antibodies. Furthermore, in cases with reactivity with BMZ, we performed IgG ELISAs of BP180 NC16a domain RP (cutoff: <index 15) (44), BP230 RPs (cutoff values: <index 9) (45), and type VII collagen RP (MBL) (46). OD at 490 nm was measured by ELISA reader.

COS-7 Cell cDNA Transfection Method

COS-7 cell cDNA transfection method using cDNAs of human Dsc1–Dsc3 was performed as described previously (47).

Statistical Analyses

We statistically analyzed correlations between the results in Dsg and Dsc ELISAs and clinical parameters. Differences among qualitative results were compared using the chi-square test. Differences among quantitative parameters between groups were assessed using the Mann–Whitney U test. p Values less than 0.05 were considered significant.

RESULTS

Diagnoses

In this study, we suspected the diagnosis of IGAD for 30 cases, which showed simultaneous IgG and IgA immunoreactivity with keratinocyte CS antigens in direct IF and various serological studies (whole clinical and immunological data are shown in Tables S1 and S2 in Supplementary Material, respectively). In addition, four cases showed IgG and/or IgA anti-BMZ immunoreactivity by IF and/or molecular studies.

Clinical diagnosis in the consultation letters for the 30 cases included IGAD (12 cases), IAD (9 cases), and other AIBDs (7 cases), while no clinical diagnosis was given in 2 cases (Table S3A in Supplementary Material).

Regarding the diagnoses after the characterization, 26 IGAD cases had sole IGAD, while bullous pemphigoid, linear IgA bullous dermatosis, and linear IgA/IgG bullous dermatosis were concomitant in 1, 1, and 2 cases, respectively (Table S3B in Supplementary Material). In addition, one case each was suggested to be named as IgG/IgA PF and IgG/IgA PV.

Because of the large cohort size and long surveillance time, most of the clinical, histopathological, and immunological results were not obtained from all cases. Therefore, we summarize only available results for each parameter in the following sections.

Detailed Reports for Six New IGAD Cases

Clinical and histopathological findings and disease courses for six patients are described in Supplementary data (cases 17, 22, 23, 25, 27, and 29 in Tables S1 and S2 in Supplementary Material), as well as corresponding figures (Figures S1–S6 in Supplementary Material). Clinical, histopathological, and IF features in representative IGAD cases are also depicted in Figure 1.
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FIGURE 1 | Clinical (A–D), histopathological (E–H), and IF (I–L) features in representative IGAD cases examined in this study. (A) Vesicles were seen on the peripheries of annular erythemas on the abdomen (case 22). (B) Annular erythemas with superficial pustules and desquamation were seen (case 25). (C) Erythematous skin lesions with pustules and crusts on the left wrist were seen (case 27). (D) Pustular skin lesions on the peripheries of annular erythemas were seen (case 29). (E,F) Eosinophilic pustules in the upper epidermis (E) and eosinophilic spongiosis in the middle epidermis (F) were seen (case 22). (G) Acantholytic blisters and pustules in the middle epidermis were seen (case 23). (H) Subcorneal pustules with predominant neutrophils and a few eosinophils were seen. (I) The result of direct IF for IgG (case 22). (J) The result of indirect IF of normal human skin for IgA antibodies (case 27). (K) The results of indirect IF of monkey esophagus for IgG antibodies (case 27). (L) The result of direct IF for C3 (case 29).



Clinical Findings in 30 IGAD Cases

Backgrounds of the Cases

The 30 IGAD cases included 18 Japanese, 6 European, 3 US, 2 Indian, and 1 Australian. There were 15 males and 13 females, with 2 cases without information of gender. Mean ages of 30 cases were 55.6 years (53.4 years for males and 57.8 years for females). The durations between the disease onset and the consultation to us for 21 cases were from 2 weeks to 10 years (mean 18 months).

Before the cases visited the practitioners, who consulted us, one each case was treated with systemic steroid, antihistamine, combination of systemic steroid and antihistamine, and minocycline. Administration of vancomycin was not reported.

Underlying diseases included six malignant tumors, i.e., two cases of lung cancer and one case each of uterus carcinoma, breast carcinoma, gallbladder carcinoma, and malignant lymphoma. In addition, one case each had diabetes mellitus, IgA nephropathy, myasthenia gravis, Sweet’s syndrome, Sjogren’s syndrome, and PV.

Clinical Manifestations

Involved sites available from consultation letters for the 30 IGAD cases were the whole body (2 cases), the trunk (19 cases), the extremities (17 cases), the intertriginous areas (4 cases), and the head/face (6 cases) (Figure 1; Table S1 in Supplementary Material). Mucosal lesions were found in oral mucosae (11 cases) and conjunctiva (2 cases), with 1 case each with genital, nasal, and esophageal mucosae.

Regarding clinical manifestations, 19 cases showed blister formation with vesicles (5 cases), tense bullae (2 cases) and flaccid bullae (3 cases), 10 cases showed pustule formation, 10 cases showed erosions, and 17 cases showed erythemas with annular erythemas (9 cases). Other clinical manifestations were crust formation (3 cases), pigmentation (2 cases), and vegetating lesions (1 case). Itch was complained by 6 patients.

Histopathological Features

Among 23 IGAD cases with histopathological information for skin biopsies, 10 cases showed intraepidermal blister formation at the upper epidermis or middle epidermis, while 12 cases showed intraepidermal pustules at the upper epidermis, middle or lower epidermis (Figure 1; Table S1 in Supplementary Material). Spongiosis and acantholysis were observed in three and four cases, respectively. Intraepidermal infiltrations of neutrophils, eosinophils, and lymphocytes were found in 11, 8, and 4 cases, respectively. Presence and absence of acantholysis were described in one and three cases, respectively. Two cases showed subepidermal blisters.

Treatments, Responsiveness, and Complications

Sole therapy of oral steroids, dapsone (DDS), minocycline, and combinations of these drugs and other treatments were performed as described in 13 cases (Tables S1 and S4 in Supplementary Material). The responsiveness to these therapies was variable (Table S4 in Supplementary Material).

Immunological Findings

Direct IF

The results of direct IF were described in the consulting letters for 22 patients. IgG, IgA, and C3 depositions to keratinocyte CSs were positive in 17, 17, and 5 cases, respectively (Table 1A). IgG deposition was seen at upper epidermis in one case, lower epidermis in two cases, and entire epidermis in two cases. IgA deposition was seen at upper epidermis in one cases, lower epidermis in four cases, and entire epidermis in four cases. IgG, IgA, and C3 depositions to epidermal BMZ were observed in one, one, and two cases, respectively.

TABLE 1 | Results of various immunofluorescence (IF) studies.
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Indirect IF

In indirect IF of normal human skin performed for 29 IGAD cases, IgG and IgA anti-keratinocyte CS antibodies were positive in 17 and 20 cases, respectively (Figure S3 in Supplementary Material) (Table 1B–D). In addition, two and one cases showed IgG and IgA anti-BMZ antibodies, respectively. Indirect IF of monkey esophagus performed for 18 cases detected anti-epithelial CS antibodies of both IgG and IgA classes in 14 cases. In addition, two cases each showed IgG and IgA anti-BMZ antibodies. In indirect IF of 1 M NaCl-split human skin performed for 16 cases, IgG and IgA reactivity with epidermal side was found in two and three cases, respectively.

IB Studies of Normal Human Epidermal Extract and Other Substrates for BMZ Autoantigens

In immunoblotting of normal human epidermal extract performed for all 30 IGAD cases, few cases showed positive reactivity with various epidermal autoantigens for both IgG and IgA classes (Table S5 in Supplementary Material). For IgG antibodies, three cases each reacted with Dsg1 and Dsg3 and one case each reacted with both a and b forms of Dsc. One case each reacted with desmoplakin I, BP230, and envoplakin. For IgA antibodies, one case reacted with Dsg3 and two cases each reacted with both a and b forms of Dsc.

The four cases with positive reactivity with BMZ in IF studies were further examined by immunoblotting for the reactivity with various BMZ autoantigens. Two cases showed positive IgG, but not IgA, reactivity with BP180 NC16a domain RP, while none reacted with BP180 C-terminal domain RP for either IgG or IgA antibodies. One case was positive for IgG, but not IgA, for the 120-kDa LAD-1 in concentrated culture supernatant of HaCaT cells. No positive reactivity was found in immunoblotting of both purified human laminin-332 and normal human dermal extracts for either IgG or IgA antibodies.

ELISAs

In commercially available IgG ELISAs for Dsg1 and Dsg3 for all 30 cases, 19 (63.6%) and 14 (46.7%) cases showed IgG reactivity with Dsg1 and Dsg3, respectively, and 19 (63.3%) and 13 (43.3%) cases showed IgA reactivity with Dsg1 and Dsg3, respectively (Table 2A). In ELISAs of mammalian RPs of Dsc1–Dsc3, 6 (20.0%), 7 (23.3%), and 11 (36.7%) cases showed IgG reactivity with Dsc1, Dsc2, and Dsc3, respectively, while 5 (16.7%), 8 (26.7%), and 7 (23.3%) cases showed IgA reactivity with Dsc1, Dsc2, and Dsc3, respectively (Table 2B).

TABLE 2 | Results of various ELISAs and COS7 cell cDNA transfection.
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Interestingly, there were very high association of detection of IgG and IgA antibodies to the same Dsgs, i.e., 18 (94.7%) of 19 cases with IgG antibodies to Dsg1 had IgA antibodies to Dsg1, 18 (94.7%) of 19 cases with IgA anti-Dsg1 antibodies had IgG anti-Dsg1 antibodies, 11 (78.6%) of 14 cases with IgG anti-Dsg3 antibodies had IgA anti-Dsg3 antibodies, and 11 (84.6%) of 13 cases with IgA anti-Dsg3 antibodies had IgA anti-Dsg3 antibodies. By contrast, rates of coexistence of IgG and IgA antibodies to Dsc1–Dsc3 were not very high, i.e., only 50.0% (3/6), 57.1% (4/7), and 54.5% (6/11) of cases with IgG antibodies to Dsc1, Dsc2, and Dsc3 had IgA antibodies to the same Dscs (Table S2 in Supplementary Material).

One of the four cases with positive reactivity with BMZ in IF studies was positive in IgG ELISA of BP180 NC16a RP (data not shown).

COS-7 Cell cDNA Transfection Methods

In COS-7 cell cDNA transfection method performed for 23 and 24 cases for IgG and IgA antibodies, respectively, one case showed IgG reactivity with Dsc3, and one and two cases showed IgA reactivity with Dsc1 and Dsc3, respectively (Table 2C).

Statistical Analyses Between the Dsg and Dsc ELISAs and Clinical Parameters

The case with positive reactivity with Dsg3 for both IgG (p = 0.0103) and IgA antibodies had oral mucosal lesions significantly more frequently. Female cases had both IgA anti-Dsg1 antibodies (p = 0.0351) and IgG anti-Dsc1 antibodies (p = 0.0409) more frequently (chi-square for independence test). No statistically significant correlations were found for any other clinical parameters, including ages, disease durations, sites and manifestations of skin lesions, and responses to various treatments, as well as histopathological features.

DISCUSSION

In this study, although the diagnosis of IGAD was suspected by atypical clinico-histopathological features, we made possible diagnosis of IGAD for patients showing simultaneously IgG and IgA reactivity in various immunological examinations, including IF, immunoblotting, ELISA, and cDNA transfection studies. Particularly, ELISAs were sensitive and detected IgG and IgA antibodies to Dsgs and Dscs in considerable numbers of patients. Finally, using the tentative diagnostic criteria, we diagnosed 30 patients as IGAD.

Clinically, skin lesions developed mainly on the trunk and extremities, and 11 cases showed oral mucosal lesions. Most patients showed blisters, erosions, and/or pustules with erythematous lesions. In most cases, histopathology showed intraepidermal blister and/or pustules at various layers in the epidermis. The major infiltrating cells were neutrophils, followed by eosinophils and lymphocytes. Acantholysis was not clearly seen in some of the patients. Spongiosis were seen occasionally. These clinico-histopathological findings were generally compatible with those in previously reported cases (9–30). In 11 cases, various therapies, mainly oral steroids and DDS, were performed with different efficacy.

Immunologically, direct IF and indirect IF of normal human skin and monkey esophagus were the most sensitive methods with positive rates from 60 to 80%. Regarding antigen detection methods, IgG and IgA ELISAs for Dsgs and Dscs were very sensitive. The IgG and IgA ELISAs detected antibodies to Dsg1 and Dsg3 in 63 and 45% of the patients, respectively, and antibodies to Dsc1–Dsc3 in 20–40% of the patients. Because anti-Dsc antibodies are rarely detected in classical IgG type pemphigus diseases (42), the frequent detection of anti-Dsc antibodies for both IgG and IgA antibodies was considered the significant feature in IGAD. The presence of autoantibodies to other than Dsgs may account for the absence of acantholysis in some patients.

By contrast, sensitivity of immunoblotting of normal epidermal extract and cDNA transfection was very low.

Statistical analyses revealed that anti-Dsg3 antibodies of both IgG and IgA classes were more frequently detected in the cases with oral mucosal lesions. Because Dsg3 is autoantigens found in mucosal-type PV, the results further suggested the significant involvement of IgG anti-Dsg3 antibodies in oral involvement in IGAD. This result may also suggest the pathogenic role of IgA anti-Dsg3 antibodies in development of oral lesions. However, because of the high rates of simultaneous detection of IgG and IgA anti-Dsg3 antibodies in the same sera, the oral lesions might be produced by IgG, but not IgA, anti-Dsg3 antibodies.

Thus, IGAD patients tended to show clinico-histopathological features of both blisters and pustules. IgG-type pemphigus usually shows blisters, while IAD shows pustules. Therefore, IGAD seems to show mixed features of IgG-type pemphigus and IAD. Immunologically, IgG and IgA antibodies tended to react with both Dsgs and Dscs, which also indicates mixed immunological features of IgG-type pemphigus and IAD. These clinical, histopathological, and immunological features are different from either IgG-type pemphigus or IAD. Therefore, we concluded that IGAD is a distinct clinical entity with unique clinical and immunological features.

In this study, we performed no disease model experiments for the pathogenic role of IgG and IgA antibodies in IGAD. However, several IGAD cases showed clear acantholytic histology, suggesting that IgG antibodies to Dsg1 and/or Dsg3 induced the cell detachment similar to IgG-type pemphigus. In addition, because most IGAD cases showed extensive pustular lesions, IgA antibodies to either Dsgs or Dscs may produce the pustular lesions similar to IAD.

We should also consider the molecular mechanisms of simultaneous production of autoantibodies of IgG and IgA classes to various keratinocyte CS antigens, particularly class switch recombination (CSR) for antibody class switching (48, 49). CSR occurs through a genomic rearrangement within constant region locus of immunoglobulin heavy chain, where gene segments of all immunoglobulin classes are tandemly located downstream of the VDJ variable region locus (Figure S7 in Supplementary Material). The upstream classes are looped out through the CSR and the downstream class is docked into the VDJ region (Figure S7 in Supplementary Material). Thus, the class switching is irreversible and a class must be switched from left to right. Although a class has been considered to be switched from IgM/IgD-producing B-cells to IgG-, IgA-, and IgE-producing B-cells (50), a recent study of comprehensive antibody repertoire sequencing followed by lineage tracing revealed more variable class switch pathways, including pathway from IgG1 to IgA1 (Figure S7 in Supplementary Material) (51).

The extremely high rates of simultaneous detection of IgG and IgA anti-Dsg3 antibodies in the same sera found in this study may indicate that IgG-producing B-cells converted to IgA-producing B-cells. Although we could not determine the ancestral class, predominance of IgG1 class in human serum may suggest that the autoantibody switch from IgG1 to IgA1. By contrast, concurrence of IgG and IgA antibodies to the same Dscs was not very high, suggesting that different immunological IgG and IgA autoantibodies may develop by different molecular mechanisms between Dsgs and Dscs. In future studies, these CSR-related molecular mechanisms in IGAD should be examined more extensively using subclass-specific secondary antibodies or methods to detect the epitopes in more detail.

In conclusion, the present study was the first systematic study for IGAD, and suggested that IGAD is a distinct disease entity with characteristic clinical, histopathological, and immunological features. Combination methods of direct IF, indirect IF of normal human skin/monkey esophagus and ELISAs of Dsgs and Dscs are useful to make the diagnosis of IGAD.
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Deficient clearance of apoptotic cells reportedly contributes to the etiopathogenesis of the autoimmune disease systemic lupus erythematosus (SLE). Based on this knowledge, we developed a highly specific and sensitive test for the detection of SLE autoantibodies (AAb) utilizing secondary NEcrotic cell (SNEC)-derived material as a substrate. The goal of the present study was to validate the use of SNEC as an appropriate antigen for the diagnosis of SLE in large cohort of patients. We confirmed the presence of apoptotically modified autoantigens on SNEC (dsDNA, high mobility group box 1 protein, apoptosis-associated chromatin modifications, e.g., histones H3-K27-me3; H2A/H4 AcK8,12,16; and H2B-AcK12). Anti-SNEC AAb were measured in the serum of 155 patients with SLE, 89 normal healthy donors (NHD), and 169 patients with other autoimmune connective tissue diseases employing SNEC-based indirect enzyme-linked immunosorbent assay (SNEC ELISA). We compared the test performance of SNEC ELISA with the routine diagnostic tests dsDNA Farr radioimmunoassay (RIA) and nucleosome-based ELISA (anti-dsDNA-NcX-ELISA). SNEC ELISA distinguished patients with SLE with a specificity of 98.9% and a sensitivity of 70.6% from NHD clearly surpassing RIA and anti-dsDNA-NcX-ELISA. In contrast to the other tests, SNEC ELISA significantly discriminated patients with SLE from patients with rheumatoid arthritis, primary anti-phospholipid syndrome, spondyloarthropathy, psoriatic arthritis, and systemic sclerosis. A positive test result in SNEC ELISA significantly correlated with serological variables and reflected the uptake of opsonized SNEC by neutrophils. This stresses the relevance of SNECs in the pathogenesis of SLE. We conclude that SNEC ELISA allows for the sensitive detection of pathologically relevant AAb, enabling its diagnostic usage. A positive SNEC test reflects the opsonization of cell remnants by AAb, the neutrophil recruitment to tissues, and the enhancement of local and systemic inflammatory responses.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic inflammatory autoimmune disease. Its pathogenesis is multifactorial including the involvement of genetic (1), hormonal (2), immunologic (3), and environmental factors like infections (4, 5). The appearance of autoantibodies (AAb) is the hallmark of systemic autoimmunity in SLE and results from a series of immune-mediated events that typically precede the onset of clinical symptoms by several years. The development of autoimmunity is considered to be partly triggered by impaired clearance of apoptotic cells in the germinal centers of the lymph nodes (6–9). Apoptotic cells that are not cleared rapidly by professional phagocytes lose their membrane integrity and, consequently, release cytoplasmic and nuclear autoantigens. These antigens are usually connected to damage-associated molecular patterns (DAMPs) like the high mobility group box 1 protein (HMGB1) (10). The material generated in the absence of a proper clearance is designated as secondary NEcrotic cells (SNECs) (11–13). The concomitant release of DAMPs and nucleic acids triggers an inflammatory response (14, 15) which, in combination with the accessibility of autoantigens, precipitates the production of SNEC-specific AAb (16). After autoimmunity is established uncleared post-apoptotic material serves as autoantigen repository for the formation of pathogenic immune complexes (ICs) (17, 18). These complexes form in situ or deposit in various tissues, especially in the kidney, skin, and joints, where they trigger inflammation and tissue damage (19, 20).

In 1948, Hargraves discovered the LE cell as first test for diagnosing SLE [reviewed in Ref. (21)] representing a phagocytic cell that has ingested the secondary necrotic nucleus of another cell closely resembling SNEC (22). AAb against nuclear proteins are essential to form LE cells (23, 24) suggesting recognition of SNEC in the context of autoimmunity in SLE (25, 26). Accordingly, LE cells reportedly indicate serologically and clinically active disease with major organ involvement. After several decades, the LE cell test was replaced by serum autoantibody testing in 1997, not least because LE cell testing is time consuming and challenging (27, 28). The presence of AAb increases the risk for clinical disease by at least 40-fold (29). A plethora of autoantibody specificities can be detected in patients with SLE that comprise reactivities against dsDNA, nucleosomes, RNA-protein complexes, Smith antigen (Sm), and ribosomal proteins (30).

Considering the aforementioned pathophysiologic events, we hypothesized that the detection of anti-SNEC AAb is a highly specific and potentially sensitive tool for the classification of SLE. Thus, the goal of the present study was to validate the use of SNEC as an appropriate antigen for the diagnosis of SLE in large cohort of patients. Employing SNEC as antigen, we developed a specific and sensitive high-throughput test to identify patients with pathogenic AAb against post-apoptotic cells. This anti-SNEC enzyme-linked immunosorbent assay (ELISA) discriminated SLE patients from healthy individuals and patients with other autoimmune connective tissue diseases with a specificity and sensitivity of 98.9 and 70.6%, respectively, surpassing currently used standard detection methods.

MATERIALS AND METHODS

Patient and Normal Healthy Donor (NHD) Serum Samples

This study was carried out in accordance with the recommendations of institutional guidelines and the approval of the ethical committee of the Universitätsklinikum Erlangen (permit # 54_14B). The protocol was approved by the ethical committee of the Universitätsklinikum Erlangen (permit # 54_14B). Written informed consent was given by each donor in accordance with the Declaration of Helsinki. Serum samples from NHD and patients with SLE, RA, SpA, PsA, and SSc, fulfilling the 1997 American College of Rheumatology criteria, were obtained at the Department of Rheumatology and Immunology of the Universitätsklinikum Erlangen. Sera from patients with primary anti-phospholipid syndrome (PAPS) were obtained from the Department Rheumatology and Clinical Immunology of the Spedali Civili and University of Brescia. Samples were stored at −20°C until analysis.

Preparation of SNECs

Peripheral blood mononuclear cells (PMBC) were obtained from heparinized whole NHD blood and isolated by density gradient-based isolation using Lymphoflot (Bio-Rad, Dreieich, Germany) as previously described (31). Isolated PBMCs were adjusted to a concentration of 5 × 106 cells/ml in PBS and irradiated using 240 mJ/cm2 UVB light for 90 s. After incubation for 24 h at 37°C and antigen retrieval at 56°C, SNEC was stored at −20°C containing 5 mM EDTA. Before coating, SNEC was washed in 10 mM Tris buffer containing 1 mM EDTA (pH 8.0). For ex vivo phagocytosis assays, SNEC was concentrated to 15 × 107 cells/ml and labeled with propidium iodide (PI).

Ex Vivo Phagocytosis Assays

Fresh heparinized whole blood from NHD was added to polystyrene tubes and 12% serum of NHD or patients with SLE and 10% PI-stained SNEC (15 × 107/ml) was added. Samples were incubated for 4 h at 37°C to allow uptake of SNEC by phagocytes and stained for HLA-DR (FITC), CD16 (APC), and DNA (Hoechst33342) for 30 min at 4°C in the dark. After hypotonic lysis of erythrocytes and fixation of the cells, samples were measured by flow cytometry (Gallios™ Beckman Colter, Krefeld, Germany) and analyzed using Kaluza 1.5 software (Beckmann Colter). Uptake of SNEC is presented as phagocytosis index calculated using the percentage of PI-positive cells and the mean fluorescent intensity.

SNEC ELISA

The serum of NHD and patients affected by several pathological conditions was analyzed by ELISA for the presence of anti-SNEC IgG AAb. 96-well microtiter plates (Nunc-Immuno™Maxisorp) were coated overnight at 4°C with 50 μl of Poly-L-Lysine (20 μg/ml) in 10 mM Tris buffer containing 1 mM EDTA (pH 8.0). Plates were washed three times with 200 μl of washing buffer [phosphate-buffered saline (PBS), 0.05% Tween 20, pH 7.4] after each incubation step. After coating overnight at 4°C with SNEC in 10 mM Tris buffer containing 1 mM EDTA (pH 8.0), plates were blocked for 1 h at room temperature (RT) with 100 μl blocking agent (2% BSA in PBS) per well, 50 μl of serum per well (1:200 in PBS-T) was added and incubated for 1 h at RT. Next, 50 μl of goat anti-human IgG Fc HRP-conjugated (Southern Biotech, Birmingham, AL, USA) antibody (1:50,000 in washing buffer) was added and incubated for 1 h at RT. Finally, plates were incubated with 50 μl of substrate solution [substrate buffer (0.1 M Na2HPO4, 0.05 M citrate acid, pH 5.0), 10% TMB, and 0.02% H2O2 (30%)] for 5 to 10 min. The reaction was stopped with 50 μl of H2SO4 (25%) and absorbances were read at 450 and 620 nm reference wavelength. To account for differences between plates, values were corrected using a standard serum applied on each plate.

Characterization of SNEC Autoantigens by ELISA

ELISA was performed as described above. Antibodies detecting several autoantigens [mAb #34: mouse anti-histone H3 (32); mAb #42: mouse anti-DNA; mAb BT131: mouse anti-apoptotic nucleosome (33); mAb BT164: mouse anti-H3-K27me3 (34); mAb KM-2: mouse anti-H4-AcK8,12,16 (35); mAb LG11-2: mouse anti-H2B-AcK12 (36); rabbit anti-HMGB1 (Abcam, Cambridge, UK)] were added at the indicated concentrations in PBS-T (containing 1% BSA) and incubated for 1 h at RT. The respective secondary antibodies, goat anti-mouse IgG Fc HRP-conjugated (Jackson ImmunoResearch, Suffolk, UK), goat anti-rabbit IgG Fc HRP-conjugated (Southern Biotech, Birmingham, AL, USA), and goat anti-human IgG Fc HRP-conjugated (Southern Biotech, Birmingham, AL, USA) were added (1:10,000 in PBS-T, 1% BSA) for 1 h at RT.

Immunofluorescence Staining

Eight-well Nunc chamber slides (VWR, Darmstadt, Germany) were coated, washed, and blocked as described above. Wells were incubated with the serum of one NHD with a low SNEC ELISA value and the serum of one SLE patient with a high SNEC ELISA value (1:200 in PBS-T) or antibodies detecting histone H3 (mAb #34) and mouse anti-H3-K27me3 (mAb BT164). Goat anti-human IgG FITC (Jackson ImmunoResearch, Suffolk, UK), goat anti-mouse IgG Cy®5 (Jackson ImmunoResearch, Suffolk, UK), and goat anti-rabbit IgG Cy®5 (Jackson ImmunoResearch, Suffolk, UK) were added and incubated for 1 h in the dark. A control staining lacking a primary antibody was included. Finally, slides were washed with PBS and H2O, embedded in DAKO fluorescent mounting medium (Agilent Technologies, Santa Clara, CA, USA) and analyzed using the Eclipse Ni-U (Nikon Corporation, Tokyo, Japan).

Live Fluorescence Microscopy

Fresh heparinized whole blood from NHD was obtained and 12% serum of patients with SLE and 10% PI-stained SNEC (150 × 106 cells/ml) were added. The samples were incubated for 1 h at 37°C. After hypotonic lysis of erythrocytes and fixation with 4% PFA, cells were deposited on chamber slides. Slides were blocked with 10% FCS and stained for CD15 (APC) and DNA (Hoechst33342) and the respective isotype control antibody for 2 h at RT in the dark and analyzed using the Eclipse Ni-U.

Adsorption of Anti-SNEC AAb From SLE Serum

Serum C-reactive protein (CRP) was purified using immobilized p-Aminophenyl Phosphoryl Choline agarose gel (Thermofisher) as per the manufacturer’s instructions. CRP bound to agarose was incubated with SNEC for 1 h at RT (13). Anti-SNEC AAb were removed from SLE serum by incubation with SNEC-bound CRP agarose by incubation for 1 h at RT.

Statistical Data Analysis

Age, sex, comorbidities, organ involvement, and disease onset were recorded for all patients. CRP levels, erythrocyte sedimentation rate (ESR), rheumatoid factor (RF), dsDNA radioimmunoassay (RIA), anti-dsDNA-NcX-ELISA, extractable nuclear antigen (ENA) profiles, and complement levels (C3 and C4) were measured on the same day of serum collection. Disease activity score European Consensus Lupus Activity Measurement Manifestation (ECLAM) was calculated. For comparisons between two groups, Mann–Whitney U-tests for numerical variables and exact χ2-tests for nominal characteristics were employed. ANOVA with Bonferroni Post Hoc correction was employed for comparisons among several groups. Associations among clinical and laboratory variables were measured by Bravais-Pearson correlation coefficients and corrected after Bonferroni. The discriminatory power of a test was evaluating calculating the receiver operating characteristic (ROC) method. Cumulative predicted probabilities [the area under the curve, positive predictive value (PPV), negative predictive value (NPV), diagnostic odds ratio (DOR), cutoff, sensitivity, specificity] were calculated for numeric comparison of ROC curves. All statistical analyzes were performed using IBM SPSS Software (version 21) and GraphPad Prism 5.03 software. A p value ≤0.05 was considered statistically significant.

RESULTS

AAb From Patients With SLE Recognize SNEC-Borne Autoantigens Modified During Apoptosis

We employed SNEC as immobilized antigen in an indirect ELISA (Figure S1A in Supplementary Material) to detect SLE-specific antibodies. We demonstrated the availability of specific apoptotically modified nuclear autoantigens on SNEC (Figure 1A) and confirmed the presence of DNA, histone H3, nucleosomes, and histones carrying several apoptotic modifications (histone H3 K27-me3; histone H2A/H4 AcK8,12,16, histone H2B-AcK12). Representative pictures of repeated SNEC antigen characterization are shown. Analyzes by immunofluorescence revealed that autoreactive IgG present in the sera of patients with SLE strongly bound to immobilized SNEC, whereas sera of NHD lacked reactivity (Figure 1B). SNEC was recognized by DNA- and nucleosome-specific AAb in a particular manner (Figure 1C) resembling the recognition pattern of SLE serum-derived AAb (Figure 1C). These monoclonal antibodies also recognized antigens on HEp-2 cells; however, apoptotically modified histone H3 was recognized to a lesser extent (Figure 1D). HMGB1 was also found on immobilized SNEC linked to apoptotic DNA (Figure S1B in Supplementary Material). Murine AAb bound SNEC in a unique pattern preferentially targeting cells with low DNA densities (Figure 1C). Morphometry confirmed that human SLE AAb showed a similar binding pattern preferring cells with fringed nuclei and decondensed chromatin when compared to targets with bright round nuclei (Figures 1E,F).
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FIGURE 1 | Immobilized secondary NEcrotic cells (SNECs) expose naïve and modified nuclear autoantigens. (A) Recognition of immobilized autoantigens on SNEC by specific antibodies. Coated material contained histone H3 (#34), DNA (#42), nucleosomes (BT131), and the apoptotically modified histones H3 K27-me3 (BT164), H2A/H4 AcK8,12,16, (KM-2), and H2B-AcK15 (LG11-2). Respective isotype control antibodies (iso) displayed background signals. (B) Immunofluorescence of SLE-borne IgG autoantibodies (AAb) binding immobilized SNEC counter-stained for DNA by propidium iodide (PI). NHD, normal healthy donor; SLE, systemic lupus erythematosus; magnification 20×. (C) Immunofluorescence of histone H3 and modified histone H3 K27-me3 on immobilized SNEC counter-stained for DNA by PI; magnification 40×. (D) Immunofluorescence staining of histone H3 and modified histone H3 K27-me3 on HEp-2 cells. (E) Immunofluorescence of binding pattern of IgG autoantibodies present in the serum of patients with SLE to immobilized SNEC stained for DNA by PI; FOV, field of view. (F) Morphometric evaluation of (E), intensity of DNA staining versus the intensity of IgG staining.



The Test Performance of SNEC ELISA Surpasses That of Current Routine Assays

To establish a reproducible assay, we tested the linearity of SNEC ELISA employing serial dilutions of positive and negative sera (Figure S1C in Supplementary Material). For further analyzes, we used a serum dilution factor of 200 lying in the linear detection range. Comparison of different apoptosis stimuli resulted in comparable autoantibody detection for UVB- or Dexamethasone-induced apoptosis (Figure S1D in Supplementary Material). To assess the performance of SNEC ELISA, we studied 155 patients with SLE [median age 44.5 years (inter quartile range (IQR) 22–42)] and 89 normal healthy donors (NHD) [median age 27.5 years (IQR 25–33)] (Table 1). A summary of demographical, serological, and clinical data of all study cohorts is presented in Tables 1 and 2. The reproducibility of SNEC ELISA in terms of batch variability was tested and corrected using a standard serum, which revealed reproducible signals.

TABLE 1 | Demographical and serological characteristics of the study cohorts.
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TABLE 2 | Serological and clinical characteristics of the SLE cohort.
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Secondary NEcrotic cell ELISA values from individuals of the NHD and SLE cohorts were not dependent on age (Figures S1F,G in Supplementary Material). ROC analyzes using the NHD sera as control cohort determined positive sera above the cutoff of 246 mOD (Figure 2A). 70.6% of patients with SLE showed seropositivity in SNEC ELISA, whereas just 1.1% of NHD were positive (Figure 2A). Patients with secondary anti-phospholipid syndrome (sAPS, 72.7%) are depicted additionally in a separate cohort and are undistinguishable from the patients with SLE without sAPS (Figure 2A). We employed sera from patients with other connective tissue disorders, namely PAPS (0%), rheumatoid arthritis (RA, 1.9%), spondyloarthropathy (SpA, 0%), psoriatic arthritis (PsA, 0%), or systemic sclerosis (SSc, 3.4%) (Figure 2A) showing cumulatively only 1.2% seropositivity in SNEC ELISA (Figure 2A).
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FIGURE 2 | SLE-derived AAb are specifically and sensitively detected by secondary NEcrotic cell (SNEC) ELISA. (A) Reactivity of sera from normal healthy donors (NHD) and patients with SLE, secondary anti-phospholipid syndrome (sAPS, gray dots in the SLE cohort), primary anti-phospholipid syndrome (PAPS), spondyloarthropathy (SpA), psoriatic arthritis (PsA), and systemic sclerosis (SSc) against SNEC were assessed by ELISA. Using receiver operating characteristic (ROC) analysis, the cut-off for positive values was calculated at 246 mean optical density (dashed red line). Frequencies of SNEC positivity are displayed above the respective cohort in percent (%). (B) The overall test performance of the SNEC ELISA (left), radioimmunoassay (RIA) dsDNA Farr assay (center), and anti-dsDNA-NcX-ELISA (right) was evaluated employing ROC analysis. The respective diagnostic parameters (specificity, sensitivity, negative predictive value, positive predictive value, and diagnostic odds ratio) were calculated and are displayed below. (C) Organ involvement was analyzed by comparison of odds ratios for SNEC ELISA, anti-dsDNA RIA, anti-dsDNA-NcX ELISA, and anti-nuclear antigen on HEp-2 titers. The depicted odd ratios are within the 95% confidence interval.



Receiver operating characteristic analysis showed a specificity of 98.9% at a sensitivity of 70.6% for SNEC ELISA (Figure 2B) surpassing current routine assays like the anti-dsDNA-NcX-ELISA (EUROIMMUN) and the Farr radioimmunoassay (IBL International) in our cohort (Figure 2B). Analysis of the ROC curves of combined results of RIA and ENA nucleosome or ENA histone revealed that the sensitivity of SNEC ELISA also outperformed the combination of these tests (Figure S1E and Table S1 in Supplementary Material). A PPV of 99.1% for SNEC ELISA confirmed the high accuracy of the assay (Figure 2B), comparable to RIA and anti-dsDNA-NcX-ELISA (98.3 and 98.5%, respectively). The NPV, indicating the percentage of true negative test results, was 66.2% for SLE, clearly exceeding RIA and anti-dsDNA-NcX-ELISA (NPV: 30.1 and 41.2%). SNEC ELISA was the most effective test with a DOR of 211.2, performing better than RIA (DOR 25.0) and anti-dsDNA-NcX-ELISA (DOR 46.3) (Figure 2B).

The most frequently affected organs in our study cohort were joints (62.1%), skin (60.1%), and kidneys (40.5%) (Table 3), a distribution similar to previous reports. None of the employed diagnostic tests [anti-nuclear antigen (ANA), anti-dsDNA-NcX-ELISA, RIA, and SNEC ELISA] predicted enhanced risks for any organ involvement (Figure 2C). Interestingly, the number of patients with photosensitivity or SLE-related central nervous system involvement was significantly lower if SNEC ELISA was positive (Figure 2C, red). Correlation analyzes demonstrated further associations of anti-SNEC antibodies with serological variables of SLE (Figure 3; Tables S2 and S3 in Supplementary Material).

TABLE 3 | Frequencies of organ affection by autoantibody test and statistics from contingency tables.
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FIGURE 3 | Anti-secondary NEcrotic cell (SNEC) IgG correlates with serological disease variables but not with the disease activity. The correlation of SNEC ELISA levels with serological and clinical variables was evaluated by Bravais-Pearson correlation coefficients and corrected after Bonferroni. SNEC positivity was compared to (A) anti-nuclear antigen on HEp-2 cell titers, (B) extractable nuclear antigen positivity (Nucleosomes, Histones, Ro52), (C) Complement C3 levels (cut off C3 levels at 90 mg/ml indicated as blue dotted line), (D) European Consensus Lupus Activity Measurement Manifestation Score and others (see also Tables 1, 2 and S1, S2 in Supplementary Material). The SNEC ELISA cut-off at 246 mean optical density is depicted as a red dotted line.



Anti-SNEC Antibodies Correlate With Serological Variables of SLE

In order to explore the degree of association between SNEC ELISA, anti-dsDNA-NcX-ELISA, RIA, and serological variables commonly used for monitoring SLE disease activity, we analyzed complement levels (C3 and C4), markers of inflammation (CRP and ESR), and levels of AAb (ANA and ENA profiles) (Figure 3; Tables S2 and S3 in Supplementary Material). One-way ANOVA analyzes revealed that the levels of anti-SNEC and anti-dsDNA-NcX antibodies significantly correlated with increasing titers of ANA on HEp-2 (p = 0.1 × 10−26 and 0.4 × 10−8, respectively) (Table S2 in Supplementary Material). Bonferroni post hoc testing confirmed significantly increased values of anti-SNEC antibodies for ANA titers above 1:1,000 (Figure 3A). The levels of anti-dsDNA antibodies detected by RIA did not increase proportionally with ANA titers (Table S2 in Supplementary Material). We found a significant negative correlation between complement C3 levels and all anti-nuclear antibody tests (RIA Person’s r = −0.223, p = 0.006; SNEC r = −0.259, p = 0.001; dsDNA-NcX r = −0.238, p = 0.003) (Table S2 in Supplementary Material). While CRP levels did not correlate with any of the tests, C4 negatively correlated with RIA and ESR with SNEC ELISA and anti-dsDNA-NcX ELISA (Table S3 in Supplementary Material). The anti-SNEC antibody levels correlated with 2 out of the 17 markers of the ENA profile: histone and nucleosome, both considered specific for SLE (Figure 3B). Taken together, anti-SNEC autoantibody levels significantly correlated with the most important canonical serological variables. The anti-SNEC antibody levels and the RIA assay were independent of SLE disease activity (Figure 3D; Table S3 in Supplementary Material). Approximately 50% of the patients tested showed low ECLAM values between 4 and 7 most likely due to permanent therapeutic treatment (Figure S1H in Supplementary Material).

Phagocytosis of SNEC by Neutrophils Is Mediated by SNEC-Specific AAb

We investigated the uptake of SNEC opsonized by anti-SNEC AAb (SNEC immune complexes: SNEC-IC) in a whole blood phagocytosis assay. We observed a positive correlation of uptake of fluorescent SNEC into neutrophils (CD16POS-HLA-DRNEG) in the presence of sera from SLE patients measured by flow cytometry (Spearman’s r = 0.5103; p < 0.0001) (Figure 4A). Consistent with published data, NHD with low levels of autoreactive IgG showed very low uptake of SNEC into neutrophils (Figure 4A). Z-stack series of immunofluorescence images confirmed the uptake of SNEC into CD15POS neutrophils in the presence of a high anti-SNEC IgG SLE serum (Figure 4B). SNEC was only sporadically present in neutrophils when NHD serum was employed. Uptake of SNEC was also visible in CD15NEG monocytes in the presence of both SLE and NHD sera (Figure 4B, red arrow). CD16POS-HLA-DRNEG neutrophils displayed a substantially diminished uptake of SNEC when anti-SNEC antibodies were adsorbed from SLE serum (SNEC, adsorbed) suggesting that the uptake of SNEC by neutrophils is mainly mediated by opsonizing AAb (Figure 4C). We confirmed this result for 12 different SLE sera (Figure 4D). Despite achieving moderate (3–48%) anti-SNEC autoantibody adsorption, SNEC phagocytosis was reduced up to 85% (Figure 4E). This suggests that SNEC preferentially catches the high-affine pathologically relevant AAb from sera of patients with SLE.
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FIGURE 4 | Secondary NEcrotic cell (SNEC) positivity correlates with uptake of SNEC into blood-borne neutrophils. (A) Correlation of SNEC uptake by neutrophils assessed by flow cytometry with anti-SNEC IgG. Values are displayed as ranks. Spearman’s rank correlation coefficient was calculated using the values of patients with SLE. (B) Representative microphotographs of z-stack series showing that PI-stained SNEC (red) was taken up by neutrophils with a segmented nucleus (CD15POS; displayed in green; Hoechst 33342POS; displayed in blue). White arrows indicate SNEC taken up by neutrophils. SNEC phagocytosed by a CD15NEG mononuclear phagocyte is indicated by a red arrow. (C) Uptake of PI-stained SNEC by CD16POS HLA-DRNEG granulocytes in whole blood assessed by flow cytometry in the presence (+SNEC, non-adsorbed) or absence (+SNEC, adsorbed) of anti-SNEC autoantibodies. CD16POS HLA-DRNEG granulocytes in whole blood without addition of SNEC served as negative control (−SNEC). Shown is the uptake of SNEC in the presence of a representative adsorbed and non-adsorbed SLE serum. (D) Percentage of SNEC uptake into CD16POSHLA-DRNEG granulocytes in the presence of 10 anti-SNEC antibody adsorbed SLE sera relative to the corresponding non-adsorbed sera. (E) Percentage of residual anti-SNEC IgG in adsorbed relative to the corresponding non-adsorbed sera assessed by SNEC ELISA.



DISCUSSION

Patients with SLE are classified based on a combination of clinical and laboratory findings. Importantly, the sole presence of biopsy-proven lupus nephritis together with positivity for ANA or anti-dsDNA antibodies is declared as sufficient for a definite diagnosis (37) emphasizing the pivotal role of circulating pathogenic AAb for classification of SLE. However, current tests employing nuclear material derived from cell lysates or recombinant proteins for the detection of SLE-specific AAb disregard the apoptotic nature of these antigens. This is particularly critical since a clearance deficiency of apoptotic cells contributes to the etiopathogenesis of SLE (6, 38).

Considering the pathophysiological events in SLE, we developed a high-throughput assay employing SNEC as target for autoreactive IgG. The major goal of our study was to establish a reproducible substrate for the sensitive detection of SLE-typical AAb. The selection of PBMCs for the production of SNEC was based on the fact that the accumulation of apoptotic material in germinal centers is the main driving force leading to the break of self-tolerance. Since lymphocytes have the capacity to proliferate and die by canonical apoptosis, we supposed that these cells are likely to mainly expose pathogenically relevant autoantigens in the context of SLE.

Our test distinguished patients with SLE from NHD with high specificity and sensitivity of 98.9 and 70.6%, respectively. In the same study cohort, anti-dsDNA-NcX-ELISA, and RIA, commonly used for routine testing, showed sensitivities of 43.1 or 37.9%, respectively. Although, RIA is considered the gold standard for SLE serology it does not detect low affinity AAb. Since positive test results correlate with disease severity, it is suitable for monitoring of SLE disease course and lupus nephritis in individual patients (39). Another routine diagnostic assay, the Crithidia luciliae immunofluorescence test, turned out to not be a reliable screening tool in unselected patients with rheumatic symptoms, although it has diagnostic value for a limited number of key SLE manifestations such as proteinuria (40). In comparison to these, SNEC ELISA appears suitable for broad, quick and cost-efficient screening of populations with presumptive diagnosis of SLE. It specifically discriminates patients with SLE from those with other rheumatic diseases such as RA, SpA, PsA, SSc, or PAPS.

Anti-dsDNA AAb do not only recognize helical B-DNA but also bent DNA present in the large intergenic regions of chromatin (41, 42). The anti-dsDNA-NcX-ELISA utilizes dsDNA complexed with nucleosomes for the detection of anti-nuclear antibodies. However, considering our findings, this substrate might not completely reflect the full arsenal of (apoptosis-associated) autoantigens recognized by SLE AAb. We confirmed the presence in SNEC of apoptosis-associated chromatin modifications reportedly associated with SLE (43) such as H3-K27me3, H2A/H4-AcK8,12,16, and H2B-AcK12. Consistently, standard serological variables such as ENA and ANA reactivity significantly correlated with SNEC positivity. Likewise, nucleosomes and dsDNA, representing classical autoantigenic targets for SLE-specific AAb, were accessible. We observed that HMGB1 is present in SNEC extending the repertoire of apoptosis-related autoantigens. HMBG1 reportedly to co-precipitates with anti-histone and anti-dsDNA antibodies and appears complexed with free nucleosomes in the circulation of patients with SLE (10). HMGB1-containing nucleosomes from apoptotic cells induce anti-dsDNA and anti-histone IgG-mediated responses in a toll-like receptor 2-dependent manner (44). The accessibility of HMGB1-containing nucleosomes in our assay highlights the importance of SNEC material in the pathogenesis of SLE (45).

Deposition of circulating and in situ formed ICs is known to be a critical factor triggering inflammation and tissue damage in SLE. They consist of assorted intracellular material exposing various modified epitopes to AAb (46, 47). Evidence that cellular debris accumulates as extracellular material in tissues exclusively in SLE patients goes back to the 50 s (48–50) and was revisited recently (51). The uptake of these ICs into phagocytes has been shown to bepro-inflammatory and mediated by FcγR (12, 18). We observed a significant correlation between the presence of anti-SNEC AAb and the uptake of SNEC into CD16POS granulocytes. Some of the SLE sera employed did not facilitate phagocytosis of SNEC, although anti-SNEC IgG was measured by SNEC ELISA. Since the employed phagocytosis assay is a complex biological system, it might be less sensitive than SNEC ELISA. Thus, low amounts of AAb which can already be detected by SNEC ELISA, do not facilitate the uptake of measurable amounts of SNEC by neutrophils. Adsorption of anti-SNEC AAb from serum resulted in substantial reduction of SNEC uptake into granulocytes. Even a mild reduction of anti-SNEC autoantibody levels resulted in strongly diminished phagocytosis. Thus, we suggest that SNEC ELISA enables the detection of pathogenic AAb in SLE sera.

We hypothesize that the AAb measured by SNEC ELISA induce the pathomechanism depicted in Figure 5. In healthy individuals (NHD), apoptotic cells are swiftly engulfed by phagocytes without the induction of inflammatory responses, a process referred to as efferocytosis (Figure 5) (15). The recognition of phosphatidylserine on the outer surface of the dead or dying cell is a key step in this process. It engages several different proteins and lipids including αVβ3 integrin, TAM receptors (Tryo3, Axl, Mer), milk fat globule-EGF factor 8 protein (MFG-E8), growth arrest-specific protein 6 (Gas6), protein S and phosphatidylserine (15). Upon recognition, phagocytes release immunomodulatory factors including TGFβ suppressing the inflammatory responses by surrounding cells. This enables the silent clearance of billions of dead and dying cells daily. In systemic lupus erythematosus (SLE), AAb recognize nuclear material derived from apoptotic cells that had escaped canonical clearance (SNEC) (Figure 5). It is known that the formation of ICs composed of SNEC and AAb activates complement and induces inflammation via uptake of these opsonized complexes (12, 13, 52). Blood-borne phagocytes, especially Neutrophils, taking up opsonized SNEC have formerly been described as LE cells. In contrast to the silent efferocytosis, Fc gamma receptor (FcγR)-dependent uptake of nucleic acid containing SNEC favors the release of pro-inflammatory mediators (15, 53). It was demonstrated that FcγRIIA-mediated contact with soluble ICs results in formation of NETs in vivo (54). Although we did not observe release of NETs in response to anti-SNEC antibody-mediated IC uptake employing life cell imaging phagocytosis experiments, it poses an interesting topic for future investigations.
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FIGURE 5 | Inflammation in SLE is driven by FcγR-mediated uptake into phagocytes of secondary NEcrotic cell (SNEC) opsonized by autoantibodies (AAb). In healthy individuals (NHD), apoptotic cells are cleared rapidly and silently by professional phagocytes involving a plethora receptors and bridging molecules such as αVβ3 integrin, Tryo3–Axl–Mer (TAM), milk fat globule-EGF factor 8 protein (MFG-E8), growth arrest-specific protein 6 (Gas6), and Proteins S. This marked redundancy avoids disintegration of apoptotic cells and the generation of SNEC. In patients with systemic lupus erythematosus (SLE), the concurrence of AAb and SNEC results in the opsonization and Fcγ Receptor (FcγR)-mediated uptake of SNEC into phagocytes, especially neutrophils. This perpetuates inflammatory responses and causes tissue damage. Lupus erythematosus (LE) cell.



Secondary NEcrotic cell-autoantibody complexes carry DNA, which is considered a danger signal by the immune system confusing them with opsonized virus particles (virus-mimetic), and consequently triggers DNA sensing proinflammatory pathways. The latter include TLR-9, cyclic GMP-AMP synthase, DNA-dependent activator of IFN-regulatory factors, absent in melanoma 2, STING, gamma-interferon inducible protein-16, nucleotide-binding domain leucine-rich repeat containing protein family pyrin domain containing 3, DEAD/H-box helicase 41, and meiotic recombination 11 protein [summarized in Ref. (55)]. These molecules stimulate type I IFN expression, referred to as the IFN signature, shared by most patients with SLE, which correlates with the clinical appearance and severity of SLE (56).

This study gives insight into the mechanism of SLE etiopathogenesis with respect to autoantibody pathogenicity in terms of FcγR-mediated phagocytosis and provides the basis for improved serological screening of SLE. However, limitations of the study have to be considered. First, SLE patients were under treatment and thus often showed low disease activity. The lack of a full range ECLAM distribution might create a bias that partially explains the absence of an association of anti-nuclear antibody tests with disease activity scores. Moreover, it was demonstrated that anti-nucleosome antibodies present in serologically active but clinically quiescent patients predicted future flares (57). SNEC ELISA might detect AAb which did not result in increased disease activity yet. In fact, that the test performance is not affected by the patients’ clinical status renders SNEC ELISA a robust screening test for patients with suspected SLE. Second, our study analyzed patients from a single center. Investigations of several patient groups from different study centers (multicenter study) are required to confirm applicability to different ethnicities. The investigations of specific intracellular DNA-sensors and related signaling pathways in neutrophils will provide further insights in the pathogenesis of SLE with potential therapeutic applications. In conclusion, in this study, we confirm that SNEC uptake is intimately linked with the pathogenesis of the disease. We also demonstrate that the detection of anti-SNEC antibodies is a powerful tool supporting the diagnosis of SLE and the exclusion of other autoimmune connective tissue diseases.
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Indirect immunofluorescence (IIF) is considered by the American College of Rheumatology (ACR) and the international consensus on ANA patterns (ICAP) the gold standard for the screening of anti-nuclear antibodies (ANA). As conventional IIF is labor intensive, time-consuming, subjective, and poorly standardized, there have been ongoing efforts to improve the standardization of reagents and to develop automated platforms for assay incubation, microscopy, and evaluation. In this study, the workflow and performance characteristics of a fully automated ANA IIF system (Sprinter XL, EUROPattern Suite, IFA 40: HEp-20-10 cells) were compared to a manual approach using visual microscopy with a filter device for single-well titration and to technologist reading. The Sprinter/EUROPattern system enabled the processing of large daily workload cohorts in less than 8 h and the reduction of labor hands-on time by more than 4 h. Regarding the discrimination of positive from negative samples, the overall agreement of the EUROPattern software with technologist reading was higher (95.6%) than when compared to the current method (89.4%). Moreover, the software was consistent with technologist reading in 80.6–97.5% of patterns and 71.0–93.8% of titers. In conclusion, the Sprinter/EUROPattern system provides substantial labor savings and good concordance with technologist ANA IIF microscopy, thus increasing standardization, laboratory efficiency, and removing subjectivity.
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INTRODUCTION

Anti-nuclear antibodies (ANA) represent important diagnostic markers in various autoimmune rheumatic conditions (e.g., systemic lupus erythematosus (SLE), Sjögren’s syndrome, systemic sclerosis, dermato/poly myositis, mixed connective tissue diseases, and rheumatoid arthritis), with an increasingly recognized relevance to disease prediction and prognosis (1–6). Low-titer ANA may also be detected in healthy individuals (7–9). The term “ANA” is commonly used sensu lato to encompass not only antibodies directed against nuclear antigens, but also those binding to constituents of the nuclear envelope, mitotic spindle apparatus, or cytoplasm.

In 1957, the first ANA was demonstrated by indirect immunofluorescence (IIF) in the serum of SLE patients, followed by the discovery and characterization of extractable nuclear antigens in 1959 (10–12). IIF testing has since become the standard method for ANA screening in patient sera, using human epithelial cells (HEp-2) or variants of this laryngeal carcinoma cell line as the preferred cell substrate (13, 14). Hep-2 cells present a very broad spectrum of 100–150 cell antigens at different stages of the cell cycle, allowing the sensitive detection of numerous clinically relevant autoantibodies. However, conventional ANA IIF testing is time-consuming, laborious, and burdened by the need for micro-scopy expertise, subjectivity of interpretation, lack of automation, and a low degree of standardization leading to high intra- and inter-laboratory variance (15–18). As the demand for ANA testing has increased considerably over the past decades and pushed large service laboratories to provide high throughput, reduced turnaround time-consuming and cost-saving diagnostics, there has been a movement from IIF to largely automated screening methods, in particular ELISA and flow cytometric bead-based (“multiplex”) immunoassays that are based on a limited number of purified and/or recombinant antigenic substrates. Examples for multiplex assays include the BioPlex 2200 ANA screen(Bio-Rad), Athena Multi-Lyte (ZEUS Scientific), Quanta Plex (INOVA Diagnostics), and FIDIS (BMD) (13, 16, 19–30). Samples classified as positive through screening by ELISA or multiplex are usually reflexed to IIF to confirm the result and to determine the titer and associated ANA pattern(s), while samples devoid of reactivity against the antigenic panel are reported as negative. Although this approach is time-consuming and cost-saving and provides a high specificity for each single antigen, the use of screening panels has slightly less sensitivity than HEp-2-based IIF. In 2007, the American College of Rheumatology setup a task force which soon after released a position statement recommending IIF as the “gold standard” for ANA testing (13, 31). This concept was adopted later by international organizations and, along with advances in IIF automation, led to a “renaissance” of IIF (16, 32). In current practice, a two-step strategy is commonly applied, where initial ANA IIF screening provides information on antibody patterns and titers, followed by a confirmatory monospecific test (e.g., ELISA, Multiplex, and immunoblot) to identify the autoantibody (33), or in many laboratories, the reverse algorithm is also performed, where enzyme immunoassay positivity is reflexed to IIF.

In 2015, the persisting lack of inter-laboratory standardization and other problems in ANA IIF testing and reporting put forth an International Consensus on ANA patterns (ICAP) (34, 35). Beside the main objective of (i) standardizing the categorization and nomenclature of HEp-2 cell ANA patterns, the ICAP consensus also recommended (ii) endpoint titration of positive samples. The relevance of this point becomes clear considering that single-well testing of high-titer sera bears the risk of antibody masking. Masking may occur when a diagnostically relevant autoantibody is indiscernible due to the presence of further dominant or unspecific antibodies or when hook/prozone effects from antibody excess cause atypical, diffuse, faint, or negative IIF staining (36, 37). (iii) Clinically relevant mixed patterns should be discriminated accurately considering the possibility of antibody masking. (iv) The ICAP intention is to differentiate patterns that should be readily recognized (competent-level) from patterns that would be more challenging and distinguishable only when observers or technologists have attained a expert-level proficiency. Reporting should include all competent-level nuclear and cytoplasmic patterns. Optimally, all patterns seen in a positive sample should be reported regardless of the clinical relevance. (v) Transfected HEp-2 cells for general pattern definition should not be used.

Additionally, the biomedical industry has improved IIF standardization for the preparation of substrates and slides, the automation of slide incubation, software-based image acquisition and interpretation (computer-aided IF microscopy) (38–44), as well as the automated transfer of results. Different commercial systems for automated ANA IIF testing have recently been developed and evaluated (17, 29, 30, 45–55). The Sprinter XL and the EUROPattern Suite (Euroimmun, Lübeck, Germany) have been designed to provide a high-throughput platform for automated specimen processing and slide incubation as well as for automated microscopy, titer, and pattern interpretation (23, 56).

In this study, the ANA IIF workflow characteristics and analytical performance of the Sprinter/EUROPattern system were evaluated against manual processing and visual microscopy with or without titration support.

METHODS

Human Sera

Analysis of the workflow and of labor savings was calculated on consecutive serum samples representing the daily workload cohorts for routine ANA analysis at the respective laboratories within Laboratory Corporation of America® Holdings (LabCorp) reference laboratory network in the USA. For the evaluation of assay performance, we used 97 ANA negative samples and 176 patient samples pre-characterized as ANA positive using the PolyTiter immunofluorescence system (Polymedco, Inc., Cortland Manor, NY, USA) and ANAFLUOR Hep-2 reagent kit (DiaSorin, Stillwater, MN, USA). These samples had been sent to the LabCorp Dublin Regional Laboratory (OH) for routine antibody screening. The cohort of 176 positive samples was grouped according to the ANA pattern detected by the manual protocol [68 homogeneous, 41 granular (speckled), 20 centromere, 22 nucleolar, and 25 mixed patterns]. In accordance with the Declaration of Helsinki (1964) ethical guidelines, samples were blinded for analysis to maintain confidentiality. The study protocol was determined to be exempt by the Institutional Review Board (Western Institutional Review Board®, Puyallup, WA, USA).

Data Collection

Workflow data were collected at LabCorp laboratories in Birmingham (AL), Burlington (NC), Dallas (TX), Dublin (OH), Houston (TX), Phoenix (AZ), Raritan (NJ), and Tampa (FL). Analyses to evaluate diagnostic performance were performed in Dublin LabCorp Laboratory.

IIF Testing for ANA Using Three Approaches

Current Method: ANAFLUOR Hep-2 Reagent Kit (DiaSorin, Stillwater, MN, USA)

Sample preparation and slide incubation were processed according to the manufacturer’s procedure. Only one serum dilution (1:40) is required for the titer determination. Each processed slide was read independently under fluorescent microscopy by three experienced technologists complemented with an immunofluorescent titration system: PolyTiter immunofluorescence system (Polymedco, Inc., Cortland Manor, NY, USA). The latter uses filter-controlled light attenuation to determine semiquantitatively the ANA endpoint titer from a single serum dilution by relating the intensity of fluorescent staining to reference calibrators. The titration system is comprised of hardware (digital control pad, filter unit, and microscope adapters), software, and pre-diluted calibrator solutions with endpoint titer values of 1:40, 1:160, 1:640, and1:2,560. Diluted patient sera, kit controls, and calibrators are assayed according to the manufacturer’s instructions. Results for ANA patterns and calculated titers were entered into laboratory information system (LIS) and reviewed manually by two technologists.

Conventional Visual IIF Microscopy

If PolyTiter results were questionable, sample preparation and slide incubation were performed manually using the ANAFLUOR Hep-2 reagent kit. Serum sample titers were manually prepared using the following dilutions: 1:40, 1:80, 1:160, 1:320, 1:640, and 1:1,280. Experienced technologists using fluorescent microscopy read each slide independently, and results were entered manually.

Automated ANA IIF Protocol: Sprinter/EUROPattern System

Samples and slides were processed using the Sprinter XL (Euroimmun AG, Lübeck, Germany), followed by automated evaluation using the EUROPattern Suite (Euroimmun AG, Lübeck, Germany). ANA detection was performed by the IFA 40: HEp-20-10 kit assay according to the manufacturer’s instructions (Euroimmun AG, Lübeck, Germany) (57). The IFA 40: HEp-20-10 allows for easier evaluation due to an increased spectrum of cells in the mitotic phase and of human nuclear antigens when compared to traditional Hep-2 cells. The increase of cells in the mitotic phase offers easy confirmation of reactions (Figure 1). The slides have 10-reaction fields, each containing a biochip coated with HEp-20-10 cells. Serum samples were diluted in PBS-Tween and screened for ANA at 1:40. Positive samples (1:80 and above) were reflexed for titers at three dilutions (1:80, 1:320, and 1:1,280) by automated dilution using Sprinter XL system. The fluorescein isothiocyanate-labeled anti-human IgG conjugate solution contains propidium iodide as counterstain for image segmentation by EUROPattern.
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FIGURE 1 | EUROPattern Suite graphical user interface. For each sample classified as positive, the system displays the indirect immunofluorescence (IIF) images for different dilutions/substrates (left) and the proposed results of automated interpretation (right), merging all proposed results (classification, titer, confidence value) into one report per patient. To support pattern interpretation, mitotic cells and late metaphase chromosomes can be highlighted. The proposed results are to be confirmed (or modified) interactively by the technologist. Negative results are displayed in a small-format scroll-down register and can be verified batch-wise (data not shown).



The Sprinter XL provides automated processing of IIF tests, including sample identification, dilution, and dispensing, followed by slide incubation and washing (Figure 2A). The Sprinter XL system has a loading capacity of up to 240 samples and 30 slides, which are identified through barcode and matrix code readers, respectively. The pipetting unit comprises two arms and four washable needles. Washing is based on slide flooding. The EURO-Pattern Suite is a system to record, evaluate, and archive digital images of IIF slides. It is based on a combination of several hardware and software modules, as described elsewhere (23, 56, 58–60). In brief, the EUROPattern fluorescent microscope (Figure 2B) is equipped with a 20× objective, two high-resolution cameras, LEDs for fluorescence or transmitted light with a lifespan of >50,000 h, and a matrix code reader for slide identification. The slide magazine has a loading capacity of 500 reaction fields that can be processed within 2.5 h (18 s per analysis). The digital images undergo positive/negative classification by the EUROpattern software, capable of discriminating homogeneous, centromeres, speckled, nuclear dots, nucleolar, nuclear membrane, cytoplasmic, and negative/unspecific patterns (Figure 3). Mixed patterns with varying antibody titers can also be identified. In samples classified as positive, interpretation of the fluorescence pattern is based on the k-nearest neighbor algorithm, comparing the image features with a reference database based on more than 5,000 images (115,000 cell references). If a patient sample is analyzed in different dilutions, EUROPattern merges all images into one report containing the proposed pattern/s, titer/s, and the corresponding confidence value/s (Figure 1). Results must be confirmed or may be modified by laboratory personnel, either one by one (positive samples) or batch-wise (negative samples). The EUROPattern graphical user interface is incorporated into the superordinate laboratory management software EUROLabOffice, which allows the EUROPattern system to exchange data with the LIS. Additionally, EUROLabOffice is capable of compiling worklists, interconnecting with other laboratory devices (e.g., Sprinter XL), consolidating the results of different techniques (IFA, ELISA, immunoblot) into one report per patient, and paperless data archiving.
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FIGURE 2 | Automation of anti-nuclear antibodies indirect immunofluorescence (IIF). (A) Sprinter XL for fully automated processing of IIF tests from the dilution and dispensing of samples to the incubation and washing of microscope slides. In addition, the system is capable of running ELISA microplates. Capacity: 160–240 sample tubes, 30 ten-field IIF slides, six microplates. (B) The EUROPattern Suite microscope is equipped, among others, a customized set of autofocusing objectives (10×/20×/40×), oculars (optional), two high-resolution cameras, long-life cLED, 3D manual controller, matrix code reader, and slide magazine plus carrier. Capacity: 50 ten-field slides (500 analyses), 18 sec/analysis.
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FIGURE 3 | Anti-nuclear antibodies (ANA) patterns recognized by the EUROPattern Suite software (numbering according to International consensus on ANA patterns): homogeneous (AC-1), centromere (AC-3), speckled (AC-5), nuclear dots (AC-6), nucleolar (AC-8), nuclear membrane (AC-11, AC-12), cytoplasmic (AC-19), and negative/unspecific (Neg). Mixed patterns with varying titers can also be identified (data not shown).



The EUROPattern microscope and software, in combination with the IFA 40: HEP-20-10 EUROPattern assay, has received FDA 510(k) clearance (No. k141827).

Evaluation Criteria

The purpose of this study was to evaluate a new automated ANA IIF protocol (Sprinter/EUROPattern system) as an alternative for a method that was discontinued. Some criteria were considered to evaluate the new IIF protocol: FDA-approved system, automated platform, high-throughput, positive ID throughout the process, workflow compatibility with 8 h shift, LIS interface, reliable pattern recognition, and batch reporting of negatives.

Statistical Methods

Statistical analyses were performed using GraphPadPrism 6 (GraphPad Software Inc., La Jolla, San Jose, CA, USA). The degree of inter-rater agreement between visual and automated antibody pattern interpretation was assessed by the percentage of concordance and by kappa coefficients. According to Altmann (61), kappa (κ) values were interpreted as follows: ≤0.20 poor, 0.21–0.40 fair, 0.41–0.60 moderate, 0.61–0.80 good, and 0.81–1.00 very good agreement. Confidence intervals (CI 95%) were calculated according to the modified Wald method.

RESULTS

Characteristics of HEp-20-10 Slides

Throughout this study, the biochip slides coated with HEp-20-10 cells were of consistent quality. The number of mitotic cells per reaction field exceeded that of standard Hep-2 cells by 10-fold.

Workflow Evaluation

Run times for daily workload cohorts were surveyed at eight LabCorp laboratories using the Sprinter XL for sample preparation and slide processing, followed by EUROPattern-based image acquisition and evaluation. According to the individual number of samples, up to three screening and titer runs were conducted per laboratory, using three dilutions for the determination of endpoint titers in positive samples. The total time requirement was between 06:00 and 07:00 h (Table 1), thus conforming to an 8-h shift. Figure 4 depicts the workflow recorded at the Dublin laboratory, where the processing of 400 samples in two screen and two titer runs took a total time of 07:10 h or approximately 1 min per sample.

TABLE 1 | Workflow analysis for anti-nuclear antibodies indirect immunofluorescence testing in average daily workload cohorts at eight LabCorp laboratories (fiscal year 2016).
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FIGURE 4 | Exemplary schematic workflow of automated anti-nuclear antibodies indirect immunofluorescence as determined at the LabCorp laboratory Dublin (OH, USA) for a daily workload cohort comprising 388 samples. Two Sprinter XL devices were used for sample/slide incubation and two EUROPattern (EPA) devices for image acquisition and interpretation. Initial screening aimed at discriminating negative from positive samples. Only the 194 positive samples were further analyzed for patterns and endpoint titers using three dilutions per sample.



Labor Savings

The demand for labor was compared between the automated Sprinter/EUROPattern system and the manual procedure that was in use. The Sprinter/EUROPattern method comprises two analytical runs: (1) screening for the purpose of positive/negative discrimination at a single dilution, (2) determination of patterns and endpoint titers in positive samples using three dilutions (three-well approach). In contrast, the previous method provided endpoint titers from a single dilution (single-well approach). Calculations for an average of 400 samples per day revealed a total hands-on time of 98 min (01:38 h) for the Sprinter/EUROPattern system, and 355 min (5:55 h) for the previous method, corresponding to a total of 4:20 h labor savings (Table 2).

TABLE 2 | Comparison of labor hands-on time between the current LabCorp method (single-well) and the Sprinter/EUROPattern system (two runs, three-well dilution).
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If a single-well approach was used for each of the methods, the labor hands-on time would amount to 82 min (1:22 h) for the Sprinter/EUROPattern system and 355 min (5:55 h) for the current method. The difference in labor savings between the Sprinter/EUROPattern three-well and single-well approach was only 16 min for an 8-h shift (Table 3).

TABLE 3 | Comparison of labor hands-on time between the current LabCorp method (single-well) and the Sprinter/EUROPattern system (single-well).
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Evaluation of ANA Patterns and Titers

Diagnostic performance for ANA patterns and endpoint titers using the EUROPattern Suite was evaluated using 176 positive and 97 negative samples. The results were compared to the PolyTiter system with or without a technologist reading the slides for both EUROPattern and PolyTiter systems. The number of times the technologist agreed with the initial instrument call for pattern or titer is expressed in % (Table 4).

TABLE 4 | Agreement (positive/negative results) between EUROPattern, the current LabCorp method, and technologist reading.
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Positive/negative classification by EUROPattern and technologist reading with the PolyTiter system without technologist demonstrated a total agreement rate of 89.4% (κ = 0.780) (Table 4, EUROPattern vs. current method) and 92.3% (κ = 0.838) when technologist was reading slides on EUROPattern Suite vs. the PolyTiter (Table 4, Technologist vs. current method). Highest overall agreement of 95.6% (κ = 0.905) was found when we compared the reading between EUROPattern and a technologist (Table 4, EUROPattern vs. technologist). In each pattern group (except for the granular group), the highest degree of positive agreement was found between EUROPattern and technologist reading, declining in the following order: centromere and mixed patterns (100%), granular patterns (97.6%), homogenous patterns (92.6%), and nucleolar patterns (86.4%) (Table 4).

Pattern assignment using the PolyTiter system showed similar concordance rates for EUROPattern (68.4–100%) and for PolyTiter reading (76.3–100%), with least pattern matches observed among samples with nucleolar or mixed patterns. Endpoint titer agreement (within ±1 dilutions) with the current method varied depending on the pattern type between 5.0 and 72.1% by the EUROPattern Suite and between 35.0 and 73.5% by technologist reading, with lowest rates obtained in the centromere pattern group. High pattern correlation (80.6–97.5%) in combination with the highest endpoint titer agreement rates (71.0–93.8%) were found when comparing EUROPattern vs. technologist reading, indicating that the three-well approach provides higher overall accuracy (Table 5). The PolyTiter method (single-well approach) is at disadvantage when evaluating mixed patterns because it only distinguishes between two patterns.

TABLE 5 | Pattern and titer agreement between EUROPattern, the current LabCorp method, and technologist reading.
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If patterns and titers were determined at a single dilution (1:80), 100% correlation was observed between EUROPattern and technologist reading. In contrast, the correlation values between EUROPattern and the PolyTiter method were lower (pattern 75.3%, titer 57.1%) (Table 6).

TABLE 6 | Comparison of single-well analysis between EUROPattern and the current LabCorp method or technologist reading.
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DISCUSSION

This study examined the workflow and performance characteristics of the automated Sprinter/EUROPattern IIF system as an alternative to the two methods described herein. It was not the purpose of the study to evaluate the diagnostic performance of the Sprinter/EUROPattern IIF system, therefore, we did not use well-defined characterized patient population, such as (1) autoimmune rheumatic disease patient cohort, (2) non-ARD diseased cohort, and (3) healthy control group in our study, but just negative or positive serum specimen for ANA. Overall, the evaluation criteria for a new automated ANA IIF approach (see Evaluation Criteria) were either met or exceeded. The automated approach completed the daily workload within an 8-h shift and reduced the labor hands-on time for screening and titer runs by more than 4 h. Applying automation in a single-well approach resulted in further labor savings of 16 min. However, this slight reduction should not justify an overall application of the single-well approach considering the associated risk of interferences (masking, prozone effect) and reduced accuracy. Longer walk-away times may contribute to greater laboratory productivity with the gain in higher throughput. In addition, the Sprinter/EUROPattern system is less prone to error in barcode-based sample/slide identification and the use of positive patient IDs throughout the process. The graphical user interface displays all results and the corresponding images, allowing for fast interactive validation of individual positive or batches of negative reports. Since the software-proposed results require verified (or possibly modified) by the operator, subjectivity cannot be completely removed, but the system has the potential to reach 100% concordance with visual microcopy.

The performance of the EUROPattern Suite is in accordance with the ICAP guidelines (34), including the distinction of several nuclear, but also cytoplasmic patterns on native HEp-20 or HEp-2010 cells, the identification of mixed patterns, and the calculation of semi-quantitative endpoint titers on the basis of several dilutions. Sample titration is highly relevant for the discrimination of mixed ANA patterns (60, 62). Using IIF screening at only a single titer, masked patterns can be missed, resulting in incomplete reporting of diagnostically relevant antibodies. According to Carter et al., distinct masked patterns were observed in 1% (29 out of 3,000) of routine ANA samples (63). Similarly, prozone ANA patterns may be indiscernible if the patient sample is not sufficiently diluted, resulting in false-negative results (36, 37). Thus, systems that provide pattern and titer proposals from single-well estimations may be at a disadvantage.

According to our data, the EUROPattern system provided overall improvement with respect to the recognition of ANA patterns and the determination of endpoint titers. Overall highest correlation values resulted from comparing EUROPattern vs. technologist reading, either based on a three-dilution protocol (patterns, 80.6–97.5%; titers, 71.0–93.8%) or on single-well analysis (patterns, 100%; titers, 100%). Lower correlation values with the current method derived (patterns, 68.2–100%; titers, 5.0–72.1%) may be due to inherent flaws such as the utilization of a speckled standard curve only, the occurrence of masking effects, and standardization of the slide manufacturing process.

These findings are consistent with recent literature revealing good performance characteristics of the EUROPattern Suite. For example, Voigt et al. analyzed a total of 351 serum samples to compare the performance of the EUROPattern software-based evaluation with technologist visual interpretation by expert technologists. They also found 99.4% concordant results for positive/negative discrimination with a sensitivity and specificity of the EUROPattern Suite of 100 and 97.5%, respectively. The agreement in main pattern recognition (including mixed patterns) amounted to 94.0% (56). Yoo et al. used the same approach based on 104 samples, reporting a sensitivity and specificity of 94.3 and 94.1%, respectively, and concordance in negative/positive classification of 94.2%. Matching of major patterns occurred in 83.7% of samples with simple and 95.2% with mixed ANA patterns. Comparison of simple pattern titers revealed 82.9% agreement between both methods (59). Tozzoli et al. reported 100% diagnostic sensitivity of the EUROPattern system with reference to manual IFA (16). Bizzaro et al. compared the EUROPattern Suite to five other automated systems (AKLIDES, NOVA View, Zenit G-Sight, Helios, and Image Navigator) using 126 manually pre-characterized sera. This study, which was the first to compare the diagnostic accuracy of six systems for automated ANA-IIF reading on the same series of sera, showed that all systems are able to perform very well the task for which they were created. Overall sensitivity of the six automated systems was 96.7% and overall specificity was 89.2%. Most false negatives were recorded for cytoplasmic patterns, whereas among nuclear patterns those with a low level of fluorescence (i.e., multiple nuclear dots, midbody, and nuclear rim) were sometimes missed. The intensity values of the light signal of various instruments showed a good correlation with the titer obtained by manual reading (Spearman’s rho between 0.672 and 0.839; P < 0.0001 for all the systems). Imprecision ranged from 1.99 to 25.2% and, for all the systems, it was lower than that obtained by the manual IIF test (39.1%). The accuracy of pattern recognition, which is for now restricted to the most typical patterns (homogeneous, speckled, nucleolar, centromere, multiple nuclear dots, and cytoplasmic) was limited, ranging from 52 to 79%. The systems demonstrated overall concordance rates for the classification of positive and negative results of 93.7–96.8% (EUROPattern: 93.7%), and correct pattern assignment in 52–79% (EUROPattern: 79%) (30).

Like similar automated instruments for ANA reading and interpretation, the EUROPattern Suite is a closed system, i.e., neither microscope nor software is interchangeable with other analogous devices (23, 30). The EUROPattern Suite is restricted to the use of Euroimmun IIF kits as this is the only way to guarantee high quality of results. For EUROPattern-based evaluation, Euroimmun offers not only slides coated with HEp-2 or HEp-20-10 cells, but also several other cell substrates for other diagnostic purposes (e.g., Crithidia luciliae, ethanol-fixed and formalin-fixed human granulocytes, transfected cells, and infected cells). Noteworthy, IFA40: HEp-20-10 kits contribute to the standardization of EUROPattern-based ANA testing. Constant quality of the substrate is ensured by quality control measures throughout the production of the HEp-20-10-coated biochips. Reliability of the assay has been demonstrated by validation studies (57).

In conclusion, the EUROPattern Suite, along with the Sprinter IIF slide processor, is a fully automated solution for ANA IIF testing on HEp-20-10 cells, allowing laboratories to perform testing on hundreds of samples per day. The Sprinter/EUROPattern system enables substantially reduced hands-on time and high correlation with technologist visual IIF microscopy, thus supporting high throughput, labor savings, and standardized operations.
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Immune thrombocytopenia (ITP) is an autoimmune disease defined by low platelet counts which presents with an increased bleeding risk. Several genetic risk factors (e.g., polymorphisms in immunity-related genes) predispose to ITP. Autoantibodies and cytotoxic CD8+ T cells (Tc) mediate the anti-platelet response leading to thrombocytopenia. Both effector arms enhance platelet clearance through phagocytosis by splenic macrophages or dendritic cells and by induction of apoptosis. Meanwhile, platelet production is inhibited by CD8+ Tc targeting megakaryocytes in the bone marrow. CD4+ T helper cells are important for B cell differentiation into autoantibody secreting plasma cells. Regulatory Tc are essential to secure immune tolerance, and reduced levels have been implicated in the development of ITP. Both Fcγ-receptor-dependent and -independent pathways are involved in the etiology of ITP. In this review, we present a simplified model for the pathogenesis of ITP, in which exposure of platelet surface antigens and a loss of tolerance are required for development of chronic anti-platelet responses. We also suggest that infections may comprise an important trigger for the development of auto-immunity against platelets in ITP. Post-translational modification of autoantigens has been firmly implicated in the development of autoimmune disorders like rheumatoid arthritis and type 1 diabetes. Based on these findings, we propose that post-translational modifications of platelet antigens may also contribute to the pathogenesis of ITP.
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INTRODUCTION

Immune thrombocytopenia (ITP) is an autoimmune disease characterized by low platelet counts and increased bleeding risk (1–4). The initial event(s) leading to anti-platelet autoimmunity remains unclear, but strong evidence exists that autoantibodies and autoreactive CD8+ cytotoxic T cells (Tc) trigger enhanced platelet destruction and impair platelet production by megakaryocytes (MKs) in the bone marrow. We will briefly discuss the clinical aspects of this heterogeneous disease, followed by an overview of the mechanisms and pathways by which autoreactive B and Tc engage in anti-platelet immunity, with a particular focus on their specificity for platelet autoantigens. We will postulate a general model for ITP pathophysiology and finally highlight opportunities in ITP research, which can be derived from studies on other autoimmune diseases.

Epidemiology and Clinical Features

Immune thrombocytopenia is a diagnosis of exclusion: patients who develop thrombocytopenia (defined as platelet counts below 100,000 platelets per microliter) with no clear underlying cause are currently diagnosed with (isolated) primary ITP (1, 4). Secondary ITP is defined as an ITP induced by other diseases or treatments. These include autoimmune disorders, lymphoproliferative disorders, infectious agents, transfusion, or induction by drugs, accounting in total for 20% of ITP cases (5, 6). In total, the incidence of ITP is approximately 1.9–6.4 per 100,000 children/year and 3.3–3.9 per 100,000 adults/year (6–8), and this number is increasing (6, 9). ITP can be classified in a transient form termed newly diagnosed ITP (up until 3 months), or persistent ITP (up until 12 months) that is more prevalent in children, or a chronic form (longer than 12 months) that does not resolve on itself and is more prevalent in adult patients (1, 6, 7). The acronym “ITP” should not be confused with the outdated definition of “idiopathic thrombocytopenic purpura” that has been used previously (1, 4). ITP is no longer considered an idiopathic disease and a proportion of patients do not present with purpura (see below). In this review, we discuss both adult and pediatric ITP studies and highlight discrepancies between both groups where necessary.

Bleeding symptoms in ITP patients typically present as either a mild form, such as bleeding in skin and mucosal regions, or a more severe, life-threatening form, such as bleeding in gastrointestinal or intracranial areas (6, 10). Patients with ITP have varying platelet counts as a result of the disease. Those with platelet counts above 50,000 per microliter rarely bleed, but below this “threshold” value, there are large differences in clinical phenotypes between patients that are as of yet unexplained (2, 3, 10). Platelet function testing appears successful in predicting bleeding risk in patients (11–13). However, no clear-cut diagnostic tools exist as associations between biomarkers and ITP remain limited, and no markers exist that may predict treatment responses (2, 3). The most common therapeutic options are based on immunosuppression [by corticosteroids, intravenous immunoglobulin (IVIg), or rituximab], or stimulation of platelet production [by thrombopoietin receptor agonists (TPO-RAs), see below].

Platelet Life Cycle

On average, the human body produces around 100 billion platelets per day resulting in a concentration of ~150,000–400,000 platelets per microliter blood (14). Platelets circulate for approximately 7–10 days, slowly undergoing age-related changes in morphology, activation, and surface receptor density (15–18). Platelets are produced by MKs in the bone marrow (19). MKs are polynuclear cells that protrude extensions in the blood, termed proplatelets, and eventually bud off platelets from these extensions (20, 21). Recent findings show that MKs may also reside in the lung, facilitating platelet production in lung tissues (22), although the relevance of platelet production at this site is currently unclear.

Thrombopoietin (TPO) is the key hormone responsible for platelet production. It is primarily synthesized in the liver and promotes MKs to produce platelets in the bone marrow via the TPO receptor, Mpl (23–25). As newly made TPO is released in the bloodstream by hepatocytes, it is also incorporated into circulating platelets via Mpl. This constitutes an inhibitory feedback loop in which platelet counts inversely correlate with the amount of TPO reaching the bone marrow to stimulate new platelet production (23, 26). Recent evidence suggests that the Ashwell-Morrell receptor (AMR) on hepatocytes plays an important role in this physiological process. Normally, as platelets age terminal sialic acid is gradually lost from the surface, which exposes the underlying galactose residues. This allows for their clearance by the AMR (27). AMR-mediated platelet clearance triggers hepatic TPO transcription and translation, and new TPO is released (27). Several other physiological clearance mechanisms exist that control platelet numbers, such as platelet apoptosis (28) and possibly phagocytosis by αMβ2 integrins on hepatic and splenic macrophages [for a review, see Ref. (29)].

In ITP, this normal platelet life cycle is disturbed by autoantibodies and platelet-reactive CD8+ Tc as summarized in Figure 1. Autoantibodies and CD8+ Tc may interfere with multiple aspects of the platelet life cycle, including their production and clearance that result in thrombocytopenia. In such thrombocytopenic conditions, the small amount of circulating Mpl-containing platelets often leads to high TPO levels (30, 31). Interestingly, only slightly elevated TPO levels are observed in ITP; likely because platelets with incorporated TPO are rapidly cleared (31). Therefore, one of the therapeutic options for ITP patients involves stimulation of the TPO receptor on MKs by TPO-RAs, which proves to be successful in many patients (32). Not all patients are equally responsive to TPO-RAs and poor responders likely suffer from a prolonged autoimmune response against platelets that cannot be resolved by increasing the platelet production.
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FIGURE 1 | Disturbance of the platelet life cycle in immune thrombocytopenia (ITP). (1) Platelets (yellow) are normally produced by megakaryocytes (MKs, yellow) in the bone marrow. Aging platelets undergo apoptosis but also gradually lose terminal sialic acid from the surface (indicated by black circles). This allows for their clearance in the liver. Liver-mediated platelet clearance triggers hepatic TPO transcription and translation, and new TPO is released. This process is disrupted by autoantibodies in ITP, which are hypothesized to enhance platelet desialylation leading to enhanced clearance. (2) Macrophages (MF, green) can phagocytose platelets; meanwhile, platelet antigens are presented in the spleen to immune cells, such as CD4+ T helper (Th) cells. With CD4+ T cell help, B cells (B cell, dark blue) are able to differentiate into platelet-reactive plasma cells (PC, light blue) that can secrete autoantibodies (red). Cytotoxic T cells (Tc) (CD8+, red) can directly lyse platelets. (3) In peripheral blood, plasma cells and cytotoxic Tc further induce autoimmune responses against platelets. Cytotoxic Tc may also induce desialylation leading to enhanced clearance. In addition, platelet-reactive memory B cells may be present in the blood. (4) Plasma cells and cytotoxic Tc are also present in the bone marrow, where they can inhibit platelet production by targeting MKs.



Genetic Risk Factors

As mentioned, autoreactive B and Tc have been firmly implicated in the pathophysiology of ITP. Consequently, many studies have reported associations between ITP and single nucleotide polymorphisms (SNP) in immunity-related genes. Polymorphisms in genes encoding specific cyto- or chemokines, such as interleukin (IL)-1, IL-2, IL-4, IL-6, IL-10, IL-17, TNF-α, TGF-β, and IFN-γ, have been associated with ITP (33–37). Several studies have also investigated whether specific HLA class I or II alleles are elevated in patients with ITP (38–45); current findings suggest that polymorphic sites within the HLA locus are not linked to ITP as studies have reported both significant and nonsignificant findings (37–44). The variation in studies could potentially be explained by small sample size, ethnic variability, or differences in diagnosis, yet does not allow to reach a consensus. New biomarkers such as miRNAs regulating levels of cytokines or other immune components are also increasingly recognized as potential risk factors for ITP (46). Classically, polymorphisms in Fcγ receptors (FcγRs) have been associated with the onset and pathogenesis of ITP (47–54) and are therefore further discussed below. Most of the reported association studies performed in ITP patients were conducted in small cohorts and in specific ethnic subgroups, and thus should be interpreted with caution. Additionally, many of the identified associations are not found in all patients and are commonly observed in other autoimmune diseases as well and are therefore general predisposing factors and not specific for ITP. Advances in (epi)genomics are likely to identify additional genetic risk factors for the development of ITP (55, 56).

Environmental Risk Factors

For a long time, the occurrence of specific infections has been associated with ITP, particularly in children (5–7). Some of the most occurring and most studied infectious agents are Helicobacter pylori (57, 58), Hepatitis C virus (59, 60) and human immunodeficiency virus (61–67). Evidence also exists for Cytomegalovirus (68, 69), Epstein Barr Virus (69), and some other viruses (70, 71). Although individual cases of ITP have been reported after vaccination, this is exceedingly rare (72, 73). One of the suggested mechanisms by which infections lead to autoimmunity is the occurrence of molecular mimicry. In this case, viral proteins resemble platelet receptors to evade the immune system (74). In case of an immune response against these viral proteins, cross reactivity may occur against platelet receptors, which subsequently lead to autoantibodies specific for both the viral protein and platelet receptors. This could explain the initiation of ITP in some cases (60–63, 66), which can be resolved by clearance of the infectious agent after which autoantibodies diminish (57, 58). Besides a transient decrease in platelet counts, infections sometimes elicit strong immune responses that can perpetuate and develop into chronic ITP, resulting in sustained platelet clearance.

Toll-like receptors are present on various innate immune cells, including platelets, and are suggested to mediate some of the microbial-platelet interactions that can trigger and/or aggravate autoimmunity (75). Immune-mediated thrombocytopenia may also occur as a result of other autoimmune diseases, drugs, transfusion, and in lymphoproliferative disorders (76, 77). Often, these cases are also diagnosed as secondary ITP, but may greatly differ in etiology. As our review focuses on primary ITP, we refer readers to Ref. (77) for more information on the underlying pathophysiology of these forms of secondary ITP.

ETIOLOGY

Autoantibodies

In approximately 60% of all ITP patients, autoantibodies are found, predominantly against platelet glycoprotein (GP) IIb/IIIa (~70%) and/or the GP Ib–IX–V complex (~25%) (78–81). Antibodies against GPIa–IIa or GPVI are also detected in sporadic cases (~5%) (80, 82, 83). While it is not entirely clear how autoantibodies against platelet antigens are generated, their effect on platelet clearance and production have now been fully elucidated (Figure 1). When microbial-antigens mimicking platelet autoantigens, or the platelet antigens themselves, are presented to B cells, these can develop into autoantibody-secreting plasma cells. The spleen has been implied as an organ where immune cells are primarily presented with platelet autoantigens, and where platelet clearance takes place most (84, 85). Particularly splenic macrophages and dendritic cells (DCs) can present platelet antigens to T helper (Th) cells that provide help to B cells that differentiate into antibody-secreting plasma cells (86, 87). Plasma cells secreting platelet-reactive autoantibodies are present in peripheral blood and bone marrow, where they can further generate autoantibodies that can sequester platelets and MKs (88–90). In addition, memory B cells activated in the spleen are also released in the circulation (Figure 2) (85). Autoantibodies accelerate platelet clearance by removal via splenic macrophages and DCs (87), complement deposition (91–93) and platelet apoptosis (94), or by inhibiting megakaryocytic platelet production (88–90).
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FIGURE 2 | Differences in B cell and T cell mechanisms in immune thrombocytopenia (ITP). B cells (left) differ from cytotoxic T cells (Tc) (right) in their autoimmune response against platelets in ITP. Stimulation of the adaptive immune response is similar: splenic macrophages (green) and dendritic cells (DCs, purple) can phagocytose platelet fragments to present to T helper (Th, light green) cells. Th cells are able to induce B cell development into autoantibody secreting plasma cells and can also stimulate cytotoxic Tc effector mechanisms. This process is regulated by regulatory Tc (Treg, pink), but regulatory T cell levels are imbalanced in ITP patients which leads to insufficient control of the autoimmune response. Shared effector functions of B cell-produced autoantibodies and cytotoxic Tc include impairing thrombopoiesis by targeting megakaryocytes (MKs), inducing platelet apoptosis and enhancing platelet desialylation. Autoantibodies can further stimulate C3b deposition on platelets to initiate complement activation, while cytotoxic Tc can directly lyse platelets.



Autoantibody and B Cell Classification

Initial studies investigating autoantibodies in ITP identified high levels of platelet-associated IgGs (PAIgGs) in nearly all patients, and they were soon thought to be the causative factor of the autoimmune response. However, it was found that PAIgGs bound nonspecifically to platelets and were detected in other non-ITPs as well (95), likely because platelets themselves can bind circulating IgG via FcγRIIa (96). PAIgGs thus proved to be a poor predictor of the disease [for a review, see Ref. (95)]. Although it is interesting that PAIgGs levels are higher in ITP and other thrombocytopenic patients (consisting of different IgG subclasses compared to healthy individuals), their usefulness in investigating ITP remains limited and can be largely subscribed to the state of thrombocytopenia rather than the autoimmune conditions. Following the introduction of the MAIPA and immunobead assays in 1987 (79, 97), investigators were able to detect and further study platelet-specific autoantibodies in ITP (98, 99).

Most autoantibodies found in chronic ITP patients are of the IgG class, but IgM and sporadically IgA antibodies are also detected (100–102). IgM antibodies were shown to fix complement on platelets which could facilitate clearance, but this has not been further investigated; IgG autoantibodies seem to be the main mediator of antibody-driven autoimmunity (100). Most prevalent are IgGs of the IgG1 subclass, and while IgG2, IgG3, and IgG4 subclass autoantibodies can be also found in patients, they are often accompanied by IgG1 antibodies (103, 104). Autoantibody allotypes and Fc-glycosylation are important determinants in antibody-mediated immunity and immunological disorders related to ITP (105–107), yet have been scarcely investigated.

In the majority of ITP patients, B cells producing platelet-binding antibodies have been identified in clinical samples from different sources, such as peripheral blood, spleen, and bone marrow (108–115). However, not all patients have platelet-reactive B cells (108, 109, 112–114), suggesting that B cell independent autoimmune mechanisms (such as CD8+ T cell mediated autoimmunity) exist. A landmark study by Roark and co-workers employed repertoire cloning to clone platelet autoantibodies from the spleen of two patients with chronic ITP (110). Sequence analysis of Ig heavy chain arrangements revealed that these anti-platelet antibodies evolved from a restricted number of B cell clones and provided evidence for extensive modification of heavy chain segments by somatic hypermutation (110). Overall, these findings provide evidence for a CD4+ T cell-driven antigen-specific response in patients with ITP. Evidence for the selective incorporation of the VH3-30 variable heavy chain gene segment was noted in this study providing additional evidence for a restricted, oligoclonal B cell response targeting a limited number of epitopes on platelet antigens in ITP patients (110).

Autoepitope Specificity of Antibodies

As the predominant source of epitopes for autoantibodies in ITP, the GP IIb/IIIa receptor, or integrin αIIbβ3, has been studied most frequently. Reports have shown that autoantibodies can bind epitopes in both the extracellular- and cytoplasmic domain of GPIIb/IIIa (80, 116). However, autoantibodies targeting the cytoplasmic domain are likely to be generated during platelet destruction rather than being pathogenic, but their significance remains unclear (80). Subsequent studies have shown that autoantibodies particularly bind to the IIb subunit (117, 118), or contradictory, the IIIa subunit of the dimer (119). Eventually, several investigators have demonstrated that specific portions of the protein are preferred autoepitopes in ITP, often near ligand binding sites (81, 120). The vitronectin (αvβ3) receptor shares the β3 integrin with GPIIb/IIIa and was shown to be an important autoantigen in ITP as well (121). However, this has not been further investigated.

Less is known about relevant autoepitopes on GP complex Ib-IX-V, although most antibodies are directed against the GPIb part of the receptor complex (78, 98, 122). Interestingly, patients with autoantibodies against GPIb are often less responsive to immunosuppressive therapy with corticosteroids or IVIg when compared to patients with GPIIb/IIIa autoantibodies (122–124). This could be explained by specific epitopes on GPIb, relative receptor abundance on the platelet surface or differences between both protein complexes.

B Cell Help by CD4+ T Cells

B cells require help by CD4+ Tc to efficiently develop into antibody-secreting plasma cells (Figure 2). As the development of autoantibodies is a hallmark of ITP, several studies have explored the involvement of CD4+ Tc in the pathogenesis of ITP. Initial observational studies showed that cytokines necessary for Th functions (such as IL-2, IL-10, IFN-γ) are increased in ITP patients (125, 126). Further evidence came from studies that identified a T cell imbalance in ITP: patients have a disturbed Th1/Th2 subset ratio, which trends toward a Th1 phenotype (127–129). Both rituximab and splenectomy seemed to resolve this polarization in responding patients, indicating the importance of balancing different populations of CD4+ Tc in ITP (128, 130). Pioneering work by Kuwana and co-workers have provided firm evidence for the presence of auto-reactive CD4+ Tc that target epitopes on GPIIb/IIIa (131, 132).

Recently, pro-inflammatory Th17 cells have emerged as a critical player in development of autoimmunity (133). Higher levels of Th17 cells were observed in several ITP cohorts (134, 135), but not in all studies (136). Several studies have found higher levels of both Th1 and Th17, compared to Th2 (137–141). The potential involvement of another subset of Th cells, Th22, was also investigated in ITP. Th22 cells typically promote protective and regenerative responses with predominant effects on epithelial cells (142–144). Increased levels IL-22 and elevated levels of the Th22 T cell subset have been observed in patients with ITP suggesting a role for this population of Tc in ITP pathogenesis (145, 146). In line with its established role in B cell help, splenic follicular Th (TFH) cells have also been implicated in the pathogenesis of ITP (147). These findings show that multiple Th populations including Th1/Th17/Th22/TFH contribute to the pathogenesis of ITP (127, 129, 135, 137, 145–147). We anticipate that the observed skewing toward Th1/Th17/Th22/TFH populations is not specific for ITP as similar Th polarization profiles are observed in other autoimmune diseases.

CD8+ T Cells

Besides autoreactive B cells, CD8+ Tc have also been implicated in ITP pathogenesis (126, 148, 149). Evidence from association studies shows that patients with ITP more often present with polymorphisms in CD8+ related cytokines (126, 150, 151), have increased granzyme levels (152), and have imbalanced ratios of CD8+ Tc cell subsets (137, 140). As CD8+ Tc are also dependent on help of CD4+ Th cells to efficiently perform effector functions, the polarization of CD4+ Th cells probably also affects the CD8+ Tc cell response (137, 140).

T cells are part of cell-mediated immunity and have different effector functions compared to antibody-secreting B cells. In ITP, B cells and Tc thus elicit different forms of anti-platelet immunity (Figure 2). CD8+ Tc have been shown to directly lyse platelets (148, 153–155), induce platelet apoptosis (153), and inhibit thrombopoiesis by MKs (156). CD8+ Tc can further inhibit platelet production by inhibiting MK apoptosis (157).

Increased levels of CD8+ Tc were found in patients without autoantibodies (154), suggesting that CD8+ Tc cell-mediated autoimmunity can be elicited separately from autoantibody-mediated autoimmunity. Evidence of a T cell response separate from antibody-mediated autoimmunity was further shown in ITP patients who did not respond to the anti-CD20+ B cell-depleting antibody rituximab, in whom increased levels of splenic CD8+ Tc were detected (158). In contrast, CD8+ Tc were found to be protective and required for effective steroid therapy in a murine model of ITP, although these findings are counterintuitive and not supported by observations in other autoimmune diseases (159).

It is unclear how the B cell depletion and repopulation effects of rituximab alter T cell subsets in responding patients. Possibly, the altered cytokine environment as a result of B cell depletion affects T cell subsets, as the B-T cell interplay is essential in a systemic autoimmune response (160). A recent study showed that rituximab could suppress murine CD8+ T-cell mediated immune responses (161), suggesting that B cells may regulate the CD8+ T-cell response in ITP. In fact, ITP patients present with lower levels of regulatory B cells (162). However, the effect of rituximab treatment in ITP remains difficult to interpret as B cell depletion may also affect CD20+ regulatory B cells, which can secrete IL-10 and other suppressive cytokines to induce immune tolerance (163), as suggested previously.

As of yet, the target peptides expressed on MHC class I recognized by platelet specific CD8+ Tc have not been identified. Interestingly, no clear HLA association is found in ITP patients (38–45), as opposed to other autoimmune diseases. In H. pylori-mediated ITP, HLA associations were also unclear (114, 164). Platelets are capable of presenting non-renewable MK-derived peptides on MHC class I, and it is likely that these peptides are being recognized by CD8+ Tc that develop in patients with ITP (165). More recently, it was proposed that platelets have the propensity to activate naïve CD8+ Tc and that platelets can present pathogen-derived peptides in the context of MHC class I (166). In this context, it is interesting to note that following dengue infection the MHC class I density on platelets increases, suggesting an active role of platelets in combatting infections (166, 167). Under resting conditions, platelets do not express MHC class II molecules on their surface, but several reports suggested platelets to express MHCII complexes during infection (164, 168). Whether antigen presentation on MHC class I by platelets has a role in the pathogenesis of ITP has not been demonstrated. In view of the established role of CD8+ Tc in this autoimmune disorder, this will be an interesting area for further research.

Regulatory T Cells

Tregs are a crucial checkpoint to limit immunity and secure immune tolerance. As such, they are important regulators that keep both B- and T cell-mediated autoimmunity in check (Figure 2). The importance of Tregs for the pathogenesis of ITP is evidenced by their reduced numbers and function in patients (169–173). The pivotal role of immune regulation in ITP, particularly by Tregs, was further shown by phenotypic and Treg profiling studies of treated versus untreated ITP patients. Treatment with corticosteroids and/or rituximab in responding patients both improved Treg levels as well as their activity (130, 174–178), indicating that loss of tolerance is essential for the pathogenesis of ITP. In an experimental murine model of ITP, Tregs were retained in the thymus. This was resolved by IVIg treatment, which normalized Tregs in the periphery (179). Additionally, transferring retained thymocytes delayed the onset of ITP, suggesting Tregs actively prevent ITP development at least in mice (179). Interestingly, TPO-RAs improved Treg activity indicating that platelets could directly or indirectly play a regulatory role in ITP by affecting Treg levels (175). As such, it is clear that ITP patients present with lower Treg levels which are restored upon successful treatment (see above). However, it is still unclear whether restoring Treg functionality directly alleviates the disease or is simply a marker of restored immune tolerance. Potentially involved pathways are further discussed below.

Tregs can interact with DCs to induce a tolerogenic phenotype. Two studies found that the interplay between Tregs and DCs is impaired in ITP (178, 180). As Treg levels are lower in ITP, this leads to a reduced expression of immunomodulatory enzyme indoleamine 2,3-dioxygenase 1 (IDO1) by DCs, and increased levels of mature DCs that can present (auto)antigens to other immune cells (178, 180). The important role of tolerance induction by DCs in ITP was further suggested by another study, in which IVIg was shown to mediate its effect via DCs in a murine model (181). The interplay between Tregs and DCs and immunomodulation via IL-10 is not only important in ITP but was also found essential in antibody-mediated acute lung injury (182, 183). As such, the Treg-DC-axis may be particularly important in autoantibody-mediated ITP, but this remains to be investigated.

Other Immune Cells

Several other immune cells may modulate autoimmune responses in ITP but have been investigated sparsely. Neutrophils have been found to line MKs in ITP bone marrow (184), but their role in ITP has not been further investigated. A subset of CD16+ monocytes derived from patients with ITP has shown to promote the proliferation of IFN-γ+ CD4+ Tc (185). Shifts in the balance of inhibitory and activating FcγRs were observed on monocytes following treatment with high-dose corticosteroid dexamethason as well as following H. pylori eradication in ITP (186, 187) (further discussed below). Additionally, they were found to be involved in T cell development (185). Both increased and decreased levels of NK cells have been found in ITP patients (188–190). The significance of these observations is unclear since NK cells are not able to lyse platelets (148).

Finally, platelets themselves may be able to affect the autoimmune response in ITP, as they are increasingly recognized as mediators of immunity and inflammation [for a recent review, see Ref. (191)]. Evidence for such an autoregulatory loop was found in ITP patients responding to TPO-RAs, who not only had increased platelet counts but also correlating higher TGF-β plasma levels (175). Presumably, increased plasma TGF-β levels derive from an increased platelet mass (175). Furthermore, TPO-RAs reduced both autoantibody and T cell responses in a mouse model, which also lead to elevated TGF-β plasma levels (192). Interestingly, TPO-RAs may induce remission in a subset of patients whom then no longer needed therapy to maintain platelet levels (193–195). This would imply that immune tolerance can be restored in certain patient subsets by enhancing platelet numbers. Another mechanism by which platelets regulate immune responses occurs via CD40L. Activated Tc can stimulate B cell proliferation and differentiation via CD40L interactions with CD40 on B cells (196). Platelets normally express CD40L only upon activation, but higher baseline levels are observed in ITP patients (13). Furthermore, activated platelets from ITP patients were shown to stimulate autoreactive B cells by CD40L (197). Interestingly, CD40L inhibition was successful in suppressing T cell-assisted B cell-mediated autoantibody production in ITP, even in treatment of refractory ITP (198, 199). However, whether this is similarly successful affecting a potential B cell-platelet interaction remains unknown.

PATHWAYS INVOLVED IN PLATELET CLEARANCE

FcγR-Mediated Eradication of Platelets

FcγRs have long been implicated in ITP etiology. These receptors are differentially expressed on immune cells and are the primary receptor for IgG. FcγRs mediate different functions, including phagocytosis, antibody dependent cellular cytotoxicity, and release of cytokines [reviewed in detail in Ref. (96)]. Most FcγRs are involved in activating the immune system, whereas FcγRIIb is the only inhibitory FcγR. Platelets only express FcγRIIa on their surface, while myeloid cells, such as granulocytes, monocytes, macrophages, and DCs express several FcγRs (96). In liver and particularly spleen, monocytes and macrophages have been suggested to bind and phagocytose Ig-opsonized platelets by FcγRs, explicitly contributing to platelet clearance and autoantigen presentation (85, 87). As such, polymorphisms in several FcγRs have been associated with ITP (47–54). The low affinity FcγRIIa, FcγRIIIb on granulocytes, and FcγRIIIa on NK cells, monocytes, and macrophages all contain SNP that affect binding affinity to IgG (200).

For FcγRIIa, one polymorphism at position 131 (R/H, with H having higher affinity) most strongly or exclusively affects IgG2 binding (200), and the higher-affinity allele was found to be associated with ITP (48, 51–54). However, these studies had inconsistent outcomes. A recent meta-analysis indicated that the R131H polymorphism might be associated with a subgroup of childhood-onset ITP, but this should be interpreted with caution (54). In accordance with the notion that FcγRIIIa+ splenic monocytes are particularly important for the clearance of platelets, only the higher affinity-allele of the FcγRIIIa polymorphism at position 158 [F/V, with 158 V having higher affinity for IgG1 and IgG3 (200)] has been found to be associated with ITP (48, 50–53). Intriguingly, one study found that a polymorphism in the transmembrane region of the inhibitory FcγRIIb (232I/T) is associated with the onset of newly diagnosed ITP in children (49). This polymorphism (232T) has been found to negatively affect the capacity of this receptor to downregulate immune responses (201) and could point at an immunomodulatory role of FcγRIIb. Intriguingly, eradication of H. pylori (a potential molecular mimicry causative of the onset of ITP) was found to shift monocyte FcγR expression toward an inhibitory FcγRIIb phenotype (187). Finally, the FcγRIIc has also been associated with ITP (50). FcγRIIc is a pseudogene in most individuals, but having FcγRIIc most likely predisposes individuals to stronger immune responses (202, 203). While the extracellular IgG-binding domain of FcγRIIc is identical to the inhibitory FcγRIIb, the intracelllular tail is identical to FcγRIIa and contains an activating motif (202). Due to the proposed expression of FcγRIIc on B cells, it may downregulate the negative feedback provided by FcγRIIb (202). Interestingly, FcγRs are known to crosstalk with Toll-like receptors, particularly during bacterial infections. This leads to T cell polarization (204), but it is unclear if this crosstalk is in any way relevant for platelets and/or in the context of ITP. Considering the strong correlation with infections in the onset of ITP, investigating the FcγR-TLR crosstalk could be interesting.

Additional evidence that FcγR-mediated pathways are important in ITP pathogenesis was shown by the therapeutic use of IVIg, which may bind FcγRs by its Fc-portion (205), and is one of the successful cornerstone treatments for ITP to rapidly increase platelet counts. It was recently shown that IVIg does not modulate FcγR expression directly but inhibits the phagocytic capabilities of splenic macrophages (206). In addition, a previous pilot study has also shown that Syk-inhibitors, which affect downstream FcγR signaling, can improve ITP (207). While IVIg does not work in all patients, the efficacy may be predicted by specific FcγR polymorphisms (208). As such, various FcγR polymorphisms provide the most compelling evidence that genetics may affect ITP, both by predicting higher risk of disease development and treatment outcomes. In addition, the role of FcγRs on platelets and other immune cells has now been firmly implicated in ITP pathogenesis. Nevertheless, FcγR-independent mechanisms may exist as well.

FcγR-Independent Eradication of Platelets

A recent study has implicated a FcγR-independent pathway in an experimental mouse model (209), which was hypothesized to occur simultaneously aside FcγR-mediated clearance by splenic macrophages. Autoreactive antibodies against GPIb were hypothesized to induce platelet activation and degranulation, which leads to sialidase release (210). This induces desialylation of platelet membrane glycans, which can subsequently lead to recognition of platelets by the AMR in the liver thereby accelerating platelet clearance (27, 209). Interestingly, there are a few cases of ITP patients with abnormal platelet surface sialic acid levels (211, 212). Oseltamivir, which is a sialidase inhibitor used to treat influenza, has been found to increase platelet sialic acid content (213) and in two cases was successful in ameliorating thrombocytopenia whereas conventional therapy was not (212, 214). Platelet desialylation was also found to correlate with non-responsiveness to first-line therapies in ITP (215). Finally, CD8+ Tc have also been suggested to induce platelet desialylation and to facilitate platelet clearance similar to the earlier mentioned mechanisms (155). While the importance of sialic acid in the platelet life cycle has long been established (14), it is unclear whether the experimental findings in mice can be translated to a human and/or clinical setting. Ongoing studies are needed to establish the importance of platelet desialylation in ITP.

C-Reactive Protein and Reactive Oxygen Species

Recently, a role for inflammatory acute-phase protein C-reactive protein (CRP) has also been implied in ITP pathogenesis (216). CRP levels were elevated in ITP patients and enhanced platelet phagocytosis in presence of anti-platelet antibodies in vitro and in vivo. This effect was ameliorated by IVIg treatment, suggesting that this mechanism may at least in part be mediated via FcγRs (216). Phosphorylcholine, a CRP ligand present on cell surfaces, was exposed after antibody-induced oxidative stress. Oxidative stress induced by ITP autoantibodies has also been shown in two separate studies on ITP (217, 218) and appears to be a suitable biomarker for ITP (219). Additionally, the pathophysiological role of reactive oxygen species has long been implied in a model of HIV-initiated ITP (64, 65, 67). In this model, reactive oxygen species induced by platelet antibodies were able to directly lyse platelets, leading to platelet fragmentation. This appears to involve the platelet NADPH pathway and is complement independent (65). Interestingly, treating platelets with dexamethasone was shown to inhibit NADPH oxidase components that partially prevented induction of reactive oxygen species (67). Further studies will be required to elucidate the exact role of CRP, oxidative stress, and autoantibodies or autoreactive CD8+ Tc in ITP.

MODEL FOR ITP PATHOGENESIS

As knowledge on the pathogenesis of ITP develops, definitions become outdated, and lines between primary and secondary ITP are beginning to blur. In other autoimmune diseases, infections are increasingly recognized as one of the primary initiating events that can lead to an autoimmune response. This is not the case for ITP, where it is regarded as a secondary form. However, even in what is called primary ITP, there must be some sort of initiating event that triggers the autoimmune response and exposes platelet antigens. This initiating event will obviously still have consequences for clinical treatment of ITP, whether it is an infection, blood transfusion, drug, or an unknown other trigger. Nonetheless, infections should no longer simply be regarded as a secondary form considering their potential as an initiating event or trigger to expose platelet antigens.

The number of people developing ITP directly after an infection is small, which suggests that additional factors have to be present during an infection to develop persistent autoimmunity. Individuals with a known autoimmune disease are more prone to develop ITP, indicating that dysregulation of immune homeostasis may contribute to the onset of ITP. Interestingly, most pediatric patients only develop transient thrombocytopenia, which is eventually resolved when the viral antigen is cleared. Meanwhile, similar to other autoimmune disorders, chronic ITP is more prevalent in adult patients, and the incidence increases with age. Based on the currently available data, we propose a simplified model of ITP in which both exposure of platelet antigens and loss of tolerance are required to induce ITP (Figure 3). The specific type of trigger likely determines whether a CD4+ T cell-assisted B cell response develops or whether CD8+ Tc targeting platelets are induced. Transient forms of ITP may develop if insufficient CD4+ T cell help is available for the generation of class-switched, fully affinity matured, strongly binding anti-platelet antibodies. Such antibodies are likely produced by bone marrow-residing plasma cells in a fully developed CD4+ T cell-assisted B cell response. We furthermore propose that platelet directed CD8+ T cell responses develop following presentation of pathogen-derived peptides on MHC class I that may evoke the formation of CD8+ Tc that (cross) react with peptides presented on MHC class I on platelets.
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FIGURE 3 | Model for immune thrombocytopenia (ITP) pathogenesis. We postulate a simplified model for the pathogenesis of ITP. One, neo-epitopes on platelet antigens need to be exposed to immune cells. This requires an initiating event or trigger, such as infection, inflammation, or molecular mimicry of viral antigens to resemble platelet glycoproteins. Two, immune cells will need to be able to develop self-reactivity due to loss of immune tolerance. This requires either genetic disposition in immune related-genes, autoimmunity by comorbidities that implies a central dysfunction in tolerance, or an altered immune state such as after organ transplantation.



FUTURE RESEARCH

Emerging Concepts and Opportunities to Unravel the Pathogenesis of ITP

Limited information is available on the autoantigens in ITP and their importance for recognition by immune cells once bound by autoantibodies. Epitopes targeted by platelet autoantibodies seem to differ between patients, coinciding with different responses to therapy and different bleeding phenotypes. The molecular basis for the variable bleeding diathesis in patients with ITP has not yet been fully elucidated. Investigators have primarily made use of ITP sera or plasmas to study the role of autoantibodies. However, these can contain multiple autoantibodies, some potentially undetected by the current methods. Similar to the elegant studied by Roark and co-workers (110), specific autoantibodies should be isolated to further study their effects on platelets, possibly combining characteristics like subclass characterization, epitope specificity, and glycosylation patterns.

ITP Versus Other Autoimmune Diseases: Lessons to Be Learnt

In other autoimmune disorders such as rheumatoid arthritis, systemic lupus erythematosus, or type 1 diabetes, it has been shown that post-translational modifications of autoantigens can elicit the formation of CD4+ T cell responses as well as create neo-epitopes that are recognized by B cells. In view of the common mechanisms involved in loss of tolerance against self, these findings may open novel avenues for dissecting pathways contributing to the onset of ITP.

Evidence has been obtained for post-translational modifications of platelet proteins. Phosphorylation and particularly glycosylation of platelets have been well studied (29, 210, 220, 221), and the importance of platelet glycans is increasingly appreciated. Furthermore, platelets and peripheral blood contain different glycosyltransferases to modify platelet glycans (221), but their relevance in normal platelet physiology is still unclear and their potential relevance for the onset of ITP has not been established. A role for desialylation triggered by platelet autoantibodies or CD8+ Tc has been postulated, but it is unknown if this can also lead to the generation of neo-epitopes on the platelet surface (155, 209). Recently, it was also shown that formation of oxidative stress induced neo-epitopes on platelets promotes binding of the acute phase protein CRP resulting in enhanced phagocytosis of IgG-coated platelets (216). It is unclear whether the autoantibodies found in ITP patients are able to recognize such neo-epitopes in similar fashion.

Besides post-translational modifications, platelet membranes are highly dynamic with respect to the expression of cell-surface receptors. GP expression on the platelet surface is tightly regulated by different metalloproteases, such as ADAM10 and ADAM 17 that facilitate receptor shedding (222, 223). Additionally, platelet granules release their content to rapidly increase receptor density on the membrane, such as the well-established activation marker P-selectin (223). These processes are important in both health and disease (224); however, it is unknown if the dynamic shuffling of receptors on the platelet surface is in any way relevant to formation of neo-epitopes in ITP.

The difference between post-translational modifications in other autoimmune diseases and ITP is that most of the modifications mentioned above are induced by autoantibodies in ITP, while modifications in for example the autoantigens that are implicated in rheumatoid arthritis precede the formation of autoantibodies (225–227) and are postulated to be one of the key events that triggers their generation. In fact, infection-induced post-translational modifications of target proteins, such as citrullination of fibrin, are thought to initiate a continuous inflammatory environment, which eventually leads to autoimmunity (225–227). Interestingly, the autoantigens in rheumatoid arthritis are usually located on “static” long-lived cartilage and/or joint proteins, such as fibrin. This is different in ITP, where the autoantigens are located on GPs on platelets that have a limited lifespan. Currently, no information is available with respect to the potential of post-translational modifications of platelet antigens to trigger autoimmune responses. In view of the prominent role of post-translational modifications in the onset of autoimmunity, we speculate that this will provide a novel and interesting avenue for future research to dissect the mechanisms that contribute to the onset of ITP.

CONCLUSION

We suggest a simplified model of ITP in which both exposure of platelet antigens and loss of tolerance are required for the onset of ITP, thereby promoting CD4+ T cell-assisted B cell responses against platelets. Additionally, we propose that infections resulting in the presentation of pathogen-derived peptides on MHC class I may induce the formation of CD8+ Tc that (cross) react with peptides presented on MHC class I on platelets. Specific triggers likely determine the type of autoimmune response against platelets. We speculate that post-translational modifications of platelet antigens harbor potential to generate neo-epitopes that trigger autoimmune responses in ITP, as they do in other autoimmune disorders. Future studies interrogating these hypotheses may yield novel insights into the mechanisms that underlie the development of ITP.
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Systemic lupus erythematosus (SLE) patients may show increased insulin resistance (IR) when compared with their healthy peers. Exercise training has been shown to improve insulin sensitivity in other insulin-resistant populations, but it has never been tested in SLE. Therefore, the aim of the present study was to assess the efficacy of a moderate-intensity exercise training program on insulin sensitivity and potential underlying mechanisms in SLE patients with mild/inactive disease. A 12-week, randomized controlled trial was conducted. Nineteen SLE patients were randomly assigned into two groups: trained (SLE-TR, n = 9) and non-trained (SLE-NT, n = 10). Before and after 12 weeks of the exercise training program, patients underwent a meal test (MT), from which surrogates of insulin sensitivity and beta-cell function were determined. Muscle biopsies were performed after the MT for the assessment of total and membrane GLUT4 and proteins related to insulin signaling [Akt and AMP-activated protein kinase (AMPK)]. SLE-TR showed, when compared with SLE-NT, significant decreases in fasting insulin [−39 vs. +14%, p = 0.009, effect size (ES) = −1.0] and in the insulin response to MT (−23 vs. +21%, p = 0.007, ES = −1.1), homeostasis model assessment IR (−30 vs. +15%, p = 0.005, ES = −1.1), a tendency toward decreased proinsulin response to MT (−19 vs. +6%, p = 0.07, ES = −0.9) and increased glucagon response to MT (+3 vs. −3%, p = 0.09, ES = 0.6), and significant increases in the Matsuda index (+66 vs. −31%, p = 0.004, ES = 0.9) and fasting glucagon (+4 vs. −8%, p = 0.03, ES = 0.7). No significant differences between SLT-TR and SLT-NT were observed in fasting glucose, glucose response to MT, and insulinogenic index (all p > 0.05). SLE-TR showed a significant increase in AMPK Thr 172 phosphorylation when compared to SLE-NT (+73 vs. −12%, p = 0.014, ES = 1.3), whereas no significant differences between groups were observed in Akt Ser 473 phosphorylation, total and membrane GLUT4 expression, and GLUT4 translocation (all p > 0.05). In conclusion, a 12-week moderate-intensity aerobic exercise training program improved insulin sensitivity in SLE patients with mild/inactive disease. This effect appears to be partially mediated by the increased insulin-stimulated skeletal muscle AMPK phosphorylation.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier NCT01515163.

Keywords: aerobic exercise, insulin resistance, glucagon, GLUT4, inflammatory rheumatic disease

INTRODUCTION

Insulin resistance (IR) is a condition of decreased sensitivity or responsiveness of insulin-sensitive tissues to insulin (1). It is an independent risk factor for type 2 diabetes (T2D) and cardiovascular diseases (CVD), and has been suggested to play a central role in the increased risk of CVD morbidity and mortality in systemic lupus erythematosus (SLE) (2).

We have recently shown that non-T2D SLE patients with mild/inactive disease have increased IR when compared with healthy controls matched by age, gender, body composition, physical activity levels, and food intake (3). Notably, this was despite normal glucose tolerance, as evidenced by normal fasting and postprandial glycemia, as well as preserved skeletal muscle total GLUT4 content and translocation to the membrane in response to a meal. This suggests that SLE patients are capable of overcoming IR in peripheral tissues, preserving glucose uptake at the expense of increased fasting and postprandial insulin secretion, which could lead to β-cell dysfunction and T2D in the long run, increasing CVD risk (4). Patients with SLE also show a state of hyperglucagonemia, both at fasting and postprandially (3). Increased glucagon levels are commonly observed in T2D (5, 6) and have been independently associated with IR in non-T2D individuals (7), suggesting that SLE patients may show at least some level of pancreatic α-cell dysfunction, which could further increase the risk of T2D (8).

Physical exercise is considered a cornerstone for both the prevention and treatment of T2D, as it exerts both acute and chronic beneficial effects on insulin sensitivity (9). A bout of exercise leads to translocation of the glucose transporter GLUT4 from intracellular vesicles to the membrane, facilitating glucose transport into skeletal muscle in an insulin-independent manner (10). Moreover, exercise enhances insulin sensitivity in skeletal muscle, an effect that can last up to 48 h after cessation of exercise (11). If habitually repeated, these bouts of exercise (i.e., exercise training) may further improve insulin sensitivity by enhancing insulin-stimulated glucose transport capacity via increases in the expression and/or activity of proteins involved in intracellular insulin signaling pathways, such as protein kinase B (Akt) and AMP-activated protein kinase (AMPK), two important regulators of insulin action in muscle (9, 12).

Exercise has been shown to improve important CVD risk factors in SLE, such as aerobic deconditioning, endothelial function, and autonomic dysfunction (13–17). However, when compared with healthy and T2D individuals, SLE patients are less responsive to the effects of exercise upon lipid profile (18), potentially due to features inherent to the disease, such as persistent inflammation (19). As chronic inflammation can also aggravate IR (20), it is possible that these patients could also be resistant to the beneficial effects of exercise on insulin sensitivity. To our knowledge, there are no studies examining whether, and to what extent, exercise improves IR in SLE and the possible mechanisms involved.

The main aim of the present study was to assess the efficacy of an aerobic training program on insulin sensitivity in SLE patients with mild/inactive disease. Additionally, proteins related to insulin signaling were examined to unravel potential mechanisms underlying exercise-induced improvements in insulin sensitivity in SLE.

MATERIALS AND METHODS

Study Design and Patients

This was a 12-week, randomized controlled trial conducted in the Laboratory of Physical Conditioning for Rheumatologic Patients of the School of Medicine (LACRE), University of São Paulo, Brazil. The manuscript was reported according to the CONSORT statement guidelines. This is the final study that comprised a large clinical trial which aimed to comprehensively investigate the effects of exercise training on the autonomic function, cardiorespiratory parameters, inflammatory markers, and cardiometabolic risk factors in SLE patients (registered at http://clinicaltrials.gov as NCT01515163) (15, 17, 18, 21).

Nineteen adult women with SLE were randomly assigned to participate in a supervised exercise training program (TR; n = 9) or to be part of a non-exercised control group (NT; n = 10). All SLE patients fulfilled the revised American College of Rheumatology criteria for SLE (22) and were consecutively selected from our outpatient Lupus clinic of the Clinical Hospital at the School of Medicina, University of São Paulo (Hospital das Clinicas HCFMUSP, Faculdade de Medicina, Universidade de Sao Paulo). Disease activity was measured by Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) 2000 scores (23). Exclusion criteria were as follows: age >45 years, body mass index (BMI) ≥35 kg/m2, SLEDAI >4, prednisone dose >10 mg/day, menopause, diagnosed T2DM, cardiovascular dysfunction, rhythm and conduction disorders, musculoskeletal disturbances, current kidney and pulmonary involvements, peripheral neuropathy, tobacco use, use of statins, fibrate, insulin or insulin sensitizers, and other systemic autoimmune diseases.

At baseline (Pre), physical activity levels were assessed for characterization purposes using accelerometers, as described elsewhere (24). Patients were strongly instructed to maintain their usual living activities throughout the study. At Pre and after 12 weeks of the intervention (Post), patients underwent a meal test (MT) and were assessed for insulin sensitivity and beta-cell function. Muscle biopsies were performed after the MT for the assessment of total and membrane GLUT4, as well as two candidate proteins related to insulin signaling (Akt and AMPK). Aerobic capacity (using a graded exercise test), body composition [using dual X-ray absorptiometry (DXA)], food intake, and laboratory parameters were also assessed. Post assessments were performed 60–72 h after the last training session in the trained group to avoid any carryover effect associated with the last exercise bout. This study was approved by the Ethics Committee for Analysis of Research Projects of the General Hospital, School of Medicine, University of São Paulo, affiliated to the National Committee for Ethics in Research of Brazil. All subjects signed an informed consent prior to participation.

Exercise Training Program

Systemic lupus erythematosus patients in the TR group underwent a 12-week, twice-a-week, supervised exercise training program in an intra-hospital gymnasium (Laboratory of Assessment and Conditioning in Rheumatology, School of Medicine, University of São Paulo). The training sessions consisted of a 5-min warm-up followed by 30–50 min of treadmill walking, and a 5-min cooling-down period. The walking duration was gradually increased every 4 weeks, from 30 to 50 min. The intensity of the exercise sessions was set at the heart rate (HR) corresponding to the interval between the ventilatory anaerobic threshold (VAT) and 10% below the respiratory compensation point (RCP), both determined as described in the subsequent subsection.

Aerobic Capacity

Maximal graded exercise tests were performed on a treadmill (Centurion 200, Micromed, Brazil), with increments in velocity and grade at every minute until volitional exhaustion. Oxygen uptake (VO2) and carbon dioxide output (VCO2) were obtained through breath-by-breath sampling and expressed as a 30-s average using an indirect calorimetric system (Cortex—model Metalyzer IIIB, Leipzig, Germany). HR was continuously recorded at rest, during exercise and during recovery, using a 12-lead electrocardiogram (Ergo PC Elite, Inc., Micromed, Brazil). Cardiopulmonary exercise test was considered maximal when one of the following criteria were met: VO2 plateau (i.e., <150 ml/min increase between two consecutive stages); respiratory exchange ratio value above 1.10; HR no less than 10 beats below age-predicted maximal HR. Peak oxygen consumption (VO2peak) was considered as the average of the final 30 s of the test. Ventilatory thresholds were identified as follows: VAT was determined when ventilatory equivalent for VO2 (VE/VO2) increased without a concomitant increase in ventilatory equivalent for carbon dioxide (VE/VCO2), whereas the RCP was determined when VE/VO2 and VE/VCO2 increased simultaneously.

Meal Test

After an overnight fast, participants were given a 3-h mixed meal challenge (500 kcal, 60% CHO, 20% fat, and 20% protein). Blood samples were collected at 0, 30, 60, 90, 120, and 180 min for plasma glucose, insulin, proinsulin, triglycerides, and glucagon measurements. Glucose was assessed using a glucose-oxidase method (GOD/PAP, Roche Diagnostics, Germany). Insulin was assessed by a chemiluminescent method (Roche Diagnostics, Germany). Proinsulin and glucagon were assessed by a double-antibody radioimmunoassay (Linco Research, USA). Free fatty acid fasting levels were assessed by a colorimetric assay (Wako, USA). Subjects were instructed to refrain from physical exercise, alcohol, and caffeine intake 24 h prior to the test.

Surrogates of Insulin Sensitivity

Area under the curve (AUC) of glucose, insulin, glucagon, and proinsulin were calculated using the trapezoidal rule. Whole-body insulin sensitivity surrogate, Matsuda Index, was also calculated from the MT (25); the homeostasis model assessment (HOMA IR) was calculated from fasting glucose and insulin levels (26). Beta-cell function was estimated using the Insulinogenic Index, calculated as the ratio of the incremental insulin and glucose responses at 30 min in response to the MT (27).

Muscle Biopsies

Muscle samples were obtained from the midportion of the m. vastus lateralis of the right limb using the percutaneous needle biopsy technique with suction in a subgroup of patients (SLE-TR, n = 4; SLE-NT, n = 5) 30 min after the MT. An aliquot of each muscle sample was immediately frozen in liquid nitrogen and stored at −80°C for subsequent analyses.

Western Blotting

Muscle samples were homogenized and centrifuged in order to isolate the membrane fraction and the cytoplasmatic compartment as previously described (28). Total and membrane fraction protein concentration was determined using the Bradford assay. Samples were subjected to SDS-PAGE in polyacrylamide gel with equal loading (30 μg). Internal loading control was carried out to control for gel-to-gel variability. After electrophoresis, proteins were electrotransferred to a nitrocellulose membrane and monitored with the use of 0.5% Ponceau S staining of the blot membrane. Primary antibodies were incubated overnight at 4°C (GLUT4, 1:1,000, #07-1404, Millipore, Billerica, MA, USA; phospho-Akt Ser 473, 1:1,000, #4058; phospho-AMPK Thr 172, 1:1,000, #2535; GAPDH, 1:1,000, #2118, Cell Signaling Technology, Danvers, MA, USA). Binding of the primary antibody was detected by using peroxidase-conjugated secondary anti-rabbit and mouse antibodies using chemiluminescence (SuperSignal West Femto Chemilumininescent Substrate, Thermo Scientific®) detected by ImageQuant LAS 4000 (GE Healthcare®) and quantified by densitometry (Scion Image®), and normalized to housekeeping (GAPDH). GLUT4 translocation was defined as the ratio of membrane GLUT4 to total GLUT4 (29).

Body Composition

Body composition (lean, total, and trunk fat mass) was assessed by DXA using Hologic densitometry equipment (Discovery model; Hologic, Inc., USA).

Food Intake

Food intake was assessed using three 24-h dietary recalls undertaken on separate days (two weekdays and one weekend day) using a visual aid photo album of real foods. Energy and macronutrient intake were analyzed by the Brazilian software Virtual Nutri®.

Statistical Analysis

To minimize the impact of inter-individual variability, all values were converted into delta scores (i.e., Post − Pre values) and thereafter tested by a mixed model, considering Pre values from all dependent variables as covariates. Tukey post hoc was used for multiple comparisons. Baseline data were compared using Fisher’s exact tests and unpaired Student’s t-tests. Cohen’s d was used to determine between-group effect sizes for dependent variables (30). The significance level was previously set at p ≤ 0.05, with a trend toward significance being accepted at p ≤ 0.1. All analyses were performed using SAS 9.2, SAS Institute Inc., Cary, NC, USA. Data are presented as means ± SDs.

Post hoc power analyses were performed with the assistance of the G-Power® software (version 3.1.2) and demonstrated a power of 70 and 60% at an alpha level of 5% to detect significant differences in insulin sensitivity (assessed by the HOMA IR and AUCinsulin in response to the MT) between SLE-TR and SLE-NT, with effect sizes (ES) of −1.0 and −0.8.

RESULTS

Patients

Approximately 900 adult SLE patients were initially screened for participation and 192 were eligible. Sixty-three patients initially agreed to take part in the study. Thirty-four patients withdrew from the study before baseline assessments. Thus, 29 patients were randomly assigned to either SLE-TR (n = 14) or SLE-NT (n = 15). Six patients withdrew from the study for personal reasons (three from SLE-TR and three from SLE-NT), one patient became pregnant (SLE-NT), one patient fractured her limb outside training sessions (SLE-TR), and two patients had disease flare (one from SLE-TR and one from SLE-NT). Thus, the 19 patients who completed the study were analyzed (SLE-TR = 9, SLE-NT = 10) (Figure 1). We opted for a “per protocol” approach instead of an intention-to-treat (ITT) analysis as the primary research goal of our study was to determine the potential efficacy of exercise training on insulin sensitivity and not its effectiveness (31). In this context, ITT analysis has been regarded as more susceptible to type II error (32, 33), as the treatment effect may be diluted due to drop-outs (33). Importantly, baseline comparisons using Fisher’s exact tests and unpaired T tests analyses of those who were lost to follow-up and those who retained in each group did not show any drop-out bias (data not shown). Due to technical issues, four patients (one from SLE-TR and three from SLE-NT) were not assessed for glucagon and two patients from SLE-NT were not assessed for proinsulin levels.
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FIGURE 1 | Flow diagram of patients.



Table 1 shows demographic data of the patients. Groups were similar regarding age, BMI, body composition, physical activity levels, current clinical treatment, disease activity status, and disease duration (all p > 0.05).

TABLE 1 | Demographic, current clinical and treatment data and physical activity levels in SLE patients at baseline.
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Surrogates of Insulin Sensitivity

Systemic lupus erythematosus-trained group showed, in comparison with SLE-NT, greater decreases in fasting insulin (−39 vs. +14%, p = 0.009, ES = −1.0), AUCinsulin (−23 vs. +21%, p = 0.007, ES = −1.1), HOMA IR (−30 vs. +15%, p = 0.005, ES = −1.1), and fasting free fatty acids (−11 vs. +17%, p = 0.02, ES = −1.2); a tendency toward decreased AUCproinsulin (−19 vs. +6%, p = 0.07, ES = −0.9) and increased AUCglucagon (+3 vs. −3%, p = 0.09, ES = 0.6); and greater increases in Matsuda index of whole-body insulin sensitivity (+66 vs. −31%, p = 0.004, ES = 0.9) and fasting glucagon (+4 vs. −8%, p = 0.03, ES = 0.7). By contrast, no significant differences between SLT-TR and SLT-NT were observed in fasting glucose (−2 vs. +2%, p = 0.25, ES = −0.6), AUCglucose (−2 vs. 0%, p = 0.28, ES = −0.5), fasting proinsulin (−12 vs. +1%, p = 0.39, ES = −0.5), and insulinogenic index (−37 vs. +8%, p = 0.23, ES = −0.6) (Table 2; Figure 2).

TABLE 2 | Insulin sensitivity and beta-cell function estimates in trained and non-trained SLE patients before and after the exercise intervention.
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FIGURE 2 | Insulin sensitivity and beta-cell function estimates in SLE-TR and SLE-NT (Pre and Post data and delta changes). Data are expressed as mean ± SD. SLE, systemic lupus erythematosus; SLE-TR, trained group (open circles); SLE-NT, non-trained group (black squares); AUC, area under the curve calculated from the response to the meal test. Mixed model tests adjusted by Pre values were used to assess possible differences in delta changes between groups. *p < 0.05, SLE-TR vs. SLE-NT; #p < 0.09, SLE-TR vs. SLE-NT.



Skeletal Muscle Protein Expression and GLUT4 Translocation in Response to the MT

Systemic lupus erythematosus-trained group showed a significant increase in AMPK Thr 172 phosphorylation when compared with SLE-NT (+73 vs. −12%, p = 0.014, ES = 1.3). By contrast, no significant differences between groups were observed in Akt Ser 473 phosphorylation (+16 vs. −12%, p = 0.5, ES = 0.7), total GLUT4 expression (+31 vs. +13%, p = 0.8, ES = 0.7), membrane GLUT4 expression (+78 vs. +7%, p = 0.37, ES = 1.0), and GLUT4 translocation (+9 vs. −5%, p = 0.7, ES = 0.6) (Figure 3).
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FIGURE 3 | Delta changes for protein expression of skeletal muscle phosphorylated AKT Ser 273, phosphorylated AMP-activated protein kinase (AMPK) Thr 172, total GLUT4, membrane GLUT4, and GLUT4 translocation in response to a meal test in SLE-TR and SLE-NT. SLE, systemic lupus erythematosus; SLE-TR, trained group (n = 4); SLE-NT, non-trained group (n = 5). Mixed model tests adjusted by Pre values were used to assess possible differences in delta changes between groups. *p < 0.05, SLE-TR vs. SLE-NT.



Aerobic Capacity

Systemic lupus erythematosus-trained group showed significant increases in time at VAT (+35 vs. −6%, p = 0.01, ES = 1.2), time at RCP (+21 vs. +10%, p = 0.04, ES = 0.9), time to exhaustion (+18 vs. +5%, p = 0.008, ES = 1.1), and heart rate peak (+5 vs. +1%, p = 0.007, ES = 0.85), whereas no between-group differences were observed in VO2peak (+5 vs. +4%, p = 0.9, ES = −0.01) (Table 3).

TABLE 3 | Body composition, physical capacity, blood parameters, and food intake in trained and non-trained SLE patients before and after the exercise intervention.
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Body Composition

No significant between-group differences were observed in body weight, fat mass, lean mass, and trunk fat after the intervention (SLE-TR vs. SLE-NT, p > 0.05) (Table 3).

Food Intake

There were no significant differences in total energy or macronutrient intake between groups (p > 0.05 for all variables, Table 3).

Laboratory Parameters

No significant differences in any of the laboratory parameters were observed between SLE-TR and SLE-NT (p > 0.05 for all variables; Table 3).

DISCUSSION

To the best of our knowledge, this was the first study to investigate the efficacy of an exercise training program as well as its potential underlying molecular mechanisms on insulin sensitivity in SLE patients. The main finding of this study was that a 12-week aerobic exercise training program improved insulin sensitivity in patients with mild/inactive SLE. We also identified that this improvement may be associated with increased insulin-stimulated skeletal muscle AMPK phosphorylation, a master regulator of insulin action in muscle.

Systemic lupus erythematosus patients may have increased IR when compared with their healthy peers (3), which is an important risk factor for T2D and CVD (2, 34). In this study, aerobic exercise elicited greater improvements (vs. control) in insulin sensitivity in SLE patients, as reflected by improved HOMA IR (an index based on fasting steady-state parameters which primarily reflects hepatic IR) (26), fasting insulin, insulin response to the MT, and the Matsuda Index (an estimate of whole-body insulin sensitivity derived from the MT) (25). Importantly, these beneficial responses were observed despite no changes in fasting glucose or glucose response to a meal load. These findings were unsurprising because these patients may not have glucose intolerance (3). Thus, the overall improvements in insulin sensitivity should be attributed to the lower secretion of insulin required to maintain glucose levels both at fasting and following nutrient intake. Interestingly, we also observed that fasting free fatty acids levels were diminished after 12 weeks of exercise training, which suggests decreased lipolysis despite lower levels of insulin. Because a major effect of insulin on adipose tissue is to inhibit lipolysis (35), it is likely that insulin sensitivity in adipose tissue was also improved after training. Altogether, these findings suggest that exercise was able to improve hepatic and peripheral insulin sensitivity in SLE patients.

It is noteworthy that improvements in insulin sensitivity in the trained group were shown regardless of any changes in dietary intake or body composition. It is well known that changes in dietary intake, as well as body fat, may impact insulin sensitivity (36–38). Importantly, the current data indicate that exercise per se, independent of any concomitant modification in body composition or food intake, can improve insulin action in SLE. It remains to be determined whether interventions resulting in amelioration of eating habits and body fat mass would promote more pronounced enhancements in insulin sensitivity.

The mechanisms by which exercise training enhances insulin sensitivity in skeletal muscle may be associated with increased skeletal muscle GLUT4 content and/or activation of proteins involved in skeletal muscle insulin signal transduction, namely, Akt and AMPK, which can both increase insulin-stimulated GLUT4 translocation (9, 12). To gather some mechanistic insights, we took muscle biopsies and assessed candidate proteins involved in insulin signaling. Although we did not observe any differences in Akt phosphorylation or total skeletal muscle GLUT4 content, we did show a greater increase in AMPK phosphorylation after a meal load in the trained SLE patients. AMPK is a cellular energy sensor and a master regulator of insulin action in muscle. Its activation has been linked to improvements in insulin sensitivity and inflammation (39). However, in the current study, increased AMPK expression did not lead to enhanced GLUT4 translocation, since the higher total GLUT4 expression and membrane GLUT4 expression in trained SLE did not reach statistical significance. The low number of muscle biopsies may have precluded the detection of significant changes. Alternatively, the absence of improvement may be related to the fact that insulin-stimulated GLUT4 translocation is preserved in SLE patients, as previously demonstrated by our group (3). Larger studies are warranted to further clarify the molecular mechanisms underlying the exercise-induced improvement in insulin sensitivity in SLE, as well as the influence of exercise-induced AMPK overexpression upon insulin sensitivity and inflammatory responses.

We have previously shown that SLE patients with mild/inactive disease show preserved beta-cell function as reflected by similar proinsulin-to-insulin ratios and a higher insulinogenic index when compared with their healthy peers (3). The latter surrogate pinpoints the higher insulin secretion needed to overcome IR in SLE patients, which could predispose β-cell dysfunction (4). In the present study, reductions in proinsulin levels paralleled those in insulin levels after the exercise training program, indicating a still preserved beta-cell function. Although the insulinogenic index was reduced in the trained group by 37% (vs. +8% in the non-trained group), this difference did not reach statistical significance. It is possible that the decrease in insulin secretion upon nutrient stimulus after exercise training may not have been enough to incite detectable reductions in the insulinogenic index in the trained group.

We expected any improvements in insulin sensitivity to improve the pancreatic α-cell response to insulin, thus leading to decreased glucagonemia in the trained group. In contrast, exercise training elicited slightly increased glucagon levels at fasting (+4%) and in response to the MT (+3%). This suggests that exercise does not enhance pancreatic α-cell sensitivity to insulin, and that the decreased insulin levels at fasting and in response to a meal load possibly led to a lower suppression of glucagon secretion. We have shown positive correlations between glucagon levels and erythrocytes sedimentation rate (ERS) and interleukin-6 (IL-6) in SLE patients with mild/inactive disease (3), suggesting that these inflammatory markers could partially explain hyperglucagonemia (40). There is evidence that an exercise intervention with similar characteristics to the current one fails to reduce ERS and IL-6 in SLE patients with mild disease (21). Thus, it is possible that greater improvements in systemic inflammation may be necessary to elicit reductions in glucagonemia in these patients, although this emerging hypothesis remains to be examined.

In addition to the positive effects on insulin sensitivity, the exercise training program led to significant improvements in physical capacity, without affecting laboratory and clinical disease-related parameters, in accordance with previous literature (13–16, 21, 41). This further reinforces the notion that exercise is a safe and effective tool in improving CVD risks in mild/inactive SLE. In a clinical setting, therefore, exercise emerges as a valid intervention which should be recommended to treat IR in this disease.

Limitations

First, we cannot extrapolate our findings to SLE patients with different characteristics, including disease severity, comorbidities, and drug regimens. Regarding the latter, it is well known that some drugs can alter glucose homeostasis (e.g., hydroxychloroquine and glucocorticoid) (42, 43). Since this was a small-scale study, larger trials are necessary to determine whether sub-samples of SLE patients taking specific medications, such as those aforementioned, respond to exercise differently. Second, the methods used to assess insulin sensitivity in this study permitted the calculation of hepatic and whole-body insulin sensitivity estimates, but not the direct assessment of hepatic, peripheral insulin sensitivity, or skeletal muscle glucose uptake. Finally, the small sample size may have limited the power to detect potentially statistically significant changes, particularly for the secondary outcomes.

Future Directions

This study is the first to demonstrate the value of exercise in improving IR in SLE. In vitro and experimental studies are necessary to validate the role of the AMPK pathway and to investigate the role of further canonical pathways not examined in this study (e.g., PPAR-gamma and MAPK) in the improvements of insulin sensitivity in response to exercise in SLE. Moreover, molecular array studies are warranted to explore further potential mechanisms underlying this response, which could lead to potential therapeutic targets. Perhaps more importantly, long-term, well-powered, clinical trials remain necessary to examine the chronic effect of exercise, along with the usual pharmacological treatment, on the prevention of T2DM and CVD in this disease.

In conclusion, a 12-week moderate-intensity aerobic exercise training program can improve insulin sensitivity in patients with mild/inactive SLE. Importantly, this response appears to be associated with increased insulin-stimulated skeletal muscle AMPK phosphorylation.
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Chronic inflammation and resulting tissue damage underlie the vast majority of acquired cardiovascular disease (CVD), a general term encompassing a widely diverse array of conditions. Both innate and adaptive immune mechanisms contribute to chronic inflammation in CVD. Although maladies, such as atherosclerosis and cardiac fibrosis, are commonly conceptualized as disorders of inflammation, the cellular and molecular mechanisms that promote inflammation during the natural history of these diseases in human patients are not fully defined. Autoantibodies (AAbs) with specificity to self-derived epitopes accompany many forms of CVD in humans. Both adaptive/induced iAAbs (generated following cognate antigen encounter) and also autoantigen-reactive natural antibodies (produced independently of infection and in the absence of T cell help) have been demonstrated to modulate the natural history of multiple forms of CVD including atherosclerosis (atherosclerotic cardiovascular disease), dilated cardiomyopathy, and valvular heart disease. Despite the breadth of experimental evidence for the role of AAbs in CVD, there is a lack of consensus regarding their specific functions, primarily due to disparate conclusions reached, even when similar approaches and experimental models are used. In this review, we seek to summarize the current understanding of AAb function in CVD through critical assessment of the clinical and experimental evidence in this field. We additionally highlight the difficulty in translating observations made in animal models to human physiology and disease and provide a summary of unresolved questions that are critical to address in future studies.
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INTRODUCTION

Cardiovascular (CV) disease (CVD) has been the most significant cause of morbidity and mortality worldwide for over a century and will continue to be for the foreseeable future (1). CVDs are heterogeneous and include coronary heart disease (CHD), peripheral vascular disease (PVD), valvular heart disease (VHD), and stroke. The main pathological process that underlies the majority of these CVD manifestations is atherosclerosis, a chronic inflammatory response to lipid products in the walls of large and medium arteries. Atherosclerosis is the single most significant contributor to human mortality (2). It has long been hypothesized that immune dysregulation and chronic inflammation contribute to the development of CV pathology independently of traditional atherosclerotic cardiovascular disease (ASCVD) risk factors (3). Until recently, however, there was no direct clinical evidence supporting the detrimental role for inflammation in this process. Outcomes from the randomized, multicenter Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS), completed in late 2017, provide the strongest evidence to date in support of the pro-atherogenic role for inflammation in humans. Canakinumab, a monoclonal antibody (mAb) directed against interleukin-1β (IL-1β), significantly reduced adverse CV outcomes in patients with a history of myocardial infarction (MI) and elevated C-reactive protein (CRP) (4). While, CANTOS focused solely on the effects of IL-1β blockade in secondary CV prevention, this intervention represents only one from many potential therapeutic approaches. The CANTOS trial provides confirmation of the “inflammation hypothesis” in CVD through robust clinical analysis, a critical milestone on the path toward a more comprehensive understanding of the role of inflammation in CV pathology. Although the additional clinical trials are currently underway that target other inflammatory mediators in CVD (5, 6), many unresolved questions remain regarding the specific cellular and molecular immune mechanisms that promote chronic CV inflammation. Therefore, a significant challenge facing the field of CVD research is to define these critical immune mediators, particularly those that can be targeted therapeutically.

The specific contributions that humoral immunity (e.g., complement, antibodies (Ab), etc.) provides during the natural history of CVD remain unresolved. Multiple clinical studies have demonstrated correlative evidence in favor of a CVD-promoting role for Abs, and this topic has been reviewed extensively elsewhere (7–10). Despite this, no current therapeutic approaches are designed to improve CVD outcomes by reducing Ab production or activity. Ab with reactivity to self-epitopes [autoantibodies (AAbs)] have been observed in many forms of CVD, and have diverse epitope reactivities, binding affinities, and isotypes. Abs specific to multiple varieties of cardiac/myocardium- and blood vessel-related epitopes have been characterized in human CVD, including those demonstrating binding affinity to antigens that are cardiac-specific [e.g., cardiac troponin-I (cTnI) (11)], cardiac-associated [e.g., oxidized apolipoproteins (12)], and ones that are ubiquitously expressed [e.g., heat-shock proteins (HSPs) (13)]. Despite the breadth of evidence demonstrating correlations between serum AAb titers and CVD severity, there is no consensus on the specific roles that AAbs play in CVD progression or whether they might be appropriate targets for CVD treatment. In short, contradictory evidence exists. In addition, determining whether AAbs represent causative agents rather than passive bystanders during the natural history of CVD is a challenging task, particularly in the context of highly heterogeneous manifestations of CVD in humans.

The potential mechanisms by which AAbs may promote CVD include target opsonization and subsequent recognition and activation of immune cells bearing antibody-recognizing Fc receptors (i.e., type II hypersensitivity), leukocyte activation following immune complex deposition and complement fixation (i.e., type III hypersensitivity), and target neutralization/inhibition. The purpose of this review is to summarize the current understanding how AAbs contribute to specific forms of CV pathology including ASCVD, dilated cardiomyopathy (DCM), and VHD. In addition, we highlight the key recent experimental and clinical findings in this field. Finally, we discuss a number of the remaining unresolved questions this field faces in pursuit of future clinical translation.

THE RESPONSE TO CV DAMAGE HAS GENETIC AND ENVIRONMENTAL CONTRIBUTIONS

The induction of an immune response to autoantigens in the setting of human CVD is thought to occur as a result of CV insults (e.g., MI and atherosclerotic plaque necrosis). Self-antigens that are normally sequestered within the cardiac parenchyma and vascular walls are liberated and/or produced during the course of an inflammatory response and its resolution. Exposure of these immunogenic elements induces innate and adaptive immune activation. Coupled with the potent inflammatory signals that invariably accompany tissue damage, robust immunopathology of CV tissue can ensue, including AAb production. Because these self-antigens are present in virtually unlimited supply, chronic autoimmunity and tissue inflammation can result.

The primary determinants of the magnitude of the induced response to self-antigens include the characteristics of the tissue insult (e.g., infarct size and microbial burden) and the affected individual’s degree of genetic predisposition to autoimmunity (14). Experimental studies in mice have provided evidence for the contribution of genetics to the development of CV pathology. For example, the A/J mouse strain is highly susceptible to enterovirus-induced experimental myocarditis whereas C57BL/6 mice are protected (15). Juvenile male BALB/c mice develop more dramatic experimental enterovirus-induced myocarditis than females (16), and atherosclerosis occurs most readily in the C57BL/6 background whereas the CH3 and BALB/c backgrounds are protected from this disease (17). The homogeneous genetic backgrounds in inbred mouse strains amplify the genetic contribution to experimental CVD initiation and progression while minimizing the contribution of environmental factors, as opposed to the diverse forms of CVD that occur in the extensively outbred human population. For example, monozygotic human twins generally develop autoimmune disease with much less than 50% concordance, underscoring the putative role for environmental factors (18). In addition, experimental animal housing conditions generally involve isolation from environmental inputs. While this strict environmental control improves the reliability and reproducibility of animal studies, and it does not accurately represent the diverse environmental stimuli that humans encounter.

The hypothesis that CV damage is a critical predecessor of AAb generation in CVD is widely accepted and supported by experimental and clinical evidence. However, this hypothesis is complicated by the observation that cardiac AAbs can also be found in apparently healthy individuals without a personal history of CVD, and the presence of these AAbs predicts the development of CVD later in life (19). In addition, the presence of CV-reactive natural antibodies (NAbs) in the general population (elaborated upon later) further complicates the understanding of the role for AAbs in CV pathology (20).

ATHEROSCLEROSIS IS DRIVEN BY INFLAMMATION

Atherosclerosis is a chronic reaction to lipid- and cholesterol-rich lipoprotein deposits (i.e., lipid- and cholesterol-rich plaques) in the sub-endothelium of large and medium arteries, and it has been reviewed extensively (3). It is the main driver of coronary artery disease (CAD), peripheral artery disease, and stroke. Of note, “cholesterol” refers to a specific chemical entity [i.e., (3β)-cholest-5-en-3-ol] but it is often conflated, out of convenience, with either low- or high-density lipoproteins (LDL and HDL, respectively). In fact, LDL and HDL are heterogeneous particles containing variable amounts of lipids and phospholipids (PLs) packaged within a combination of protein carriers (i.e., apolipoproteins). Circulating LDL and HDL have well-substantiated direct and inverse correlations, respectively, with CVD risk; because of this, significant efforts have been put into understanding the specific cellular mechanisms that underpin these observations.

The inflammatory nature of atherosclerosis is undisputed and supported by a breadth of experimental and clinical observations. It is well known that patients with systemic inflammatory diseases develop accelerated and more aggressive forms of ASCVD than the general population (21). Despite this, the mechanisms governing ASCVD initiation and progression are incompletely understood, particularly with respect to AAb generation and function. ASCVD often begins in early adolescence and is initiated by endothelial dysfunction arising primarily from disturbed hemodynamics and lipid-induced inflammation, in addition to additional environmental factors and the individual’s genetic susceptibility. The formation of macroscopic “fatty streaks” at arterial branch points and other sites of turbulence heralds the early stages of ASCVD. Fatty streaks are primarily composed of oxidized lipoprotein particles [including oxidized low-density lipoprotein (oxLDL)], foam cells (lipid-laden macrophages), vascular smooth muscle cells (vSMCs), and lymphocytes. Over an individual’s lifetime, the streak composition and structural features evolve due to chronic superimposed inflammatory and healing responses. Late-stage disease ultimately results in formation of an atheromatous plaque (22). Atherosclerosis manifests clinically due to the effects of tissue ischemia and/or infarction caused by partial or complete plaque occlusion of arterial lumens. While most commonly associated with the myocardium, atherosclerotic ischemia and infarction can affect any of the body’s tissues (e.g., in the setting of PVD).

Efforts to understand the pathophysiology of ASCVD have largely relied on one of two mouse models of the disease based on genetic disruption of lipid clearance: apolipoprotein-E- and LDL receptor-deficient mice (ApoE−/− and Ldlr−/−, respectively). When placed on a high-fat (“Western”) diet, these mice rapidly develop extreme hyperlipidemia, and lipid-rich plaques form shortly thereafter in a predictable distribution. Genetic manipulation of these mouse models has provided significant insight into the underlying inflammatory mechanisms that promote ASCVD, with the caveat that experimental atherosclerosis in mice exhibits substantial differences from the disease in humans (23).

B CELLS ALTER THE TRAJECTORY OF ASCVD

The role of B cells during ASCVD initiation and progression has been studied extensively and is reviewed in detail elsewhere (24). A 2013 genome-wide association study compared 188 patients with CHD with 188 healthy controls. Gene ontology enrichment analysis demonstrated that B cell activation, differentiation, and signaling genes were among the most prominently enriched in patients with CHD (25).

The predominant B cell subsets in mice and humans are B-1 and B-2 cells that produce NAbs and induced (adaptive) antibodies (iAb, iAAb when reactive with self-antigens), respectively. The dominant paradigm for understanding the role that B cells play during the natural history of ASCVD is based on opposing functions of B-1 and B-2 cells, with the former generally being disease-ameliorating and the latter disease-promoting. A schematic of how B-1 cell-derived NAbs and B-2 cell-derived iAAbs contribute to CAD is shown in Figure 1. The majority of studies that have contributed to construction of this paradigm have been derived from experimental atherosclerosis in mice, but clinical observations do indeed support this diametric model and are described in the following sections.
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FIGURE 1 | AAbs in myocarditis and dilated cardiomyopathy. Left panel: a diagram of cardiac anatomy with relevant structures labeled, including the coronary arteries and associated plaques. Middle panel: a generalized schematic for AAbs in atherogenesis showing opposing roles for B-1 cell-derived IgM NAb and B-2 cell-derived IgG iAAb. Right panel: foam cell formation and feed-forward inflammatory activation within vessel plaques through enhanced uptake of oxidized lipids during atherogenesis. Abbreviations: LDL, low-density lipoprotein; HDL, high-density lipoprotein; NAbs, natural antibodies; iAAb, induced autoantibodies; Ig, immunoglobulin; oxLDL, oxidized low-density lipoprotein; OSE, oxidation-specific epitope; RA, right atrium; LA, left atrium; IVC, inferior vena cava; SVC, superior vena cava; RV, right ventricle; LV, left ventricle; PA, pulmonary artery.



A comparison of B-1 and B-2 cells is shown in Figure 2. In mice, B-1 cells are identified and distinguished from the more common B-2 B cells based on lower expression of B220 and by the presence of CD43 (26). B-1 cells can be further subdivided into B-1a and B-1b subsets based on the presence or absence of CD5 expression, respectively (27). An analogous population of innate-like B-1 cells in humans that appears to have similar functional properties to those in mice is identified based on the following surface marker profile: CD20+CD27+CD43+CD70− (28). Importantly, in humans, CD5 is promiscuously expressed on B-1 and B-2 cells in multiple contexts and is not a reliable distinguishing feature of these lineages (29). It is thought that in mice all three B cell subsets (B-1a, B-1b, and B-2) originate from distinct lineages (30), and are thus theoretically targetable through conditional and constitutive gene knockout studies to dissect their discrete functional differences. Clarifying the role of B cells in atherogenesis will require understanding the distinct versus overlapping functions of each subset in ASCVD. Table 1 provides a summary of the heterogeneous AAbs that are most actively studied in ASCVD with putative functional roles in the disease course highlighted.
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FIGURE 2 | B-1 and B-2 cells as modulators of cardiovascular inflammation through AAb production. Left panel: B-1 B cells inhabiting the body cavities are interleukin-5 dependent and produce polyreactive natural antibodies, predominantly of the IgM isotype. Right panel: B-2 lymphocytes generate adaptive immunoglobulin under the control of inflammatory cytokine programming. Abbreviations: TH0, naive CD4+ T lymphocyte; TH1, type 1 inflammation-polarized CD4+ helper T lymphocyte; TH2, type 2 inflammation-polarized CD4+ helper T lymphocyte; IFN-γ, interferon gamma.



TABLE 1 | Summary of commonly studied autoantibodies in atherosclerotic cardiovascular disease.
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NAbs RESTRAIN ATHEROSCLEROSIS

Cardiovascular-reactive AAbs are produced in both homeostatic and disease states. NAbs are an important class of AAbs produced during homeostasis in the absence of cognate antigen encounter or infection. The biology of NAbs has been reviewed extensively elsewhere (31). In multiple experimental ASCVD models, NAbs have been shown to be disease-restraining (20, 32–35).

Natural antibodies are derived from B-1 cells (36) that are enriched in the spleen, bone marrow (BM), and body cavities (e.g., pleural and peritoneal) (31). In the absence of infection, the vast majority of serum IgM Ab in mice (between 80 and 90%) are NAbs (37). Characteristics of NAbs include (a) low-affinity for their target antigens relative to those resulting from the germinal center (GC) reaction and (b) polyreactivity with a wide array of structurally distinct cellular elements including autoantigens (e.g., elements of apoptotic cells and cell membrane components) and evolutionarily conserved microbial products (31). Of note, NAbs generally exhibit immunoglobulin-encoding gene segments in the germline configuration, indicating that their production is independent of somatic recombination and hypermutation (38, 39). Optimal development and production of NAb from B-1 cells requires IL-5 signaling (40, 41). The association between Il5 gene hypomorphisms in humans with ASCVD provides a putative link to B-1 B cells and NAbs in this disease process (42). NAb reactivity with multiple self-derived antigens has been implicated in conferring this benefit, with many experimental studies focusing on NAb reactive to LDL derivatives (20, 32, 43–46). Despite multiple clinical studies supporting the ASCVD-restraining role for NAbs, studies demonstrating disease-promoting activity of NAbs have also been reported in both humans and in experimental ASCVD (47–50). Thus, it is not possible to reach generalizable conclusions regarding the role for NAb during the initiation and progression of ASCVD. With this caveat in mind, selected key findings that contribute to the understanding of NAb function in ASCVD are described below.

Plaque-accumulated lipid and cholesterol deposits are prone to oxidation, both spontaneously and enzymatically. Oxidation of plaque constituents renders them antigenic through formation of oxidation-specific (neo)epitopes (OSEs) when adducted to proteins within the plaques (51, 52). OSEs have been implicated in a variety of disease states, reviewed elsewhere (53). Some of the most widely studied endogenous OSEs within the context of ASCVD are derived from PL oxidation, including malondialdehyde (MDA) and phosphocholine (phosphorylcholine when functionally adducted) (53). These immunogenic OSEs subsequently induce an inflammatory reaction within the plaque and vessel wall vicinity. Employing a reductionist approach based on these observations, researchers have generated OSEs in vitro, such as copper-oxidized LDL (CuOxLDL), a model antigen containing heterogeneous OSEs generated through reacting purified LDL particles with copper sulfate (CuSO4) (54–56). CuOxLDL reagents have been useful for standardizing assays OSE-reactive AAb detection assays (56) and for clarifying OSE-induced immune responses through immunization in experimental models of ASCVD (57).

Phosphatidylcholine is ubiquitous in mice and humans and is a component of cell membranes and cholesterol particles (both HDL and LDL). It readily undergoes enzymatic oxidation by platelet-activating factor-acetylhydrolase (LP-PLA2) to yield immunogenic phosphorylcholine (PC) (58), an OSE that has been demonstrated to be an important inflammatory mediator in the setting of ASCVD, functioning through activation of T cells, monocytes, and endothelial cells following protein adduction (51, 59–63). In humans, serum levels of PC-reactive natural IgM (anti-PC-IgM) were inversely correlated with the risk of atherosclerosis, vein-graft stenosis, and stroke in the general population and also in patients with systemic lupus erythematosus (64–69). Additional studies in humans have demonstrated associations between alternative OSEs and their role in atherogenesis. For example, MDA, an OSE produced from the breakdown of polyunsaturated fatty acids, is a highly reactive moiety that readily forms immunogenic protein adducts and is recognized by circulating IgM AAbs. Multiple observational studies in humans have demonstrated inverse correlations between MDA-reactive IgM AAbs and atherosclerotic disease. Specifically, low levels of MDA-reactive NAbs are correlated with increased carotid intima-to-media thickness (IMT, a clinical measure of atherosclerosis determined using angiography) and increased risk of coronary artery stenosis (35, 48). These studies provide preliminary evidence that strategies for enhancing NAb production may be beneficial for combatting ASCVD.

Studies in Apoe−/− and Ldlr−/− mice have provided evidence for the disease-restraining role for NAbs during atherosclerosis initiation and progression and provide researchers with the ability to dissect the cellular and molecular pathways mediating their production. Splenectomized Apoe−/− mice developed more aggressive lesions than intact Apoe−/− control mice, a phenotype that could be rescued through adoptive transfer of B-1a cells (34). Importantly, this protection depended on the ability of the transferred B-1 cells to secrete IgM. Recently, B-1b cells were shown to be sufficient for atheroprotection in Apoe−/− mice via OSE-specific NAb production (70). The authors provided evidence implicating DNA-binding protein inhibitor 3 (Id3) as a negative regulator of B-1b cell development–conditional deletion of Id3 in B cells using Cd19-Cre on the Apoe−/− background led to increased B-1b cell numbers, increased titers of oxLDL-NAb, and decreased atherosclerotic lesion formation. The study was buttressed by the authors’ identification of a hypomorphic Id3 polymorphism in humans that leads to elevated B-1 cell numbers and oxLDL-NAb levels. Interestingly, the same group previously reported that constitutive deficiency of Id3 significantly exacerbated atherogenesis (71), thus implicating potential alternative functions for Id3 in non-B cell populations during the natural history of ASCVD.

Using spleens from Apoe−/− mice, researchers cloned of 13 oxLDL-reactive NAb (designated “E0” Ab) (44). The E06 antibody generated from these studies recognizes phosphorylcholine-adducted oxidized phospholipids (oxPL) and not free PC or reduced/native PLs (72). In vitro studies using the E06 antibody demonstrated its ability to prevent macrophage uptake of oxLDL, an important element of foam cell formation during atherogenesis (73, 74). Clone E06 was later shown to competitively inhibit CuOxLDL binding to CD36 [a member of the scavenger receptor (SR) family of proteins that mediates oxLDL uptake], demonstrating not only that CD36 is a receptor for oxPL but also that oxPL-specific NAbs inhibit CD36-mediated oxLDL uptake (75), which may then interfere with CD36-mediated foam cell formation (74). The more recent observation that CD36 ligands promote inflammatory responses through activation of a TLR4/6 signaling cascade provides further insight into potential pathways by which NAb (E06 in particular) may mediate ASCVD-protective effects (76).

The B-1 cell-derived T15 IgA NAb clone has been studied extensively and was previously shown to confer enhanced Streptococcus pneumoniae immunity in mice through recognition of PC in the Streptococcus capsule (77, 78). Intriguingly, the antigen-binding domains of E06 and T15 are identical and differ only in isotype (79). Immunizing Ldlr−/− mice with preparations of S. pneumoniae significantly elevated NAb IgM titers and reduced plaque development, thus demonstrating the presence of molecular mimicry between S. pneumoniae and oxLDL in addition to a potential mechanism by which NAbs generally restrain ASCVD progression. In addition, this and other studies have provided evidence for a potential vaccine for atherosclerosis prevention based on enhancing NAb production (80). Later studies showed that passive immunization of Apoe−/− mice with monoclonal T15 antibody resulted in significant reductions in the development of vein-graft atherosclerosis without altering serum cholesterol levels (81), establishing the potential efficacy of NAb-based therapies as a treatment for ASCVD.

Many of the molecular and cellular mechanisms that underlie the association between NAb and atheroprotection still need more investigation. A number of putative, and non-mutually exclusive, mechanisms have been proposed based on experimental observations. These include binding and recognition of oxidized lipid adducts on the surface of apoptotic cells, thereby promoting plaque macrophage- and/or dendritic cell-mediated recognition of dead/dying cell debris (43), potentially in a process dependent on the complement component, C1q (82). Others have demonstrated a role for oxLDL-reactive NAb-mediated inhibition of endothelial cell (EC) activation and IL-8 (CXCL8) secretion in response to stimulation by dying cells (83). EC expression of CD36 has emerged as a potential target in vascular disease due to its ability to mediate pro-inflammatory activation, and immune cell recruitment (84, 85). It is likely that endothelial CD36 is involved in the ameliorative effects of NAbs in atherogenesis. One report indicates that oxLDL-NAbs restrain atherogenesis in the absence of altered plaque apoptotic cell clearance (34). Thus, it is highly likely that NAbs have additional functions in ASCVD that remain to be defined.

iAAbs MAY PROMOTE ATHEROSCLEROSIS

The most prevalent antibody isotype in human serum is adaptive/induced IgG produced by B-2 cells. Within the context of CVD, iAAbs of the IgG isotype have been studied extensively (24). Like atherosclerosis-associated NAb produced during homeostatic conditions, iAAbs produced in the setting of inflammation and/or infection also play a role in atherogenesis. The specific functions of iAAbs are much less clear, due partly to contradictory conclusions within the literature. Unlike homeostatically produced NAb, production of iAAbs requires the concerted interaction of multiple cell types (namely B- and T-lymphocytes and antigen presenting cells) and inflammatory signals (cytokines) to transform a naive B cell into a class-switched, somatically hyper-mutated, and antibody-secreting plasma cell.

By contrast to the relative breadth of data demonstrating an atheroprotective role for B-1 cell-derived NAb, the role for B-2 cell-derived iAAb in atherosclerotic disease remains unresolved. Early studies of B cells in ASCVD initially implicated a disease-restraining role for B-2 cells: splenectomized Apoe−/− mice displayed an exaggerated atherosclerotic phenotype that could be rescued through adoptive transfer of splenocytes (86). In agreement with these observations, it was also shown that atherogenesis was amplified in Ldlr−/− mice reconstituted with BM from B cell-deficient animals (Ighm−/−, encoding μMT), relative to those reconstituted with B cell-replete, wild-type BM (87). In contradiction to the disease-restraining role for B-2 cells suggested by these studies, it was later shown that systemic B-2 cell depletion with anti-CD20 mAb in either Apoe−/− or Ldlr−/− mice significantly reduced atherosclerotic lesion formation (88, 89). While multiple explanations could explain these disparate observations, including differences in housing conditions and microbiota (90), contradictory conclusions exist and are in need of further study. It is important to acknowledge the phenotypic and functional diversity of B-2 cells, which include marginal zone, follicular, and regulatory B cell (Bregs) subsets (91). Clarification of the disparate observations highlighted above will likely involve determining the discrete roles each of these B-2 cell subsets plays during the natural history of ASCVD.

Similar to B-1 cell-derived NAb, iAAbs reactive to OSE have been reported in both human atherosclerosis and animal models of it (92–95). Demonstration of a clear correlation between serum OSE-reactive IgG and disease severity in humans has been challenging; while some studies have shown weak positive correlations, and others have shown none. In experimental murine atherosclerosis, OSE-reactive IgG titers correlate with plaque burden, increasing during plaque growth and decreasing during plaque regression (94). This correlative observation says little about the specific role for OSE-reactive IgG AAbs throughout the disease course, however. While many experimental observations have demonstrated a pro-atherogenic role for OSE-reactive IgG AAbs, their functional roles in ASCVD are far from resolved.

In addition, strategies investigating vaccination for generating adaptive antibody responses to ASCVD-associated epitopes have also shown observations that conflict with the putative disease-promoting role for iAAbs in ASCVD (49, 57). Repeated immunization of Ldlr−/− mice with MDA-adducted LDL (MDA-LDL) or native LDL over a period of 7 weeks followed by atherogenesis induction using a high-fat diet demonstrated a significant reduction in atherosclerotic lesion formation in both cases (49). While less dramatic in the setting of native LDL immunization, both immunization strategies significantly reduced lesion formation relative to saline-injected control animals. Significantly elevated titers of isotype-switched Ab with specificity to oxidized lipid products were only observed in the setting of MDA-LDL immunization. Both type 1 inflammation-polarized CD4+ helper T lymphocyte- and type 2 inflammation-polarized CD4+ helper T lymphocyte-associated antibody titers (IgG2a and IgG1, respectively) were increased in this setting, and were inversely correlated lesion development. Thus, these observations complicate assigning an ASCVD-promoting role for iAAbs.

In addition to OSEs, HSP-60 is an autoantigen that has been of interest to the atherosclerosis field. In the setting of atherosclerotic inflammation, endothelial cells upregulate expression of HSP-60 which displays structural similarity (i.e., molecular mimicry) with HSP-65 from Mycobacterium and Chlamydia spp. (13). In the context of before exposure or infection, the existence of an anti-HSP-65 antibody response provides a mechanism for induction of autoimmunity in the setting of atherosclerotic inflammation leading to upregulation of endothelial HSP-60. In support of a pro-inflammatory role for HSP-65 AAbs in atherogenesis, induction of arterial inflammation in normocholesterolemic rabbits was observed following immunization with HSP-65 without alterations in serum cholesterol (96). In addition, Ldlr−/− mice on regular chow developed atherosclerotic lesions following intraperitoneal injections of anti-HSP-65-IgG (97). While one epidemiological study in humans demonstrated HSP-65-reactive IgG titers correlated with atherosclerosis severity (as measured by carotid IMT) (98), and another demonstrated no correlation (99). Further exploration is needed to clarify these disparate observations.

Antibodies against apolipoprotein A-1 (ApoA1), a main protein constituent of HDL, were initially observed in patients with systemic inflammatory diseases such as right atrium (RA) (100). While HDL levels are commonly thought of as being atheroprotective, induced IgG antibody responses to immunogenic products of ApoA1 degradation have demonstrated positive correlations with atherogenesis. HDL promotes lipid clearance and disposal through reverse cholesterol transport. Whether anti-ApoA1 Ab interfere with this process has not been determined. It was shown in patients with RA that circulating ApoA1-reactive IgG antibody titers are superior predictors of major cardiac events relative to more than 15 biomarkers tested in the study including serum HDL, LDL, triglycerides, and CRP (101). Using patient studies, it has been hypothesized that anti-ApoA1 IgG promotes inflammatory activation through stimulation of a toll-like receptor 2-TLR4-NFκB signaling axis in innate immune cell populations (102). Later, it was observed in humans that resting heart rate (a prognostic marker used in assessing patients following MI) was inversely correlated with anti-ApoA1 IgG titers. Expanding on these observations, when rat cardiomyocytes were cultured in the presence of aldosterone with or without anti-ApoA1 IgG Ab, and spontaneous contraction was shown to decrease in an anti-ApoA1 IgG dose-dependent fashion (103). While additional studies are necessary to dissect the mechanisms that underlie these observations, anti-ApoA1 IgG AAbs also appear to be a potential therapeutic target in ASCVD treatment.

A hallmark of late-stage atherosclerotic disease in humans and experimental atherosclerosis is the development of arterial tertiary lymphoid organs (ATLOs) in the adventitia at the sites of plaque formation (104–106). An attractive hypothesis to explain their genesis rests on a compensatory response to chronic inflammatory stimulation. The definitive functional role of ATLOs in the context of atherosclerotic disease has long eluded the CV research community. Recently, multiple studies have attempted to address this. Using Apoe−/− mice on a Western diet, the authors elegantly demonstrate that ATLO contain a T-follicular-helper (TFH)-GC B cell-axis that that governs lesion formation and promotes exacerbated disease. The authors additionally demonstrated the ATLO TFH-GC B cell-axis is restrained through CD8+ regulatory T cells that are restricted to the non-classical major histocompatibility complex Qa-1 [the mouse ortholog of human leukocyte antigen-E] (105). Another study from the same year reached the opposite conclusion about the function of ATLO in Apoe−/− mice (106). Therein, the authors concluded that ATLO formation restrains atherosclerosis; disruption of ATLO formation through conditional deletion of the lymphotoxin-β receptor in vSMCs exacerbated lesion formation (106). The humoral consequences of disrupting ATLO formation were beyond the scope of the study in question. Nonetheless, the opposing conclusions reached by these two studies are in need of further clarification. Resolving the role of ATLO in ASCVD will contribute to the understanding of humoral immunity and AAbs in this context.

MYOCARDITIS AND DCM: THE ROLE OF AAbs

Myocarditis is inflammation of the myocardium and its most common sequela is DCM (107). DCM is the most common cause of heart failure in children and young adults, and it is thought that as many as one in three cases of myocarditis progress to DCM (108). While not all cases of myocarditis result in DCM and while not all cases of DCM are the result of myocarditis, there exists a clear link between the two disease manifestations in a significant proportion of cases. Due to this connection, substantial research emphasis has been placed on understanding DCM immunopathogenesis and how it progresses from myocarditis. It is currently believed that autoimmune-mediated DCM represents the major subtype of the disease (109) with emerging evidence that type 3 inflammatory signals [i.e., those mediating CD4+ T-helper (TH) polarization toward a TH17 phenotype] play a critical role in its pathogenesis (110–114).

Clinical studies have associated multiple AAbs with myocarditis and DCM. This topic has been reviewed in extensive detail elsewhere (115). IgG AAbs directed against the β1-adrenergic receptor (β1AR) were detected in the sera of DCM patients and shown to inhibit catecholamine binding when cultured with rat cardiomyocytes in vitro, whereas sera from patients with ischemic CM, VHD, and healthy controls demonstrated no effect (116). A later study using a synthetic peptide derived from an extracellular domain of β1AR demonstrated elevated anti-β1AR AAbs in the sera of DCM patients relative to controls (31 versus 12%, respectively) (117). Interestingly, anti-β1AR AAbs were also detectable in the healthy control group, demonstrating that the mere presence of anti-β1AR is not predictive of pathology. When Japanese white rabbits were immunized with a synthetic peptide corresponding to an extracellular domain of the β1AR, induction of anti-β1AR IgG production was observed (118). Purified anti-β1AR IgG from these animals inhibited catecholamine responsiveness when cultured on rabbit cardiomyocytes. At 6-months post-immunization, cardiac hypertrophy and abnormal hemodynamics were seen. Additional analyses indicated evidence of anti-β1AR AAb-mediated adrenergic over-stimulation leading to compensatory downregulation of β1AR expression, and concomitant upregulation of proteins that inhibit β-adrenergic signaling, thus laying the groundwork for a disease-exacerbating positive feedback loop. An additional study in a limited patient population demonstrated that a significant proportion (36%) of DCM patients with circulating anti-β1AR IgG also exhibited elevated anti-M2-muscarinic receptor (M2AChR) IgG AAbs (119). Relative to serum samples from control patients, anti-M2AChR IgG AAbs were significantly elevated in the context of DCM (39% in DCM versus 8% in controls) (119). In the myocardium, muscarinic and adrenergic signaling exert opposing effects, with muscarinic signaling exhibiting negative inotropic and chronotropic effects and adrenergic signaling doing the opposite. Overstimulation and desensitization of each pathway have been postulated as a functional consequence of circulating anti-M2AChR and anti-β1AR AAbs, ultimately leading to heart failure (118, 120). Additional studies confirming these hypotheses are needed, however. Additional cardiac-related autoantigens with established AAb reactivity in human DCM include cTnI (11, 121–123), mitochondrial M7 (124), adenine-nucleotide transporter (ANT) (125), Na-K ATPase (126), actin (127), acetylcholine receptor (128), α/β Myosin heavy chain (129, 130), myosin light chain-1 (127), HSP-60 (131), sarcoplasmic reticulum Ca2+-ATPase (SR-Ca2+-ATPase) (132), laminin (133), and tropomyosin (127). A summary of the most studied antigens observed in myocarditis and cardiomyopathy can be found in Table 2. The primary mechanism by which AAbs exacerbate disease in DCM remains unknown, however, and alternative explanations exist to explain their roles that include to target neutralization and adaptation to persistent stimulation.

TABLE 2 | Summary of the most commonly studied cardiac-related autoantibodies in myocarditis and cardiomyopathy.
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Again, underscoring the inflammatory nature of this DCM, as many as one out of three cases of myocarditis ultimately progresses to DCM. The concept of molecular mimicry is central to the understanding of autoimmune responses to cardiac antigens and multiple infectious agents have been identified with elements bearing epitope similarity to them (134). Known infectious causes of human myocarditis that exhibit molecular mimicry of cardiac antigens include Trypanosoma cruzi (135), parvovirus B19 (136), coxsackievirus (15), and Borrelia spp. (137). In each case, cardiac myosin appears to contain dominant epitopes bearing structural similarity to pathogen-derived antigens.

Rheumatic heart disease (RHD) provides a prototypical example of molecular mimicry in CM. In RHD, untreated and repeated infections with Streptococcus pyogenes [group A strep (GAS)] may lead to acute rheumatic fever characterized by a constellation of symptoms resembling many rheumatic conditions including polyarthritis, in addition to carditis (138). RF progresses to chronic RHD in as many as 50% of patients (139). Cross-reactivity between GAS and components of cardiac proteins is currently accepted as a key driver of RHD (140). Determination that M proteins (one of the major virulence factors expressed by GAS) exhibit structural similarity with cardiac myosin provided critical insight into the nature of RHD (141). Since, it has been shown that components of GAS [including its carbohydrate antigen and N-acetyl-β-D-glucosamine (GlcNAc) (142, 143)] display molecular mimicry with additional cardiac antigens, such as laminin (144), tropomyosin (145), the endothelium (146–148), and others, including those restricted to the cardiac valves (144). Generation of adaptive Ab responses to infections with cross-reactivity to cardiac antigens is a critical element of post-infectious myocarditis and its common sequela DCM.

Much of the understanding of infectious myocarditis and DCM has been garnered from animal models of experimental autoimmune myocarditis (EAM). Inflammatory HD with many histologic features of RHD (including pan-carditis, granulomatous lesion formation, the presence of Anitschkow cells, and late-stage valvular scarring) was accomplished by immunizing mice via intraperitoneal injections of a sonicated preparation of GAS (149). Refining the experimental approach, the Cunningham group developed a rat model of RF/RHD based on immunization of Lewis rats with purified M protein (150–152). In addition to myocardial inflammation, cardiac valve pathology was also observed in these studies. In addition, identification of CD4+ T cells with M protein cross-reactivity lent further insight into mechanisms by which infection may induce an adaptive AAb response via the support of CD4+ T cell help. The specific cellular and molecular mechanisms by which cardiac-reactive AAbs mediate tissue destruction in these model systems (and in human RHD) remain unclear, however. Future investigation of EAM models that utilize conditional and constitutive gene deletion will be useful for mechanistic studies and clarification of these observations.

Multiple viruses (enteroviruses, most commonly) have been established as causative agents of myocarditis/DCM. The most well-studied of these is coxsackievirus B3 (CVB3), a cytolytic enterovirus with cardiotropism (153). The presence of detectable enteroviral genomic material and enteroviral-reactive Ab has been observed in as many as 70% of DCM patients (15). In CVB-induced EAM, it has long been known that anti-cardiac myosin AAbs are generated during the disease course and that cardiac myosin-reactive AAb titers correlate with myocarditis severity (154). It is unclear what functional role anti-cardiac myosin AAbs play during the course of viral myocarditis/DCM; a lack of cross-reactivity between cardiac myosin-reactive AAbs and CVB3 was reported, thus contradicting the mimicry hypothesis as a driver of CVB3-myocarditis/DCM (155). It has been postulated that, rather than participating as active promoters of enteroviral-induced cardiac damage, AAbs generated during CVB3 infection are bystanders in the disease process, with their titers reflecting the degree of tissue damage (153). CVB3 has also been shown to share moderate sequence homology to mitochondrial ANT, a postulated alternative target of molecular mimicry during CVB3-induced EAM (156). In a limited cohort, anti-ANT AAbs were observed in 94% of DCM patients (125). Additional work is needed to determine whether this represents a clinically relevant antigen for AAb targeting in viral myocarditis/DCM.

Spontaneous endocarditis and valvular carditis occur with complete penetrance in the T cell receptor (TCR) transgenic K/B.g7 mouse line (also referred to as K/BxN in some studies), without immunization or infection (157). Thus, this model provides a useful tool for dissecting the cellular and molecular mechanisms that underpin cardiac pathology in the setting of sterile systemic inflammation. K/B.g7 mice exhibit expression of a transgenic TCR termed “KRN” that recognizes a peptide derived from the self-protein glucose-6-phosphate-isomerase (GPI, a ubiquitous metabolic enzyme) presented in the context of the I-Ag7 major histocompatibility complex II molecule from the non-obese-diabetic mouse strain (158–160). Systemic GPI-specific T cell activation leads to production of high-titer anti-GPI IgG AAbs. K/B.g7 mice develop erosive polyarthritis, endocarditis, and fibrotic valvular carditis with a left-sided predilection, primarily affecting the mitral valve (MV) (157, 161). It was demonstrated that macrophages are the key cellular mediators of valve pathology in K/B.g7 mice; animals treated systemically with macrophage-depleting clodronate liposomes were protected from MV disease (MVD) (161). Using constitutive gene deletion approaches, our group demonstrated that activating IgG receptors (FcγRs), specifically FcγRIII (CD16) and FcγRIV (CD16.2), act redundantly and are required for MVD; protection from disease occurs only in the absence of both (161). These results support a model whereby circulating IgG AAbs mediate cardiac inflammation through macrophage activation downstream of activating FcγR-mediated recognition of circulating IgG AAbs. Additional studies employing conditional gene deletions to dissect the key functional consequences induced in macrophages following IgG AAb recognition have provided important insight into mechanisms by which AAbs contribute to experimental VHD (162). Samples from patients with RHD were used to demonstrate correlations of the authors’ experimental observations to human inflammatory VHD.

FUTURE DIRECTIONS

Mechanistic insight is needed to better understand the role for AAbs in CV pathology. Studies pursuing mechanistic rather than descriptive and/or correlative insight will be critical for rectification of the seemingly conflicting observations, and conclusions that have been seen and reached. Identification of therapeutically targetable elements of AAb generation in CVD will require cellular and molecular mechanistic insight. Gene deletion approaches, both constitutive and conditional, for experimental dissection of the pathways by which AAbs function in the heterogeneous manifestations of CVD will likely prove useful to this field. Significant questions that remain unanswered include: what determines the quality (i.e., isotype and affinity) and quantity (i.e., circulating titers) of an Ab response in the setting of CV inflammation, and how do these antibody responses engage additional immune cells to restrain or promote CV immunopathology. Finally, how does the interplay between CVD-associated Ab and the discrete inflammatory lineages with which they engage ultimately interface with the underlying tissue parenchyma (e.g., myocardium and blood vessel wall) to promote or restrain detrimental CV remodeling (e.g., plaque formation and fibrosis). Employing lineage-specific gene deletion approaches (e.g., Cre-loxP recombination) will undoubtedly prove illuminating. Finally, progress within this field will be well served by demonstrating clinical relevance through correlation of experimental observations to human disease. In addition to their rarity, samples from human disease states are often logistically complicated to acquire. Despite this, the potential insight that can be gained from correlations between experimental disease models and human pathology cannot be underscored. Future progress in this field will ultimately be made through clinical translation. Thus, complementing mechanistic work in experimental models with observations in inflammatory human CV pathology will be critical.

CONCLUSION

There is substantial evidence for the disease-modulating role that AAbs have in CVD. Despite the breadth of evidence, there is little consensus regarding the specific functions that AAbs have in the various forms of CVD in which they are implicated, and numerous conflicting observations and hypotheses have been reported. A large majority of studies have been observational or correlative, rather than mechanistic, and therefore have not translated into therapeutic strategies for human CVD. The field now needs to focus on how these AAbs engage particular molecular and cellular immune components to influence disease severity; the insights provided by this approach will point the way to new therapeutic options.
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Pemphigus vulgaris (PV) is a potentially lethal autoimmune disease characterized by blister formation of the skin and mucous membranes and is caused by autoantibodies against desmoglein (Dsg) 1 and Dsg3. Dsg1 and Dsg3 are linked to keratin filaments in desmosomes, adhering junctions abundant in tissues exposed to high levels of mechanical stress. The binding of the autoantibodies leads to internalization of Dsg3 and a collapse of the keratin cytoskeleton—yet, the relevance and interdependence of these changes for loss of cell–cell adhesion and blistering is poorly understood. In live-cell imaging studies, loss of the keratin network at the cell periphery was detectable starting after 60 min of incubation with immunoglobulin G fractions of PV patients (PV-IgG). These rapid changes correlated with loss of cell–cell adhesion detected by dispase-based dissociation assays and were followed by a condensation of keratin filaments into thick bundles after several hours. Dsg3 internalization started at 90 min of PV-IgG treatment, thus following the early keratin changes. By inhibiting casein kinase 1 (CK-1), we provoked keratin alterations resembling the effects of PV-IgG. Although CK-1-induced loss of peripheral keratin network correlated with loss of cell cohesion and Dsg3 clustering in the membrane, it was not sufficient to trigger the internalization of Dsg3. However, additional incubation with PV-IgG was effective to promote Dsg3 loss at the membrane, indicating that Dsg3 internalization is independent from keratin alterations. Vice versa, inhibiting Dsg3 internalization did not prevent PV-IgG-induced keratin retraction and only partially rescued cell cohesion. Together, keratin changes appear very early after autoantibody binding and temporally overlap with loss of cell cohesion. These early alterations appear to be distinct from Dsg3 internalization, suggesting a crucial role for initial loss of cell cohesion in PV.
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INTRODUCTION

Pemphigus vulgaris (PV) is a severe autoimmune disease affecting the skin and mucous membranes (1). The disease is caused by autoantibodies developing against the transmembrane, cadherin-type cell adhesion molecules desmoglein (Dsg)3 and Dsg1, leading to loss of cell–cell adhesion. This results in blisters predominantly in the mucosa of the oral cavity and the epidermis. Together with desmocollins, Dsgs build up the core of desmosomes, cell–cell adhesion structures abundant in tissues exposed to high degrees of mechanical stress (2). In desmosomes, the transmembrane adhesion molecules form clusters in the membrane and bind extracellularly to their counterparts in the membrane of opposing cells. Intracellularly, they are connected to the intermediate filament network through the linker molecules plakoglobin (Pg), plakophilins (Pkp), and desmoplakin (Dp). This arrangement represents a mechanically stable yet tunable meshwork stabilizing entire tissues (3). The mechanisms leading to loss of cell cohesion in PV are complex as autoantibodies interfere with turnover of desmosomal molecules and desmosome-associated proteins (4, 5). The internalization and depletion of Dsg3 together with other desmosomal components as well as alterations of the keratin intermediate filament (KIF) network are two hallmarks of the disease detectable in biopsies of patient skin and reproduced in disease models (6).

Dsg3 membrane depletion is thought to occur on two levels (4, 5): (i) molecules already transported to the membrane but not yet incorporated into desmosomes are endocytosed leading to interference with desmosome assembly and (ii) existing desmosomes are disassembled and desmosomal molecules or even “half desmosomes” are internalized. The altered turnover of desmosomal molecules is connected to a variety of signaling events in response to autoantibody binding and depends on sufficient lipid rafts. Desmosomal molecules are located in these lipid-enriched membrane domains and both the assembly and disassembly of desmosomes are disturbed upon application of cholesterol-depleting agents (7, 8). Furthermore, p38MAPK, a central molecule deregulated in pemphigus, was shown to be essential for Dsg3 internalization (9) as well as for the KIF network alterations in response to PV-IgG treatment (10, 11).

Keratin intermediate filaments are not static structures but are continuously remodeled to adapt to environmental cues (3, 12). KIFs are nucleated in the cell periphery, elongated and transported toward the nucleus, and disassembled in a perinuclear area to allow reassembly in the cell cortex (13). With regard to turnover rates, it was suggested that a dynamic, quickly changing pool can be distinguished from a stable pool of KIFs inserting in the desmosomal or hemi-desmosomal plaque (14). KIF network dynamics are highly regulated by posttranscriptional modifications, especially phosphorylations (12, 15). Vice versa, KIFs regulate the activity of kinases at least in part through scaffolding functions. As an example, KIFs sequester PKCα through the adapter protein RACK1 and stabilize desmosomes by suppressing PKCα activity (16), which was also shown to be disturbed in response to pemphigus autoantibodies (17). Recently, it was demonstrated that casein kinase 1α (CK-1α) localizes to KIFs through FAMH83, which is important for KIF bundling and desmosome turnover (18, 19).

The changes of the KIF network in pemphigus, summarized as “keratin retraction,” are incompletely understood. Early ultrastructural work in patient biopsies demonstrated reduced amounts of KIFs in the cell periphery (20). KIFs condensate to thicker bundles clustering in the perinuclear area and lose contact to the desmosomal plaque. However, it is unclear whether this phenomenon and internalization of desmosomal molecules in response to autoantibodies are linked. Furthermore, it is unknown whether KIF alterations are the cause or rather the consequence of Dsg3 depletion and loss of cell cohesion in PV.

To address these questions, we applied live imaging approaches and biochemical assays to define the temporal relationship between Dsg3 internalization and keratin retraction and to determine how these changes of the cytoskeleton contribute to loss of cell adhesion in PV.

MATERIALS AND METHODS

Cell Culture, Test Reagents, and Constructs

The immortalized human keratinocyte cell line HaCaT and HaCaT cells stably expressing human cytokeratin5 (CK5) fused to Yellow Fluorescent Protein (YFP, kind gift of Reinhard Windoffer and Nicole Schwarz, Institute of Molecular and Cellular Anatomy, RWTH Aachen University) were cultured in Dulbecco’s Modified Eagle Medium supplemented with 10% FCS (Biochrom, Berlin, Germany), 50 U/ml penicillin and 50 U/ml streptomycin (both AppliChem, Darmstadt, Germany), and 0.5 mg/ml G418 in the case of HaCaT-CK5-YFP for selection. Cells were grown in a humidified atmosphere containing 5% CO2 at 37°C. Cells were used 24 h after reaching confluency. Medium was changed the day before experiments were performed. Incubations were carried out for the indicated period of time. Casein kinase 1 (CK-1) inhibitor D4476 (Abcam, Cambridge, UK) was used at a concentration of 100 μM. Methyl-β-cyclodextrin (Sigma Aldrich, Munich, Germany), referred to as β-MCD, was applied in a concentration of 1 mM.

pDEST-mDsg3-mCherry-N1 was constructed using the Gateway recombinational cloning system (ThermoFisher, Waltham, MA, USA). In brief, the full-length nucleotide sequence encoding mouse Dsg3 was amplified by PCR using primers carrying attB-specific sites. The primers used were as follow: mDsg3-FW, 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCatgacctgcctcttcc-3′ and mDsg3-Rev, 5′GGGGACCACTTTGTACAAGAAAGCTGGGTCtagatgggaacaggtttc, where the gateway recombination sequences (including attB sites) are present in capital letters and the lower case letters indicate the sequence complementary to the mouse Dsg3 cDNA. The attB-flanked PCR amplicon was inserted into attP-containing pDONR vector (ThermoFisher) and thus the entry clone was generated. Following the manufacturer’s instruction, the insert was subcloned into a destination vector (pDEST-mCherry-N1, Plasmid #31907, Addgene). As a result, mDsg3 was fused to mCherry on its C-terminus.

Pemphigus Sera and IgG Purification

Pemphigus sera (PV-IgG) were provided by Enno Schmidt (Lübeck Institute of Experimental Dermatology, University of Lübeck Germany). ELISA titers were as follows: PV1-IgG: anti-Dsg3: 181.44, anti-Dsg1 212.27; PV2-IgG: anti-Dsg3: 206.21, and anti-Dsg1: 182.15. Use of patients’ IgG was approved by the ethics committee (AZ12-178). Additional approval of the study was not required according to the local and national guidelines. Both PV-IgG and an IgG fraction pooled from three different healthy donators (Control-IgG) were purified as described previously (21). In brief, immunoglobulin fractions were extracted from sera through immobilization to protein A agarose (ThermoFisher) in purification columns for 3 h at room temperature. After centrifugation, the serum was removed and the agarose was washed with phosphate-buffered saline (PBS). After elution of the antibodies by sodium citrate buffer (20 mM, pH 2.4) and neutralization with Na2CO3, a filter unit (Amicon Ultra–4, 100k; Merck Millipore, Darmstadt, Germany) allowed concentration of the IgG fraction at 19,000 g for 20 min. IgG was stored in PBS and used in a concentration of 250 μg/ml. AK23, a monoclonal antibody derived from a PV mouse model (Biozol, Eching, Germany) was used in a concentration of 75 μg/ml.

Immunostaining

HaCaT cells stably expressing CK5-YFP were grown on glass cover slips and fixed with 2% formalin in PBS (freshly prepared from paraformaldehyde) for 10 min at room temperature before being treated with 0.1% Triton X-100 for 5 min to guarantee permeabilization. Subsequently, cells were blocked with 1% normal goat serum and 3% BSA in PBS for 45 min. Cells were incubated with an anti-Dsg3 antibody (clone 5G11, sc-53487, Santa Cruz Biotechnology, Heidelberg, Germany) at 4°C overnight. A Cy3-conjugated secondary goat-anti-mouse antibody (Dianova, Hamburg, Germany) was applied for 1 h at room temperature. 1.5% N-propyl gallate was used as an antifading compound to embed the glass dish with cultured cells on glass slides. Images were acquired using a Leica SP5 confocal microscope with a 63× NA 1.4 PL APO objective. Confocal microscopy was performed using lasers with 514 and 543 nm wavelengths for excitation. Analysis was performed using ImageJ (www.nih.gov). The straight bar tool was used to plot intensity profiles of regions of interest. A straight bar of 15 μm length and 20 px width was placed perpendicularly over the cell border of two adjacent cells. Dsg3 was used to indicate the cell border. The position of the bar was not altered for plotting the intensity profile of the respective CK5 image. Resulting intensity profiles indicating the distribution of the protein of interest were compiled in Excel (Microsoft, Redmond, WA, USA) and subsequently normalized to the baseline.

Western Blot and Lysates

Cells were washed with PBS and subsequently lysed with SDS-lysis buffer (25 mmol/l HEPES, 2 mmol/l EDTA, 25 mmol/l NaF and 1% SDS, pH 7.4) followed by sonification. Protein amount was determined using the BCA method (ThermoFisher, USA). A mixture of lysate and Laemmli buffer containing 50 mM dithiothreitol was prepared and 10 μg of protein were loaded on a gel for electrophoresis. Electrophoresis and western blotting were carried out according to standard procedures. Membranes were blocked in either 5% skim milk powder dissolved in Tris-buffered-saline containing 0.05% tween (TBS-T) or 5% BSA in TBS-T at room temperature for 1 h. The following antibodies were applied in BSA in TBS-T at 4°C overnight: Dsg3 pAb (ELA-EAP3816-120, Biozol), Desmoplakin I/II pAb (H-300) (sc-33555, Santa Cruz), CK14 mAB (LL002) (ab7800, Abcam, Cambridge, UK), GAPDH mAb (0411) (sc-47724, Santa Cruz), phospho-p38 MAPK pAb (Thr180/Tyr182, D3F9) (#4511, Cell Signaling Cambridge, UK), and p38 MAPK pAb (#9212, Cell Signaling). HRP-coupled goat-anti-mouse Ab or goat-anti-rabbit Ab (both Dianova) were applied as secondary antibodies at room temperature. Membranes were developed using the ECL system (GE Healthcare, Munich, Germany). Western blots were analyzed by measuring the integrated density of bands after background subtraction using ImageJ.

Triton X-100 Protein Fractionation

HaCaT-CK5 cells were put on ice and washed with ice-cold PBS. Extraction buffer (0.5% Triton X-100, 50 mmol/l MES, 25 mmol/l EGTA, 5 mmol/l MgCl2) containing 0.1% leupeptin, aprotinin, and pepstatin as well as 1% phenylmethylsulfonyl fluoride was applied for 10 min under gentle shaking on ice followed by scraping to retrieve lysates. Centrifugation at 19,000 g for 10 min at 4°C enabled the separation of the cytoskeletal insoluble fraction from the triton-soluble non-cytoskeletal-bound fraction. The Triton X-100 soluble fraction was harvested and processed separately for blotting. The obtained pellet representing the insoluble fraction was suspended in SDS-lysis buffer (25 mmol/l HEPES, 2 mmol/l EDTA, 25 mmol/l NaF, and 1% SDS, pH 7.4) and sonicated. Protein levels of both fractions were measured using the BCA method (ThermoFisher). 5 or 10 μg of each fraction were mixed with Laemmli buffer and subjected to Western blotting.

Biotinylation Assay

After incubation, HaCaT-CK5 cells were put on ice and thoroughly washed with HbSS. This step was followed by a 1 h incubation with 0.25 mM membrane-impermeable EZ-Link Sulfo-NHS-Biotin (ThermoFisher). To remove excess biotin, cells were washed with ice-cold HbSS containing 100 mM Glycin and plain HbSS afterward. Under gentle shaking, cells were incubated with cooled lysis buffer (50 mM NaCl, 10 mM PIPES, 3 mM MgCl2, 1% Triton X-100, 1% phenylmethylsulfonyl fluoride, 0.1% of each leupetin, aprotinin, and pepstatin) for 20 min on ice. Lysates were acquired through scraping and subsequently centrifuging at 19,000 g for 5 min. Supernatant was retrieved and protein concentrations were measured using the BCA method (ThermoFisher). 250 μg of protein were mixed with 70 μl of NeutrAvidin (HighCapacity)-agarose (ThermoFisher) and put on a rotator overnight at 4°C. The next day, agarose beads were washed five times with cold lysis buffer. Biotinylated-protein attached to the agarose was suspended in 3× Laemmli buffer containing 50 mM dithiotreitol (AppliChem). Lysates were loaded on gels and Western blotting was carried out as described above. Biotin of the biotin-bound fraction was detected using streptavidin-HRP (Cell Signaling), the integrated density of the entire lane of each condition was measured and used as a loading control. Representative sections of the membranes are shown in the figures. The whole lysate was normalized to GAPDH.

Phos-tag™ Assay

To determine the phosphorylation state of a protein, a Manganese (II)-Phos-tag™ SDS-PAGE (Wako Chemicals GmbH, Steinbach, Germany) was carried out. The Phos-tag component which is incorporated in the gel reduces the migration speed of phosphorylated proteins in the electrophoresis process. The imbalance of migration speed between phosphorylated proteins and their lower or non-phosphorylated counterparts enables the detection of a phosphorylation state. After the indicated treatment of cells with D4476 reagent, HaCaT-CK5 cells were put on ice and washed with prechilled TBS and lysed in Laemmli buffer supplemented with 0.1% of each leupeptin, pepstatin, and aprotinin, 1% of phenylmethylsulfonyl fluoride, phosphatase inhibitor (Roche), and 50 mM dithiotreitol. Manganese (II)-Phos-tag™ SDS-PAGE was performed according to the manufacturer’s instructions. For electrophoresis 6% polyacrylamide gels were freshly prepared containing either 0 mM (control gel) or 30 mM Phos-tag™ ALL-107 (Wako Chemicals). Lysates were sonicated and loaded on the gels. Mn2+ was removed from the gels by washing twice for 10 min in transfer buffer containing 30 mM EDTA. A third washing step followed in transfer buffer without EDTA equally for 10 min. Proteins were transferred to a PVDF-membrane (Bio-Rad Laboratories, Munich, Germany). Antibodies were applied as detailed in the Western blot section.

Dispase-Based Dissociation Assay

HaCaT keratinocytes were seeded in duplicate for each condition and grown for 24 h after reaching confluency. Cells were washed with prewarmed PBS and subsequently incubated with HbSS containing Dispase II (>2.4 U/ml; Sigma Aldrich) for 20 min at 37°C in order to detach the cell monolayer from the well bottom. Dispase II solution was replaced by HbSS. A defined sheer stress was applied to the cell sheets by pipetting the monolayer 10 times using an electrical 1 ml pipet. Increased numbers of fragments, counted under a binocular microscope, compared to control conditions indicated the loss of intercellular adhesion. For better display of the fragments, 10 μM thiazolyl blue tetrazolium bromide (MTT) (SigmaAldrich) were added to the vials for 20 min to obtain staining of viable cells.

Live Cell Imaging

HaCaT-CK5 cells were seeded in μ-slide eight-well imaging chambers (Ibidi, Martinsried, Germany) and grown to confluency. Dulbecco’s Modified Eagle Medium with supplements was replaced with Dulbecco’s Modified Eagle Medium without phenol red. Transfection with pDest-mDsg3-mCherry for double transfection experiments was carried out 3 days after cell seeding at a confluency of 90% with Lipofectamine LTX with Plus Reagent (ThermoFisher). The transfection was performed according to the manufacturer’s protocol, incubating the cells with a final concentration of 3 μg plasmid DNA, 3 μl Plus-Reagent and 5 μl of LTX-Reagent per milliliter for 4 h. Experiments were carried out 24 h after transfection. Live Cell Imaging experiments were performed using a Leica SP5 confocal microscope with a 63× NA 1.2 PL APO water or a 63× NA 1.4 PL APO oil objective. An incubator housing (OKOLAB, Pozzuoli, Italy) guaranteed a constant humidified atmosphere at 37°C with 5% CO2.

Untransfected HaCaT CK5-YFP cells were imaged with a 20-mW argon laser at 514 nm wavelength and 3% laser power. A stack was created covering the entire z-dimension of the monolayer in 0.5 μm steps and 512 × 512 pixel stacks were acquired every 30 s. Z-stacks of HaCaT CK5-YFP cells transfected with Dsg3-mCherry were generated by sequential imaging using the 514 nm argon laser and a 10-mW 543 nm laser line at 20% power. Images were acquired every 2 min.

Live Cell Imaging Analysis

All stacks were deconvolved using the software Huygens Essentials (Scientific Volume Imaging, Hilversum, The Netherlands) at a signal to noise ratio of 10 and a maximum of 30 iterations. Further analysis of otherwise raw image data was performed with ImageJ, unless specified otherwise.

To analyze the number of keratin bridges of adjacent cells, a maximum intensity projection of all layers was used. KIFs “bridging” two neighboring cells were manually counted and put in relation to the length of the respective cell border area. For intensity measurement in the cell periphery, a projection of layers covering the lower 4 μm of the cell was applied. The mesh size of KIFs differs from the cell periphery toward the nucleus (22), a phenomenon which was also evident in HaCaTs expressing CK5-YFP. Following this indication, the mean intensity of the cell periphery with a large mesh size and the mean intensity of the dense perinuclear KIF network were independently analyzed using the drawing tool of ImageJ. To quantify loss of keratins in the cell periphery, the peripheral KIF intensity values were divided by the perinuclear intensity values.

Keratin thickening was quantified in maximum intensity projections. Intensity levels of independent experiments were adjusted to the same baseline and further processed with the software CellProfiler (23). In a first step, the tubeness filter was applied. A threshold of 0.2 was defined through empiric trials and applied to the images in a next step. Bridging and cleaning filters were applied to close small gaps between KIF bundles or to remove one-pixel error signals, respectively. Resulting images depicted high intensity KIF signals as white, corresponding to thickened keratin bundles. The mean intensity of these images was used as measure for KIF thickening.

The intensity of Dsg3 in the membrane was analyzed using a projection of three layers (1.5 μm) located above and below the plane with the largest nuclear diameter. Only cells with clear membrane localization were included for imaging. The mean intensity of a 2 μm wide region of interest containing the entire cell circumference was compared with the intensity of the remaining cytoplasm (excluding the nucleus region devoid of any signals). We used this index to detect an intensity switch from the cell border into the cytoplasm as an indicator for Dsg3 internalization.

To determine Dsg3 membrane clustering, a bar of 10 μm length and 10 px width was drawn over the Dsg3 signal at the membrane and the intensity profile was plotted every 12 min at the same region. Clustering was indicated by intensity peaks in the profile developing over time. These were quantified as follows: First, the average intensity value of the initial 0 min profile was calculated. This value was multiplied by 1.5 and used as threshold for the subsequent time points. To detect newly occurring peaks in the profiles, we calculated the area under the curve above this threshold.

Data Processing and Statistics

Photoshop CC 2017 (Adobe Systems, San Jose, CA, USA) was used for image processing and compilation. We used Excel (Microsoft, Redmond, WA, USA) for data analysis. Statistical significance was determined using paired Student’s t-test for two-group comparisons in Excel or one-way ANOVA followed by Bonferroni correction using Graphpad Prism (Graphpad Software, LaJolla, CA, USA) for comparison of more than two groups. Significance was presumed with p < 0.05. Data shown are mean ± SEM.

RESULTS

Pemphigus Autoantibodies Induced Dsg3 Depletion and Keratin Retraction In Vitro

Initially, we characterized changes in Dsg3 and keratin distribution under static conditions in cultured human keratinocytes. HaCaT keratinocytes stably expressing YFP-tagged CK5 were incubated with PV1-IgG for 2, 12, and 24 h (Figures 1A,B). After 12 h and even more so after 24 h incubation, the keratin cytoskeleton appeared retracted from the cell periphery (arrows) and Dsg3 clustering together with reduced localization along the cell border was visible. In line with previous data (24), Dsg3 was linearized in arrays perpendicular to the cell border and intracellular Dsg3 clusters (arrowheads) reminiscent of internalization were present. At 2 h, the distribution of Dsg3 showed subtle changes and a beginning reduction of keratin intensity at cell borders was detectable. At 24 h, the amount of CK5 and Dsg3 was reduced in the cytoskeletal (Triton X-100 insoluble) pool (Figure 1B). This indicates disassembly of the KIF network after longer periods of PV-IgG treatment.
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FIGURE 1 | Structural changes of human keratinocytes in response to pemphigus vulgaris (PV) antibody exposure. HaCaT keratinocytes expressing cytokeratin5 (CK5)-YPF (HaCaT-CK5) were incubated with PV1-IgG for 2, 12, or 24 h. Images shown are representatives of >3 independent experiments. (A) Desmoglein (Dsg)3 staining and CK5 expression in response to the antibody binding. Loss of keratin filaments in the cell periphery is marked by arrows and Dsg3 alterations by arrowheads. Comparison of fluorescence profiles on a 15 μm line perpendicularly to the membrane of two adjacent cells (n = 75 cells from three independent experiments, *p < 0.05 vs. control). Bar represents 10 μm. (B) Triton X-100 insoluble fraction, representing the cytoskeletal-bound fraction, of HaCaT-CK5 lysates after incubation with PV1-IgG for the indicated period of time (n = 6). Densitometric analysis of structure proteins shown as fold of control (n = 6, *p < 0.05 vs. control). (C) Dispase-based dissociation assays in HaCaT-CK5 keratinocytes after PV1-IgG treatment (n = 5, *p < 0.05 vs. control). Representative images of cell sheets after applied sheer stress stained with 10 μM MTT for better visibility.



Despite only minor detectable changes by immunostaining at 2 h of PV1-IgG incubation, cell–cell adhesion was compromised as revealed by dispase-based dissociation assays (Figure 1C). In agreement with the structural changes, cell cohesion was more strongly impaired at later time points. Together, the cell line applied here demonstrates the typical hallmarks of the disease also evident in keratinocytes from pemphigus patient skin (25).

The time course of KIF changes in response to PV-IgG is largely unknown. Using atomic force microscopy imaging, an altered cytoskeletal meshwork in living keratinocytes within the first 2 h was demonstrated recently (26). Because KIF and Dsg3 changes started around 2 h after autoantibody addition in static experiments, we next performed live cell imaging in the first 2 h using HaCaT keratinocytes stably expressing CK5-YFP to detect potential discrete changes in the same cells. In this approach, we carried out high resolution three-dimensional confocal time-lapse microscopy. Z-stacks spanning the entire cell height were acquired in 30-s intervals and changes in response to PV1-IgG were analyzed in maximum intensity projections. We first investigated the number of filaments running perpendicular to the cell membrane (Figure 2A). Interestingly, these structures known to be relatively stable did not change within 2 h in absence or presence of PV-IgG. To detect potential effects which might be concealed in maximum intensity projections, we separately analyzed the bottom 4 μm of the keratinocyte monolayer, in which the KIF network was most volatile (Figure 2B; see Video S1 in Supplementary Material). Indeed, these image series showed a significant loss of keratin fluorescence in the cell periphery starting around 60 min of PV-IgG incubation. At these early time points, the overall extent of the observed changes was rather moderate but clearly detectable by analyzing the signal intensities in the cell periphery. To evaluate the distribution in longer time courses, we performed overview experiments in lower magnification for up to 12 h with a reduced temporal resolution. Interestingly, KIFs condensed into thicker bundles which became visible after around 6 h of PV1-IgG treatment and progressed further on (Figure 2C). For analysis, a thresholding step was applied and the amount of signal exceeding this threshold was analyzed (see Materials and Methods).
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FIGURE 2 | Time course of keratin changes after antibody binding. Representative image sequence of high resolution three-dimensional confocal time-lapse microscopy as a maximum intensity projection of the complete HaCaT-CK5 cell height (A). Images were acquired in 30-s intervals and number of keratin bridges was assessed every 6 min after PV1-IgG addition (n = 8–10 cells from three to four independent experiments, *p < 0.05 vs. Control-IgG at respective time point). (B) In a maximum intensity projection containing the lower 4 μm of the cell body, the ratio of fluorescence intensity in the cell periphery to fluorescence intensity in the cytoplasm was analyzed every 6 min. Arrows mark loss of fluorescence intensity in the cell periphery. Dashed lines indicate the cell border area and were drawn for better visualization (n = 8–10 cells from three to four independent experiments, *p < 0.05 vs. Control-IgG at respective time point). (C) Keratin bundling (arrows) was caused by PV1-IgG exposure. Bundling was visualized by putting a threshold on raw data and measuring the remaining intensity (n = 3–4, *p < 0.05 vs. Control-IgG at respective time point). Bars represent 10 μm.



Together, the live cell imaging experiments suggest a biphasic impact of autoantibody binding on keratin filament distribution. Initially, a pool located in the cell periphery and potentially being responsible for KIF assembly is reduced which is followed by condensation of more stable filaments anchoring desmosomes.

Keratin Changes Paralleled Dsg3 Clustering and Preceded Dsg3 Internalization

Next, we further investigated the temporal relationship between keratin alterations and Dsg3 internalization. We generated a Dsg3 construct C-terminally fused with mCherry and used it for transfections of HaCaT cells stably expressing CK5-YFP. Similar to the experiments without double transfection, a reduction of the keratin network in the cell periphery became evident starting at 60 min of PV1-IgG incubation, indicating that Dsg3 overexpression did not alter keratin dynamics (Figures 3A,B; see Video S1 in Supplementary Material). Dsg3 signals at cell borders were stable for 90 min of PV1-IgG incubation and were starting to become reduced afterward as demonstrated by analysis of membrane intensities (Figures 3A,C). Thus, the amount of Dsg3 in the membrane appeared to be reduced later than the CK5 changes. The exogenous CK5 expression was not protective with regard to Dsg3 internalization, as wild-type HaCaT cells transfected with Dsg3-GFP displayed similar results (Figure S1 in Supplementary Material). To support these imaging data, we performed cell surface biotinylation assays to biochemically determine the extent of Dsg3 membrane depletion (Figure 3D). In agreement with live imaging data, only a minor reduction of Dsg3 membrane levels was detectable after 2 h, whereas depletion from the membrane was pronounced after 12 and 24 h of PV2-IgG incubation, respectively. Stable Dsg3 membrane levels do not rule out alterations in the distribution of the molecules. Clustering of Dsg3 molecules within the membrane in response to PV-IgG was shown to precede internalization (24). We thus analyzed Dsg3 clustering in live cell experiments which was detectable first after 60 min of PV-IgG incubation and proceeding over time (Figures 3A,E, arrowheads). In parallel to these experiments, we closely monitored cell cohesion by dispase-based dissociation assays (Figure 3F). Compared to the gross disruption of the monolayer typically evident at 24 h of incubation, at these early time points the monolayer fragmentation was mainly detectable at the periphery presumably because cells are slightly less dense in this region. Compared to Control-IgG, fragmentation and thus loss of cell–cell adhesion was significantly increased beginning at 30 min of PV2-IgG incubation and increased further on.
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FIGURE 3 | Keratin changes and Dsg3 clustering occurred in parallel and preceded Dsg3 internalization. HaCaT keratinocytes expressing CK5-YFP were transfected with Dsg3-mCherry. In three-dimensional confocal time-lapse microscopy experiments, cells were incubated with either PV1-IgG or Control-IgG and imaged every 2 min for 120 min. Dashed lines indicate cell border areas (A). Ratio of CK5 fluorescence intensity and in the cell periphery vs. intensity in the cytoplasm was assessed (B) (n = 5–6 cells, each from an independent experiment, *p < 0.05 vs. Control-IgG at respective time point). Ratio of Dsg3 distribution in the membrane vs. the cytoplasm (C) (n = 5–6, *p < 0.05 vs. Control-IgG). Streptavidin pulldown of biotinylated membrane Dsg3 after 2, 12, and 24 h of PV2-IgG incubation and densitometric analysis of protein levels (n = 3–4, *p < 0.05 vs. control) (D). Dsg3 clustering was evaluated with intensity profile plotting linearly along the membrane (n = 5–6, *p < 0.05 vs. Control-IgG at respective time point) (E). Loss of cell adhesion caused by incubation with PV2-IgG was measured in parallel to structural changes at early time points by dispase-based dissociation assay (F) (n = 4–5, *p < 0.05 vs. respective Control-IgG incubation).



These results demonstrate that changes in KIF distribution par-allel loss of cell cohesion and Dsg3 clustering but precede a morphologically and biochemically detectable Dsg3 internalization.

CK-1 Inhibition Altered Keratin Distribution Similar to PV-IgG

The observation that KIF changes correspond to Dsg3 clustering but precede Dsg3 depletion from the membrane is suggestive of a keratin-dependent regulation of Dsg3 turnover. To test this hypothesis, an approach to induce keratin retraction independent from autoantibody binding to Dsg3 is required. Recently, CK-1α was identified to mediate keratin cytoskeleton organization in a FAM83H-dependent manner (18). CK-1α regulates the filamentous state of keratin filaments and its inhibition promotes keratin bundling in proximity to the nucleus. The phenotype of keratin reorganization under CK-1α inhibition closely matched the one that is observable in PV.

We visualized the effect of the CK-1 inhibitor D4476 on HaCaT cells expressing CK5-YFP. Inhibition of CK-1 induced peripheral keratin filament loss after 1 h, resembling PV-IgG-induced keratin retraction (Figure 4A). In line with a regulation of KIFs by CK-1, D4476-induced dephosphorylation of CK14 as indicated by Phos-Tag experiments (Figure 4B). Keratin retraction in response to autoantibody binding in PV is associated with a rapid increase of p38MAPK signaling. Inhibition of p38MAPK prevents keratin cytoskeleton rearrangement and loss of cell cohesion (10). Also, the PV-IgG fraction applied here induced p38MAPK activation (Figure S1B in Supplementary Material; See also Figure 6C). Similar to the effects of PV-IgG, phospho-p38MAPK levels were increased in response to D4476 incubation for 1 h compared to control conditions (Figure 4C). Finally, D4476 incubation induced loss of cell cohesion which was prevented by inhibition of p38MAPK through SB203580 (Figure 4D; Figure S1C in Supplementary Material). Nevertheless, reduced cell cohesion in response to D4476 was further impaired by additional application of AK23, a monoclonal anti-Dsg3 autoantibody derived from a pemphigus mouse model (Figure 4E; Figure S1D in Supplementary Material). Taken together, KIF alterations in response to CK-1 inhibition through D4476 resemble PV-IgG-induced keratin retraction.
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FIGURE 4 | Casein kinase 1 inhibition provoked keratin alterations resembling the PV-IgG-induced phenotype. HaCaT-CK5 cells were incubated with CK-1 inhibitor D4476 for 1 h. The resulting keratin retraction (arrows) was measured with a bar of 15 μm length perpendicular to the cell border of two adjacent cells (A) (n = 75–100 cells from three to four independent experiments, *p < 0.05 vs. 1 h DMSO). Bar is 10 μm. (B) Phos-tag™ was incorporated in a 6% Western blot gel (+ Phos-tag) to detect the phosophorylation status of CK14 in HaCaT-CK5 cells. Control gel without Phos-tag (– Phos-tag) excluded protein fragmentation. Band intensity of both phosphorylation sites was measured and the first phosphorylation site (green arrow) was divided by the basal phosphorylation site (red arrow) (n = 4, *p < 0.05 vs. 1 h DMSO). (C) SDS lysates were generated from cells treated with 1 h D4476 or 1 h DMSO and p38MAPK phosphorylation was evaluated. Densitometric results were normalized to total p38 levels as a loading control (n = 6, *p < 0.05 vs. 1 h DMSO) Cell adhesion was quantified in HaCaT keratinocytes by dispase-based dissociation assays. Pre-incubation with SB203580 (SB20) as a specific inhibitor of p38MAPK or DMSO as a control for 1 h was followed by D4476 incubation for 1 h (n = 4–5, *p < 0.05) (D). Pre-incubation with D4476 or DMSO for 1 h followed by 3 h incubation with AK23, a pathogenic monoclonal desmoglein (Dsg)3 antibody (E) (n = 4, *p < 0.05). Remaining cell sheets and fragments were stained with 10 μM MTT for visualization.



Keratin Retraction Did Not Induce Dsg3 Internalization

To elucidate a possible dependence of keratin retraction on Dsg3 distribution, we applied D4476 in live cell imaging experiments with human keratinocytes expressing CK5-YFP transfected with Dsg3-mCherry. Cells were pre-incubated with either D4476 or DMSO, followed by 3 h of PV2-IgG incubation (see Video S2 in Supplementary Material). Image analysis showed a drastic reduction of keratin cytoskeleton fluorescence in the cell peripherywhen inhibiting CK-1 which did not occur under control conditions with DMSO (Figure 5A, arrows). Interestingly, the retraction of the keratin cytoskeleton was not paralleled by internalization of Dsg3. However, additional incubation with PV2-IgG promoted internalization of Dsg3 when the cytoskeleton was already altered (arrowheads). We further substantiated these findings by im-munostaining under conditions without Dsg3 overexpression (Figure 5B). Similar to the live cell experiments, Dsg3 appeared unaffected under conditions of D4476-mediated keratin retraction. Nevertheless, Dsg3 clustering and intracellular Dsg3 vesicles were found in both conditions after additional incubation with PV1-IgG (arrowheads). In support of these data, streptavidin pull down of biotinylated surface molecules confirmed the absence of Dsg3 depletion from the membrane in D4476-treated cultures which was induced upon additional 3 h incubation with PV2-IgG (Figure 5C).
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FIGURE 5 | D4476-induced keratin changes did not induce Dsg3 internalization. HaCaT-CK5 keratinocytes were transfected with pDest-mDsg3-mCherry, incubated with D4476 or DMSO and followed up by three-dimensional confocal time-lapse microscopy (A). D4476 caused keratin retraction after 60 min (arrows) but did not lead to internalization of Dsg3. Subsequent addition of PV2-IgG caused Dsg3 membrane depletion (arrowheads). Bar represents 10 μm (n = 4 cells from 4 independent experiments, *p < 0.05). (B) Immunostaining of HaCaT-CK5 keratinocytes and Dsg3. Keratin changes occurred under D4476 treatment (arrows) and signs of Dsg3 fragmentation and internalization were visible in response to PV1-IgG treatment only (arrowheads). Images shown are representative for three to four independent experiments. Bar represents 10 μm. (C) Streptavidin pulldown of biotinylated Dsg3 in HaCaT-CK5 cells incubated with DMSO or D4476 for 4 h as a control and 1 h incubation followed by a 3 h PV2-IgG incubation. Dsg3 membrane levels were densitometrically assessed (n = 3–5, *p < 0.05 vs. respective control condition). (D) Dsg3-clustering was analyzed in 1 h live cell imaging sequence of DMSO or D4476 incubation. Clustering was detected using a bar of 10 μm applied linearly on the membrane (n = 4, *p < 0.05 vs. DMSO at respective time point). Bar represents 10 μm.



Interestingly, although overall membrane levels were not altered, the analysis of Dsg3 distribution revealed Dsg3 clustering in the membrane after 60 min of D4476 treatment (Figure 5D). These data show that D4476-mediated KIF redistribution did not induce Dsg3 internalization but contributed to clustering in the membrane. This suggests that Dsg3 clustering and internalization of Dsg3 are distinct events and demonstrate the dependence of Dsg3 clustering on correct distribution of the KIF network. By contrast, Dsg3 internalization appears to be independent from KIF alterations and may be a result of other mechanisms elicited by autoantibody binding to Dsg3.

Inhibition of Dsg3 Internalization Did Not Prevent Keratin Retraction

Desmosome assembly and disassembly were shown to be dependent on lipid-raft integrity (7, 27), which can be disturbed by the cholesterol-depleting agent methyl-β-cyclodextrin (β-MCD). In this regard, it was shown that disruption of lipid raft formation restrains Dsg3 endocytosis following PV antibody exposure (7). We used β-MCD to investigate the dependence of keratin alterations triggered by PV-IgG on Dsg3 internalization. Immunostaining and biotinylation assays of human keratinocytes expressing CK5-YFP revealed that 1 h pre-incubation with β-MCD largely prevented Dsg3 internalization after autoantibody exposure (Figures 6A,B). However, keratin retraction was still present under these conditions, indicating independency of Dsg3 alterations. Despite the restriction of Dsg3 internalization through lipid raft disruption and in line with a p38MAPK-dependent regulation of the keratin network, p38MAPK activation by PV1-IgG was not abolished (Figure 6C). In dispase-based dissociation assays, loss of cell–cell adhesion caused by PV2-IgG was ameliorated through lipid raft disruption (Figure 6D). Taken together, these results suggest that keratin alterations are independent from Dsg3 endocytosis following PV-IgG incubation. Moreover, both effects apparently contribute to loss of cell cohesion. This suggests different mechanisms driving keratin alterations and Dsg3 internalization.
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FIGURE 6 | Inhibition of Dsg3 internalization through cholesterol depletion did not prevent PV-IgG-driven keratin alterations. HaCaT-CK5 keratinocytes were pre-incubated with either PBS or β-MCD as a cholesterol-depleting agent for 1 h and then exposed to PV2-IgG for 6 h. Images shown (A) are representative for four independent experiments. For analysis a bar of 15 μm was applied perpendicularly over the cell border of two adjacent cells and the fluorescence intensity was plotted for both Dsg3 and CK5 (n = 100 cells from four independent experiments; *p < 0.05). Bar represents 10 μm. (B) Streptavidin pulldown of biotinylated membrane Dsg3 was performed with HaCaT-CK5 keratinocytes (n = 3–5, *p < 0.05). (C) Phosphorylation of p38MAPK was determined by densitometry. (D) Intercellular adhesion was determined by dispase-based dissociation assays in HaCaT keratinocytes (n = 8, *p < 0.05).



DISCUSSION

In the present study, we show a precise time course of Dsg3 endocytosis and keratin retraction in response to PV-IgG, dissecting the temporal relationship of two hallmarks of PV. Our results demonstrate that both mechanisms contribute to loss of cell cohesion but appear to be largely independent of each other. Based on the observation that cell dissociation is correlating with keratin changes before onset of Dsg3 internalization, these results suggest an important role of keratin retraction for loss of cell cohesion and blistering.

Keratin Alterations Precede Dsg3 Internalization

It is a matter of debate whether KIF alterations in response to pemphigus autoantibodies are secondary to changes of the desmosomes or rather cause and contribute to altered desmosome composition and turnover. Indeed, in early ultrastructural studies, it was suggested that the initial changes affect KIFs (20, 28). We here demonstrated that changes of the KIF cytoskeleton are visible in HaCaT keratinocytes starting at 60 min after application of autoantibodies. Reduced cell–cell adhesion is detectable even earlier, at least under mechanical stress, whereas endocytosis of Dsg3 is not apparent before 90 min of autoantibody exposure. Interestingly, these changes do not affect the amounts of long filaments running perpendicular to the cell membrane presumably anchoring desmosomes. Rather, the amounts of KIFs in basal and peripheral areas of the cell were reduced. These areas are known to be regions of KIF assembly. It is conceivable that binding of autoantibodies interferes with KIF cycling by limiting the assembly which, in the longer run, would then affect the entire network integrity. This is supported by the notion that the levels of CK14 are getting reduced after several hours. In this context, the thickening of remaining bundles after several hours may be interpreted as a cellular response to the failing adhesion (3). It has to be noted that in primary keratinocytes Dsg3 internalization was shown to occur after 60 min (29). This difference might be related to different maturation states of desmosomes in HaCaT vs. primary keratinocytes (30) or differences in the pathogenicity of the autoantibody fractions applied. For the current study, we relied on the HaCaT cell line for better expression efficiencies of two large proteins compared to primary keratinocytes.

Importantly, it cannot be ruled out that the overexpression approach applied in the current study affects the turnover of the respective molecules. For instance, it was shown that Dsg3 overexpression slows down its internalization and degradation and reduces monolayer fragmentation in response to pemphigus antibodies (24). In our study, the time frame of Dsg3 internalization of transfected and untransfected cells appeared to be at least largely similar as judged from the comparison of fixed, untransfected cells in Figure 1A and live cell imaging with Dsg3 overexpression in Figure 3A. Nevertheless, it is possible that Dsg3 internalization occurs faster in untransfected cells. Dsg3 internalization showed a similar time frame in HaCaT cells expressing CK5-YFP compared to cells with endogenous keratins only (compare Figure 3A; Figure S1A in Supplementary Material). This indicates that keratin overexpression does not alter Dsg3 internalization in response to PV-IgG but does not rule out an effect on keratin changes which may also occur faster in untransfected cells. At least under conditions in which both Dsg3 and keratins are overexpressed, the initial keratin changes precede the internalization of Dsg3.

It is unclear whether the KIFs in the basal cell periphery, which are depleted early in response to PV-IgG, are connected to desmosomes. Instead, the consequences on cell adhesion might be indirect. The desmosomal plaque proteins Dp and Pkp isoforms assemble in a juxtamembranous region together with already attached keratin filaments and are then transported to nascent desmosomes (31, 32). It is possible that this process is compromised by autoantibody-mediated reduced KIF assembly. Alternatively, the phenomenon of interdesmosomal widening may be connected to KIF alterations. It is known that the membranes of adjacent keratinocytes separate between the desmosomes at very early stages following autoantibody incubation (33, 34). As the KIF network is a major determinant of keratinocyte stiffness (35, 36), it is possible that a reduction in the cell periphery favors membrane separation in the interdesmosomal areas. Also, a weakening of the subplasmalemmal network of KIFs that may stabilize interdesmosomal membrane areas may contribute (37). This is supported by observations that p38MAPK inhibition, which blocks keratin retraction as detected in static images, is also reducing interdesmosomal widening (38). This suggests that the interdesmosomal membrane areas contribute to overall cell adhesion.

The observation that the alterations of the KIF cytoskeleton, in comparison to Dsg3 internalization, better correlate with loss of cell cohesion indicates a major contribution to PV-IgG-induced cell dissociation. This mechanism may contribute to the initial loss of cell cohesion that may be conferred through steric hindrance of Dsg3 interactions by PV-IgG. Indeed, it can be concluded from knockout studies that keratins are essential for strong cell–cell adhesion in vivo and in vitro (16, 39). Furthermore, it was shown that in cells lacking keratins, the forces by which two Dsg3 molecules trans-interact were reduced in a p38MAPK-dependent manner (40).

Based on these results, KIF changes appear not to be secondary to alterations of desmosomal adhesion molecules but to contribute to loss of cell cohesion even in the very early responses to PV-IgG challenge.

Dsg3 Depletion and Keratin Changes May Be Regulated Independently

Given the temporal relationship of KIF alterations and Dsg3 internalization, it may be suggested that these two events are causally connected and Dsg3 membrane depletion is a consequence of altered KIF distribution. However, our results with the CK-1 inhibitor D4476 do not support this hypothesis. CK-1 inhibition resulted in a KIF phenotype resembling the effect of PV-IgG incubation. Under these conditions, no Dsg3 internalization or depletion was detectable whereas additional incubation with PV-IgG induced Dsg3 endocytosis. This supports a model in which Dsg3 membrane localization is independent from KIF changes. In line with these observations, keratinocytes derived from keratin knockout animals exhibit smaller desmosomes and reduced levels of some desmosomal molecules such as Dsg2 but have elevated levels of Dsg3 and unaltered plakoglobin content (16, 39, 40). Hence, the impact of keratins on desmosomal proteins is not uniformly affecting all molecules, which may be related to the observations that desmosomal molecules differentially contribute to cell cohesion (41, 42).

However, although the levels of Dsg3 in the membrane were unaltered, Dsg3 clustering was increased under conditions of D4476-mediated KIF reorganization. Together with the notion from previous data showing that Dsg3 mobility in the membrane is elevated in keratinocytes devoid of KIFs (40), this may indicate that Dsg3 is excluded from desmosomes and forms clusters that are subject to internalization. Indeed, such a model is supported by pulse-chase studies and live cell experiments (24, 43) of Dsg3 trafficking in response to PV-IgG. In this scenario, PV-IgG-induced Dsg3 endocytosis would require a first clustering step, which is normally suppressed by keratins or keratin insertion, and a second internalization step which is independent from keratins. For the latter step, lipid rafts may be essential (7).

Based on these observations, we inhibited Dsg3 endocytosis by interference with lipid raft composition through application of β-MCD. Interestingly, this abrogated Dsg3 endocytosis but did not prevent KIF alterations, indicating that these occur independently of Dsg3 internalization.

Toward a Sequence of Structural Changes Resulting in Cell Dissociation

The results of this study and previous work from several groups can be integrated into a model in which distinct morphological hallmarks are merging to gradually increase cell dissociation (Figure 7). Anti-Dsg3 antibodies were shown to sterically inhibit Dsg3 trans-interactions (26, 44) which may contribute to initial loss of cell cohesion and represent a trigger for activation of p38MAPK (11). This, together with crosslinking effects of polyvalent anti-Dsg3 autoantibodies, induces an early clustering of Dsg3 molecules in the cell membrane (24, 45). Early alterations in keratin assembly may contribute to this effect, which also appear to be p38MAPK mediated and which were reproduced by CK-1 inhibition in this study. Dsg3 clustering is then followed by Dsg3 internalization, a process which is dependent on lipid rafts (7). Dsg3 endocytosis together with the internalization of other desmosomal molecules leads to destabilization of desmosomes. Importantly, internalization of desmosomal molecules affects both the assembly and the disassembly of desmosomes, leading to a reduction of desmosome size and numbers (4, 5). KIF loss or uncoupling from desmosomes, possibly bolstered by the altered keratin turnover, contribute to desmosome destabilization and vice versa (39, 40). Finally, the thickening of keratin filaments observed at later stages may represent a general cellular stress response or can be interpreted as futile attempt to strengthen cell–cell adhesion by better anchoring the remaining desmosomes. Other mechanisms so far described in pemphigus such as diverse alterations in intracellular signaling, the occurrence of non-desmosomal autoantibodies, or the genetic background (6), may contribute by modulating these morphological changes. It is conceivable that several of these steps need to occur to induce full loss of cell cohesion and blistering. Depending on the experimental setup (e.g., IgG fraction, Ca2+ dependency of desmosomes, model system), some of these steps may be more important than others. This may explain some of the controversies existing in the field of pemphigus research.


[image: image1]

FIGURE 7 | Overview of morphological changes leading to loss of keratinocyte adhesion in response to pemphigus vulgaris-IgG.
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VIDEO S1 | HaCaT-CK5 cells transfected with pDest-mDsg3-mCherry and incubated with PV1-IgG for 120 min. Images were acquired every 2 min.

VIDEO S2 | 60 min D4476 incubation in HaCaT-CK5 cells transfected with pDest-mDsg3-mCherry followed by 180 min of PV2-IgG incubation. Images were collected every 2 min.

FIGURE S1 | (A) HaCaT wild-type keratinocytes showed a similar time course of Dsg3 internalization as HaCaTs expressing cytokeratin5 (CK5)-yellow fluorescent protein (n = 4, *p < 0.05). (B) HaCaT-CK5 lysates were processed into a TX-100 insoluble and soluble pool showing p38MAPK activation (n = 4). (C,D) p38MAPK activation and protein levels in HaCaT-CK5 cells after the indicated treatment which correlate to Figures 4D,E. Cells were processed for Western blotting as SDS lysates [panel (C): n = 4, panel (D): n = 3–5].
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The serological diagnosis of pemphigus relies on the detection of IgG autoantibodies directed against the epithelial cell surface by indirect immunofluorescence (IIF) on monkey esophagus and against desmoglein 1 (Dsg1) and Dsg3 by ELISA. Although being highly sensitive and specific tools, discrepancies can occur. It is not uncommon that sera testing positive by ELISA give a negative result by IIF and vice versa. This brings diagnostic challenges wherein pemphigus has to be ascertained or ruled out, especially when no biopsy is available. We utilized the ability of anti-Dsg3 and anti-Dsg1 IgG to bind in specific desmosomal patterns to living cells to investigate these discrepancies between IIF and ELISA. Living cultured primary normal human keratinocytes were grown under differentiating conditions to induce adequate expression of Dsg1 and Dsg3, incubated with patient serum for 1 h, and then stained to visualize bound IgG. We investigated two different groups; sera from patients with a positive direct immunofluorescence (DIF) and inconsistent serological findings (n = 43) and sera with positive ELISA or IIF but with negative DIF (n = 60). As positive controls we used 50 sera from patients who fulfilled all diagnostics criteria, and 10 sera from normal human subjects served as negative controls. In the DIF positive group, IgG from 39 of the 43 sera bound to the cells in a desmosomal pattern while in the DIF negative group none of the 60 sera bound to the cells. This shows that for pemphigus patients, ELISA and IIF can be negative while anti-desmosomal antibodies are present and vice versa that ELISA and IIF can be positive in non-pemphigus cases. In absence of a biopsy for DIF, such findings may lead to misdiagnosis.
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INTRODUCTION

The autoimmune bullous disease pemphigus is caused by the loss of cell–cell adhesion between keratinocytes, induced by autoantibodies mainly directed against the desmosomal cadherins desmoglein 1 (Dsg1) and/or 3 (Dsg3). The serological diagnosis of pemphigus relies on the demonstration of circulating anti-Dsg1 and anti-Dsg3 by ELISA and/or by indirect immunofluorescence (IIF) on monkey esophagus substrate (1). In the pemphigus foliaceus (PF) subgroup, only antibodies against Dsg1 are present, whereas in pemphigus vulgaris (PV) antibodies against Dsg3 are found in mucosal dominant PV (mdPV), or together with anti-Dsg1 in mucocutaneous PV (mcPV) (2). Apart from antibodies to Dsg 1 and 3 also antibodies to desmocollins (Dsc) 1, 2, and 3 are found, but these are more prevalent in atypical pemphigus diseases as paraneoplastic pemphigus, pemphigus herpetiformis, and pemphigus vegetans but are only found sporadically in classical PV and PF (3, 4). In addition to cadherins, dozens of other proteins were shown to be recognized by pemphigus IgG, including muscarinic and nicotinic acetylcholine receptors, the neonatal Fc receptor, and mitochondrial proteins but proof that these non-desmosomal antibodies have a role in acantholysis is lacking (5). Although being a highly sensitive and specific tool, the ELISA for Dsg1 and Dsg3 ectodomains can be positive without clinical or other laboratory evidence for actual pemphigus, and a number of reports documenting a lack of concordance between positive ELISA and the final diagnosis of the patient can be found in the literature (6). Also, we recently reported the possibility of discrepancies for biopsy proven pemphigus patients, where we found that 9% of positive ELISA sera tested negative by IIF, while 6% of IIF positive sera were negative by ELISA and 5% of pemphigus patient had completely negative serology (7). The latter can be due to a low level of antibodies that is not detectable by IIF or ELISA, to the cessation of antibody production while the skin is still loaded with IgG or that the disease is driven by non-desmosomal antibodies. Inconsistent findings during the diagnostic process bring decision-making challenges wherein the diagnosis of pemphigus needs to be confirmed or ruled out, especially when no biopsy is available. Here, we employed as a new method the ability of pemphigus serum IgG to bind to living cultured keratinocytes to understand discrepancies in currently used diagnostic serum assays.

MATERIALS AND METHODS

Human Sera

From our database of the Center for Blistering Diseases in the Netherlands, we retrospectively selected sera from patients that had pemphigus in the differential diagnosis and at least one positive test, direct immunofluorescence (DIF), IIF on monkey esophagus, or Dsg ELISA. This retrospective study with leftover sera from diagnostic tests does not need approval of the ethics committee in the Netherlands. We included 103 sera and divided them in two groups according to the positive or negative result at DIF analysis for IgG deposits at the epithelial cell surface (ECS). Each group was subsequently branched in subgroups according to the results obtained by IIF and by ELISA as routinely performed in the diagnostic work up of autoimmune bullous diseases (Figure 1). As double check, all sera were retested by both IIF on monkey esophagus and, to avoid false positives due to precursor epitopes, also by MBL MESACUP-2 Dsg ELISA. In the DIF negative group, 18 sera were positive for anti-Dsg1 antibodies (median 36.5, Q1 30, Q3 43), and 14 sera were positive for anti-Dsg3 antibodies (median 34.5, Q1 29, Q3 45). Of the 60 DIF negative patients, the final diagnosis was available for 49 patients and included among others 10 cases of lichen planus and 7 cases of pemphigoid but no case of pemphigus (Table 1). For the validation of the in vitro assay, we used as positive controls sera from 50 PV and PF patients whose diagnosis had been ascertained by concordance between DIF, IIF, ELISA, and clinical and histopathological findings. Sera from 10 healthy human subjects served as negative controls.
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FIGURE 1 | Groups’ characteristics and sampling number.



TABLE 1 | Final diagnoses of patients in the direct immunofluorescence negative group.
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Keratinocyte Binding Assay (KBA)

NHK were isolated from redundant healthy skin obtained from breast reduction surgery upon written informed consent and grown on glass coverslips in 24-well plates using CnT-Prime and CnT-Prime 2D Differentiation medium (CELLnTEC, Switzerland) at 37°C and 5% CO2. When shifted to 1.2 mM calcium medium, desmosomes are induced that initially contain Dsg3 but not Dsg1. After prolonged incubation, cells start to differentiate and to synthesize Dsg1. Hence, we used cells 4 days after calcium shift to test binding of patient IgG to desmosomal proteins. NHK on coverslips were incubated with 2.5% serum in culture medium for 1 h at 37°C after which the cells were fixed in 2% formaldehyde and stored frozen at −80°C until staining. Fixed keratinocytes were stained using DyLight488-labeled goat-anti-human IgG and DAPI for the nuclear staining. The KBA was scored positive for anti-Dsg1 antibodies if IgG bound only to large differentiated cells, and positive for anti-Dsg3 antibodies if IgG bound to all cells. If all cells bind IgG then it is impossible to assess the presence of concomitant anti-Dsg1 IgG as the large differentiated cells also express a high level of Dsg3. Hence, the term “not determinable.” The KBA was scored negative if no binding to human IgG was observed. Coverslips were examined under a Leica DMRA fluorescence microscope and images acquired by a Leica DFC350 FX digital camera (Leica, Germany).

Dsg1 and Dsg3 ELISA

All sera were tested by the MESACUP-2 ELISA test for anti-Dsg1 and anti-Dsg3 antibodies (MBL, Japan). As a second means of comparison of the negative ELISA results of sera that tested positive in the KBA (n = 13), the anti-Dsg1 and anti-Dsg3 microplate ELISA (EUROIMMUN AG, Germany) was used. Both tests were performed according to the manufacturers’ respective protocols, and a cutoff value of 20 U/ml was used to define positivity.

RESULTS

Keratinocyte Binding Assay

IgG from anti-Dsg3 containing sera binds to all keratinocytes in a typical desmosomal pattern (Figure 2A). IgG directed against Dsg1 binds in a desmosomal pattern to differentiated cells only that are easily recognizable as they are much larger than undifferentiated cells and lie on top of them (Figure 2B). All PF sera and all PV sera of the positive control group bound to the cells in the expected patterns, and of the 10 normal human sera not one serum bound to the cells.
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FIGURE 2 | (A) Anti-Dsg3 IgG binding pattern to cultured keratinocytes showing desmosomal distribution at cell–cell contacts. Scale bar is 50 μm. (B) Anti-desmoglein 1 IgG binding pattern to cultured keratinocytes showing a desmosomal distribution at the cell periphery of differentiated cells. Scale bar is 50 μm.



In the DIF+ groups 91% of the sera reacted with cultured keratinocytes by binding of IgG in a desmosomal pattern. Other patterns were not observed. In the IIF+ group, 10 of the 12 sera tested positive for desmosomal IgG binding (Table S1 in Supplementary Material). In the ELISA+ group, all 26 sera tested positive for desmosomal binding. Interestingly, two sera (Table S1 in Supplementary Material, #30, #32) positive for both anti-Dsg1 and anti-Dsg3 IgG showed binding in the Dsg1 pattern only, which was in line with the clinical presentation of both patients that suggested PF instead of PV. IgG from one serum positive for anti-Dsg1 (Table S1 in Supplementary Material, #34) and one serum positive for anti-Dsg3 (Table S1 in Supplementary Material, #36) bound in a converse pattern to the cells; in the first case, erosive lesions limited to the foreskin were present, while in the second case both skin and oral involvement were noted. In the serologically negative group, two sera bound to the cells in the Dsg1 pattern (Table S1 in Supplementary Material, #39, #42) and in one case in the Dsg3 pattern (Table S1 in Supplementary Material, #43). None of the DIF− sera showed a desmosomal binding to cells. Results are summarized in the Table S2 in Supplementary Material.

Dsg1 and Dsg3 ELISA

The sera that bound to cells but were negative by routine MBL ELISA were also assayed by a Dsg ELISA kit from another manufacturer. Although one serum tested positive with this kit, the other 12 remained negative. Complete ELISA results are listed in Table 2.

TABLE 2 | Alternative ELISA results for sera testing positive for keratinocyte binding but negative on first ELISA.
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DISCUSSION

Here, we developed a KBA as an additional test based on the ability of pemphigus IgG to bind to desmosomes of living keratinocytes. The KBA discriminates PV from PF but cannot discriminate between mdPV and mcPV as differentiated cells also express Dsg3. Although not qualitative it is a very sensitive assay as in the developing phase of the KBA, we found that when titers decrease and the ELISA turns negative the KBA remains positive (data not shown). Furthermore, similar to ELISA, the assay does not discriminate between pathogenic and non-pathogenic antibodies as sera from patients in remission off-medication with positive anti-Dsg3 titers also bound to the cells (unpublished results).

Our results show that the KBA has a high correlation with the DIF, we tested in total here 93 sera with positive DIF and 97% of the sera bound to the cells in the specific desmosomal patterns (for details see Table 3). This is a higher sensitivity than IIF and ELISA which we recently calculated to be, respectively, 86 and 89% (7). However, in contrast to IIF and ELISA, the KBA is labor intensive and also not quantitative and therefore not a suitable replacement for either IIF or ELISA. Of the 60 sera with negative DIF, none of the sera bound to the cells. As we reported before, a negative DIF is extremely rare in pemphigus and therefore pemphigus is not expected for this group, and indeed the final diagnosis that we could retrieve for 49 of these patients differed from pemphigus.

TABLE 3 | Values of sensitivity and specificity calculated for positive and negative controls, biopsy proven pemphigus patients and negative DIF patients groups.
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Interestingly, in two cases, we observed binding in a converse pattern than the antibodies’ profile determined by ELISA. In the first case (#34), only anti-Dsg1 IgG were detected by ELISA, but lesions were confined to the foreskin and the histopathology showed a suprabasal intraepidermal split, fitting a diagnosis of PV and presence of anti-Dsg3 antibodies as detected by KBA. The second case (#36) was a patient presenting with mucocutaneous involvement but both ELISA and KBA detected a different antibody profile than expected. The reason for this discrepancy is unclear.

A few reports in literature describe the existence of antibodies against Dsg1 and/or Dsg3 in patients affected by skin conditions other than pemphigus especially patients affected by lichen planus. Given explanations vary between these antibodies having an actual role in the pathogenesis of oral lichen planus or that they would be non-pathogenic (8–10). DIF was only performed in one of these studies, and both patients had no ECS IgG deposition (10). Most of the our lichen planus patients had a DIF with fibrin deposition along the BMZ, but no deposition in ECS pattern although in one case some irregular IgG deposition was seen in the epidermis. Four sera displayed anti-ECS antibodies and six were positive in ELISA, either for anti-Dsg1 or anti-Dsg3, or for both anti-Dsg1 and anti-Dsg3. Although positive in ELISA, they did not bind to cells. Seen that in actual active pemphigus, we clearly found binding when ELISAs became negative (values below 9) the question evolves to what these antibodies bind on the ELISA plates. As we used MESACUP-2 ELISA, it cannot be to the precursor form of Dsg. If they are non-pathogenic antibodies, then they differ from non-pathogenic antibodies in pemphigus patients in complete remission off therapy as these do bind to the cells. It could be that the antibodies are directed to a cryptotope that becomes unmasked in recombinant Dsg present on the ELISA plate. A last explanation is that they are just false positives caused by IgG binding to some other non-Dsg component on the plate, although we then would have expected them to be positive in both ELISAs. Interestingly, 10 sera that bound to the cells (KBA+) were IIF positive but were negative in ELISA kits from different manufacturers. Some patients had positive ELISAs at start of the disease but these turned negative during the course of disease, while IIF stayed positive. Other patients never developed a positive ELISA. As the binding patterns were desmosomal the underlying protein must be desmosomal or desmosome associated. Prime candidates are Dsc and seen the binding of nine sera to all cells, Dsc3 would be the prime suspect. However, eight of these sera were included in a previous study on anti-Dsc3 antibodies, and only one of these was positive in an assay on transfected HEK cells that expressed the ectodomain of Dsc3 on the cell surface (4). In this same study, all eight sera tested also negative for anti-Dsc1 and anti-Dsc2 antibodies. Other antigens have been suggested to serve as pemphigus antigens including muscarinic and nicotinic acetylcholine receptors, pemphaxin, and mitochondrial proteins (11–14). But these antigens are non-desmosomal and therefore cannot explain the observed desmosomal binding patterns. Despite being negative in the Dsg3 ELISA, we feel that Dsg3 is still the prime candidate as antigen. It is possible that we are dealing with low titer high avidity anti-Dsg3 antibodies here that have index values below the cutoff of the ELISA. We have observed patients with active disease that during titer monitoring occasionally had ELISA values just above the cutoff value but mostly, under still active disease, under the cutoff value (unpublished results).

For daily practice of diagnosis, our binding assay results indicate that ELISA and IIF should be interpreted with care as they are positive in a considerable number of cases without other laboratory or clinical evidence of pemphigus. We estimated that in our database for the period 1 January 2002 until 1 January 2017, about 13% of patients with positive ELISAs for Dsg did not have pemphigus. Therefore, taking serum but no biopsy for diagnosis, which is a regularly encountered procedure in the consulting room, bears a risk to reach a false conclusion. In our database, we found 32 sera with no concomitant biopsy that tested positive in either IIF or ELISA, while only 2 (6%) were capable of binding to cells in the KBA (Table S3 in Supplementary Material).

The KBA we demonstrate here is extremely sensitive and reliable. For specialized laboratories, it can provide additional information in challenging cases where the diagnosis of pemphigus cannot be decisively confirmed nor ruled out by routine serological analysis. Furthermore, it is an additional research tool to investigate the nature of pemphigus antibodies.
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Anti-citrullinated protein antibodies (ACPA) and rheumatoid factor (RF) are the most commonly used diagnostic markers of rheumatoid arthritis (RA). These antibodies are predominantly of the immunoglobulin (Ig) M (RF) or IgG (ACPA) isotype. Other subtypes of both antibodies—particularly IgA isotypes and other autoantibodies—such as RA33 antibodies—have been repeatedly reported but their diagnostic value has still not been fully elucidated. Here, we investigated the prevalence of IgA, IgG, and IgM subtypes of RF, ACPA, and RA33 antibodies in patients with RA. To determine the diagnostic specificity and sensitivity sera from 290 RA patients (165 early and 125 established disease), 261 disease controls and 100 healthy subjects were tested for the presence of IgA, IgG, and IgM isotypes of RF, ACPA, and RA33 by EliA™ platform (Phadia AB, Uppsala, Sweden). The most specific antibodies were IgG-ACPA, IgA-ACPA, and IgG-RF showing specificities >98%, closely followed by IgG- and IgA-RA33 while IgM subtypes were somewhat less specific, ranging from 95.8% (RA33) to 90% (RF). On the other hand, IgM-RF was the most sensitive subtype (65%) followed by IgG-ACPA (59.5%) and IgA-RF (50.7%). Other subtypes were less sensitive ranging from 35 (IgA-ACPA) to 6% (IgA-RA33). RA33 antibodies as well as IgA-RF and IgA-ACPA were found to increase the diagnostic sensitivity of serological testing since they were detected also in seronegative patients reducing their number from 109 to 85. Moreover, analyzing IgM-RF by EliA™ proved more sensitive than measuring RF by nephelometry and further reduced the number of seronegative patients to 76 individuals. Importantly, among antibody positive individuals, RA patients were found having significantly more antibodies (≥3) than disease controls which generally showed one or two antibody species. Thus, increasing the number of autoantibodies in serological routine testing provides valuable additional information allowing to better distinguish between RA and other rheumatic disorders, also in patients not showing antibodies in current routine diagnostics. In conclusion, testing for multiple autoantibody specificities increases the diagnostic power of autoimmune diagnostics and could further support physicians in clinical decision-making.
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INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by chronic joint inflammation which leads to structural damage of bone and cartilage (1). Besides joint inflammation, duration of symptoms and acute-phase reactants, autoantibodies—rheumatoid factor (RF) and anti-citrullinated protein antibodies (ACPA)—are important diagnostic tools that are also used for classification of RA (2). RF is directed against the Fc portion of immunoglobulin (Ig) G and is usually measured by nephelometry, which captures all classes of Igs but mainly large molecules like IgM. ACPA are the most specific markers for RA and like RF appear early in the disease process and may precede clinical symptoms by several years (3). They are predominantly of the IgG isotype and are commonly measured by assays employing a cyclic citrullinated peptide (CCP) as antigen.

Despite the high sensitivity of the assays used in routine diagnostics still about one-third of RA patients are negative for IgG-ACPA and RF. It has been proposed by several authors that additional testing for other RF and ACPA isotypes—particularly IgA—might increase the sensitivity of RA serodiagnostics (4–8) or predict the development of disease (9), but clear-cut evidence is still scarce. Therefore, routine diagnostics are commonly restricted to measuring IgG-ACPA (usually by ELISA) and the determination of IgM-RF. RA33 antibodies (which are directed to the nuclear antigen hnRNP-A2/B1) were also found to be fairly specific for RA and testing for RA33 antibodies could be of additional diagnostic usefulness because they are also detected in RF/ACPA negative RA patients. However, published data on RA33 antibodies so far refer only to the IgG isotype and their use in routine diagnostics has not yet been widely established (10–13).

It was therefore the aim of this study to measure the IgG, IgA, and IgM isotypes of RF, ACPA, and RA33 in patients with RA and related rheumatic diseases in order to assess their diagnostic sensitivity and specificity. In particular, this study aimed to explore if testing for multiple antibody species can increase the power of RA serodiagnostics by reducing the number of seronegative patients, thereby allowing an earlier diagnosis and treatment of patients negative for the routinely measured antibodies.

MATERIALS AND METHODS

Patients

To determine the sensitivity and specificity of autoantibodies, sera were obtained from 290 RA patients, classified according to the 2010 EULAR/American College of Rheumatology criteria (2). Among these, 165 patients were early RA (inception cohort) receiving their first treatment with methotrexate (MTX) and 125 patients were established RA receiving their first treatment with a TNF inhibitor. The antibody measurements were in general performed at the time of therapy induction or maximum 2 months before or 2 weeks thereafter if a baseline sample was not available (38 patients) because antibody titers are quite stable and seroconversion is rarely observed before or shortly after start of treatment. Disease control samples were collected from 100 patients with osteoarthritis (OA), 50 patients with systemic lupus erythematosus (SLE), 50 patients with ankylosing spondylitis, 13 patients with reactive arthritis (reA), 15 patients with dermatomyositis-polymyositis, 14 patients with granulomatosis with polyangiitis, and 19 osteoporosis patients. In addition, 100 sera from healthy subjects were analyzed for the presence of autoantibodies. Descriptive statistics for the Vienna inception (n = 165) and established RA (n = 125) cohort are summarized in Table 1. Disease controls had a median age of 55 (43–64) and 68.8% were females. Healthy subjects had a median age of 50 (42.5–55) and 72% were females. An informed consent was obtained from all patients as well as healthy subjects and the study was approved by the ethics committee of the Medical University of Vienna (ethics vote number: 559/2005).

TABLE 1 | Descriptive characteristics of rheumatoid arthritis (RA) patients.
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Detection of Autoantibodies

Serum samples were tested for the presence of IgA, IgG, and IgM isotypes of RF, ACPA, and RA33 by EliA™ platform (Phadia AB, Uppsala, Sweden). Of note, the anti-RA33 EliA™ is a prototype assay that is not yet commercially available (14) but is designed according to the same principle as the commercial assays available for the EliA platform (Phadia AB, Uppsala, Sweden). In this assay, recombinant human hnRNP-A2/B1 expressed in a eukaryotic expression system is used as antigen and a monospecific serum used as standard. According to our established standard protocols, a calibration curve for each isotype is determined during each measurement. This is used to calculate the defined units of the antibodies measured with commercially available assays or the concentration of the antibodies measured with prototype assays (research use only, IgM-CCP, IgA-, IgG-, and IgM-RA33) which have no defined units. Cutoffs for RF IgM, IgA, and IgG as well as ACPA IgG and IgA were employed according to the manufacturer’s instructions. The cutoff for IgG-ACPA used in this study was 7 U/ml, which is (according to the manufacturer) the “equivocal cutoff” while in routine diagnostics the “positive cutoff” of 10 U/ml is used. However, since even at the lower cutoff the assay showed a specificity versus disease controls of 99% also patients with equivocal IgG-ACPA levels were included in our analysis. Cutoffs for prototype anti-RA33 (IgA, IgG, and IgM) and the IgM-ACPA EliA™ were calculated by receiver operating characteristic (ROC) curve analysis (15) against disease controls and healthy subjects. Area under the curve (AUC) values for the ROC curves are shown in Table 2, see Figure S1 in Supplementary Material for the ROC diagrams [made with the R package pROC (16)]. In addition, RF and ACPA had been routinely measured by nephelometry using the N Latex RF kit (employing human IgG as antigen) on a BN II system (Siemens Healthcare GmbH, Germany) and the anti-CCP EliA™ (Thermo Fisher Scientific), respectively.

TABLE 2 | Specificity and sensitivity of rheumatoid factor (RF), anti-citrullinated protein antibodies (ACPA), and RA33 isotypes for the diagnosis of rheumatoid arthritis (RA).
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Statistical Analysis

For comparison of two groups of numeric values a two-tailed Mann–Whitney U-test was performed using R (version 3.2.3). For comparison of two groups of nominal values (gender) Fisher’s exact test was used. If a correction for multiple testing was done (written as “corr. p-values”), it was the Bonferroni correction. A p-value of <0.05 was considered significant. To distinguish between the p-value levels they are depicted as *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.

RESULTS

Cutoffs, Sensitivities, and Specificities of Autoantibodies

To determine their diagnostic sensitivity and specificity, the nine autoantibody species were measured in 290 patients with RA, 261 disease controls, and 100 healthy subjects. Cutoffs were used either according to the manufacturer or determined by ROC curve analysis (RA33 antibodies and IgM-ACPA). Positive predictive values of antibodies against disease controls or healthy subjects were also calculated. The data are summarized in Table 2. Among the three RF isotypes, IgM-RF showed the highest sensitivity (64.8%) followed by IgA-RF (50.7%) and IgG-RF (14.4%).

Specificities versus disease controls were 95.3% for IgA-RF, 98.6% for IgG-RF, and 90% for IgM-RF, the latter being comparable to the specificity of nephelometric RF (89%) determined in previous studies (11, 17). Of note, testing for IgM-RF proved more sensitive than nephelometric RF determination (64.8 vs 59%; Table 2). Of the 171 patients positive for RF by nephelometry only three were negative by EliA™ and overall the titers of both assays correlated with a coefficient of determination (R2) of 0.78 and an intraclass correlation of 0.79 (Figure S2 in Supplementary Material). Despite the good correlation, a few discrepant results were obtained which can be explained by methodological differences between the two assays employing antigens (IgG) of human (nephelometry) or rabbit (EliA™) origin which may occasionally cause discrepancies (18).

Among the ACPA isotypes, IgG-ACPA was by far the most sensitive marker (57.9%) and also the most specific one (99.4%). A similar specificity was found for IgA-ACPA (98.6%) which, however, was much less prevalent showing a sensitivity of only 34.1%. IgM-ACPA was the least sensitive (28.6%) and the least specific subtype (95.6%).

To define positivity of RA33 antibodies, cutoffs for prototype RA33 EliA™ were calculated by ROC curve analysis and set to reach at least 95% specificity against disease controls and 98% against healthy subjects. Using these criteria, 4.5 (IgA-RA33), 12 (IgG-RA33), and 32 μg/l (IgM-RA33) were defined as cutoffs for the three anti-RA33 subtypes which showed sensitivities of 6, 6.2, and 17.7%, respectively. Both IgA- and IgG-RA33 showed high specificity (97.5 and 97.2%) while the specificity of IgM-RA33 was 95.8% and thus comparable to IgM-ACPA but superior to IgM-RF (Table 2).

Thus, not surprisingly the IgM isotypes of all three antibodies proved less specific than IgG and IgA isotypes. However, of the three measured IgM isotypes (RF, ACPA, and RA33), the titers of IgM-RF and IgM-ACPA were significantly higher in RA patients than in disease controls and healthy subjects (Figure 1). Among the 261 disease controls, false positive results were obtained particularly in patients with OA, ankylosing spondylitis and SLE (Table 3). Since SLE patients are rarely seen in an early arthritis clinic, the number of positive disease controls excluding SLE is additionally indicated in Table 3. Of note, in disease controls, there was hardly any overlap of antibodies with the majority of patients being positive for only one or two antibody species (see added diagnostic value).
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FIGURE 1 | Immunoglobulin (Ig) titers of rheumatoid arthritis (RA) patients vs healthy and disease control patients. The significance corresponds fairly to the overlap of the notches in the boxplots: IgM-rheumatoid factor (RF) and IgM-ACPA are significantly (p ≤ 0.001) different between RA patients and disease controls or healthy subjects, whereas IgM-RA33 titers did not significantly differ between the three groups.



TABLE 3 | Antibody profile of healthy subjects and disease controls.
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Distribution of Autoantibody Isotypes in RA Patients

The cohort of 290 RA patients consisted of 165 patients with early RA who had started their first MTX treatment at the Division of Rheumatology and 125 RA patients with established disease who had started their first treatment with TNF inhibitors. No major differences in autoantibody titers were observed between patients with early and established RA (Figure S3 in Supplementary Material). As expected, IgM-RF was the major subtype and also the most sensitive of all nine autoantibody species tested. Thus, 188 patients were positive for IgM-RF, 147 for IgA-RF, and only 42 for IgG-RF. These two isotypes largely overlapped with IgM-RF and only 12 patients were solely positive for either IgA-RF (n = 9) or IgG-RF (n = 3), while in 44 patients IgM-RF was the only isotype. In total, 200 patients (69%) were RF positive and in 33 patients all three isotypes were detected (Figure 2A).
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FIGURE 2 | Isotype distribution of rheumatoid factor (RF), anti-citrullinated protein antibodies (ACPA), and RA33 antibodies among antibody positive patients. Venn diagrams visualizing the overlap between (A) RF, (B) ACPA, and (C) RA33 IgA, IgG, and IgM isotypes. The major RF subtype is IgM largely overlapping with IgA and IgG subtypes. The major ACPA subtype is IgG largely overlapping with IgA and IgM subtypes. The major RA33 subtype is IgM but there is little overlap with the IgA and IgG subtypes.



With respect to ACPA, 168 patients were positive for IgG-ACPA and 99 for IgA-ACPA while IgM-ACPA was found in only 83 patients. Both IgA- and IgM-ACPA largely overlapped with the IgG isotype and only 9 patients were solely positive for IgM- and a single patient was solely positive for IgA-ACPA as compared to IgG-ACPA which in 49 patients was the only ACPA species. In total, 178 patients were ACPA positive and in 53 patients all three isotypes were detected (Figure 2B).

Concerning RA33 antibodies, 14 patients were positive for IgA- and 18 for IgG-RA33. Interestingly, the major RA33 subtype was IgM which was detected in 43 patients. Prevalence of IgG-RA33 was lower but specificity was markedly higher than reported in previous studies (10–13). In total, 64 patients were RA33 positive. However, in contrast to RF and ACPA, the overlap between the RA33 isotypes was marginal (Figure 2C). Thus, only nine patients tested positive for two isotypes and in a single patient co-occurrence of all three isotypes was seen.

Added Diagnostic Value of Testing for Multiple Isotypes

Among the 290 RA patients, 150 (51.7%) were positive for both RF and ACPA by routine diagnostics, while 21 (7.2%) and 10 (3.4%), respectively, were solely positive for either RF or ACPA (Figure 2A); 109 (37.6%) patients were negative for both antibodies and are therefore referred to as seronegative. Out of these, 13 (4.5%) patients showed at least one RA33 subtype and 15 (5.2%) patients were positive for either IgA-RF (n = 14) and/or IgA-ACPA (n = 4), whereas IgG-RF and IgM-ACPA did not further increase the sensitivity of autoantibody diagnostics. In addition, 14 (4.8%) RF negative patients (as determined by nephelometry) tested positive for IgM-RF by EliA™ (Figure 3A).
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FIGURE 3 | Added diagnostic value of IgA-rheumatoid factor (RF)/anti-citrullinated protein antibodies (ACPA), IgM-RF and RA33 antibodies. (A) Numbers of patients tested positive by routine diagnostics (RF nephelometry, IgG-ACPA) and seronegative patients (upper pie chart) showing additional RA33 antibodies (lower left pie chart), IgM-RF (lower middle pie chart) or IgA-RF/ACPA (lower right pie chart). (B) Venn chart visualizing the diagnostic overlap of RA33 and IgA antibodies with routine diagnostics (RF nephelometry, IgG-ACPA). The numbers of seronegative patients (n = 85), RF, and IgG-ACPA positive but RA33 and IgA-RF/ACPA negative patients (n = 17) as well as patients positive for both RA33 and IgA-RF/ACPA but negative for RF and ACPA (n = 4) are also indicated.



The majority of antibody positive RA patients was found to be triple positive for (nephelometric) RF, IgG-ACPA and either IgA-RF or IgA-ACPA. Interestingly, among the 64 RA33 positive patients 48 were also positive for IgA-RF and/or IgA-ACPA (Figure 3B). Concerning the added diagnostic value of testing for multiple antibodies, 24 (8.3%) formerly seronegative patients were positive for either IgA-RF/ACPA or RA33 antibodies. Therefore, additional testing for IgA-RF/ACPA and RA33 reduced the number of seronegative patients by approximately 22% (Figure 3B). Additional specification of IgM-RF further reduced the number of seronegative patients resulting in a total reduction of 30%. Importantly, with respect to the diagnostic value of the IgM-RF determination, the majority of patients negative for nephelometric RF but positive for IgM-RF were low-titered but showed additional reactivities (including IgG-ACPA), in contrast to the controls which were usually monospecific for IgM-RF.

Typically, RA patients were positive for multiple antibody species, which was in sharp contrast to the disease controls (Table 3). Among the 81 antibody positive disease controls, 73% showed only one antibody species whereas the majority of antibody positive RA patients (74%) had at least three antibodies with only 14% of the patients showing singular positivities, mostly of the IgM or IgA isotype (Figure 4). Thus, the presence of three antibodies had a specificity of 94% and the presence of four antibodies was almost 99% specific for RA, even in IgG-ACPA negative patients among which eight showed four or more antibodies and four were triple positive. Double positive disease control usually showed only IgM antibodies with the notable exception of SLE patients in which IgM-RF and IgA-RF commonly occurred together, whereas none of them showed any ACPA isotype.
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FIGURE 4 | Number of antibody positivities in rheumatoid arthritis (RA) patients and disease controls. 290 RA patients and 261 disease controls were tested for the presence of IgA, IgG, and IgM isotypes of rheumatoid factor, anti-citrullinated protein antibodies and RA33. The number of antibodies detected in a patient’s serum is indicated on the x-axis; the number of patients is indicated on the y-axis. Disease controls were found to have significantly (p < 0.001) fewer antibody positivities (1–2 Abs) compared to RA patients who commonly had more than two antibodies (3–8 Abs).



There were no major differences in clinical parameters between antibody negative and positive patients, except that TJC28 is significantly (p = 0.04) lower in patients with 4 or more antibodies compared to seronegative patients (Table 4).

TABLE 4 | Clinical parameters of rheumatoid arthritis patients with none, 1–3, and 4 or more positive Igs.
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DISCUSSION

Approximately one-third of RA patients are commonly negative for RF and ACPA, the two serological marker antibodies which are routinely determined in RA serodiagnostics. However, it is still not fully clarified whether these patients are completely negative for autoantibodies or may rather generate antibody species that are not covered by routine diagnostics where usually IgG-ACPA (by ELISA) and RF (by nephelometry or ELISA) are determined. This issue has been in addressed in several previous studies in which especially IgA subtypes of RF and ACPA were found to occur mainly in seropositive patients. However, in none of these studies, all three ACPA and RF isotypes were investigated in parallel and disease controls were usually not included (4–6, 8). The results obtained in our comprehensive analysis in which three isotypes of RF, ACPA, and RA33 were determined in a large number of RA patients, disease controls, and healthy subjects (651 individuals in total) show that about one-third of “seronegative” patients generate antibodies known to be highly associated with RA including IgA isotypes of RF and ACPA as well as RA33 antibodies. Although RA33 antibodies were much less prevalent than the other antibodies and also proved less specific, they nevertheless contributed to the reduction of the serological gap being present in 12% of seronegative patients usually in conjunction with other antibody species. A similar number of seronegative patients were positive in the IgM-RF assay which proved slightly more sensitive than the nephelometric assay (Figure S2 in Supplementary Material). Most of the additionally detected IgM-RF were of low titer but usually co-occurred with other antibody species, in contrast to (seropositive) healthy or disease controls in which IgM-RF was usually the only species. Only three sera positive by nephelometry were negative in the IgM-RF assay (Figure S2 in Supplementary Material), which may be explained by the use of antigens from different species (18). Of note, most of the seronegative RA patients showed multiple reactivities, whereas controls were usually monospecific for a single antibody species and showed predominantly one or two IgM reactivities, particularly patients with OA or ankylosing spondylitis. While low titer IgM antibodies occurring as single entities are of limited diagnostic usefulness they can nevertheless be helpful markers when co-occurring with other antibody species such as IgA-RF/ACPA isotypes or RA33 antibodies, which proved also less specific for RA than IgG-ACPA.

IgG-RA33 has been described in several studies to have a prevalence of 20–30% and a specificity of approximately 90% (13, 19). Although in our cohort the newly developed IgG-RA33 EliA™ prototype proved less sensitive, specificity was better than 97% and similar values were obtained for IgA-RA33. However, due to the modest sensitivity, the positive predictive values of RA33 antibodies were lower than those of the other antibodies investigated (Table 2). Interestingly, IgM-RA33 was the most prevalent RA33 subtype and showed similar specificity as IgM-ACPA while IgM-RF was the least specific of all nine isotypes investigated. In contrast to RF and ACPA, RA33 isotypes showed little overlap and therefore, despite their modest sensitivities, RA33 antibodies were seen in more than 20% of RA patients including, as mentioned above, a substantial number of seronegative ones. Importantly, RA33 antibodies commonly co-occurred with other antibody species such as IgM-RF or IgM-ACPA, which are also less specific than IgG-ACPA.

Remarkably, co-occurrence of these antibodies was very specific for RA and not observed in disease controls or healthy subjects. In fact, co-occurrence of IgM-RA33 with other antibodies was seen in only 8 out of 261 disease controls and in a single healthy subject. Hence, determination of RA33 antibodies and RF/ACPA isotypes, especially IgA- and IgM-RF, reduced the number of seronegative patients by approximately 30%. Another important aspect of this study is the observation that sera of RA patients generally contained multiple reactivities, in contrast to sera from disease controls and healthy subjects. However, no major differences in clinical parameters were seen at baseline between seronegative patients, patients with 1–3 antibodies and patients with 4 or more antibodies—a pattern highly specific for RA, even in the absence of IgG-ACPA—except that TJC28 was significantly lower in patients with 4 or more antibodies compared to seronegative patients. We have not yet analyzed disease progression and outcome or response to therapy but it has recently been shown by other investigators that patients with multiple antibodies are at increased risk for relapse when tapering DMARD therapy (20, 21).

Therefore, the determination of multiple antibodies and isotypes, even if they are not highly specific for RA, does not only reduce the number of seronegative (i.e., IgG-ACPA and RF negative) patients but seems to have also prognostic value with respect to disease progression and response to therapy, a matter that is currently under investigation. Thus, it is conceivable that patients with a high number of autoantibodies and hence a high level of autoimmunity may be more responsive to therapies targeting B- and T-lymphocytes such as the anti-CD20 antibody rituximab or the CTLA4-Ig construct abatacept (22). In this sense, it is certainly worthwhile to search for additional antibodies (23) or subtypes (24) and other disease markers (including miRNAs and genetics) that together may help to further stratify RA patients with the aim to treat them more efficiently in a personalized way.

CONCLUSION

Testing for multiple autoantibody specificities adds diagnostic value in covering more RA patients and reducing the diagnostic gap left by routine RF and IgG-ACPA determination. Furthermore, the number of antibodies co-occurring in a patient’s serum might provide some prognostic value allowing further subclassification of patients.
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B cells play a major role in the antibody-mediated rejection (AMR) of solid organ transplants, a major public health concern. The germinal center (GC) is involved in the generation of donor-specific antibody-producing plasma cells and memory B cells, which are often poorly controlled by current treatments. Myeloid cell leukemia-1 (Mcl-1), an antiapoptotic member of the B-cell lymphoma-2 family, is essential for maintenance of the GC reaction and B-cell differentiation. During chronic AMR (cAMR), tertiary lymphoid structures resembling GCs appear in the rejected organ, suggesting local lymphoid neogenesis. We report the infiltration of the kidneys with B cells expressing Mcl-1 in patients with cAMR. We modulated GC viability by impairing B-cell receptor signaling, by spleen tyrosine kinase (SYK) inhibition. SYK inhibition lowers viability and Mcl-1 protein levels in Burkitt’s lymphoma cell lines. This downregulation of Mcl-1 is coordinated at the transcriptional level, possibly by signal transducer and activator of transcription 3 (STAT3), as shown by (1) the impaired translocation of STAT3 to the nucleus following SYK inhibition, and (2) the lower levels of Mcl-1 transcription upon STAT3 inhibition. Mcl-1 overproduction prevented cells from entering apoptosis following SYK inhibition. In vitro studies with primary tonsillar B cells confirmed that SYK inhibition impaired cell survival and decreased Mcl-1 protein levels. It also impaired B-cell activation and immunoglobulin G secretion by tonsillar B cells. These findings suggest that the SYK–Mcl-1 pathway could be targeted, to improve graft survival by manipulating the humoral immune response.
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INTRODUCTION

B cells play a major role in acute and chronic antibody-mediated rejection (AMR) and allograft survival. AMR after solid organ transplantation is associated with a high frequency of organ deterioration and graft loss, despite the availability of treatment. Current therapies include plasmapheresis (1, 2), high-dose intravenous immunoglobulin (3, 4), monoclonal anti-CD20 antibodies (5, 6), proteasome inhibitors (4, 7), and complement inhibitors (8, 9). However, these treatments frequently fail to control AMR, donor-specific antibody (DSA) production, and memory B-cell formation.

B-cell activation through B-cell receptor (BCR) signaling drives B-cell survival, differentiation, anergy, or apoptosis, depending on the other signals received by the cell. Antigen (Ag)-dependent BCR activation leads to the recruitment and activation of spleen tyrosine kinase (SYK) (10, 11). Active SYK induces the formation of a signalosome, containing kinases and adaptor proteins, which sets in motion signaling cascades, such as those involving AKT, mitogen-activated protein kinases, nuclear factor of activated T cells, and nuclear factor-κB (NFκB), resulting in translational modifications (12). Germinal centers (GC) play an important role in driving the differentiation of B cells into DSA-producing plasma and memory B cells (13). In solid organ transplantation, the development of tertiary lymphoid structures (TLS) sustaining a functional ectopic germinal center reaction has been demonstrated in human grafts displaying chronic AMR (cAMR) (14, 15). Following T cell-dependent B-cell activation and GC formation, B cells undergo clonal expansion, isotype class switching, somatic hypermutation (16–18), and affinity maturation and selection (19–21). They leave the GC as highly specific long-lived memory B-cells and antibody (Ab)-producing plasma cells.

The persistence of the GC and the selection of high-affinity effector B cells are regulated by pro- and antiapoptotic signals influenced by Ag binding and cell-mediated interactions (20, 22, 23). The members of the B-cell lymphoma-2 (Bcl-2) protein family maintain the delicate balance between cell survival and apoptotic death. The proteins of this family form three groups: (i) antiapoptotic proteins, including myeloid cell leukemia-1 (Mcl-1), Bcl-2, and Bcl-xs/l, which play an essential role in cell survival; (ii) proapoptotic proteins, BAX and BAK, required to trigger downstream apoptotic processes, such as cytochrome c release from the mitochondria, and subsequent caspase activation; (iii) the so-called “BH-3-only” proteins, including Puma, Noxa, Bad, Bid, and Bim, which interact with the other members of the family to control their activity (24–26). Vikstrom et al. (27) showed that no GCs or memory B-cells developed in the absence of Mcl-1, highlighting the importance of Mcl-1 for GC maintenance and B-cell differentiation. In a previous study of the role of PUMA in regulating mitogen-activated B cells and memory B cells, we observed that both PUMA and Mcl-1 were expressed in GCs in vivo (28), suggesting a possible key role in the maintenance and development of GC and memory B cells.

In kidneys displaying cAMR, we observed an infiltration of B cells expressing Mcl-1, like pre-GC and GC B cells. We investigated the relationship between BCR signaling and B-cell survival and differentiation, by inhibiting SYK. Using Burkitt’s lymphoma-derived cells as a model for GC centroblasts, we showed that SYK inhibition decreased cell viability. SYK inhibition reduced Mcl-1 gene expression via signal transducer and activator of transcription 3 (STAT3). Immunoglobulin (Ig) synthesis was also impaired by SYK inhibition in primary B cells in vitro; these cells were also less viable, less strongly activated, and had lower Mcl-1 protein levels.

MATERIALS AND METHODS

Reagents and Antibodies

The following reagents were used: BAY61-3606 (Merck Millipore), Stattic (Torcis), Q-VD-Oph (Sigma), MG-132 (Calbiochem), and cycloheximide (Sigma).

We used the following primary Abs: hCD19-APD-Cy-7 (SJ25C1; BD Biosciences Cat# 557791 RRID:AB_396873), hCD38-BV421 (HIT2; BD Biosciences Cat# 562445 RRID:AB_11153870) hsIgD-Pe-Cy7 (IA6-2; BD Biosciences Cat# 561314 RRID:AB_10642457), hCD80-BV605 (L307.4; BD Biosciences Cat# 563315), hPhospho-SYK-AF488 (C87C1; Cell Signaling Technology Cat# 4349), and hMcl-1-FITC (Biorbyt Cat# orb15956 RRID:AB_10747574) for flow cytometry. Anti-Mcl-1 (S-19; Santa Cruz Biotechnology Cat# sc-819 RRID:AB_2144105), anti-Bcl-2 (C-2; Santa Cruz Biotechnology Cat# sc-819 RRID:AB_2144105), anti-Bcl-xS/L (S-18; Santa Cruz Biotechnology Cat# sc-819 RRID:AB_2144105), anti-GAPDH (Sigma-Aldrich Cat# G9545 RRID:AB_796208), and anti-PARP (Cell Signaling Technology Cat# 9542 also 9542S, 9542L, 9542P RRID:AB_2160739) antibodies were used for immunoblotting and anti-hCD19 (HIB19; BD Biosciences Cat# 555409 RRID:AB_395809), anti-hMcl-1 (Sigma-Aldrich Cat# HPA008455 RRID:AB_1079334), and anti-STAT3 (K-15; Santa Cruz Biotechnology Cat# sc-483 RRID:AB_632441) Abs were used for immunohistology.

Retroviral particles were generated with the following plasmids: the expression plasmid pBabe-Flag-hMcl-1, a gift from Roger Davis (29) (Addgene plasmid # 25371), the empty vector control plasmid pBabe-puro-IRES-EGFP, a gift from L. Miguel Martins (Addgene plasmid # 14430), the envelope-expressing plasmid pCMV-VSV-G, a gift from Bob Weinberg (Addgene plasmid # 8454), and the packaging plasmid pCL-Eco (Novus Biologicals).

Cell Culture

BL41, RAMOS, and BL2 Burkitt’s lymphoma cells were cultured in complete RPMI medium: RPMI-1640 (Sigma) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Dominique Dutscher), 100 U/ml penicillin and 100 μg/ml streptomycin (Sigma).

HEK 293T and CD40 ligand/CD32 ligand-expressing murine fibroblasts were cultured in complete Dulbecco’s modified Eagle medium (DMEM; Sigma) supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.1 mg/ml Normocin™ (InvivoGen).

Renal biopsy specimens and detransplanted kidneys were obtained from transplant recipients presenting end-stage renal failure due to cAMR, who gave written informed consent, in accordance with the Helsinki Declaration, for the use of part of their biopsy specimens for research on renal transplantation. The samples were stored at the Biological Resource Center of Paris-South University. This collection has been declared to the French Ministry of Research: AC-2017-2991.

Cells were isolated from detransplanted kidneys by separating the cortex from adipose tissue and the medulla. The tissue was dissected and added to enzyme buffer (70% DMEM, 1% BSA, 2.4 mM CaCl2, 0.4 mg/ml liberase, and 240 U DNase) and dissociated with a GentleMACS™ Dissociator (Miltenyi Biotech). The cell suspension was incubated for 45 min at 37°C, with shaking. Cells were separated from the tissue with a stainless-steel strainer and a glass grinder. Cells were washed with HEPES Eagle’s medium buffer (70% DMEM, 1% BSA, 2.4 mM CaCl2,). Mononuclear cells were isolated from the cell suspension by centrifugation on a Pancoll (Human; PAN™ Biotech) gradient (2:1 ratio of diluted cells to Pancoll) at 600 × g for 20 min. Mononuclear cells were isolated and washed in complete RPMI.

Primary cells were isolated from tonsillar tissue removed from patients during tonsillectomy. The tonsils were dissected and pushed through a stainless-steel strainer with a glass grinder. Cells were collected and washed with complete RPMI, then homogenized by passage through a nylon cell strainer with 100 μm pores (BD Bioscience).

Tonsillar cells were cocultured in complete RPMI, with CD40 ligand/CD32 ligand-expressing fibroblasts, in the presence of anti-μ Abs (Jackson Immunoresearch), LPS (Sigma), and BAY61-3606. Fibroblast growth was blocked by incubation with mitomycin C (10 μg/ml, Roche) for 30 min at 37°C, under an atmosphere containing 5% CO2, before the addition of tonsillar cells.

Retrovirus Production and Cell Transduction

Retroviruses were generated by the transient cotransfection of HEK 293T cells with a three-plasmid combination, by the calcium phosphate coprecipitation method, as previously described (30). After 3 days of culture in cells, the retroviral particles were collected and concentrated with 5× PEG IT™ viral precipitation solution (System Biosciences).

For retroviral transduction, 2 × 106 BL41 cells were collected and mixed with a suspension of retroviral particles in the presence of Polybrene (Santa Cruz Biotechnology). The resulting suspension was then centrifuged at 300 × g for 90 min. Cells were incubated at 37°C under an atmosphere containing 5% CO2 for 2 h, and fresh complete RPMI was then added. Transduced cells were selected by a series of puromycin (1 μg/ml; InvivoGen) treatments.

Western Blotting

Whole-cell lysates were prepared in lysis buffer [50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA (ethylenediaminetetraacetic acid), 1% Triton X-100, and 1% Igepal/NP-40, supplemented with Halt™ Protease inhibitor cocktail (Thermo Scientific)]. For phosphorylation analysis, the phosphatase inhibitors ß-glycerophosphate (12.5 nM), sodium orthovanadate (10 μM), sodium fluoride (0.1 mM), and N-ethylmaleimide (30 μM) were added before cell lysis. Protein determinations were performed with the micro-BCA protein assay kit (Thermo Scientific). Protein samples (equal masses) were heated for 5 min at 99°C after the addition of Tris–glycine SDS sample buffer (Life Technologies) containing 10% ß-mercaptoethanol (Sigma). They were subjected to polyacrylamide gel electrophoresis and the protein bands were transferred onto nitrocellulose membranes (Santa Cruz). The membranes were incubated with primary Abs, and Ab binding was visualized by chemiluminescence with horseradish peroxide (HRP)-conjugated secondary Abs (Jackson Immunoresearch), the Immobilon HRP chemiluminescence substrate for western blots (Millipore) and a DDC camera (LAS-4000 mini, Fujifilm).

Flow Cytometry

We assessed the viability of BL41, RAMOS, and BL2 cells by flow cytometry, with a BD Accuri C6 flow cytometer (BD Biosciences). Viability was assessed by expressing the proportion of viable cells (excluding granular and shrunken cells) as a percentage of the total cell population, based on forward (fw) and side light scattering profiles.

Apoptotic cells were identified with the Pacific Blue Annexin V Apoptosis detection kit and 7-AAD (Biolegend), according to the manufacturer’s protocol. Cells were analyzed in a BD LSRFortessa flow cytometer (BD Biosciences).

For extracellular staining, cells were incubated with fvs620 (1:1,000 dilution; BD Biosciences) in 1× PBS for 15 min at room temperature. Non-specific binding was blocked with human BD FC block (2.5 μg/1 × 106 cells; BD Biosciences) in 1× PBS supplemented with 2.5% FCS and 0.1% sodium azide, and cells were then incubated with fluorescent Abs. Intracellular staining for non-phosphorylated proteins was performed as follows: cells were fixed in 4% paraformaldehyde (PFA, Alfa Aesar), then incubated with NH4Cl (100 mM) for quenching, permeabilized with 0.15% saponin (VWR), and incubated with conjugated Abs in the presence of saponin.

For intracellular staining for phosphorylation analysis, saponin was replaced with 0.1% Triton X-100 (Sigma) and 50% methanol was added, and the cells were then left on ice for permeabilization. The cells were then incubated with fluorochrome-conjugated Abs and analyzed in a BD LSRFortessa flow cytometer (BD Biosciences). All flow cytometry data were analyzed with FlowJotm (FlowJo Treestar, RRID:SCR_008520) software.

Enzyme-Linked Immunosorbent Assay

Total immunoglobulin G (IgG) secretion by tonsillar B cells was assessed with the Human IgG Total ELISA Ready-SET-Go!® kit (Affymetrix, eBioscience) according to the manufacturer’s protocol, with undiluted supernatant. Absorbance was read at 450 and 570 nm, with a FLUOstar Omega microplate reader (BMG Labtech). Secreted IgG was quantified by comparison with a standard curve.

Immunofluorescence

The paraffin was removed from the sections by three sequential washes in xylene (Sigma). The sections were then rehydrated by passage through a series of ethanol solutions in water (100, 90, and 70% ethanol in distilled water). Ags were retrieved by boiling samples twice, for 5 min each, in citrate buffer (pH 6) supplemented with 0.05% Tween-20 (Sigma) in a microwave oven, and allowing the sample to cool to room temperature. Non-specific binding to FC receptors was blocked by incubating slides for 1 h at room temperature in blocking buffer (1× PBS, 1% FBS, 1% BSA, 1% human AB serum) supplemented with 0.1% Triton X-100, and then incubating them with primary Abs followed by AF488- or AF594-conjugated secondary Abs (Life Technologies).

BL41 cells were attached to poly-L-lysine slides (Thermo Scientific), fixed in 4% PFA and permeabilized by incubation with 0.15% Triton X-100. Samples were blocked by incubation with 10% FBS in 1× PBS and quenched with NH4Cl (100 mM). Samples were incubated with primary Abs and then with AF488-conjugated secondary Abs (Life Technologies).

Nuclei were stained with DAPI (4,6 diamidino-2-phenylindole, 1:10,000; Life Technologies) and the sections were mounted on slides in Fluoromount-G™ slide-mounting medium (Beckman Coulter) and covered with a coverslip.

Images were acquired with a Leica SP5 confocal microscope (Leica Microsystems) equipped with a 63× oil immersion fluorescence objective.

Gene Expression Analysis

RNA was extracted from BL41, RAMOS, and BL2 cells with the RNeasy plus mini kit (Qiagen), according to the manufacturer’s protocol, including lysate homogenization with QIAshredder spin columns (Qiagen). We then generated cDNA from 1 μg of RNA, with the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific), according to the manufacturer’s protocol.

Real-time quantitative PCR was performed with cDNA diluted 1:10, primers (0.75 μM final concentration) and the QuantiNova SYBR Green PCR Kit (Qiagen). The following primers were used: Mcl-1 (fw 5′-ATGCTTCGGAAACTGGACAT-3′; reverse (rv) 5′-TCCTGATGCCACCTTCTAGG-3′) as the target gene and GAPDH (fw 5′-AATCCCATCACCATCTTCCA-3′; rv 5′-TGGACTCCACGACGTACTCA-3′), 18 s (fw 5’-AGAAACGGCTACCACATCCA-3’; rv: 5’-CACCAGACTTGCCCTCCA-3′) and RPS13 (5’-CGAAAGCATCTTGAGAGGAACA-3’; rv: 5’-TCGAGCCAAACGGTGAATC-3’) as housekeeping genes (Sigma). PCR was performed with the Mx3005P qPCR System (Agilent Technologies).

PCR efficiency was determined with 10-fold dilutions, according to the following equation: efficiency (E) = 10(–1/slope). Cq values were determined with the following equation: Cq = Ctxlog2 (E). The Mcl-1 expression ratio was determined as follows: [image: image1], where ΔCq = Cquntreated – Cqtreated.

Statistical Analysis

We analyzed the data for BL41, RAMOS, and BL2 cells in multiple t-tests, with Holm-Sidak correction for multiple testing, in Prism (Graphpad Prism, RRID:SCR_002798). Data for tonsillar B cells were analyzed by paired t-test/within-subject analysis, in InVivoStat.

RESULTS

Infiltrating B Cells Expressing Mcl-1 Are Observed in Kidney Grafts Displaying Chronic Antibody-Mediated Rejection

Myeloid cell leukemia-1 has been shown to be important for GC maintenance and B-cell differentiation (27). According to the mature B-cell (BM) 1-BM5 classification [expression of surface IgD (sIgD) and CD38 (31)], we determined Mcl-1 expression profiles for different B-cell populations based on the expression of sIgD and CD38: sIgD+CD38−/low cells are naïve B cells that are undifferentiated or in the early stages of differentiation (BM1-BM2), sIgD+CD38high cells are pre-GC cells (BM2’), sIgD−CD38high cells are GC cells (BM3 + BM4), and sIgD−CD38−/low cells are terminally differentiated B cells (early BM5-BM5). In tonsillar B cells, Mcl-1 levels were high in the early GC and GC populations (Figure 1A).
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FIGURE 1 | Myeloid cell leukemia-1 (Mcl-1)-expressing B cells are found in kidney grafts in cases of chronic antibody-mediated rejection (A) Unstimulated tonsillar cells were stained for CD19, sIgD, CD38, and Mcl-1 and analyzed by flow cytometry. B-cell populations were identified according to the BM1-BM5 classification, based on the expression of CD19, sIgD, and CD38, and additional staining for Mcl-1 was performed. The boxplot shows the distribution between donors and the quadrant indicates the values between the fifth and ninety-fifth percentiles, n = 7. (B) Immunofluorescence staining of paraffin-embedded chronically rejected kidney with anti-CD19 and anti-Mcl-1 antibodies. Images were obtained with a Leica confocal microscope fitted with a 63× objective. sIgD, surface IgD; CD, cluster of differentiation; BM, mature B cell.



In kidney grafts displaying cAMR, infiltrating B cells were detected by the immunostaining of histological sections for CD19. Counterstaining for Mcl-1 revealed the colocalization of this protein with CD19. Histological sections of non-rejected human kidneys were stained in the same way, and no infiltrating B cells were observed on sections of these kidneys. However, Mcl-1 is not exclusive to B cells and was also observed in tubular structures (Figure 1B). A flow cytometry analysis of mononuclear cells isolated from kidneys detransplanted due to cAMR revealed the presence of a large proportion of infiltrating memory B cells (CD19+CD27+) and plasma cells (CD138+) (Figure S1 in Supplementary Material).

These results indicate that cAMR is associated with an infiltration of differentiated B cells into the kidney graft and that some of the B cells infiltrating the graft express Mcl-1, like GC cells.

Inhibiting SYK Activity Decreases Viability and Mcl-1 Protein Levels in Germinal Center-Like Cells

We then investigated ways of disrupting GC B-cell responses. Given the key role of SYK downstream from the BCR, we treated BL41 cells, a Burkitt’s lymphoma cell line used as a model of GC centroblasts (32), with the SYK inhibitor BAY61-3606 (33), to inhibit BCR signaling. We assessed the effect of SYK inhibition on cell viability. Shrinkage and blebbing are two characteristic features of apoptotic cells (34). We therefore identified dead cells on the basis of their small size and high granularity. Cell viability was decreased in a dose-dependent manner by BAY61-3606 treatment, with a 70% decrease observed in the presence of 5 μM BAY61-3606 (Figure 2A). We confirmed that BAY61-3606 reduced the level of SYK phosphorylation at TYR525/526, which is located in the activation loop of the kinase (11), in unstimulated BL41 cells (Figure 2B).
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FIGURE 2 | Spleen tyrosine kinase (SYK) inhibition in BL41 cells (Burkitt’s lymphoma cells) reduces viability and decreases levels of the antiapoptotic protein myeloid cell leukemia-1 (Mcl-1). (A) Cell viability was determined by flow cytometry analyses of cell morphology (forward and side scatter) following dose-gradient treatment with BAY61-3606 for 16 h. The data shown are mean values (±SEM, n = 3). (B) The phosphorylation status of SYK was determined by flow cytometry following SYK inhibition with BAY61-3606 (5 μM; 20 min). (C) BL41 cells were treated with BAY61-3606 (5 μM; 4 h) and Q-VD-Oph (10 μM; 4 h). Levels of the antiapoptotic proteins Mcl-1, B-cell lymphoma-2 (Bcl-2) and Bcl-xl were determined by western blotting, with quantification by protein densitometry and normalization against GAPDH levels. The data shown are mean values (±SEM, n = 3). Q-VD-Oph efficiency was determined by western-blot analysis of PARP cleavage (4 h) and cell death inhibition (16 h). The data shown are mean values (±SEM, n = 5). (D) BL41 cells were treated with BAY61-3606 (5 μM; 4 h) and MG-132 (10 μM; 4 h) and Mcl-1 protein levels were determined by western blotting, with quantification by protein densitometry and normalization against GAPDH levels. The data shown are mean values (±SEM, n = 5). Bay, BAY61-3606; N-I, non-inhibited; I-C, isotype control; QVD, Q-VD-Oph; ns, not significant; MG, MG132.



We then analyzed the levels of the antiapoptotic proteins Mcl-1, Bcl-2, and Bcl-xl. SYK inhibition resulted in lower levels of Mcl-1 protein, whereas the levels of the Bcl-2 and Bcl-xl proteins were unaffected. Mcl-1 may be cleaved by activated caspases (35) or degraded by the proteasome (36). We assessed the possible caspase-dependent degradation of Mcl-1, by treating cells with the caspase inhibitor Q-VD-Oph and BAY61-3606. This treatment resulted in only a partial rescue of Mcl-1 levels, but with the successful inhibition of caspase activation and the induction of cell death, as shown by FACS analysis and the cleavage pattern of PARP, a known substrate of caspase-3 (Figure 2C). Similar profiles for Mcl-1 and viability following SYK inhibition in the presence of Q-VD-Oph were observed with the Burkitt’s lymphoma cell lines RAMOS and BL2 (Figure S2A in Supplementary Material).

The inhibition of proteasome activity by MG132 led to an increase in Mcl-1 protein levels in control cells. However, Mcl-1 levels in cells treated with BAY61-3606 and MG132 remained similar to those in control cells (Figure 2D), suggesting that SYK inhibition does not modify the rate of Mcl-1 protein degradation. RAMOS and BL2 cells treated with BAY61-3606 and MG132 had similar Mcl-1 expression profiles (Figure S2B in Supplementary Material).

SYK Inhibition Modulates Mcl-1 Gene Expression and Alters the Cellular Distribution of STAT3

As SYK inhibition did not accelerate Mcl-1 protein degradation in BL41 cells, we hypothesized that the lower levels of Mcl-1 protein observed in BL41 cells exposed to BAY61-3606 might result from lower levels of de novo protein synthesis. We tested this hypothesis by determining Mcl-1 mRNA levels by RT-qPCR. BAY61-3606 treatment substantially decreased Mcl-1 gene expression in BL41 cells, for up to 4 h after treatment. Lower levels of Mcl-1 mRNA were also observed in RAMOS and BL2 cells exposed to BAY61-3606 (Figure S3A in Supplementary Material). The short turnover of the Mcl-1 protein in BL41 cells was confirmed by blocking protein synthesis with cycloheximide, which resulted in lower levels of Mcl-1 protein after 2 h, supporting the hypothesis that SYK inhibition affects de novo protein synthesis (Figure 3A).
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FIGURE 3 | Signal transducer and activator of transcription 3 (STAT3) as a potential regulator of myeloid cell leukemia-1 (Mcl-1) gene transcription in BL41 cells (Burkitt’s lymphoma cells) upon spleen tyrosine kinase inhibition. (A) BL41 cells were treated with BAY61-3606 (5 μM) for 1, 2, and 4 h and expression of the Mcl-1 gene was assessed by RT-qPCR. Mean values are shown (±SEM, n = 5), and significant P-values are indicated for comparisons with cells not treated with BAY61-3606. BL41 cells were treated with cycloheximide (10 μM) for 1, 2, and 4 h and Mcl-1 protein levels were determined by western blotting, with quantification by protein densitometry and normalization against GAPDH levels. Mean values are shown (±SEM, n = 3), and significant P-values are indicated for comparisons with cells not treated with BAY61-3606. (B) BL41 cells were treated with BAY61-3606 (5 μM; 60 min), and the cellular location of STAT3 was determined by immunofluorescence analyses. Images were obtained with a Leica confocal microscope equipped with a 63× objective. (C) The viability of BL41 cells was determined by flow cytometry analysis in cells treated with the STAT3 inhibitor Stattic (5 μM; 16 h) in the presence or absence of Q-VD-Oph (10 μM). Apoptotic cells were identified on the basis of their size and granularity, as assessed by forward and side light scattering. The data shown are mean values (±SEM, n = 6). Mcl-1 protein levels were assessed by western blotting after treatment with Stattic (5 μM; 4 h) and Q-VD-Oph (10 μM); Mcl-1 levels were quantified by protein densitometry and normalized against GAPDH levels. The data shown are mean values (±SEM, n = 3). Q-VD-Oph efficiency was determined by western blotting to analyze PARP cleavage (4 h) and cell death inhibition (16 h). Mean values are shown (±SEM, n = 6). Mcl-1 gene expression levels were determined by RT-qPCR. Mean values are shown (±SEM, n = 4), and significant P-values are shown for comparisons with cells not treated with BAY61-3606. CHX, cycloheximide; N-I, non-inhibited; Bay, BAY61-3606; QVD, Q-VD-Oph; ns, not significant.



Signal transducer and activator of transcription 3 (Stat3) has been identified as a major regulator of Mcl-1 gene transcription (37, 38). Immunohistological analysis in basal conditions showed STAT3 to be present in the nucleus of BL41 cells, where it can mediate Mcl-1 gene transcription. BAY61-3606 inhibited the translocation of STAT3 from the cytoplasm to the nucleus (Figure 3B), suggesting a role for STAT3 in the regulation of Mcl-1 gene expression by BCR signaling. Incubation with the STAT3 inhibitor Stattic resulted in a 70% decrease in cell viability associated with the lower levels of Mcl-1 protein. Caspase inhibition by Q-VD-Oph rescued the cells from the cell death induced by Stattic, whereas Mcl-1 protein levels were only partially rescued, suggesting that STAT3 inhibition does not result in a caspase-dependent cleavage of Mcl-1 similar to that observed with BAY61-3606. The lack of PARP cleavage confirmed the effectiveness of Q-VD-Oph, as shown in Figure 2C. Similarly, Stattic treatment decreased Mcl-1 protein levels in both RAMOS and BL2 cells. Caspase inhibition with Q-VD-Oph in the presence of Stattic did not affect Mcl-1 levels, as already observed in BL41 cells (Figure S3B in Supplementary Material). We assessed Mcl-1 gene expression by RT-qPCR. We found that 4 h of treatment with Stattic decreased the level of Mcl-1 gene expression (Figure 3C). Treatment with Stattic in RAMOS and BL2 cells also decreased Mcl-1 transcript levels (Figure S3B in Supplementary Material).

Taken together, these results indicate that STAT3 is involved in regulating Mcl-1 gene expression in BL41, RAMOS, and BL2 cells.

Overexpression of the Mcl-1 Gene Counteracts the Inhibition of Both SYK and STAT3

We investigated whether Mcl-1 gene overexpression could rescue BL41 cells from apoptosis. Cells were transduced with retroviral particles containing an Mcl-1 construct, or with control particles lacking this construct. As expected, the Mcl-1 overexpression induced by retroviral particles was not influenced by BAY61-3606 or Stattic in transduced BL41 cells (Figure 4A). A similar effect was observed for levels of Mcl-1 gene expression (Figure 4B). The effect of BAY61-3606 and Stattic on apoptosis was then assessed in both types of BL41 cells, in a flow cytometry assay based on the extracellular expression of phosphatidylserine and 7-AAD uptake. The proportion of apoptotic cells increased in cells transduced with the empty vector, whereas no such increase upon SYK or STAT3 inhibition was observed in cells overexpressing Mcl-1 (Figure 4C). We conclude that the downregulation of Mcl-1 in BL41 cells following SYK inhibition is required to induce apoptotic cell death.
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FIGURE 4 | Myeloid cell leukemia-1 (Mcl-1) overexpression protects BL41 cells against BAY61-3606-induced apoptosis BL41 cells were transduced with retroviral particles containing an Mcl-1 construct (pMcl-1), or an empty vector (pIRES) as a control. (A) The transduced cells were treated with BAY61-3606 or Stattic (5 μM; 4 h). Mcl-1 protein levels were determined by western blotting, with quantification by protein densitometry and normalization against GAPDH levels. Mean values are shown (±SEM, n = 3). (B) Mcl-1 gene expression was determined by RT-qPCR after treatment with BAY61-3606 (5 μM; 4 h) or Stattic (5 μM; 4 h). Mean values are shown (±SEM, n = 4), and significant P-values are shown for comparisons with cells not treated with inhibitor. (C) Apoptotic cells were identified on the basis of their extracellular expression of phosphatidylserine, detected by Annexin V staining, and their plasma membrane permeability, assessed by monitoring their uptake of 7-AAD after treatment with BAY61-3606 (5 μM; 8 h) or Stattic (5 μM; 8 h). Mean values are shown (±SEM, n = 4). Bay, BAY61-3606; N-I, non-inhibited; ns, not significant; Stat, Stattic.



SYK Inhibition in Tonsillar B Cells Decreases Viability, Activation, and Mcl-1 Expression, Resulting in Lower Levels of Ig Secretion

We then sought to confirm the general effect of SYK inhibition on primary B cells activated in vitro. An analysis of SYK phosphorylation revealed that BAY61-3606 reduced the phosphorylation state of SYK in activated B cells (Figure 5A).
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FIGURE 5 | Spleen tyrosine kinase (SYK) inhibition in tonsillar B cells decreases viability, activation, and effector functions. Tonsillar cells activated in vitro by incubation with CD40L fibroblasts (1:10 ratio, fibroblasts: tonsillar cells), anti-μ antibody (10 μg/ml) and LPS (1 μg/ml) Non-activated tonsillar cells were cultured with CD32L fibroblasts (1:10 ratio, fibroblasts: tonsillar cells). (A) Following incubation for 20 min in the presence or absence of BAY61-3606 (5 μM), B cells were identified on the basis of their expression of CD19, and SYK phosphorylation status was determined by flow cytometry. (B) Following 3 days of culture, cells were stained with a fixable viability stain and identified on the basis of their CD19 expression status, by flow cytometry. Dead B cells were identified with a fixable viability stain. The boxplot shows the distribution between donors, and the quadrant indicates the values between the fifth and ninety-fifth percentiles, n = 7. (C) Following 3 days of culture, cells were stained with fixable viability stain, and for CD19, sIgD, CD38, CD80, and myeloid cell leukemia-1 (Mcl-1), and analyzed by flow cytometry. Viable cells were identified as fixable viability stain-negative. Mcl-1 levels were determined in CD19-positive cells and in pre-GC (BM2′) and GC B cells (BM3 + BM4) identified on the basis of sIgD and CD38 expression profiles. Activation state was determined by assessing CD80 expression in CD19-positive cells and in pre-GC (BM2′) and GC B-cells (BM3 + BM4). The boxplot represents the distribution between donors and the quadrant indicates the values between the fifth and ninety-fifth percentiles; significant P values are shown on the graphs for comparisons between all stimulated cells and those treated with BAY61-3606, n = 7. (D) The total immunoglobulin G (IgG) secreted by the cells during 3 days of culture was analyzed by ELISA. The boxplot represents the distribution between donors and the quadrant indicates the values between the fifth and ninety-fifth percentiles, n = 9. stim, stimulated; Bay, BAY61-3606; N-A, non-activated; CD, cluster of differentiation.



Flow cytometry analyses were performed on tonsillar B cells (CD19+) after 3 days in culture. The viability of activated B cells in which BCR signaling was impaired by BAY61-3606 was 60% lower than that of control cells. Non-activated cells were not viable in culture, and no difference was observed between non-activated cells in the presence and absence of Bay61-3606 (Figure 5B).

Lower B-cell viability was associated with lower levels of Mcl-1 protein and of B-cell activation, as assessed by monitoring CD80 expression. This effect was observed in total B cells and in the pre-GC and GC (BM2′ and BM3 + BM4) populations identified on the basis of the BM1–BM5 classification (Figure 5C).

We then investigated the effects of SYK inhibition on Ig production, by assessing IgG secretion after 3 days in culture. Activated cells secreted about 150 ng of IgG per ml, whereas activated cells treated with BAY61-3606 secreted smaller amounts of IgG (Figure 5D).

These results suggest that SYK inhibition reduces cell viability and Mcl-1 protein levels and impairs B-cell activation and IgG secretion.

DISCUSSION

The GC reaction is important for the generation of effector B cells with a high Ag affinity. During the GC reaction, apoptosis is required to eliminate B cells with low Ag affinity and self-reactive B cells (19, 39, 40).

Conversely, the positive selection of GC B cells with a high Ag affinity and the promotion of their survival are essential for the generation of effector B cells (19, 20). The role of antiapoptotic Bcl-2 family members, including Bcl-2, Mcl-1, and Bcl-xl, in the GC reaction has been investigated. Yoshino et al. (41) observed that resting and mantle-zone B cells expressed Bcl-2, whereas GC B cells did not. This finding was confirmed by the identification of Bcl-6 as a repressor of Bcl-2 transcription (42, 43). We confirmed, in a previous study based on the in situ staining of human lymphocytes, that GC cells do not express Bcl-2, whereas Mcl-1 is co-expressed with PUMA and Bcl-xl in these cells (28). There is growing evidence to suggest that Mcl-1 is a key player in the survival of activated B cells. Vikstrom et al. (27) showed, with a conditional Mcl-1 knockout model in mice, that the absence of Mcl-1 resulted in the defective development of GC and memory cells and impaired Ig secretion. In the same study, memory B-cell formation had no effect on the GC reaction in Bcl-xl knockout mice. We confirm here that Mcl-1 is strongly expressed in the BM3 + BM4 population of tonsillar B cells corresponding to GC B cells (31).

A recent study showed that GCs may develop outside secondary lymphoid organs and form TLS, which generate effector and memory B cells. Such TLS have been reported in cases of persistent inflammation (44, 45). Thaunat et al. (14) detected TLS in kidney allografts in cases of cAMR, in which infiltrating B cells, T cells, and follicular dendritic cells were identified. GC B-cell characteristics, such as clonality, high levels of proliferation, and the upregulation of GC-related genes, have been observed in these infiltrations (14, 46–48). We found that the B cells infiltrating kidneys displaying cAMR expressed Mcl-1, consistent with the notion that the B cells infiltrating grafted organs are part of the TLS and are involved in the local immune response and effector B-cell production. Various immunosuppressive treatments have been developed to prevent and treat acute cellular rejection, but these treatments are clearly ineffective against cAMR, which remains a leading cause of chronic organ failure (49–51). There is, therefore, an urgent need to develop new treatments that effectively alter GC-like cell viability and differentiation, to reduce the prevalence of cAMR.

B-cell receptor signaling during B-cell development leads to the elimination of self-reactive B cells by programmed cell death (52, 53), whereas Ag affinity-linked BCR engagement later in the GC reaction leads to the apoptosis of cells with a low Ag affinity and the differentiation of cells with a high Ag affinity into effector B cells (19–21). SYK acts very early in the signaling chain, and is, therefore, an attractive candidate regulator of BCR signaling. In this study, we aimed to impair BCR signaling by inhibiting the kinase activity of SYK, to decrease GC B-cell viability. In GC centroblast cell lines, inhibition of the constitutively active SYK kinase resulted in the downregulation of Mcl-1 and a decrease in cell viability. We show that preventing Mcl-1 protein degradation with caspase or proteasome inhibitors only partially rescues Mcl-1 protein levels, and our RT-qPCR experiments confirmed the downregulation of Mcl-1 gene transcription.

Akgul et al. (54) identified several binding sites for transcription factors, including STAT3, within the promotor region of the Mcl-1 gene. The role of STAT3 in the GC response remains unclear, but this transcription factor has been shown to influence the T cell-dependent IgG response, and STAT3 deficiencies impair the generation of human memory B cells (55, 56). Ding et al. (57) recently showed, with a STAT3 knockout mouse model, that STAT3 is dispensable for GC initiation but essential for the maintenance of the GC reaction. Immunized STAT3 knockout mice had larger numbers of apoptotic GC B cells than normal mice, and this higher level of apoptosis was associated with lower levels of Mcl-1 gene expression (57). STAT3 has already been reported to be involved in Mcl-1 regulation, but mostly on the basis of observations from experiments in which the JAK/STAT pathway was activated by cytokine- and growth factor-induced signaling (58–60). We show here, in BL41 cells, that SYK inhibition impairs the translocation of STAT3 to the nucleus, preventing its binding to the promoter of the Mcl-1 gene, whereas this transcription factor remains constitutively nuclear in the absence of treatment. STAT3 inhibition mimicked the effects of SYK inhibition in terms of Mcl-1 expression and cell death. We show here that BCR signaling is associated with the STAT3-modulated regulation of Mcl-1 protein levels. The modulation of STAT3 levels by the BCR is supported by data from studies reporting a JAK-independent link between BCR signaling and STAT3 (61, 62). We also show that Mcl-1 overexpression prevents cells from entering apoptosis in the presence of inhibitors of both SYK and STAT3. These results suggest that Mcl-1 downregulation is required to induce apoptosis, confirming the key role of Mcl-1 in maintaining the GC reaction, as reported in previous studies (27, 28, 63).

Le Huu et al. (64) observed an increase in SYK phosphorylation in B cells following allogeneic bone marrow transplantation in mice. In human patients with graft versus host disease (GVDH), total SYK levels were found to be higher than those in healthy patients. In the same study, PBMCs isolated from GVDH patients were found to have a higher BCR responsiveness following BCR engagement than PBMCs from healthy patients. SYK inhibition reduced BCR responsiveness in these cells (65). These findings suggest that activated SYK plays a role in GVDH. We show here that SYK inhibition in activated B cells reduces cell viability in vitro. Our results are consistent with those of Flynn et al. (66), showing that SYK inhibition induces apoptosis more strongly in B cells isolated from the PBMCs of patients with active GVDH than in those from patients with inactive or no GVDH. We found that this lower viability was associated with Mcl-1 downregulation in BL41 cells, a finding confirmed by our experiments with primary tonsillar B cells. We also show that SYK inhibition is associated with weaker activation, as shown by the level of CD80 expression.

The damaging role of the DSAs produced following organ transplantation has been studied in detail. Preexisting and de novo IgG DSAs are associated with acute and chronic solid graft injury (51, 67, 68), whereas DSAs of the IgM and IgA types are not in themselves damaging (69, 70). We showed that SYK inhibition in primary cells activated in vitro abolished all IgG secretion. These results therefore suggest that SYK inhibition affects the GC reaction and GC B-cell responsiveness.

In conclusion, our data show that SYK inhibition affects BCR signaling-mediated cell survival through the downregulation of Mcl-1 gene transcription. We demonstrate that SYK inhibition impairs B-cell responses by altering B-cell reactivity to Ags and decreasing Ab production. These results suggest that, in cases of cAMR, SYK could be targeted by new therapeutic tools, to improve graft survival by manipulating the humoral immune response.
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FIGURE S1 | Unstimulated B-cells isolated from mononuclear cells extracted from transplant recipients presenting end-stage renal failure due to chronic AMR were stained for CD19, CD27 and CD138 and analyzed by flow cytometry. Memory B-cells were identified based on the expression of CD19 and CD27. Plasma cells were identified based on the expression of CD138, n = 4.

FIGURE S2 | (A) BL2 and RAMOS cells were treated with BAY61-3606 (5 μM; 4 h) and Q-VD-Oph (10 μM; 4 h). Levels of the antiapoptotic proteins myeloid cell leukemia-1 (Mcl-1), were determined by western blotting. Q-VD-Oph efficiency was determined by western-blot analysis of PARP cleavage (4 h) and cell death inhibition (16 h). The data shown are mean values (±SEM, n = 3). (B) BL2 and RAMOS cells were treated with BAY61-3606 (5 μM; 4 h) or MG-132 (10 μM; 4 h) and Mcl-1 protein levels were determined by western blotting, with quantification by protein densitometry and normalization against GAPDH levels (n = 1). Bay: BAY61-3606, N-I: non-inhibited, QVD: Q-VD-Oph, MG: MG132.

FIGURE S3 | (A) BL2 and RAMOS cells were treated with BAY61-3606 (5 μM; 4 h) and expression of the myeloid cell leukemia-1 (Mcl-1) gene was assessed by RT-qPCR. Mean values are shown (±SEM, n = 3). (B) Mcl-1 protein levels were assessed by western blotting after treatment with Stattic (5 μM; 4 h) and Q-VD-Oph (10 μM). Q-VD-Oph efficiency was determined by western blotting to analyze PARP cleavage (4 h) Mcl-1 gene expression levels were determined by RT-qPCR. Mean values are shown (±SEM, n = 3). Bay: BAY61-3606, QVD: Q-VD-Oph.

REFERENCES

1. Bonomini V, Vangelista A, Frascà GM, Di Felice A, Liviano D, Arcangelo G. Effects of plasmapheresis in renal transplant rejection. A controlled study. Trans Am Soc Artif Intern Organs (1985) 31:698–703.

2. Slatinska J, Honsova E, Burgelova M, Slavcev A, Viklicky O. Plasmapheresis and intravenous immunoglobulin in early antibody-mediated rejection of the renal allograft: a single-center experience. Ther Apher Dial (2009) 13(2):108–12. doi:10.1111/j.1744-9987.2009.00664.x

3. Jordan SC, Vo A, Tyan D, Toyota M. Desensitization therapy with intravenous gammaglobulin (IVIG): applications in solid organ transplantation. Trans Am Clin Climatol Assoc (2006) 117:199–211.

4. Waiser J, Duerr M, Schönemann C, Rudolph B, Wu K, Halleck F, et al. Rituximab in combination with bortezomib, plasmapheresis, and high-dose IVIG to treat antibody-mediated renal allograft rejection. Transplant Direct (2016) 2(8):e91. doi:10.1097/TXD.0000000000000604

5. Faguer S, Kamar N, Guilbeaud-Frugier C, Fort M, Modesto A, Mari A, et al. Rituximab therapy for acute humoral rejection after kidney transplan-tation. Transplantation (2007) 83(9):1277–80. doi:10.1097/01.tp.0000261113.30757.d1

6. Mulley WR, Hudson FJ, Tait BD, Skene AM, Dowling JP, Kerr PG, et al. A single low-fixed dose of rituximab to salvage renal transplants from refractory antibody-mediated rejection. Transplantation (2009) 87(2):286–9. doi:10.1097/TP.0b013e31819389cc

7. Kizilbash S, Claes D, Ashoor I, Chen A, Jandeska S, Matar RB, et al. Bortezomib in the treatment of antibody-mediated rejection in pediatric kidney transplant recipients: A Multicenter Midwest Pediatric Nephrology Consortium study. Pediatr Transplant (2017) 21(3):e12873. doi:10.1111/petr.12873

8. Orandi BJ, Zachary AA, Dagher NN, Bagnasco SM, Garonzik-Wang JM, Van Arendonk KJ, et al. Eculizumab and splenectomy as salvage therapy for severe antibody-mediated rejection after HLA-incompatible kidney transplantation. Transplantation (2014) 98(8):857–63. doi:10.1097/TP.0000000000000298

9. Yelken B, Arpalı E, Görcin S, Kocak B, Karatas C, Demiralp E, et al. Eculizumab for treatment of refractory antibody-mediated rejection in kidney transplant patients: a single-center experience. Transplant Proc (2015) 47(6):1754–9. doi:10.1016/j.transproceed.2015.06.029

10. Cornall RJ, Cheng AM, Pawson T, Goodnow CC. Role of Syk in B-cell development and antigen-receptor signaling. Proc Natl Acad Sci U S A (2000) 97(4):1713–8. doi:10.1073/pnas.97.4.1713

11. Tsang E, Giannetti AM, Shaw D, Dinh M, Tse JKY, Gandhi S, et al. Molecular mechanism of the Syk activation switch. J Biol Chem (2008) 283(47):32650–9. doi:10.1074/jbc.M806340200

12. Dal Porto JM, Gauld SB, Merrell KT, Mills D, Pugh-Bernard AE, Cambier J. B cell antigen receptor signaling 101. Mol Immunol (2004) 41(6–7):599–613. doi:10.1016/j.molimm.2004.04.008

13. Jacob J, Kelsoe G, Rajewsky K, Weiss U. Intraclonal generation of antibody mutants in germinal centres. Nature (1991) 354(6352):389–92. doi:10.1038/354389a0

14. Thaunat O, Field A-C, Dai J, Louedec L, Patey N, Bloch M-F, et al. Lymphoid neogenesis in chronic rejection: evidence for a local humoral alloimmune response. Proc Natl Acad Sci U S A (2005) 102(41):14723–8. doi:10.1073/pnas.0507223102

15. Koenig A, Thaunat O. Lymphoid neogenesis and tertiary lymphoid organs in transplanted organs. Front Immunol (2016) 7:646. doi:10.3389/fimmu.2016.00646

16. Berek C, Berger A, Apel M. Maturation of the immune response in germinal centers. Cell (1991) 67(6):1121–9. doi:10.1016/0092-8674(91)90289-B

17. Jacob J, Kassir R, Kelsoe G. In situ studies of the primary immune response to (4-hydroxy-3-nitrophenyl)acetyl. I. The architecture and dynamics of responding cell populations. J Exp Med (1991) 173(5):1165–75. doi:10.1084/jem.173.5.1165

18. Muramatsu M, Kinoshita K, Fagarasan S, Yamada S, Shinkai Y, Honjo T. Class switch recombination and hypermutation require activation-induced cytidine deaminase (AID), a potential RNA editing enzyme. Cell (2000) 102(5):553–63. doi:10.1016/S0092-8674(00)00078-7

19. Liu YJ, Joshua DE, Williams GT, Smith CA, Gordon J, MacLennan ICM. Mechanism of antigen-driven selection in germinal centres. Nature (1989) 342(6252):929–31. doi:10.1038/342929a0

20. Tarlinton DM, Smith KGC. Dissecting affinity maturation: a model explaining selection of antibody-forming cells and memory B cells in the germinal centre. Immunol Today (2000) 21(9):436–41. doi:10.1016/S0167-5699(00)01687-X

21. Meyer-Hermann ME, Maini PK, Iber D. An analysis of B cell selection mechanisms in germinal centers. Math Med Biol (2006) 23(3):255–77. doi:10.1093/imammb/dql012

22. Billian G, Mondière P, Berard M, Bella C, Defrance T. Antigen receptor-induced apoptosis of human germinal center B cells is targeted to a centrocytic subset. Eur J Immunol (1997) 27(2):405–14. doi:10.1002/eji.1830270210

23. Fischer SF, Bouillet P, O’Donnell K, Light A, Tarlinton DM, Strasser A. Proapoptotic BH3-only protein Bim is essential for developmentally pro-grammed death of germinal center-derived memory B cells and antibody-forming cells. Blood (2007) 110(12):3978–84. doi:10.1182/blood-2007-05-091306

24. Youle RJ, Strasser A. The BCL-2 protein family: opposing activities that mediate cell death. Nat Rev Mol Cell Biol (2008) 9(1):47–59. doi:10.1038/nrm2308

25. Shamas-Din A, Kale J, Leber B, Andrews DW. Mechanisms of action of Bcl-2 family proteins. Cold Spring Harb Perspect Biol (2013) 5(4):a008714. doi:10.1101/cshperspect.a008714

26. Siddiqui WA, Ahad A, Ahsan H. The mystery of BCL2 family: Bcl-2 proteins and apoptosis: an update. Arch Toxicol (2015) 89(3):289–317. doi:10.1007/s00204-014-1448-7

27. Vikstrom I, Carotta S, Lüthje K, Peperzak V, Jost PJ, Glaser S, et al. Mcl-1 is essential for germinal center formation and B cell memory. Science (2010) 330(6007):1095–9. doi:10.1126/science.1191793

28. Clybouw C, Fischer S, Auffredou MT, Hugues P, Alexia C, Bouillet P, et al. Regulation of memory B-cell survival by the BH3-only protein Puma. Blood (2011) 118(15):4120–8. doi:10.1182/blood-2011-04-347096

29. Morel C, Carlson SM, White FM, Davis RJ. Mcl-1 integrates the opposing actions of signaling pathways that mediate survival and apoptosis. Mol Cell Biol (2009) 29(14):3845–52. doi:10.1128/MCB.00279-09

30. Gavrilescu LC, Van Etten RA. Production of replication-defective retrovirus by transient transfection of 293T cells. J Vis Exp (2007) 10:550. doi:10.3791/550

31. Pascual V, Liu YJ, Magalski A, Bouteiller OD, Banchereau J, Capra JD. Analysis of somatic mutation in five B cell subsets of human tonsil. J Exp Med (1994) 180(1):329–39. doi:10.1084/jem.180.1.329

32. Küppers R, Klein U, Hansmann M-L, Rajewsky K. Cellular origin of human B-cell lymphomas. N Engl J Med (1999) 341(20):1520–9. doi:10.1056/NEJM199911113412007

33. Yamamoto N, Takeshita K, Shichijo M, Kokubo T, Sato M, Nakashima K, et al. The orally available spleen tyrosine kinase inhibitor 2-[7-(3,4-dimethoxyphenyl)-imidazo[1,2-c]pyrimidin-5-ylamino]nicotinamide dihydrochloride (BAY 61-3606) blocks antigen-induced airway inflammation in rodents. J Pharmacol Exp Ther (2003) 306(3):1174–81. doi:10.1124/jpet.103.052316

34. Krysko DV, Vanden Berghe T, D’Herde K, Vandenabeele P. Apoptosis and necrosis: detection, discrimination and phagocytosis. Methods (2008) 44(3):205–21. doi:10.1016/j.ymeth.2007.12.001

35. Michels J, O’Neill JW, Dallman CL, Mouzakiti A, Habens F, Brimmell M, et al. Mcl-1 is required for Akata6 B-lymphoma cell survival and is converted to a cell death molecule by efficient caspase-mediated cleavage. Oncogene (2004) 23(28):4818–27. doi:10.1038/sj.onc.1207648

36. Nencioni A, Hua F, Dillon CP, Yokoo R, Scheiermann C, Cardone MH, et al. Evidence for a protective role of Mcl-1 in proteasome inhibitor-induced apoptosis. Blood (2005) 105(8):3255–62. doi:10.1182/blood-2004-10-3984

37. Bhattacharya S, Ray RM, Johnson LR. STAT3-mediated transcription of Bcl-2, Mcl-1 and c-IAP2 prevents apoptosis in polyamine-depleted cells. Biochem J (2005) 392(2):335–44. doi:10.1042/BJ20050465

38. Thomas LW, Lam C, Edwards SW. Mcl-1; the molecular regulation of protein function. FEBS Lett (2010) 584(14):2981–9. doi:10.1016/j.febslet.2010.05.061

39. Han S, Zheng B, Porto JD, Kelsoe G. In situ studies of the primary immune response to (4-hydroxy-3-nitrophenyl)acetyl. IV. Affinity-dependent, antigen-driven B cell apoptosis in germinal centers as a mechanism for maintaining self-tolerance. J Exp Med (1995) 182(6):1635–44. doi:10.1084/jem.182.6.1635

40. Shokat KM, Goodnow CC. Antigen-induced B-cell death and elimination during germinal-centre immune responses. Nature (1995) 375(6529):334–8. doi:10.1038/375334a0

41. Yoshino T, Kondo E, Cao L, Takahashi K, Hayashi K, Nomura S, et al. Inverse expression of bcl-2 protein and Fas antigen in lymphoblasts in peripheral lymph nodes and activated peripheral blood T and B lymphocytes. Blood (1994) 83(7):1856–61.

42. Ci W, Polo JM, Cerchietti L, Shaknovich R, Wang L, Yang SN, et al. The BCL6 transcriptional program features repression of multiple oncogenes in primary B cells and is deregulated in DLBCL. Blood (2009) 113(22):5536–48. doi:10.1182/blood-2008-12-193037

43. Saito M, Novak U, Piovan E, Basso K, Sumazin P, Schneider C, et al. BCL6 suppression of BCL2 via Miz1 and its disruption in diffuse large B cell lymphoma. Proc Nat Acad Sci U S A (2009) 106(27):11294–9. doi:10.1073/pnas.0903854106

44. Kratz A, Campos-Neto A, Hanson MS, Ruddle NH. Chronic inflammation caused by lymphotoxin is lymphoid neogenesis. J Exp Med (1996) 183(4):1461–72. doi:10.1084/jem.183.4.1461

45. Takemura S, Klimiuk PA, Braun A, Goronzy JJ, Weyand CM. T cell activation in rheumatoid synovium is B-cell dependent. J Immunol (2001) 167(8):4710–8. doi:10.4049/jimmunol.167.8.4710

46. Kerjaschki D, Regele HM, Moosberger I, Nagy-Bojarski K, Watschinger B, Soleiman A, et al. Lymphatic neoangiogenesis in human kidney transplants is associated with immunologically active lymphocytic infiltrates. J Am Soc Nephrol (2004) 15(3):603–12. doi:10.1097/01.ASN.0000113316.52371.2E

47. Thaunat O, Patey N, Caligiuri G, Gautreau C, Mamani-Matsuda M, Mekki Y, et al. Chronic rejection triggers the development of an aggressive intragraft immune response through recapitulation of lymphoid organogenesis. J Immunol (2010) 185(1):717–28. doi:10.4049/jimmunol.0903589

48. Cheng J, Torkamani A, Grover RK, Jones TM, Ruiz DI, Schork NJ, et al. Ectopic B-cell clusters that infiltrate transplanted human kidneys are clonal. Proc Natl Acad Sci U S A (2011) 108(14):5560–5. doi:10.1073/pnas.1101148108

49. Durrbach A, Francois H, Beaudreuil S, Jacquet A, Charpentier B. Advances in immunosuppression for renal transplantation. Nat Rev Nephrol (2010) 6(3):160–7. doi:10.1038/nrneph.2009.233

50. Lodhi SA, Lamb KE, Meier-Kriesche HU. Solid organ allograft survival improvement in the United States: the long-term does not mirror the dramatic short-term success. Am J Transplant (2011) 11(6):1226–35. doi:10.1111/j.1600-6143.2011.03539.x

51. Loupy A, Hill GS, Jordan SC. The impact of donor-specific anti-HLA antibodies on late kidney allograft failure. Nat Rev Nephrol (2012) 8(6):348–57. doi:10.1038/nrneph.2012.81

52. Yurasov S, Nussenzweig MC. Regulation of autoreactive antibodies. Curr Opin Rheumatol (2007) 19(5):421–6. doi:10.1097/BOR.0b013e328277ef3b

53. Yarkoni Y, Getahun A, Cambier JC. Molecular underpinning of B-cell anergy. Immunol Rev (2010) 237(1):249. doi:10.1111/j.1600-065X.2010.00936.x

54. Akgul C, Turner PC, White MRH, Edwards SW. Functional analysis of the human MCL-1 gene. Cell Mol Life Sci (2000) 57(4):684–91. doi:10.1007/PL00000728

55. Fornek JL, Tygrett LT, Waldschmidt TJ, Poli V, Rickert RC, Kansas GS. Critical role for Stat3 in T-dependent terminal differentiation of IgG B cells. Blood (2006) 107(3):1085–91. doi:10.1182/blood-2005-07-2871

56. Avery DT, Deenick EK, Ma CS, Suryani S, Simpson N, Chew GY, et al. B cell–intrinsic signaling through IL-21 receptor and STAT3 is required for establishing long-lived antibody responses in humans. J Exp Med (2010) 207(1):155–71. doi:10.1084/jem.20091706

57. Ding C, Chen X, Dascani P, Hu X, Bolli R, Zhang H-G, et al. STAT3 signaling in B cells is critical for germinal center maintenance and contributes to the pathogenesis of murine models of lupus. J Immunol (2016) 196(11):4477–86. doi:10.4049/jimmunol.1502043

58. Puthier D, Bataille R, Amiot M. IL-6 up-regulates mcl-1 in human myeloma cells through JAK/STAT rather than ras/MAP kinase pathway. Eur J Immunol (1999) 29(12):3945–50. doi:10.1002/(SICI)1521-4141(199912)29:12<3945::AID-IMMU3945>3.0.CO;2-O

59. Epling-Burnette PK, Liu JH, Catlett-Falcone R, Turkson J, Oshiro M, Kothapalli R, et al. Inhibition of STAT3 signaling leads to apoptosis of leukemic large granular lymphocytes and decreased Mcl-1 expression. J Clin Invest (2001) 107(3):351–62. doi:10.1172/JCI9940

60. Mott JL, Kobayashi S, Bronk SF, Gores GJ. mir-29 regulates Mcl-1 protein expression and apoptosis. Oncogene (2007) 26(42):6133–40. doi:10.1038/sj.onc.1210436

61. Wang L, Kurosaki T, Corey SJ. Engagement of the B-cell antigen receptor activates STAT through Lyn in a Jak-independent pathway. Oncogene (2006) 26(20):2851–9. doi:10.1038/sj.onc.1210092

62. Uckun FM, Qazi S, Ma H, Tuel-Ahlgren L, Ozer Z. STAT3 is a substrate of SYK tyrosine kinase in B-lineage leukemia/lymphoma cells exposed to oxidative stress. Proc Natl Acad Sci U S A (2010) 107(7):2902–7. doi:10.1073/pnas.0909086107

63. Vikstrom I, Slomp A, Carrington EM, Moesbergen LM, Chang C, Kelly GL, et al. MCL-1 is required throughout B-cell development and its loss sensitizes specific B-cell subsets to inhibition of BCL-2 or BCL-XL. Cell Death Dis (2016) 7(8):e2345. doi:10.1038/cddis.2016.237

64. Le Huu D, Kimura H, Date M, Hamaguchi Y, Hasegawa M, Hau KT, et al. Blockade of Syk ameliorates the development of murine sclerodermatous chronic graft-versus-host disease. J Dermatol Sci (2014) 74(3):214–21. doi:10.1016/j.jdermsci.2014.02.008

65. Allen JL, Tata PV, Fore MS, Wooten J, Rudra S, Deal AM, et al. Increased BCR responsiveness in B cells from patients with chronic GVHD. Blood (2014) 123(13):2108–15. doi:10.1182/blood-2013-10-533562

66. Flynn R, Allen JL, Luznik L, MacDonald KP, Paz K, Alexander KA, et al. Targeting Syk-activated B cells in murine and human chronic graft-versus-host disease. Blood (2015) 125(26):4085–94. doi:10.1182/blood-2014-08-595470

67. Lee P-C, Terasaki PI, Takemoto SK, Lee P-H, Hung C-J, Chen Y-L, et al. All chronic rejection failures of kidney transplants were preceded by the development of HLA antibodies. Transplantation (2002) 74(8):1192–4. doi:10.1097/01.TP.0000031249.33030.FB

68. Kaneku H, O’Leary JG, Banuelos N, Jennings LW, Susskind BM, Klintmalm GB, et al. De novo donor-specific HLA antibodies decrease patient and graft survival in liver transplant recipients. Am J Transplant (2013) 13(6):1541. doi:10.1002/ajt.12212

69. Arnold ML, Heinemann FM, Horn P, Ziemann M, Lachmann N, Mühlbacher A, et al. 16th IHIW: anti-HLA alloantibodies of the of IgA isotype in re-transplant candidates. Int J Immunogenet (2013) 40(1):17–20. doi:10.1111/iji.12032

70. Everly MJ, Rebellato LM, Haisch CE, Briley KP, Bolin P, Kendrick WT, et al. Impact of IgM and IgG3 anti-HLA alloantibodies in primary renal allograft recipients. Transplantation (2014) 97(5):494–501. doi:10.1097/01.TP.0000441362.11232.48

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 © 2018 Roders, Herr, Ambroise, Thaunat, Portier, Vazquez and Durrbach. 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 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: 23 April 2018
doi: 10.3389/fimmu.2018.00835





[image: image1]

Targeting B Cells and Plasma Cells in Autoimmune Diseases

Katharina Hofmann*, Ann-Katrin Clauder and Rudolf Armin Manz

Institute for Systemic Inflammation Research, University of Luebeck, Luebeck, Schleswig-Holstein, Germany

OPEN ACCESS

Edited by:

Duncan Howie, University of Oxford, United Kingdom

Reviewed by:

Andrew L. Snow, Uniformed Services University of the Health Sciences, United States
Raymond John Steptoe, The University of Queensland, Australia
Adriana Gruppi, Centro de Investigaciones en Bioquímica Clínica e Inmunología (CIBICI CONICET), Argentina

*Correspondence:

Katharina Hofmann
katharina.hofmann@outlook.com

Specialty section:

This article was submitted to Immunological Tolerance and Regulation, a section of the journal Frontiers in Immunology

Received: 17 December 2017
Accepted: 05 April 2018
Published: 23 April 2018

Citation:

Hofmann K, Clauder A-K and Manz RA (2018) Targeting B Cells and Plasma Cells in Autoimmune Diseases. Front. Immunol. 9:835. doi: 10.3389/fimmu.2018.00835

Success with B cell depletion using rituximab has proven the concept that B lineage cells represent a valid target for the treatment of autoimmune diseases, and has promoted the development of other B cell targeting agents. Present data confirm that B cell depletion is beneficial in various autoimmune disorders and also show that it can worsen the disease course in some patients. These findings suggest that B lineage cells not only produce pathogenic autoantibodies, but also significantly contribute to the regulation of inflammation. In this review, we will discuss the multiple pro- and anti-inflammatory roles of B lineage cells play in autoimmune diseases, in the context of recent findings using B lineage targeting therapies.
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INTRODUCTION

The presence of autoantibodies is characteristic of most autoimmune diseases and has been widely used for diagnosis. Despite this, within the last 10–15 years B cells have been recognized as therapeutic targets for the treatment of autoimmune diseases. B cell subtypes, and the mechanisms of antibody production and maintenance, are highly diverse, and likewise the susceptibility of autoantibody-secreting plasma cells to therapies seems to be dependent on their tissue localization (1). Generally, conventional immunosuppressive therapy, using either steroids or cytostatic drugs, is commonly used in many autoimmune diseases and partly inhibits autoantibody production (2–5). At present, several drugs that specifically target B cells or plasma cells are either in clinical use or under development and promise to be very efficient for the treatment of various autoimmune diseases (6–8). Among them are (I) monoclonal antibodies against CD19, CD20, and CD22 that can directly target multiple B cell subtypes, but not or only to a lesser extent mature antibody-secreting plasma cells, (II) inhibitors of B cell activating factor (BAFF) and A proliferation-inducing ligand (APRIL), two cytokines which are very important survival factors for B cells and plasma cells, respectively, and (III) velcade/bortezomib, a small molecule proteasome inhibitor that spares B cells but eliminates both short-lived and long-lived plasma cells (9).

B cell directed therapies have proven not only to be therapeutically effective in classic B cell/autoantibody-driven disorders, such as autoimmune blistering skin diseases, myasthenia gravis, or antibody/immune-complex-mediated systemic lupus erythematosus (SLE), but also in diseases that are believed to be mainly driven by T cells, most prominently rheumatoid arthritis (RA) or multiple sclerosis (MS) (10–12). By contrast, in some cases, therapeutic B cell depletion results in the aggravation of symptoms. These findings emphasize that B cells play multiple roles that are relevant for the onset and clinical outcomes of autoimmune inflammatory disorders.

In this review, we will discuss how B cell targeting therapies may affect distinct B cell and plasma cell subpopulations, and how this depletion modulates the outcome of autoimmune diseases.

B CELLS, PLASMA CELLS, AND THEIR IMPACT ON AUTOIMMUNE DISEASES

B Cell Maturation and Subsets

In humans and mice, there are three known functionally and phenotypically distinct B cell subsets: B-1, B-2, and marginal zone (MZ) B cells (13). While B-1 and MZ B cells can contribute to innate and adaptive immunity, “conventional” B-2 cells provide adaptive humoral immunity.

B-1 cells arise already early in embryonic development and comprised about 5% of all B cells in mice and humans. The B-1 population is the major source of natural IgM antibodies that exhibit reactivity to self and common microbial antigens (14). B-2 cells are activated in T-dependent immune responses and produce antibodies of all subclasses, and are capable of forming memory B cells with increased antibody affinity. MZ B cells are found in the marginal sinus of the white pulp of the spleen and predominantly produce antibodies that are specific for carbohydrate antigens.

While autoantibodies contribute to the pathogenesis of many autoimmune disorders, natural autoantibodies can be protective (14–16), suggesting that the various B cell subsets play multifaceted roles in autoimmune diseases (17).

After birth, large numbers of immature B-2 B cells are continuously formed within the bone marrow (18). During the stepwise differentiation of B cell precursors into immature B cells, the genes encoding the B cell receptor are reorganized, which at the population level generates a heavily diverse antibody repertoire. Immature B cells express high levels of functional antigen receptors (antibodies) of the IgM subclass on their surface (19). Thereafter, based on the specificity and affinity of their individual B cell receptors, immature B cell clones are either negatively or positively selected (20).

Some immature B cells bearing an autoreactive B cell receptor become deleted by central tolerance mechanisms operative in the bone marrow. The immigration of immature B cells into the spleen occurs through the terminal branches of the central arteriole that drains into sinusoids of the MZ (21). After migration to the splenic follicles, non-self-reactive IgM+/IgD− immature B cells penetrate the MZ sinus to migrate through the interface between the periarteriolar lymphoid sheaths and B cell follicles, and eventually become IgM+/IgD+ naive mature B-2 or MZ B cells. This process is strongly dependent on high concentrations of the cytokine BAFF, which is expressed in splenic follicles. Most self-reactive immature B cells that passed central tolerance induction are energized or deleted in the spleen before they reach the BAFF-rich follicles. This peripheral tolerance mediating process relies on the activation of self-reactive B cells by autoantigens, which results in arrest of migration before these cells can enter the splenic follicle, and as a consequence they die as a result of BAFF-deprivation (21). Despite this, autoantibodies are also found in healthy individuals (22, 23), suggesting that some autoreactive B cells escape both the central and peripheral tolerance inducing mechanisms.

Mature B cells recirculate through the blood and accumulate in the follicles of secondary lymphoid tissues (24). Interestingly enough, mature B cells express a certain degree of migrational diversity. While all mature B cells are found in systemic and mucosal secondary lymphoid tissues, only a subpopulation of mature B cells recirculate through the bone marrow, a process of unknown biological significance, but which is clearly well controlled. In mice, these B cells express CD22, an Ig superfamily member serving as an adhesion receptor for sialic acid-bearing ligands. CD22 binds to CD22-ligands specifically present on sinusoidal endothelial cells in the bone marrow, but not on endothelial cells in other lymphoid tissues (25). A heterogeneous population of B cells also recirculates through the skin, as has been shown in animal models (26). These B cells express typical skin-homing receptors, e.g., ligands for E-selectin and α-4 and β-1 integrins, and exhibit a different immunophenotype than lymph node B cells. It is thought that these cells activate T cells at the site of inflammation and can increase local antibody production (26). However, the possibility that skin-homing B cells contribute to autoimmune skin diseases remains to be established.

After stimulation with their cognate (self-) antigen, mature B cells eventually may form short-lived plasma cells, memory B cells, or long-lived plasma cells (27, 28). As discussed below, these cell types markedly contribute to the pathogenesis of autoimmune diseases and exhibit a specific response to distinct therapeutic approaches.

Memory B Cells

Memory B cells are formed within germinal centers and differ from naive B cells with respect to several features. While many human and murine memory B cells still express IgM, a significant proportion has already switched to the production of downstream antibody subclasses, mainly IgA and IgGs (29–31). Antigen-mediated crosslinking of membrane IgG provides a much stronger activation signal than IgM (32), which contributes to the reduced activation threshold observed for memory B cells and their capacity to quickly give rise to antibody-secreting plasma cells (33–36). Independent from their subclass, memory B cells have down-regulated the expression of genes that negatively control BCR signaling and have up-regulated the expression of their counterparts (37, 38). Moreover, memory B cells also express higher affinity B cell receptors, which not only strengthens the effector functions of the antibodies secreted by their plasma cell progeny, but also allows memory B cells to sense very low antigen doses. Consequently, memory B cells resemble very powerful antigen-presenting cells (APCs) (39, 40). While dendritic cells definitively represent the most important APC during the initiation of the immune response, memory B cells may take over later. Hence, antigen-presentation by memory B cells might be of particular importance during the later phases of chronic immune reactions, such as autoimmune diseases. Human, but not murine, memory B cells show increased expression of CD27. The interaction of CD27 with its ligand on T cells, CD70, promotes the differentiation of activated memory B cells into plasma cells (41). Compared with naive cells, human memory B cells also exhibit a distinct expression profile of homing molecules; these molecules help B cells to interact with T cells and present their cognate antigen in the context of MHC class II in an optimal manner (42–47). The capacity to efficiently interact with T cells is crucial to quickly boosting both the formation of plasma cells and antibody secretion, but likely also increases the capacity of memory B cells to modulate T cell responses.

In conclusion, memory B cells are optimized to interact with T cells and to yield strong antibody responses even in response to relatively little stimulation. Autoreactive memory antibodies are likely to contribute to the chronic and progressive course typically observed for autoimmune disorders (48). High frequencies of memory B cells are associated with poor clinical responses to RTX treatment (49). RTX treatment results in the efficient depletion of memory B cells in peripheral blood, and relapse after this treatment is thought to be associated with the repopulation of IgD-CD27− and IgD-CD27+ memory B cells (50). However, RTX may not deplete the whole B cell memory compartment. RTX-treated patients can generate robust recall responses to repeated influenza vaccination, as indicated by the increase in serum antibody levels and peripheral blood plasmablast frequencies (51). This memory response is comparable to that observed in healthy controls. Hence, a significant fraction of memory B cells seems to be resistant to RTX treatment and is most likely localized in lymphoid or inflamed tissues (51). In mice, distinct layers of memory B cells have been identified, suggesting that the memory compartment is much more complex and diverse than expected (52, 53). Similarly, in human donors, distinct subpopulations of memory B cells that distinctly express homing receptors, such as CXCR3, have been observed in blood (46, 54). In response to IFN-γ, activated B cells upregulate CXCR3, which thereafter is stably expressed on their memory B cell progeny (46, 54). These findings may indicate that a subpopulation of memory B cells is formed under inflammatory conditions, such as during an autoimmune disease flare-up, which then might be able to migrate into inflammatory tissues where they are relatively protected from therapeutic intervention.

Short-Lived and Long-Lived Plasma Cells

Successful activation of naive B cells leads to a massive clonal expansion and eventually the formation of short-lived plasma cells in the extra-follicular areas of secondary lymphoid tissues (55). In mice, these cells exhibit lifetimes of less than a week (56). Cytostatic drugs, such as cyclophosphamide, prevent B proliferation and the formation of new antibody-secreting cells, hence eliminating the short-lived plasma cell compartment (57). Simultaneous to the formation of short-lived plasma cells, germinal centers may give rise to both memory B cells and long-lived plasma cells. For a brief period following vaccination, precursors of long-lived plasma cells (plasmablasts) are found in human peripheral blood (54); these cells then give home to deposit tissues, such as bone marrow, mucosal tissue, or sites of inflammation. The tissue homing of these cells is tightly regulated by adhesion molecules, chemokines, and their receptors (58–60). In peripheral blood, plasma cell subpopulations are found that exhibit different expression profiles of homing receptors. For example, migratory plasmablasts, induced by intracutaneous vaccination, express L-selectin, which are associated with homing to peripheral lymph nodes (61, 62). Similar to the return of locally activated plasma cell precursors to mucosal sites, cells that are activated in the context of a pro-inflammatory response seem to be programmed to relocate to inflamed tissues. Here, the high levels of inflammatory cytokines can support plasma cell survival, likely enabling these cells survive for the period of inflammation (60). These data suggest that plasma cells formed in the course of an inflammation-associated immune response can maintain the production of antibodies but will disappear when the cause of inflammation has resolved (46, 63).

In human tissues, various plasma cell subpopulations exist which exhibit different phenotypes and stages of differentiation (46, 64, 65). Some plasma cell stages still express CD20, indicating that they might be susceptible to RTX treatment. However, mature human plasma cells have lost CD20 expression (66–68). Accordingly, even B cell depletion has been found to have no impact on the production of human memory antibodies, e.g., specific for tetanus toxoid (63). In general, serum antibodies of different specificities show a great variety of responses following B cell depletion, ranging from no response to depletion below the detection limit (69), possibly suggesting that antibodies are maintained by various mechanisms, including short-lived plasma cell populations that are replenished by various memory B cell subsets and by long-lived plasma cells. The notion that long-lived plasma cells contribute to the production of autoantibodies (57), but are not affected by conventional immunosuppressive drugs such as steroids or cyclophosphamide, or by B cell depletion, has identified them as a novel target cell requiring specific therapeutic approaches (70).

B Lineage Cells Exert Multiple Roles That Drive Pathogenesis but Also Control the Severity of Inflammation

B cells play multiple functions. Following differentiation into plasma cells, they secrete huge amounts of antibodies into the body fluids. Autoantibodies can contribute to the pathogenesis of autoimmune diseases in multiple ways (71). They can initiate immune-complex-mediated inflammation, deplete specific cell types or modulate important signaling pathways, relevant in SLE, antibody-mediated hemolytic anemia or Hashimoto’s thyroiditis and Graves’ disease, respectively (72–75). However, more recent studies indicate that antibodies can also exert significant anti-inflammatory effects, which limit or even inhibit autoimmune pathogenesis. The pro- and anti-inflammatory effects of antibodies depend on their isotype (76) and on their Fc N-linked glycosylation patterns (77, 78). While IgGs with low levels of galactosylation promote inflammation, sialylated IgGs have a strong anti-inflammatory capacity (79, 80). Highly glycosylated IgG antibodies have been shown to inhibit autoimmune inflammation in mouse models (76, 81, 82). Changes in autoantibody glycosylation have been observed during the course of human autoimmune diseases, possibly providing an interesting novel diagnostic tool, but also suggesting that the antibody glycosylation pattern can alter the clinical course of autoimmune disorders (83).

B lineage cells can also present antigens in the context of MHC II and secrete immunomodulatory cytokines, thereby playing a prominent role for the modulation of antigen-specific T cell responses (84–86). B cells probably only play a minor role in T cell priming. However, during secondary or chronic immune reactions B cells resemble very potent APCs that drive the expansion of activated T helper cells (87–90). Hence, B cells are likely to be both important antigen-presenting and T cell promoting cells during chronic and repeated immune reactions, such as occurs during the course of autoimmune diseases.

In addition, various B lineage cells, including those with a CD138+ plasmablast/plasma cell phenotype, have been shown to express a variety of pro-inflammatory cytokines that can stimulate innate effector cells and significantly contribute to inflammation and immune protection in murine models (91–93). Moreover, while some B lineage cells promote inflammation, others exhibit profound immunosuppressive capacities (94). As shown in many models, B cells and plasma cells can also suppress autoimmune inflammation through the production of cytokines, such as IL-10, TGF-beta, or IL-35 (86, 95–98). Interestingly, IL-10 and IL-35 are produced by B cells that have different phenotypes (98). As discussed below, the therapeutic induction of immunosuppressive B lineage cells may be an interesting direction for the development of future therapies.

LESSONS FROM RTX TREATMENT OF AUTOIMMUNE DISEASES

Regarding the clinical use of B cell targeting therapies, the majority of the information comes from studies using RTX. This chimeric mouse/human monoclonal antibody targets the pan B cell marker CD20, a transmembrane protein expressed on all B lineage cells, from early pre-B to mature B and memory B cells. CD20 has been shown to mediate Ca2+ influx across plasma membranes and is important in maintaining intracellular Ca2+ concentration and activation of B cells (99). RTX was the first anti-CD20 antibody approved by the U.S. Food and Drug Administration for medical use in 1997 as Rituxan®, originally to treat B cell non-Hodgkin lymphomas (100). Later it was also approved for use in RA, granulomatosis with polyangiitis, and microscopic polyangiitis and there is growing clinical use of RTX in other autoimmune diseases, such as MS, SLE, and autoimmune blistering skin diseases (101–105).

Mode of Action of RTX

After binding of RTX to membrane bound CD20 it mediates strong complement-dependent cytotoxicity directed to its target cell due to the enhanced clustering of antibody Fc regions (106, 107). Based on its ability to redistribute CD20 into lipid rafts, which provides the molecular basis for RTXs engagement of complement factors, RTX is classified as a type I anti-CD20 antibody. By contrast, type II antibodies cannot cause this redistribution of CD20 (108–111), do not induce complement-dependent cytotoxicity to the same extent (111), but appear to induce a greater degree of directly induced, non-apoptotic cell death, upon binding to target cells (112).

CD20 expression is lost during differentiation into mature antibody-secreting plasma cells (66–68). This lack of CD20, particularly on long-lived plasma cells, explains why RTX treatment does not interfere with the production of memory antibodies, such as anti-tetanus/-measles/-mumps/-rubella (63, 113). Depending on the stage of plasma cell differentiation and tissue localization, early plasma cells (plasmablasts) exhibit various levels of CD20 expression (114). While mature long-lived plasma cells are apparently not depleted by RTX, it is not known to which extent earlier plasma cell stages are affected.

Independent of disease, RTX leads to the depletion of peripheral B cells from approximately 90% to close to 100% (Table 1). Despite this fact, the clinical efficacy of RTX varies broadly among different autoimmune diseases, and also among individual patients. Following withdrawal of RTX treatment, B cell levels recover within 6–20 months, with the rate of recovery greatly varying between individual patients (115).

TABLE 1 | Efficacy of RTX treatment varies.
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Use of RTX in Pemphigus Vulgaris (PV)

RTX has shown promising results in the treatment of PV, an autoantibody-driven blistering skin disease. In three independent clinical studies, comprising a total of 43 patients with this rare autoimmune disorder, RTX treatment achieved a complete remission in over 80–95% of patients (103, 116, 117) who, importantly, were refractory to steroid therapy. This impressive clinical outcome was achieved in parallel with B cell depletion close to undetectable levels in almost all patients. One study showed that in most, but not all patients, the levels of anti-keratinocyte cell-surface IgG4 autoantibodies dropped to undetectable levels (116). In another study, anti-desmoglein 1 and 3 (Dsg1/3) autoantibodies were measured and found to be reduced on average by 65–80% (103). Generally, the response to RTX treatment seems to correlate with the extent of B cell depletion. However, two treated patients showed clinical remission despite persistent high levels of anti-Dsg1/3 autoantibodies, although remission was delayed compared with that in patients who showed remarkably reduced autoantibody levels (103). Hence, a reduction in the levels of autoantibodies seems to be a major factor in the success of RTX in treating PV. Nevertheless, the finding that RTX can improve clinical symptoms in patients that still exhibit high levels of anti-Dsg1/3 autoantibodies, suggests that RTX can also act via additional mechanisms. It would be interesting to consider this concept while designing future clinical studies.

Use of RTX in RA

Studies using RTX in RA have provided additional evidence that its therapeutic efficacy is not merely based on the reduction of autoantibody levels. In this disease, RTX is recommended for use in patients refractory to standard therapy (118). Although the B cell depletion rate is almost 100%, a clinical response was observed in approximately 60–70% of patients (11, 105, 119). Considering that these patients did not respond to other therapies, this was deemed to be a significant success. Results from more recent studies have suggested that RTX has better long-term efficacy when used in patients with fewer previous treatments and lower disease activity (120). Interestingly, the clinical response to RTX in RA positively correlates with the presence of anti-CCP autoantibodies, but is inversely correlated with the IgG-levels present before treatment (121–124). Autoantibodies and IgG-levels together with serum IL-33 have also been reported to predict the clinical response to RTX (125).

Based on the correlation between serum autoantibodies and response to RTX, on first view it seems possible that suppression of autoantibodies is a relevant mechanism by which RTX affects the clinical outcome of RA. The presence of autoantibodies such as rheumatoid factor (RF) and anti-CCP correlate well with disease activity in RA patients and indicate the presence and activation of autoreactive B cells. Moreover, anti-CCP and IgM-RF can enhance pro-inflammatory macrophage functions in vitro (126), supporting the idea that these autoantibodies may also contribute to RA pathogenesis in vivo. However, the reduction of serum autoantibody levels in RTX-treated responders is only very moderate, i.e., approximately 50 and 30%, for anti-CCP and RF, respectively, with a high degree of variation being observed (69). It seems questionable that such minor reductions in autoantibody levels cause the clinical response. Moreover, the absolute autoantibody levels persisting in responders after treatment were still two to fivefold higher than in non-responders (69). If autoantibodies in responders and non-responders exhibit similar pathogenicity, the moderate depletion of autoantibodies in responders to levels above of non-responders would not explain the success of the therapy. Other studies have also shown very moderate RTX effects on IgA and IgG anti-CCP autoantibodies, suggesting that a significant proportion is produced by long-lived plasma cells (127). The question of whether these antibodies contribute to RA pathogenicity remains to be addressed.

RTX Effects on CD4 T Cells

Alternative explanations for the anti-inflammatory effects of RTX in RA patients include the suppression of inflammatory T cells in favor of regulatory T cells subsets, possibly in combination with an induction of high galactosylated anti-inflammatory antibodies. There is good evidence that CD4 T cells can activate myeloid and synovial cells, which in turn activate and recruit macrophages to synovial tissue, eventually leading to joint inflammation and cartilage destruction, whereas regulatory T cells are protective (128–131).

The production of pro- and anti-inflammatory cytokines such IFN-γ, IL-17, or IL-10 seems to be key for T cell mediated control of RA pathogenesis. There is evidence that the clinical response to RTX therapy in RA is associated with lower IFN-γ levels (132). Moreover, a study including 52 patients showed that RTX often induces a reduction in the number of peripheral blood CD4 T cells, an effect that was strongly associated with the clinical response (133). It is possible that the depletion of a small subpopulation of CD20+ T cells contributes to this effect (134).

However, there is good evidence that B cells can efficiently promote CD4 T cell functions through antigen-presentation and cytokine release. As discussed above, while B cells may play only a minor role in T cell priming, during secondary or chronic immune reactions, B cells can act as very potent APCs that drive the expansion of activated T helper cells (87–89, 135). Hence, B cell depletion may impair the formation, clonal expansion, and function of T memory cells.

Accordingly, T cell activation in the synovium of RA patients has been reported to be dependent on B cells (136). Hence, it is highly likely that RTX mediates its beneficial effects in RA at least partly through the depletion of T cell stimulating B lineage cells, although this remains to be studied further.

Effects of RTX Mediated B Cell Depletion on Cytokines

Of note, under certain conditions, B cells can also directly promote innate inflammatory effector cells through the production of cytokines such as IFN-γ, IL-6, granulocyte-macrophage colony-stimulating factor, and IL-17 (91, 93, 137, 138). In mice, B cell ablation has been shown to ameliorate autoimmune diseases by depleting IL-6-producing B cells (93). Moreover, a recent study has provided evidence that B cells from RA patients show abnormal IL-6 signaling and altered cytokine production, and that this may contribute to disease (139). Hence, B cells resemble an underestimated source of inflammatory cytokines and the depletion of such pro-inflammatory cytokine producing B cells is likely to contribute to the therapeutic outcome of RTX treatment.

RTX Effects on Antibody Glycosylation

T cell help in germinal centers has been found to be important for the induction of inflammatory low-glycosylated IgG antibodies (82). In particular, the T cell-derived cytokines such as IFN-γ and IL-17 are capable of synergistically promoting the production of low-sialylated, and potentially pathogenic, antibodies (82, 139). Based on the notion that the clinical response to RTX in RA is associated with lower IFN-γ levels (132), it is possible that a reduction in IFN-γ levels, in turn, leads to alterations in antibody glycosylation.

In accordance with the idea that these processes are of pathophysiological relevance, reduced antibody glycosylation has been reported to precede disease onset and to correlate with disease activity in RA patients (140). This phenotype is highly prevalent in, but not restricted to, autoantibodies (141). Hence, it is possible that acting through a reduction in IFN-γ levels, RTX corrects the shift toward the production of pro-inflammatory antibodies that is observed in RA. Of note, high-glycosylated antibodies can mediate anti-inflammatory effects independent of their specificity, as indicated by the therapeutic effects of intravenously administered immunoglobulins (142), although antigen-specific effects might be considerably stronger and require lower antibody concentrations (79, 81, 143). Accordingly, highly glycosylated IgGs have been reported to induce antigen-specific tolerance (78). Hence, RTX may partly mediate its beneficial effects through changes in antibody glycosylation, either via a reduction in autoantibody pathogenicity, through the generation of anti-inflammatory autoantibodies, or by the induction of persistent high levels of anti-inflammatory total IgGs that mimic continuous IVIG treatment.

Effects of RTX in MS and SLE

Similar to what has been observed in RA, the therapeutic effect of RTX in SLE and MS is variable. Its impact on total antibody levels as well as on autoantibody levels shows a high degree of diversity (Table 1). In a recent study, only 11 out of 32 SLE patients with IgG hypergammaglobulinemia before treatment showed reduced IgG-levels after 12 months of treatment (144). Likewise, a reduction in anti-double-stranded DNA levels was incomplete, with high inter-individual variety and differences between antibody subclasses (145–148). Despite homogenous B cell depletion rates in MS of over 90 and 95% in spinal fluid and in the periphery, respectively, the disease outcome showed great variation (104, 149–151). Interestingly, RTX has even been found to worsen the clinical outcome of MS (104).

These variable results might be not be surprising in the light of the finding that B lineage cells play multiple pro-and anti-inflammatory roles in experimental autoimmune encephalomyelitis (EAE), a murine model of MS. B cell-derived IL-6 has been shown to be crucial for the initiation of EAE, suggesting that B cells can promote MS pathogenesis through the production of this pro-inflammatory cytokine (93). However, there is an abundance of evidence that anti-inflammatory B cell subsets can also efficiently suppress CD4 T cells mediating neuroinflammation, and that these effects are mediated by B lineage-derived IL-10, TGF-β, and IL-35 (98, 152). These findings led to the concept of regulatory B cells (Bregs), which, however, have never been clearly defined. Recent results indicate that these IL-10+ B lineage cells have a plasmablast phenotype (98, 153). Similarly, investigations conducted by our group have identified plasmablasts/plasma cells as an important source of IL-10, capable of suppressing skin inflammation in a murine model of epidermolysis bullosa acquisita (EBA) (85). In EAE, B lineage-derived IL-6 and IL-10 were shown to have an impact on the induction and resolution of inflammation, respectively (93, 98, 153). These findings may partly explain the heterogeneity of the clinical response to RTX observed in MS. Depending on the major role of B lineage cells as drivers or inhibitors of inflammation in individual patients, and possibly related to timing, RTX may be either beneficial or worse for the clinical course of MS.

ALTERNATIVE B CELL TARGETING APPROACHES

Second Generation Anti-CD20 Antibodies

The great clinical success of the chimeric antibody, RTX, has stimulated the development of the second generation anti-CD20 antibodies, ocrelizumab, obinutuzumab, veltuzumab, and ofatumumab (154). These second generation anti-CD20 antibodies are humanized or even fully human, exhibit improved effector functions, and compared with rituximab show greater potential in vitro. Due to these properties, they are expected to be more effective, to exhibit lower immunogenicity, and to be better tolerated. However, these expectations, which may be validated by head-to-head trials of these second generation anti-CD20 antibodies and RTX, have not been confirmed till date.

Ocrelizumab has recently been approved for the treatment of relapsing-remitting MS, and is the first approved treatment for primary progressive MS. In RA, however, ocrelizumab seems to have no benefit over current treatments, leading to a halt in the development of ocrelizumab for the treatment of RA (155).

Clinical trials exploring the use of obinutuzumab, veltuzumab, and ofatumumab in autoimmune disorders are at various stages of development and have been extensively reviewed by Du and colleagues (154). In general, it appears that the new anti-CD20 antibodies are effective against autoimmune diseases, against which RTX is also beneficial, but more studies are needed to evaluate their efficiency and long-term safety profiles in greater detail.

Antibodies Targeting CD19

Other B cell depleting reagents that promise a great potential for the treatment of autoimmune diseases are a series of reagents targeting CD19, which are currently under development. These include humanized antibodies, “bi-specific T cell engagers,” and antibody-drug conjugates, such as inebilizumab, blinatumomab, and SAR3419, among several others (156, 157).

CD19 targeting therapeutics generally exhibit a broader target spectrum than anti-CD20 based reagents. CD19 is expressed very early in B cell development, being evident already on pro-B cells and on all later B cell stages, whereas CD20 is expressed later, starting at the immature B cell stage. Possibly of greater importance for the treatment of autoimmune diseases, in addition to all mature B cell subsets, CD19 is expressed on a significant proportion of plasmablasts and plasma cells, particularly outside the bone marrow (64, 114). Accordingly, CD19 targeting reagents have been reported to deplete pre-existing peripheral antibody-secreting cells, at least in humanized mouse models (158). Hence, CD19 targeting reagents might be not only suitable for treating B cell malignancies, but also exhibit great potential for therapeutic use in autoimmune diseases, particularly for those diseases with a strong involvement of pathogenic antibodies, e.g., SLE, pemphigus, and neuromyelitis optica.

BAFF/APRIL Antagonists

An alternative therapeutic strategy to target B cells is the blockade of B lineage survival factors, such as BAFF and its homolog APRIL and their receptors (159). Together, BAFF and APRIL along with their receptors form a complex system, which is very important for the survival of mature B cells and plasma cells. There are three receptors that bind BAFF and APRIL with different affinities. BAFF binds to BAFF-R, transmembrane activator and calcium modulator and cyclophilin ligand interactor, and B cell maturation protein. These three receptors are differentially expressed at various times during B cell ontogeny (160). Most BAFF circulates as a soluble active homo-trimer (161) that binds to BAFF-R and this interaction is required for survival of late transitional, MZ, and mature naive B cells, all of which are depleted by BAFF-blockade (162, 163).

Several BAFF/APRIL targeting drugs are currently under development. The humanized anti-BAFF antibody belimumab has already been approved in the EU and the USA for the treatment of adult patients with active, autoantibody-positive, and SLE despite standard therapy. It is generally well tolerated with low rates of immunogenicity. Belimumab in combination with standard therapy reduces the overall disease activity and the incidence and severity of flares, has steroid-sparing effects, and can maintain disease control for at least 10 years (164). Interestingly, despite its clinical efficiency, belimumab only partly inhibits the production of IgG-autoantibodies. While some studies found no reduction of IgG-autoantibody levels following treatment with belimumab, others have reported a decline of 40–60% within 2–7 years of treatment (165–167). This is in accordance with the finding that belimumab depletes both naive and activated B cells, but not memory B cells (165, 167).

Similar to what has been observed with RTX, B cell targeting by blockade of BAFF and APRIL using belimumab, tabalumab, or atacicept also shows greatly variable effects on the levels of autoantibodies and the clinical outcome of autoimmune diseases (118, 168–181), and of note, seem to have only limited effects on the production of (auto)antibodies (Table 2).

TABLE 2 | Efficacy of belimumab, tabalumab, and atacicept.

[image: image1]

Generally, B cell targeting represents a powerful strategy for the treatment of autoimmune diseases. Its mechanism of action seems to be diverse and complex, and needs further elucidation.

DIRECT TARGETING OF PLASMA CELLS BY BORTEZOMIB

As originally shown by us and others, in mice, memory antibodies are secreted by long-lived plasma cells (182, 183). The notion that these cells can contribute to the production of autoantibodies but do not respond to current therapeutic approaches (57), has led to the search for novel plasma cell targeting agents.

The small molecule proteasome inhibitor bortezomib promotes plasma cell apoptosis and is approved for the treatment of multiple myeloma. Nearly a decade ago, Voll and colleagues reported that this drug could also be useful for the treatment of antibody-mediated autoimmune diseases. They demonstrated that bortezomib efficiently depletes both short-lived and long-lived plasma cells and protects mice with lupus-like disease from nephritis (70). Its efficacy was later proven in various models of antibody-mediated autoimmune diseases (184–186). There is now increasing evidence that bortezomib can also efficiently deplete autoantibodies in patients, resulting in the improvement of clinical symptoms, as has been described for refractory primary Sjögren’s syndrome, refractory SLE, thrombotic thrombocytopenic purpura, and among others (9, 187–197). The potential development of severe side effects, such as peripheral neuropathies may limit the use of bortezomib in autoimmune diseases. However, its unique capacity to deplete antibody-producing plasma cells suggests that the safety and efficacy of bortezomib should be evaluated in clinical trials including more patients who are refractory to standard therapeutic approaches.

INDUCTION OF ANTI-INFLAMMATORY B LINEAGE CELLS: A PROMISING THERAPEUTIC TREATMENT OPTION?

IL-10+ B lineage cells have been known as potent suppressors of autoimmune inflammation for decades (198). Over the last decade, the expansion of IL-10+ B cells using various approaches has been shown to efficiently suppress both autoimmune and allergic inflammation in numerous models (85, 199, 200). The first report that IL-10+ B cells exert a suppressive function was in 2002 by Fillatreau and colleagues (86), who showed that chimeric mice with a B cell specific IL-10 deficiency do not recover from EAE. Later, IL-10+ B cells were termed as Bregs or B10 cells. However, no surface marker or transcription factor unique to these cells has been identified to date. These cells are only functionally defined by their production of anti-inflammatory cytokines such as IL-10, and more recently IL-35, and the resulting suppression of inflammation and autoimmune diseases (201, 202).

Phenotype and Origin of Human IL-10-Producing B Cells

The combination of markers used to describe “regulatory B cells” in human and mice is controversial. The phenotypic identification of these B cells and their possible origin and development have been excellently reviewed elsewhere (198, 203). In humans, the ability to produce anti-inflammatory IL-10 has been reported in B cells at various stages of development: immature/transitional B cells (CD19+ CD38hi CD24hi) (204), plasmablasts (CD27int CD38hi) (153, 205), and memory B cells (CD19+ CD27+) (206, 207). It is likely that IL-10+ B cells represent a transient stage with a functional program rather than a terminally differentiated stage, and that any B cell can acquire suppressive properties within a certain environment. Nevertheless, it is debatable if these cells arise from a single shared progenitor, from individual progenitors, or are induced under certain environmental stimuli (198, 203). Interestingly, in this context autocrine IL-10 can promote human IL-10+ B cells to differentiate into IgG- and IgM-secreting plasma cells (208).

IL-10-Producing B Cells in Patients Suffering from Autoimmune Diseases

The first report describing human IL-10-producing B lineage cells in autoimmune diseases was in 2010 by Iwata et al. (207), who described abnormally high frequencies of peripheral IL-10+ B cells in various autoimmune diseases, such as SLE, RA, MS, Sjögren’s syndrome, and blistering skin diseases. An increase in the number of blood IL-10+ CD19+ CD24hi CD38hi cells was also found in PV patients, but these B cells were functionally unable to suppress Th1 immune responses (209). By contrast, several studies on RA (206, 210–212), SLE (204), systemic sclerosis (SSc) (213, 214), and MS (215–217) patients have shown a reduced number of peripheral IL-10-producing B cells compared with that in the controls. This was often accompanied by an impaired suppressive capacity of CD4 T cells. An overview describing the modulation of human IL-10-producing B lineage cells in different autoimmune diseases has been provided by Miyagaki et al. (218).

IL-10-Producing B Cell Dynamics Following B Cell Targeting Therapy

In myasthenia gravis, depletion of B cells with RTX showed that IL-10+ B cells can be found to have repopulated in the periphery after several months (219). Immunosuppressive treatments, TNF-therapy, and BAFF-blockade in RA (206), SSc (213), and experimental diabetes mellitus type 1 (220), respectively, have shown that IL-10-producing B lineage cells enrich after treatment and that their frequency is even higher than before treatment. In relapsing-remitting MS, the frequencies of IL-10+ CD19+ B cells were significantly reduced in patients experiencing a relapse compared with that in patients in remission (217), indicating that the clinical outcome of the disease also depends on the availability of IL-10-producing B cells.

Moreover, a “good responder” to RTX in myasthenia gravis showed a rapid repopulation of CD19+ IL-10+ B cells after from 8 to 9 months compared with a “non-responder,” where repopulation was delayed (219). This shows that the kinetics of the IL-10+ B cell repopulation is related to the responsiveness to RTX. Similarly, Colliou et al. (221) have shown that RTX-treated PV patients in complete remission had fourfold higher numbers of IL-10+ CD19+ B cells compared with patients in incomplete remission. In SLE patients responding well to RTX treatment, IL-10+ CD24hi CD38hi B cells were found to repopulate and exhibited a restored suppressive function compared to non-responders (222).

Differences in IL-10-producing B cells in individual patients and types of autoimmune diseases could explain the differential outcome and benefit of B cell specific therapies. For example, in SLE and lupus nephritis, pan B cell therapies, such as RTX, show only moderate or even no benefit, despite the significant role of B cells in this disease (145, 223). The depletion of anti-inflammatory B cells could contribute to this unexpected result. Very few studies to date have included an analysis of the kinetics and function of IL-10-producing B cells after B cell depleting therapy. To better understand the individual clinical outcome of the patients and the differences between certain autoimmune diseases treated with the same B cell targeting agent, it would be of great benefit to include an analysis of IL-10+ B lineage cells in further studies.

Challenges Hampering the Development of IL-10+ B Cell-Based Therapies

Restoring the regulatory capacity and the number of IL-10+ B cells is a promising therapeutic goal for the treatment of autoimmune diseases. However, currently two unsolved problems hamper the development of a therapy based on IL-10+ B cells. First, the methods used to generate IL-10+ B cells for therapeutic approaches are not suitable for a clinical setting. Second, the identity and phenotype of IL-10+ B cells remain uncertain. Nevertheless, recent progress has been made with respect to both issues. Giacomini et al. (224) have shown that stimulation of peripheral blood mononuclear cells (PBMCs) from MS patients with thymosin-α1 (Tα1) increases IL-10 and IL-35 secretion and expands transitional- and plasmablast-like B cell populations. Upon exposure to pro-inflammatory cytokines, such as IL-21, IL-6, and IL-1β, an expansion of IL-10+ B cell population has been observed. In RA patients, IL-21 increases the number of IL-10-producing B cells in the memory compartment and induces IL-10+ plasmablasts (206), whereas in mice, gut microbiota-derived IL-1β and IL-6 promote the formation of various IL-10+ B lineage cells in the spleen and lymph nodes (225). By contrast, the anti-inflammatory cytokine IL-35 can also induce human B cells to produce IL-10 and IL-35 (226). Nevertheless, inducing anti-inflammatory B cells in vivo via inflammatory cytokines bears the risk of undesirable pathogenic side effects by also activating other effector cell types. If not expanded in vivo, IL-10+ B cells could be also induced from patient PBMCs in vitro and transferred back. Here, the questions of the amount of B cells required to improve clinical symptoms and the stability of the IL-10+ phenotype and function arise. The difficulties and potential of these therapies were recently discussed by Mauri and Menon (227).

Induction of IL-10-Producing Plasma Cells/Plasmablasts: Potential as a Novel Treatment Option

Progress has been made in defining the identity of IL-10+ B cells that could be used to develop a novel therapeutic strategy. During the last decade, several phenotypically distinct murine B cell subsets have been described that produce IL-10 upon in vitro stimulation, which was able to limit autoimmune diseases (198). These cells include B cells with a CD5+ CD1dhi phenotype (B10) (228), CD5+ B cells (B1-a) (229), transitional type 2-MZ precursors (230), and MZ B cells (231).

Of note, the surface markers used to characterize the identity of the IL-10+ B cells change following activation and might be not suitable to define a specific B cell subtype under inflammatory conditions. Interestingly in this context, it has been shown that “B10” cells upregulate the expression of the transcription factors Blimp1 and IRF4 while downregulating that of Pax5, suggesting that these cells undergo plasma cell differentiation. Moreover, upon transfer into recipient mice, “B10” cells become antibody-secreting cells (232). More recently, CD138hi plasmablasts in murine spleen (98) or lymph nodes (153) were described as the major producer of anti-inflammatory IL-10 and IL-35 in vivo with the ability to limit EAE. In accordance with these findings, we found that IL-10+ plasma cells exhibit profound anti-inflammatory activities in a model of EBA, a rare autoimmune skin disease (85). These cells induce IL-10 expression but reduce IFN-γ production in CD4 T cells, promote IL-10 production by CD4+/Foxp3+ Tregs and suppress neutrophil functions. Hence, IL-10+ plasmablasts/plasma cells represent an important anti-inflammatory B cell subtype.

Identification of the identity of IL-10+ B lineage cells may help to develop a novel method to induce these cells in a therapeutic setting. Stimulation of B cells with CpG-oligonucleotides induces both plasma cell differentiation and IL-10 expression. Accordingly, experimental induction of IL-10+ B lineage cells by adaptive transfer of CpG-stimulated B cells has recently been shown to suppress ongoing EAE inflammation in a therapeutic setting (200). This approach may open a novel perspective for the treatment of inflammatory autoimmune diseases.

CONCLUDING REMARKS

The success of current B cell targeting therapies emphasizes the important roles B cells play in the pathogenesis of autoimmune diseases. There is overwhelming evidence from animal models indicating that B lineage cells exhibit multiple powerful pro- and anti-inflammatory capacities. The current experience with B cell targeting therapies suggests that these findings also hold true in the clinic. Hence, therapies that specifically deplete pathogenic B cells and plasma cells, or generate immunosuppressive B cells/plasma cells could hold great potential for the treatment of autoimmune diseases. In an optimal setting, the therapy would be tailored to the individual patient based on his/her predicted needs, benefits, and risks.
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Pemphigus vulgaris (PV) is an autoimmune skin blistering disease effecting both cutaneous and mucosal epithelia. Blister formation in PV is known to result from the binding of autoantibodies (autoAbs) to keratinocyte antigens. The primary antigenic targets of pathogenic autoAbs are known to be desmoglein 3, and to a lesser extent, desmoglein 1, cadherin family proteins that partially comprise the desmosome, a protein structure responsible for maintaining cell adhesion, although additional autoAbs, whose role in blister formation is still unclear, are also known to be present in PV patients. Nevertheless, there remain large gaps in knowledge concerning the precise mechanisms through which autoAb binding induces blister formation. Consequently, the primary therapeutic interventions for PV focus on systemic immunosuppression, whose side effects represent a significant health risk to patients. In an effort to identify novel, disease-specific therapeutic targets, a multitude of studies attempting to elucidate the pathogenic mechanisms downstream of autoAb binding, have led to significant advancements in the understanding of autoAb-mediated blister formation. Despite this enhanced characterization of disease processes, a satisfactory explanation of autoAb-induced acantholysis still does not exist. Here, we carefully review the literature investigating the pathogenic disease mechanisms in PV and, taking into account the full scope of results from these studies, provide a novel, comprehensive theory of blister formation in PV.
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INTRODUCTION

Pemphigus vulgaris (PV) is an autoimmune skin blistering disease characterized by the presence of autoantibodies (autoAbs) directed against keratinocyte surface antigens. It has been well established that autoAbs alone are capable of driving blister formation in PV. Early studies identified the primary target of pathogenic autoAbs as desmoglein 3 (Dsg3) and to a lesser extent, desmoglein 1 (Dsg1). More recently, additional autoAbs specificities have been identified in PV patients that could potentially also contribute to disease pathogenicity (1, 2). Despite extensive research, the exact mechanisms through which autoAbs induce a loss of cell–cell adhesion (also termed acantholysis) are not well understood.

Since the primary target of PV autoAbs was shown to be a desmosomal protein, most of the earliest theories of acantholysis suggested that the loss of cell adhesion was simply the result of autoAbs sterically hindering the homo- and heterophillic binding of desmosomal proteins between neighboring cells (3, 4). Studies showing that staphylococcal exfoliative toxins, which cleave Dsg1, could produce blisters similar to those seen in PF, indicated that disturbance of desmosomal proteins was capable of causing a loss of cell–cell adhesion (5, 6). The relationship between desmoglein expression and cell adhesion was further supported by the observation that Dsg3-deficient mice develop mucosal lesions similar to those seen in PV patients (7). Together, these data demonstrated that interference with desmoglein interactions was sufficient to drive a loss of cell–cell adhesion.

The observation by multiple groups that PVIgG was seen only to bind at desmosomal areas also supported the idea that autoAb interference of desmosomal interaction drives blister formation (8–10). In addition, in areas of acantholysis, PVIgG was seen to bind to both desmosomal plaques and split desmosomes (11), indicating that PVIgG could access desmosome-associated desmogleins.

Further support for the steric hindrance theory came from later studies attempting to characterize the fine-epitope specificity of anti-Dsg3 autoAbs. It was shown that autoAbs primarily target the amino terminal of Dsg3 which, based on the crystal structure of other classical cadherins, was predicted to facilitate trans-interaction (12–17). Furthermore, only anti-Dsg3 autoAbs targeting the amino terminal EC1-2 of Dsg3 could illicit blister formation when passively transferred to neonatal mice, not anti-Dsg3 autoAbs targeting the more carboxyl domains EC3-5. Another study demonstrated that anti-Dsg3 autoAbs preferentially recognize the mature form of Dsg3, but not an immature form, which requires additional proteolytic processing to participate in adhesion (18, 19). It was also shown that autoAb binding was dependent on the proper calcium stabilized formation of Dsg3, which is known to be required for proper adhesive functioning (13, 20, 21). Later experiments using atomic force microscopy (AFM) were able to demonstrate that PVIgG could directly interfere with Dsg3 trans-interaction (22).

One potential liability of the steric hindrance theory was the possibility that blistering effects were mediated by the constant regions of the Abs. However, experiments showing that Fab and F(ab2) fragments, as well as single-chain variable fragments which lack the Fc domain, were able to induce blister formation in vitro proved that Fc-dependent mechanisms were not necessary for blister formation (23–26). Additional experiments demonstrating the pathogenicity of PVIgG in C5a-deficient mice indicated that compliment activation was not required for acantholysis (23).

Over time, evidence has accumulated suggesting steric hindrance may not be the primary or sole pathogenic mechanism operative in PV. One of the earliest indications that alternative mechanisms may drive pathogenesis was the observation that IgG from PF patients could induce disease in mice without interfering with trans-adhesion of Dsg1 (27). It was noted in multiple studies that PVIgG was seen to bind extra-desmosomal spaces on the surface of keratinocytes, allowing for the possibility that binding of autoAbs outside of desmosomes may affect disease (3, 28). It was also shown that PVIgG binding induced cytoskeletal changes and the retraction of keratin intermediate filaments before any visible changes in desmosomes (29–33). It was also noted that in early PV lesions keratinocytes first separate at inter-desmosomal areas and desmosomes are still intact and interacting with neighboring desmosomes (29, 34–36). Together, these findings suggested that desmosomal separation may be downstream of other processes induced by the binding of autoAbs. Recently, one research group used AFM to demonstrate that the loss of Dsg3 binding alone was not sufficient to cause a loss of cell adhesion, strongly indicating that steric hindrance by itself cannot sufficiently explain acantholysis in PV (37).

An early alternative to the steric hindrance theory was suggested by results showing that the binding of autoAbs initiated the activation of proteases which in turn degraded Dsg3 and inhibited cell–cell adhesion. Specifically, plasminogen activator was thought to play a role in disease (38). PVIgG was shown to induce signaling that led to increased production of plasminogen activator (39, 40). Furthermore, PVIgG induced keratinocyte expression of plasminogen activator receptor (38, 41). However, inhibition of plasminogen via dexamethasone did not prevent PVIgG-induced acantholysis (42). The role of other proteases was also shown not to be essential in disease by the failure of protease inhibitors and gene ablation to prevent blister formation (43, 44).

One of the earliest studies that indicated that autoAbs may exert their pathogenic effect through the activation of intracellular cascades demonstrated that plakoglobin (Pkg)-deficient mice were protected from PVIgG-induced blister formation (45). Pkg, an armadillo family protein, is well established as a major signaling molecule involved in the regulation of cell adhesion (46, 47). The inability of PVIgG to induce blisters in the absence of Pkg strongly suggests that alteration of Pkg signaling is a primary pathogenic mechanism of PVIgG. In addition, keratinocytes incubated at 4°C did not show any effects of PVIgG on cell adhesion, suggesting that the mechanisms underlying blister formation are energy dependent (48).

Identification and characterization of the precise signaling pathways driving autoAb-induced acantholysis has been a significant focus for PV research. As a result, large amounts of (often conflicting) information concerning the signaling alterations downstream of anti-Dsg and PVIgG binding have been characterized. Moreover, studies showing that autoAbs in PV sera directed at non-desmoglein antigens can also elicit intracellular signaling have further complicated efforts to elicit the precise mechanisms driving disease (49, 50). The primary signaling pathways and the evidence that supports their role in PV pathogenesis are reviewed below (see Table 1 for evidence supporting steric hindrance vs. intracellular signaling).

TABLE 1 | Evidence supporting steric hindrance vs. intracellular signaling.
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SIGNALING PATHWAYS IMPLICATED IN PV

p38MAPK

p38 is one of the three major families of mitogen-activated protein kinases (MAPK), which are known to play a prominent role in a wide range of cellular pathways (51). In general, p38MAPK proteins can be activated by environmental stress and regulate the transcription of inflammatory cytokines (52). All MAPKs require dual phosphorylation for enzymatic activity, and each contains a characteristic dual phosphorylation sequence which affect both the substrate specificity and ability to auto-phosphorylate (53, 54). There are four types of p38MAPK: α, β, γ, and δ, each displaying unique patterns of tissue expression (52). Only p38MAPK α, β, and δ are known to be expressed in keratinocytes (52, 54–58) and have been primarily associated with differentiation and apoptosis (59).

The significance of p38MAPK signaling in PV pathogenesis was first suggested by a study which observed that PVIgG induced significant increases in the phosphorylation of p38MAPK, MAPKAP2 (MK2), and heat-shock protein (Hsp)27 (60). The degree of phosphorylation was shown to increase when cells were treated with higher concentrations of PVIgG. In addition, treatment of cells with p38MAPK inhibitors was able to prevent PVIgG-induced acantholysis as well as changes in the actin cytoskeleton and the retraction of KIFs from desmosomal attachments, both of which are hallmarks of acantholysis in PV. Inhibition of p38MAPK also prevented PVIgG-induced phosphorylation of MK2, Hsp27, and p38MAPK (60).

Other studies assessing the role of PVIgG on p38MAPK activation identified that PVIgG causes keratin retraction and p38MAPK activation within 30 min, and another peak at 6–10 h in cultured human keratinocytes. Only inhibition at the earlier time point was associated with prevention of blister formation and keratin retraction (61). Another study showed that AK23, a mouse-derived monoclonal anti-Dsg3 antibody, could also activate p38MAPK, demonstrating that autoAb binding to Dsg3 specifically can lead to p38MAPK activation (62).

The relevance of p38MAPK in disease was emphasized by findings that both p38MAPK and Hsp27 are phosphorylated in the lesional skin of PV patients (63). Further studies demonstrated that p38MAPK inhibitor blocks acantholysis in vivo, as well as p38MAPK activation, suggesting auto-phosphorylation of p38MAPK (64). p38MAPK activation was also shown to cause Dsg3 internalization, and p38MAPK inhibition can prevent this phenomenon in vivo (65). A more detailed assessment of the effects of p38MAPK showed that p38 depletes extra-desmosomal Dsg3 early as 30 min, and also is responsible for later depletion (2–24 h) of other desmosomal cadherins as well as DP (66–70).

The regulation of cytoskeletal changes by p38MAPK is especially relevant in understanding how p38MAPK plays a role in PV pathogenesis. In epithelial cells, cell detachment has been shown to induce p38MAPK activation (71), indicating a close relationship between p38MAPK and cellular adhesion. Furthermore, p38MAPK activation can lead to phosphorylation, and subsequent destabilization of keratin intermediate filaments (72), which could be one explanation for the characteristic retraction of KIFs seen in PV. p38MAPK is known to regulate actin filaments as well (73). Since extra-desmosomal Dsg3 complexes with actin cytoskeleton and is required to bring DP to desmosomal plaques (74, 75), it is possible that PVIgG-induced dysregulation of p38MAPK could interfere with proper desmosome assembly.

MAPKAP2 is phosphorylated and activated by p38MAPK (76, 77). The activation of MK2 has been associated with cell cycle control, cytokine production, and regulation of the keratin and actin cytoskeletons (78–80). The inhibition of MK2 has been shown to prevent PVIgG-induced spontaneous blister formation in mice, but not blistering solicited via the application of mechanical stress (81). This suggests that while MK2 may mediate some of the pathogenic effects of PVIgG, additional pathways downstream of p38MAK are likely also contributing to acantholysis.

Heat-shock protein 27 is another signaling molecule activated by MK2 (82). Hsp27 regulates both actin (83–85) and keratin cytoskeleton (86, 87). Both p38MAPK and MK2 regulate the effect of Hsp27 on the cytoskeleton via phosphorylation (88–90). Taken together, these findings demonstrate that one possible pathogenic mechanism of PVIgG-induced p38MAPK activation could be the perversion of typical cytoskeletal regulation, resulting in impaired cell adhesion.

The degree of evidence supporting a role for p38MAPK activation in the pathogenesis of PV has led researchers to investigate the utility of p38MAPK inhibition for the clinical treatment of PV. In a small clinical trial, 15 PV patients were treated with KC-706, a small molecule allosteric inhibitor of p38MAPK. Unfortunately, the trial was terminated before completion due to severe side effects of the drug. At the time of cessation, half of the patients were seen to exhibit at least a partial response to treatment, whereas the other half showed no improvement or a worsening of symptoms (91). Hopefully, the development of newer, more specific inhibitors of p38MAPK and other downstream targets will allow for effective pathway inhibition while avoiding serious side effects (92).

In addition to the effects listed above, p38MAPK can affect epidermal growth factor receptor (EGFR) signaling (93), RhoA activation (60, 68, 94, 95), and various apoptotic pathways (96). All of these pathways have been implicated in PV pathogenesis and are discussed in greater detail below.

Calcium/Protein Kinase C (PKC)/Phospholipase C (PLC)

The role of calcium signaling in keratinocyte differentiation and adhesion is well established. Increasing the Ca2+ concentration in keratinocyte culture medium increases intracellular calcium which in turn induces cell–cell contact (mainly adherens junctions) within 5 min, and formation of desmosomes within 2 h (97–104). PLC, an isoenzyme that is responsible for the cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG), plays a significant role in calcium-induced keratinocyte differentiation (103, 105–108). PKC is a downstream target of PLC and is activated by calcium and DAG. Of the five isoforms known to be expressed in keratinocytes, PKC-alpha has been shown to play a major role in epidermal differentiation and proliferation (109–112).

Early studies showing that PVIgG leads to a rapid increase in intracellular calcium in keratinocytes were the first to implicate calcium signaling as a pathogenic signaling pathway in PV (113, 114). Additional studies demonstrated that PKC was activated within 30 s of treatment of PVIgG (115). A significant role for calcium signaling in PV pathogenesis was strengthened by studies which showed inhibition of PKC could prevent acantholysis both in vitro and in vivo (116, 117). It was also shown that inhibition of PLC prevented PVIgG-induced acantholysis, as well as increases in intracellular calcium and PKC activation (118). These results suggest that PVIgGs may exert their pathogenic effect by eliciting an increase in intracellular calcium, which leads to the activation of downstream signaling pathways.

The identification of PKC as a potential driver of PVIgG-induced pathogenesis is especially interesting due to the well-established role of PKC in cell adhesion. It has been shown that PKC activation leads to weakened cell–cell adhesion, whereas PKC inhibition results in increased adhesion (119, 120). In addition, PKC is known to be required for desmosome assembly and disassembly (41, 97, 121–126). The association of PKC with cell adhesion and desmosomal regulation may provide insight to help identify exactly how PVIgG induced PKC activation results in a loss of cell adhesion. One study showed that PVIgG-induced activation of PKC leads to its dissociation from KIFs and subsequent phosphorylation of DP, which resulted in desmosomal instability (127, 128). Another mechanism through which PKC activation may contribute to disease pathogenesis is by its effect on KIF turnover. It has been shown that PKC directly phosphorylates keratin molecules, leading to a turnover in KIFs (129, 130). This phenomenon may also explain the mechanistic background for the detachment of KIFs which is the hallmark of acantholysis.

Epidermal Growth Factor Receptor

Epidermal growth factor receptor is a well-studied signaling pathway that impacts a multitude of cellular processes either through the direct binding of its ligand, epidermal growth factor, or by cross-activation from a number of other signaling pathways (131–134). EGFR signaling has been shown to impact cell adhesion via both adherens junctions and desmosomes (135–137). Specifically, association with Dsg1 has been shown to suppress EGFR extracellular signal-regulated kinase 1/2 signaling in skin (138). In addition, it has been shown that EGFR activation can induce the phosphorylation of Pkg and decrease the association of desmoplakin with the desmosome, resulting in weakened cellular adhesion (139). In general, these studies associate an activation of EGFR signaling with destabilization of desmosomal adhesion.

The association between EGFR signaling and cell adhesion provided a rationale for researchers to investigate if EGFR signaling played a role in acantholysis, and it was eventually shown that PVIgG led to the activation of EGFR in keratinocytes (49, 93). Further studies determined that the activation of EGFR could be detected as early as 30 min after exposure to PVIgG, but the activation occurred downstream of p38MAPK activation (49, 66, 67, 140). Another group was able to show that anti-Dsg3 autoAbs could also lead to EGFR activation (14). Multiple studies then showed that the inhibition of EGFR could prevent PVIgG-induced skin blistering both in vivo and in human skin explants (66, 93, 141).

In addition, EGFR is implicated in PV pathogenesis via a second signaling axis independent of p38MAPK. PVIgG binding induces secretion of EGF and related mediators from basal keratinocytes, which in turn activate Src, focal adhesion kinase, and mammalian target of rapamycin (mTOR) via EGFR and nitric oxide synthase. The end result is the activation of caspases 3 and 9, which have been proposed to contribute to bister formation (142–145). The role for traditional apoptosis in PV pathogenesis is currently unclear; our group showed that the induction of apoptosis-related mechanisms after anti-Dsg antibody binding is reversible and independent of the Fas/FasL axis (146). However, studies showing that inhibition of the low level caspase-3 induction caused by PVIgG prevented acantholysis in vitro and in vivo suggest that caspase-3 activation does indeed play a role in disease (147).

Rho Family GTPases

Rho and Rac are both members of the Rho small GTPases family, which are known to play a role cytoskeletal reorganization, cell polarity, morphogenesis, and cell migration (61). These Rho family GTPases are known to affect the turnover of adherens junctions through multiple pathways (148). Both Rho and Rac are required for the establishment of adherens junctions (149, 150), and the activation of Rac has also been shown inhibit desmosomal adhesion in human keratinocytes (151).

The first association of Rho GTPases with PV pathogenesis was seen in experiments which demonstrated that the activation of Rho GTPases could prevent PVIgG-induced blister formation in human skin. Additional studies were able to show that RhoA activation was able to block the PVIgG-induced retraction of KIFs as well as loss of cell adhesion in HaCaT cells (41). Also, it was observed that HaCaT cells treated with PVIgG demonstrated a reduction in RhoA activity. In addition, p38MAPK inhibitors were shown to block the PVIgG-induced reduction of RhoA activity (94). These results suggest that PVIgG-induced activation of p38MAPK may induce blister formation, at least in part, by inhibiting the activity of RhoA. Given that the formation of adherens junctions has been shown to be necessary for proper assembly and disassembly of desmosomes (47, 152, 153), the loss of desmosomal adhesion seen in PV may be secondary to the inhibition of adherens junctions caused by RhoA inhibition.

For a summary of evidence in support of PV-associated signaling pathways, see Table 2.

TABLE 2 | Evidence in support of pemphigus vulgaris (PV)-associated signaling pathways.
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INTEGRATED MODEL OF PV autoAb-INDUCED SIGNALING

The pathogenic processes following the binding of autoAbs that eventually drive the loss of cell adhesion are diverse and complex. Taken together, the above data suggest that the disease mechanisms underlying PV are the result of both the direct steric interference of adhesion molecule interaction by autoAb binding and the activation of intracellular signaling pathways elicited via autoAb binding. A viewpoint that could tie both these mechanisms together is to see the desmosome/keratin intermediate filament complex as a signaling complex which participates in mechanosensing in addition to providing structural stability. Although desmosomal proteins have not yet been shown to function in this manner, a wealth of data exists which describes a similar function in adherens junctions (154). If this was shown to be the case with desmosomal proteins as well, it would be reasonable to assume that, in addition to physically interfering with desmosomal adhesion, the binding of autoAbs in PV may alter signaling pathways associated with the desmosomal complex, such as p38MAPK, EGFR, and PKC that ultimately interfere with the structural stability of keratinocytes.

Taking into consideration the breadth of experimental data detailing autoAb-induced activation of intracellular signaling pathways, we propose that blister formation in PV may result from the following mechanism: (1) binding of autoAbs to target desmosomal antigens (either desmosomal or extra-desmosomal) induces the activation of PLC, leading to the activation of PKC via Ca2+ and DAG, which in turn activates p38MAPK via MAP3ks [such as Ask1 (155, 156)]; (2) activated PKC (either through direct phosphorylation of keratin filaments or DP) and p38MAPK (via MK2 and Hsp27 phosphorylation) then induce the retraction of the KIFs as well as the turnover of the actin cytoskeleton; (3) the retraction of KIFs from the desmosomal plaques, as well as cytoskeletal rearrangements, then cause a destabilization of desmosomes, and a weakening of cell adhesion; (4) finally, the weakening of cell adhesion, coupled with the mechanical stress induced by cytoskeletal rearrangements, induces a cellular stress response, resulting in the activation of Src, EGFR, and Rac1 (as well as other pathways), and re-initiation/perpetuation of the pathological cycle (Figure 1).
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FIGURE 1 | Proposed comprehensive model of signaling mechanisms underlying blister formation in pemphigus vulgaris. (1) Binding of autoantibodies (autoAbs) to target keratinocyte antigens (either desmosomal or extra-desmosomal) induces the activation of phospholipase C (PLC), and subsequently the activation of protein kinase C (PKC) via Ca2+ and diacylglycerol (DAG), which then activates p38MAPK via MAP3ks (such as Ask1); (2) activated PKC {either through direct phosphorylation of keratin filaments or DP} and p38MAPK {via MAPKAP2 (MK2) and heat-shock protein (Hsp)27 phosphorylation} then induce the retraction of the KIFs as well as the turnover of the actin cytoskeleton; (3) the retraction of KIFs from the desmosomal plaques, as well as cytoskeletal rearrangements, then cause a destabilization of desmosomes, and a weakening of cell adhesion; (4) finally, the weakening of cell adhesion, coupled with the mechanical stress induced by cytoskeletal rearrangements, induces a cellular stress response, resulting in the activation of Src, epidermal growth factor receptor (EGFR), and Rac1 (as well as other pathways), and re-initiation/perpetuation of the pathological cycle. RhoA is inhibited by multiple pathways (such as PKC, EGFR/Src, and Rac1). As RhoA activation has been shown to inhibit PVIgG-induced acantholysis, an inhibition of RhoA would promote cell dissociation. Blue arrow-headed lines indicate activation, while red bar-headed lines indicate inhibition of selected molecules/pathways.



A primary advantage of this model is the ability to provide a mechanistic framework for understanding how the widely variegated set of factors that have been implicated across multiple studies may be contributing to PV pathogenesis. For example, multiple studies have linked increased levels of reactive oxygen species (ROS) to PV (157–161), but a potential mechanistic contribution to disease has not been well defined. Using our model, however, the known ability of ROS to affect KIF and actin cytoskeletons as well as PKC, Src, p38MAPK, and RhoA signaling (162–167) potentially demonstrates how ROS may contribute to blister formation in a number of ways. As a result, our model can also explain how anti-mitochondrial autoAbs, which have been suggested to play a role in PV and shown to increase ROS production, can directly mediate disease pathogenesis (50, 168–172). Furthermore, the activation of pro-apoptotic pathways by autoAb binding has been shown to modulate p38MAPK (50) and may further contribute to the signaling pathologies that drive acantholysis.

Although this model lays a comprehensive framework for the mechanism of blister formation incorporating all of the major signaling pathways implicated in pathogenesis by the literature, future experiments are required to test the validity of this model and more precisely define the series of signaling events which occur downstream of autoAb binding. Determining the degree to which both desmosomal and extra-desmosomal Dsg proteins associate with signaling molecules and whether or not the binding of autoAbs to these proteins is sufficient to elicit intracellular signaling is a high priority to ascertain if these molecules could function as signal transducers and if so, through which pathways. Immunofluorescent studies of keratinocyte monolayers before and after PVIgG treatment may be one way to determine which molecules are physically associated with desmosomal proteins and determine if autoAb binding leads to their activation/translocation. Another important step would be to more precisely define the upstream MAPK cascade that leads to p38MAPK activation. There are multiple upstream signaling molecules which are known to activate p38MAPK and the characterization of the molecules involved in this process could allow for a better understanding of how autoAbs, or additional factors such as hormones or cytokines (which are known to utilize specific cascades) could activate p38MAPK (173–175). Protein microarray analysis, which allows for rapid, highly specific, multiplexed analysis of the signal transduction pathways (176, 177), would be well suited for this task.

Desmosomal proteins as a mechanosensing signaling complex would provide a logical intersection between the two primary theories of autoAb-induced blister formation in PV. Although future studies are still needed, there exists a great potential to significantly and directly affect the development of future treatments in PV. Identification of the signals transduced by autoAb binding could lead to the identification of potentially novel drug targets, or, at the very least allow researchers to focus on disease-specific signaling pathologies, resulting in small molecule inhibitors with a lower chance of harmful side effects and the ability to minimize systemic suppression of the immune system. In addition, large scale profiling of the signal transduction pathways upstream of MAPK may represent an especially beneficial endeavor as such studies could identify cytokines or hormones which may be contributing to disease process. In addition to facilitating the use of disease specific anti-cytokine or hormonal therapies which may already be in use for other disease modalities, such information could be individualized to the specific pathologies driving disease in a given patient, informing more tailored and effective treatment strategies and greatly enhancing clinical management of disease.
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Rituximab is a chimeric human-mouse monoclonal anti-CD20 antibody initially developed to treat B cell lymphoproliferative disorders (1). It is now increasingly being used for the treatment of B cell-mediated skin autoimmune disorders, including autoimmune blistering skin diseases (2, 3). Rituximab targets all CD20 expressing B-cells, including precursor B cells and mature and memory B cells, whereas it does not interact with CD20-negative early pre-B cells and terminally differentiated plasma cells. Consequently, it completely depletes peripheral memory B cells, but it does not affect preexisting titers of serum antibody produced by long-lived antibody-secreting plasma cells (4). Rituximab mainly acts through antibody-dependent cell-mediated cytotoxicity, although alternative mechanisms may also be involved in complement-dependent cytotoxicity and in direct effect of the drug leading to apoptosis (5). Peripheral B cell depletion by rituximab treatment is usually observed for 6–9 months. After 1 year, many patients show complete mature B cell recovery, whereas the population of circulating memory B cells may be slow to recover after treatment (6). On the other hand, it is plausible that rituximab treatment does not completely eliminate memory B-cells which could be responsible for subsequent disease relapse.

Autoimmune blistering skin diseases are a group of heterogeneous skin conditions characterized by the presence of serum autoantibodies targeting desmosomal structural proteins (pemphigus group) or the hemidesmosomal anchoring complex (pemphigoides group) (7, 8). These disorders are generally treated with systemic corticosteroids which are often combined with other immunosuppressive and/or immunomodulatory approaches, notably azathioprine, mycophenolate mofetil, dapsone, tetracyclines, plasmapheresis, immunoadsorption, and high-dose intravenous immunoglobulins (9). These treatments may not be effective for either induction or maintenance of remission or, alternatively, need to be discontinued because of unmanageable adverse effects. B-cells play a central role in the pathogenesis of autoimmune blistering disorders and rituximab, which selectively targets B cells, has proven to be an effective and safe therapeutic agent in patients with autoimmune blistering skin disorders refractory to conventional treatments (9). To this regard, the recent published randomized controlled trial of rituximab and short-course prednisone versus standard-dose prednisone in new-onset pemphigus has clearly demonstrated that rituximab with short-course prednisone was a more effective treatment than the high-dose prednisone regimen used in this trial, which has been the mainstay of therapy for pemphigus over the years (10). Furthermore, rituximab associated with short-course prednisone showed lower rates of grade 3 or 4 adverse events compared with standard-dose prednisone (10). These results indicate that rituximab associated with short-course prednisone should be considered the first-line therapy for new-onset pemphigus.

The optimal dosing of rituximab in autoimmune blistering skin conditions is currently poorly defined. Initially, rituximab was used for the treatment of pemphigus following the lymphoma dosing regimen (375 mg/m2 weekly for 4 weeks) (11). However, given the fact that B-cell burden in autoimmune blistering skin diseases is much lower than that in lymphoproliferative disorders, several studies have investigated lower dosage. Horwath et al. treated patients with pemphigus with a single course of two infusions of rituximab (500 mg each) at an interval of 2 weeks with satisfactory responses and relapses generally occurring at the end of the second year (12). Several low-dose protocols for the treatment of pemphigus have been reviewed in a recent meta-analysis, such as the rheumatoid arthritis protocol (2 × 1,000 mg doses at a 2-week interval) and the standard low-dose rituximab (2 × 500 mg doses at a 2-week interval) with the concomitant use of immunoadsorption or high-dose intravenous immunoglobulins (13). Moreover, a very recent investigation has shown impressive results in healthy volunteers treated with ultra-low dosage of rituximab. In this study, the authors demonstrated that <1% of the conventional rituximab doses induced a nearly complete depletion of circulating B lymphocytes (1 mg/m2 rituximab depleted 97% of all B-cells and doses of 0.3 mg and 0.1 mg/m2 depleted, respectively 75 and 66% of circulating B-lymphocytes) (14). After 4 weeks from the infusion of rituximab circulating B-cells returned to approximately 60% of normal levels in the 1 mg/m2 dose group, whereas recovery was completed by 9 months after infusion in the 1 mg/m2 dose group and about 1 month after infusion in the 0.3 mg and 0.1 mg/m2 dose groups. From the data of the study, the authors extrapolated that 100 mg rituximab may be sufficient to induce a depletion of B-cells for 3 months and, consequently, two doses of 100 mg every 3 months could deplete the B-cell population for 6 months. Thus, alternative ultra-low dosing schedules for rituximab could be proposed for antibody-dependent autoimmune diseases, including autoimmune blistering skin disorders, as they may provide a considerable improvement of the cost effectiveness. Moreover, well-designed clinical trials are warranted to determine the efficacy of ultra-low dosage rituximab and to assess whether there are other potential advantages over conventional low-dose protocols, in particular lower risk for infection and lower risk for infusion reaction.
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Autoimmune blistering diseases are characterized by autoantibodies against structural adhesion proteins of the skin and mucous membranes. Extensive characterization of their autoantibody targets has improved understanding of pathogenesis and laid the basis for the study of antigens/epitopes diversification, a process termed epitope spreading (ES). In this review, we have reported and discussed ES phenomena in autoimmune bullous diseases and underlined their functional role in disease pathogenesis. A functional ES has been proposed: (1) in bullous pemphigoid patients and correlates with the initial phase of the disease, (2) in pemphigus vulgaris patients with mucosal involvement during the clinical transition to a mucocutaneous form, (3) in endemic pemphigus foliaceus, underlining its role in disease pathogenesis, and (4) in numerous cases of disease transition associated with an intermolecular diversification of immune response. All these findings could give useful information to better understand autoimmune disease pathogenesis and to design antigen/epitope specific therapeutic approaches.
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INTRODUCTION

Autoimmune diseases are caused by dysregulation of the immune system or arise as a consequence of microbial infection (1–3). In human, many antigens have been identified in patients and several studies have demonstrated that autoantigens, autoantibody, or related autoreactive lymphocytes can transfer autoimmune disease in animal models. Autoantigens are often clustered on the basis of tissue-specific expression or their structural organization. Several studies conducted in animal models and patients with autoimmune disease suggest that epitope spreading (ES) is the probable explanation for this clustering of specificities in human autoimmune diseases. The ES is an important component of the protective immune responses that acts to enhance its efficiency.

The dynamics of autoimmune response has been investigated both in patients and in animal models. However, although several animal models of autoimmune disease have demonstrated the functional value of ES, in patients limited data are available. A possible explanation could be the early occurrence of ES before the diagnosis and the inhibitory effect of therapy on the autoimmune response.

Autoimmune bullous diseases are organ-specific diseases of the skin and mucous membranes characterized by circulating and tissue bound autoantibodies to structural proteins that maintain cell–cell and cell–matrix adhesions. Studies on prospective cohort of patients have allowed to characterize the dynamics of humoral response and have provided in some studies and reports evidence of the functional role of ES.

To study ES can give a better insight into the autoimmune response elucidating: (i) the initiation and progression of the disease and (ii) the meaning of the autoantigen clustering and specific reactivity profile in patients. Furthermore, to understand the possible influence of ES in autoimmune progression and to gain knowledge of relevant autoantigen and epitopes could be crucial for diagnosis and for designing antigen-specific treatments.

Here, we summarize the significance and mechanism of ES and review current literature on humoral ES in the autoimmune bullous diseases that are paradigmatic autoantibody mediated disorders.

ES: DEFINITION AND SIGNIFICANCE

Epitope spreading represents the process of diversification of B and/or T-cell response from the initial dominant epitope to a secondary epitope over time. To expand the antigenic epitopes corresponds to optimizing the Ag recognition, to enhancing the neutralization function of antibodies and, in general, to contributing to the efficiency of the immune response.

Epitope spreading that occurs within a single antigen or involves different antigens is termed intramolecular and intermolecular ES, respectively. The intramolecular ES consists of the diversification of immune response in the same autoantigen; the intermolecular ES commonly involves different antigens of a single macromolecular complex or that colocalize in the same anatomical site.

The reactivity that spreads from a single autoantigen to multiple antigens through cross-reactivity is not authentic ES. However, the cross-reactivity could be an initial step to ES. In systemic lupus erythematosus (SLE), autoreactivity to three ribosomal P protein (P1, P2, and P3) is due to a cross-reactive C-terminal epitope present in all three molecules (4). Nevertheless, additional ES phenomenon has been described (5). In this context, the cross-reactivity at the base of molecular mimicry phenomenon can initiate the spreading of an autoimmune response in genetically susceptible hosts. In multiple sclerosis (MS), the initial inflammatory response to a virus infecting the central nervous system can be the triggering factor that induces ES toward autoantigens (6). Similarly, patients with infectious mononucleosis possess circulating IgM to p542, a hematopoietic cell antigen that cross-reacts with Epstein–Barr virus (EBV) nuclear antigen. Afterward, they develop also IgM autoantibodies to p554 that do not cross-react with EBV antigens and that probably arise through ES (7, 8).

In autoimmune response against molecular targets, ES can vary between patients and sometimes reveals a predictable hierarchy. The hierarchy of dominant and secondary epitopes is due to a differential protein processing and presentation, MHC restriction, and to the availability of epitope-specific T and B cells, taking into account central and peripheral tolerance mechanisms.

The predictable sequential ES cascade can present a clinical value. In a subset of patients with mild SLE and relevant skin involvement, autoantibody responses are directed only to the 60 kDa RoAg. In contrast, many patients with primary Sjogren’s syndrome and SLE possess IgG autoantibodies for both Ro and La Ag (9, 10).

The functional value of ES in disease development and progression has been clearly demonstrated in immune response in animal models with autoimmune disease. In relapsing experimental autoimmune encephalomyelitis (EAE), an experimental animal model for MS, the contribution to the pathogenesis and specifically to the relapsing clinical episodes of T cell response against epitopes released as a result of tissue damage via ES is evident. Specifically, emerging responses to myelin epitopes are clearly able to mediate disease relapse in this mouse model (11, 12). The measles virus infections in Lewis rats are a further example of the causative role of ES in disease induction. This infection induces inflammatory demyelinating lesions in central nervous system. T cells from rats have been reported to proliferate in response to myelin basic protein (MBP) and no cross-reactivity between MBP and virus was demonstrated (13, 14). T cells activated with MBP and adoptively transferred in recipient rats induce lesions resembling those of EAE model (15). Interesting data on functional ES are also provided in non-obese diabetic (NOD) mice, a model of type 1 diabetes where destruction of pancreatic β cells is mediated by CD4 and CD8 T cells specific for numerous epitopes expressed on insulin (Ins) and other autoantigens. Using NOD splenocytes coupled with intact Ins and several additional diabetogenic epitopes Prasad et al. have demonstrated that Ins B9–23 is a dominant initiating epitope, but autoimmune responses to Ins epitope(s) distinct from Ins B9–23 are driven by ES (16). In this context, the progression to overt disease is associated with responses to epitopes distinct from the initiating B9–23 region (16).

However, a pathological role for ES was not always demonstrated in human diseases. Limited data on the functional relation between ES, clinical severity, and disease pathogenesis have been reported. One reason may be that published studies were small in scale (17–19) or that at the time of the diagnosis the ES phenomenon might already have occurred (20, 21). In addition, since treatments are based on inhibition of autoimmune response ES, could be negatively modulated. Indeed, some interesting data on functional value of ES are reported in patients affected by autoimmune blistering diseases. In bullous pemphigoid (BP), the ES phenomenon seems to be associated with disease severity at diagnosis (22). Furthermore, several reports describe a transition from a certain bullous disease to another one due to an intermolecular ES phenomenon that involves a different disease specific antigen. Maeda et al. described a patient who developed BP 12 years after pemphigus foliaceus (PF) being diagnosed (23). Another example of ES occurred during the progression to SLE. Patient autoantibody profiles showed a target diversification over time. Specifically, anti-nRNP-A antibodies bind to the N-terminus of the protein more frequently in later stages when compared to the diagnosis suggesting a role of this diversification in the progression of autoimmune disease (24).

Finally, further evidence of a functional ES in humans is associated with transplantation of allografts. In several cases, ES of the host response to the allograft and organ allograft rejection are clearly correlated (25, 26).

MECHANISM OF ES

Immune responses are characterized by the immunodominance of epitopes within antigens and a great diversity of T- and B-cell epitope specificity. The broadening of the immune response in autoimmune diseases is induced by tissue damage and inflammation, endocytic processing, antigen presentation, and somatic hypermutation (SHM).

There are two major mechanisms at the base of B cell ES in autoimmune diseases: the first is independent of a physical association of antigens while the second is dependent (27). In the “independent” mechanism, tissue damage inflammation and cytokines induce T cells to recognize cryptic epitopes and activate B cells. On the other hand, a “dependent” response relies on the activation of T and B cells by processing and presentation of physical associated antigens.

Mechanism Independent of Physical Association of Antigens

The development of secondary epitopes in the initial autoantigen or in different autoantigens can depend on the release of antigens or the disclosure of part of antigens during a chronic autoimmune or inflammatory response. In this context, a chronic tissue damage can induce the activation and recruitment of autoreactive lymphocytes specific for epitopes, which are distinct from and non-cross-reactive with the disease-inducing epitope.

An example is the spreading from viral to self epitopes that is shown to play a pathological role in several virus-induced autoimmune disease models (28). A persistent infection can cause the activation of microorganism-specific T cells which mediates tissue damage and release of self peptides (29). Moreover, the induced inflammation can also result in an increased infiltration of T cells at the site of infection and a non-specific activation of self-reactive T cells. Another possible scenario during microbial infection is driven by the IFN-γ secreted by both activated T cells and infected tissue cells. This cytokine can activate antigen presenting cells (APC) and lead to the engulfment of self-antigens. Increased protease production and different processing of captured self-antigens can result in presentation of cryptic self-epitopes that possibly activate autoimmune T and B cells (29). One example of molecular mimicry involves the relation between EBV infection and the development of SLE. The EBV nuclear Ag-1 (EBNA-1) contains a peptide sequence that closely resembles a region on the Smith Ag (Sm) targeted by autoantibodies in SLE patients. Immunization of rabbits with EBNA-1 peptide leads to development of cross-reactivity to Sm antigen that spreads toward an immune response to Sm and nRNP complexes (30). A prospective study on BP patients showed that the autoimmune response starts with autoantibodies specific for an extracellular antigen and then spreads to an intracellular one, suggesting that tissue damage and inflammation play a role in the dynamics of the response (22).

Mechanism Dependent of Physical Association of Antigens

Autoantigens are frequently part of multiantigen complexes. T cells specific for one epitope of an antigen can activate B cells that are specific for other different antigens of the complex, allowing production of autoantibodies even against antigens/epitopes not originally targeted by the immune response (31). In this case, B cells directed against disease-initiating epitopes mediate antigen-specific uptake of large protein complexes leading to the efficient presentation of self-epitopes from distinct proteins. Immune responses are initiated by presentation of immunodominant epitopes to CD4 T cells by APC such as dendritic cells. The primed CD4 helper T cells then activate antigen-specific B cells. The APC function of B cells induce an increased uptake of antigen that leads to a stimulation of CD4 T cell also by peptides that weakly bind MHC class II molecules. In this context, the processing of antigens is directed by the specificity of the immunoglobulin receptor on B cells. In fact, the epitope bound by the immunoglobulin is protected from proteolysis, and this alters the array of peptides presented to naive CD4 T cells (31). An example of ES dependent of physical association of antigens is the development of autoantibodies to multiple components of the La/Ro ribonucleoprotein complex in SLE and SS. The initiation of an immune response on a single component is at the base of the appearance of mixed autoantibody patterns in these systemic autoimmune diseases (32). The splicesome consists of multiple proteins and nucleic acids associated with each other. Thus, immunization with various SmD peptides leads to the development of autoantibodies not only against regions of the SmD protein but also against the U1-associated ribonucleoprotein (A-RNP) and induces lupus-like symptoms in a mouse model (33).

The mechanism at the base of inter- and intramolecular ES dependent on physical association of antigens can be associated with endocytic processing and SHM. After binding to B cell receptors, the antigen is endocytosed, cleaved and loaded into a compatible MHC class II complex on the cell surface (34). This process can allow the presentation of previously unrecognized epitopes or, in case of endocytosis of multi-antigen complex, the presentation of novel antigen (27, 35). On the other hand, after B cells activation in response to Ag, they undergo SHM in germinal centers. IgV gene experiences single nucleotide substitutions at a frequency of about 10−3 per base pair in each B lymphocyte generation (36). Thereafter an affinity maturation process allows a selection of cells with a higher affinity for the Ag. In the context of cell selection, intramolecular ES can occur during the selection of B cells with higher affinity for a different epitope of the Ag or also different Ag (37). Autoantibodies specific for dsDNA can be generated through SHM in developing SLE (38).

Finally, several factors that could influence the ES in the physically linked antigens have been described. In SLE, the strength of non-covalent interactions between Ku antigen and the DNA protein kinase catalytic subunit (p350) is stabilized by autoantibodies that may enhance ES to the p350 antigen (39). In addition, antibody binding of autoantigens may mask some epitopes during antigen presentation or also facilitate presentation of poorly tolerized epitopes (40, 41). In organ-specific autoimmunity, the anatomical isolation of antigens is presumably associated with a less efficient central or thymic T-cell tolerance requiring intrathymic antigen presentation during development of the T-cell repertoire. This partial central tolerance to tissue specific antigens could facilitate the ES. Finally, ES may also be determined by MHC genes, as observed in the experimental model of La/Ro autoimmunity (27).

HUMORAL ES IN AUTOIMMUNE BULLOUS DISEASES

Autoimmune bullous diseases of the skin and mucosae constitute a large group of diseases, including BP, pemphigus vulgaris (PV), PF, paraneoplastic pemphigus (PNP), epidermolysis bullosa acquisita (EBA), linear IgA bullous disease, dermatitis herpetiformis (DH), mucous membrane pemphigoid (MMP), lichen planus pemphigoid (LPP), and others. Their clinical presentation is polymorphic and the pathogenesis is mainly associated with autoantibodies targeting distinct components of the basement membrane zone (BMZ) and desmosome of stratified epithelia. These autoantigens represent structural proteins important for maintenance of epidermal and dermoepidermal integrity. Over the past few decades, identification of autoantigens and relative autoantibodies has improved understanding of the pathogenesis laying the foundation for the study of the dynamics of humoral ES.

Bullous Pemphigoid

Bullous pemphigoid, the most frequent autoimmune bullous disease, typically affects the elderly and is associated with a significant morbidity and mortality. The cutaneous manifestations of BP are protean. In the prodromal, non-bullous phase, patients complain of severe itch sometimes accompanied by eczematiform, papular, and or urticarial lesions. In the bullous stage, vesicles and bullae develop on apparently normal or erythematous skin. Involvement of the oral cavity is observed in 10–30% of cases (42). BP is associated with autoantibody to BP antigen 1 and 2 (BPAG 1 and BPAG2) also known as BP230 and BP180, two components of junctional adhesion complexes in human skin. The diagnosis is based on clinical evaluation and detection by direct immunofluorescence (DIF) of IgG and/or complement deposition along the BMZ in a linear pattern. Serological tests such as indirect immunofluorescence (IIF) and antigen-based ELISAs have a confirmatory value (42). The vast majority of BP sera react with an immunodominant extracellular domain of BP180, termed non-collagenous 16A (NC16A) domain (43, 44). The pathogenic relevance of autoantibodies to NC16A is supported by several experimental evidences (43, 45–47). Although in vitro and in vivo animal models have shown that IgG autoantibodies to BP180 are pathogenic, the role of anti-BP230 antibodies is only partially clear (48, 49). Several studies in BP patients demonstrated that, in addition to the NC16A domain, other epitopes of BP180 and BP230 are targeted by both autoaggressive B and T cells (50–57). To study the dynamics of IgG reactivity against different BP180 epitopes, Di Zenzo et al. have employed a mouse model in which skin obtained from transgenic mice expressing human BP180 was grafted on the back of wild-type mice. The grafting induced an immune response to BP180 perfectly located in its natural molecular context (58). Interestingly, the IgG reactivity with extracellular epitopes preceded IgG recognition of intracellular domain. Indeed, the spread of humoral immune responses in this graft model was exclusively target specific and the kinetics of graft loss is completely different from alloantigen-related graft rejection previously described in this model (59). A possible interpretation of these data is that antibodies directed against extracellular epitopes of BP180 may have induced tissue damage with consequent exposure of intracellular epitopes (Figure 1). These findings were in accord with a previous study by Di Zenzo et al. on the analysis of the humoral response in a large cohort of BP patients. Reactivity results obtained on a vast array of BP230 and BP180 epitopes demonstrated that the IgG recognition of intracellular epitopes was already present at an early stage of the disease (52). Data from mouse model and BP patients raise the possibility that the development of IgG against intracellular epitopes or antigens may correlate with the initial phase of the disease when the tissue damage starts occurring (Figure 1).
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FIGURE 1 | Epitope spreading (ES) in bullous pemphigoid (BP) patients. A schematic representation of BP antigens (BP180 and BP230). Findings support the idea that IgG recognition of the BP180 ectodomain is an early event in BP disease, followed by variable intramolecular ES (red and blue lines in BP180 ectodomain) and intermolecular ES events (orange lines), which likely shape the individual course of BP (22, 58).



In order to assess the evolution of IgG autoantibodies, a multicenter prospective study in 35 BP patients over a 12-month observation period was performed (22). ELISA and immunoblotting (IB) assays were utilized to assess circulating autoantibodies to BP180 and BP230 peptides. In particular, ES events were detected in 17 of 35 patients and preferentially occurred at an early stage of the disease. The functional role of ES was supported by its significant relation to disease severity at diagnosis. Moreover, in line with data obtained by Di Zenzo et al. in mice grafted with human BP180, in three patients the spreading of IgG reactivity to intracellular epitopes of BP180 and BP230 (an intracellular antigen) was preceded by recognition of the BP180 ectodomain (Figure 1).

All these findings suggest that IgG recognition of the BP180 ectodomain is an early event, followed by intra- and intermolecular ES events, which shape the individual course of BP. In addition, these data could give useful information for design therapeutical approaches. In particular, to deplete pathogenic autoantibodies, other pathogenic region of BP180 (in addition to NC16A) should be considered as possible therapy using decoy peptides to block autoantibody binding in vivo. However, this approach may require early and massive administration of several different peptides.

Several cases of automimmune bullous disease patients indicate that an ES phenomenon often leads to a disease transition. Recently, Sardy et al. reported an interesting case of an 18-year-old Caucasian woman, affected by BP, who showed clinical and laboratory transition to MMP 5 years after the BP diagnosis (60). The patient developed a severe esophageal stenosis, that was not present at the time of the BP diagnosis. DIF detected linear IgG and C3 fluorescence along the mucosal side of the BMZ. Furthermore, IgG autoantibodies directed against the immunodominan epitope of BP180 (NC16A domain) and the BP230 COOH-terminal were identified. Laminin 332 ELISA was positive. Immunoblot studies showed presence of IgG4 autoantibodies to laminin 332, and both IgA and IgG against desmoglein 3 (Dsg3). Collagen VII (Coll VII) autoantibodies were detected neither by ELISA nor by immunoblot. At the time of BP diagnosis, no evidence of MMP have been detected, and anti-laminin 332, autoantibodies were not tested. In addition, retrospective analysis of the serum samples showed no reactivity. After the BP diagnosis, the patient was started on topical steroid therapy and a short course of oral prednisolone obtaining a partial BP remission. The authors postulated that insufficient immunosuppressive treatment of BP might facilitate ES, and lead to a more complex clinical course (60). Another interesting case was reported by Kasperkiewicz et al. In a 70-year-old man with hemorrhagic blisters, widespread crusted erosions, and the immunopathological characteristics of anti-p200 (γ1 laminin subunit) pemphigoid, treatment with doxycycline, topical corticosteroids and immunoadsorption led to rapid clinical remission. Nineteen weeks later, a relapse occurred with an altered clinical phenotype together with autoantibodies against both p200 and NC16A suggested a functional role of ES in the disease transition (61). Autoimmune bullous diseases often develop in patients with psoriasis. BP was the most prevalent followed by antilaminin γ1 pemphigoid (62). A possible explanation of the development of BP in psoriatic patients is provided by previous studies that have shown that laminin 1 and laminin α1 within BMZ are disrupted in both involved and uninvolved psoriatic lesions (63, 64). In general, the damage to BMZ in patients with psoriasis may induce the development of several antibodies such as anti-laminin γ1 and -BP180. However, although a Taiwanese population study disclosed that psoriasis occurred significantly more in patients with BP than that in the control group, large population studies in each country are necessary to support this association (65).

Pemfigus Vulgaris

Pemphigus includes a group of potential life-threatening autoimmune blistering diseases of the skin and mucous membranes. These diseases are characterized by autoimmune responses mainly directed against two transmembrane components of desmosomes, Dsg3 and Dsg1 (66). Similar to other cadherins, Dsg3 and Dsg1 comprise five extracellular subdomains of approximately equal size (EC1–EC5). Several distinct forms of pemphigus have been reported (PV, PF, PNP, and others); the most common is PV. In PV, the critical role of autoantibodies to Dsg3 is largely demonstrated (67–71). The diagnosis clinical and histopathological findings are supported by demonstration of the IgG deposition on the surface of the epithelial cells by DIF. Detection of circulating autoantibodies against the cell surface by IIF and/or to recombinant Dsgs by ELISA can confirm the diagnosis (69). Usually, the oral mucosa is first involved and then blisters arise on the whole body. In the skin, Dsg3 is mainly expressed in the basal and suprabasal layers, while Dsg1 is predominantly expressed in the upper epidermal layers. However, in oral mucosa Dsg3 is highly expressed throughout the epithelium, while Dsg1 is less expressed. According with “Dsg compensation” theory, the Dsg3/Dsg1 autoantibody profile is at the base of different clinical variants of pemphigus depending on differential expression pattern of Dsg1 and Dsg3 (72). More specifically, in PV patients antibodies to Dsg3 cause mucosal disease due to lack of compensation by Dsg1, while they don’t induce cutaneous disease because of compensation by Dsg1. In PV, patients who acquire antibodies to Dsg1, compensation is no longer possible, resulting in cutaneous as well as mucosal disease (67, 73, 74). On the other hand, in PF antibodies to Dsg1 cause cutaneous disease, while they cannot cause mucosal disease, because Dsg3 is present at high levels throughout the epithelium (75). In accord with this theory are the results obtained in a mouse model by Ding et al. The authors showed that the passive transfer of PV anti-Dsg1 and -Dsg3 antibodies were able to generate cutaneous lesion while anti-Dsg3 antibodies alone were not (73).

To investigate the ES phenomenon in PV and to identify the basis of clinical transition from mucosal to mucocutaneous involvement, Salato et al. analyzed sera from PV patients taken at various times during the course of disease (76). A subset of PV patients transitioned from mucosal PV to mucocutaneous PV and their autoantibodies profile were evaluated. One representative patient, with only mucosal involvement at an early PV stage, had autoantibodies specific for C-terminal region of Dsg3 ectodomain in the EC5 subdomain. At this time the circulating autoantibodies were not able to bind human skin by IIF (76) (Figure 2). Several years later, the patient produced autoantibodies directed to EC1 subdomain of Dsg3 demonstrating an intramolecular ES phenomenon. Interestingly, the autoantibodies started to bind the human skin by IIF and an intermolecular ES toward Dsg1 occurred (Figure 2). At this stage, the patient exhibited non-cross-reactive autoimmunity to both Dsg3 and Dsg1 and developed cutaneous as well as mucosal blisters (Figure 2). In this context, it is important to underline that the pathogenic activity of anti-Dsg1 autoantibodies affinity purified from a PV patient serum was previously demonstrated in a mouse model based on antibody passive transfer (77). Previous cases with mucosal involvement and anti-Dsg3 autoantibodies that spread to Dsg1 with cutaneous involvement in addition to mucosal one were also reported (73, 78). A major limitation of study from Salato et al. was the use of Dsg1/Dsg3 swapping domains approach for the epitope mapping of autoantibody reactivity. In fact, although the majority of anti-Dsg3 IgG autoantibodies in PV did not cross-react with Dsg1, in mucocutaneous-type PV, with both anti-Dsg1 and anti-Dsg3, autoantibodies mapping results from this approach, may be less reliable, because of the sequence homology of two cadherins. In addition, the exclusive presence of autoantibody to the C-terminal domain of Dsg3 in PV patients with mucosal lesions appeared in contrast with several studies that showed that the vast majority of PV sera react with the N-terminal portion of Dsg3 and rarely bind the C-terminal one (79, 80). On the other hand, the fact that an intermolecular ES from Dsg3 to Dsg1 and not the presence of cross-reactive antibodies is at the base of clinical phenotype transition in PV was demonstrated by an inhibition assay in PV patients with mucocutaneous lesions (67). However, it could be hypothesized the presence of few cross-reactive not detectable antibodies that shift the reactivity from Dsg3 to Dsg1 possibly followed by an intramolecular ES event in the Dsg1 molecule. Indeed, the isolation from PV patients with Dsg1/Dsg3 cross-reactive monoclonal autoantibodies could corroborate this hypothesis (42, 81).


[image: image1]

FIGURE 2 | Clinical transition between mucosal pemphigus vulgaris (PV) to mucocutaneous PV as proposed by Salato et al. Survey and schematic representation of the antigenic regions recognized by autoantibodies of a representative PV patient with only mucosal involvement (mPV) that shift clinical phenotype to mucocutaneous one (mcPV) (76). PV antigens (Dsg1 and Dsg3) with relative subdomains (EC1–EC5) of Dsg1 and 3 and their amino acid sequences are illustrated. Red arrows indicate the regions recognized by patient autoantibodies during the course of the disease (76). The mPV patient at an early stage of disease has autoantibodies specific for ectodomain (EC5) subdomain. At this time the circulating autoantibodies are not able to bind human skin by [indirect immunofluorescence (IIF)]. Several years later, the patient produces autoantibodies directed to EC1 by an intramolecular ES phenomenon. At this stage the autoantibodies start to bind the human skin and an intermolecular ES toward Dsg1 occurred with development of cutaneous as well as mucosal blisters (76).



In contrast with data from Salato et al., another study using the same approach has reported a stable epitope profile during disease course in four PV patients (80). A further study analyzed ES events in a larger cohort of PV patients (53 patients) at multiple disease stages (20). In this case, a different system based on Dsg3 (or Dsg1)/Dsg2 domain-swapped molecules was employed. In this approach using Dsg2 cadherin as the backbone of the domain-swapped molecules, the epitopes recognized by anti-Dsg3 IgG could be analyzed without the influence of anti-Dsg1 IgG autoantibodies and vice versa, because PV sera showed no reactivity with Dsg2. As previously reported, the major epitopes recognized by PV sera were calcium-dependent and mapped at the N-terminal region of Dsgs (Figure 3A). Interestingly, the recognized region appeared to be unchanged over the course of disease in both anti-Dsg3 mucosal dominant-type PV and anti-Dsg3/Dsg1 mucocutaneous-type PV (20). Intramolecular epitope shift was not evident in the vast majority of PV cases and only two patients of 53 showed an intramolecular ES event in the Dsg3 during the disease course. Specifically, a PV patient (PV1) in active stage reacted to EC1/4 and shifted to EC2/3 during remission, strongly reducing the anti-EC1 reactivity, and another one (PV2) showed a transition from active to moderate disease characterized by a stable anti-EC1 reactivity and the appearance of anti-EC2/4 antibodies (Figure 3A) (20). Independent of disease stage, in most PV patients the major Dsg3 epitopes are localized in the EC1–2 subdomains, while in PV with cutaneous involvement dominant epitopes of Dsg1 are in addition present in EC1 but not in the EC2–5 subdomains (Figure 3A) (20). In contrast to the results of Salato et al., no mucosal dominant-type PV sera reacted only with the EC4 or EC5 subdomain of Dsg3. Further studies with larger cohort of well characterized patients with only mucosal and mucocutaneous phenotype are needed to clarify the relation between recognized epitope and clinical phenotype and to better understand the role of ES in this phenotype transition. All these studies show three major limitations (i) it was impossible to evaluate ES before the onset of disease, (ii) treatment could influence the ES during the course of the disease, and (iii) a possible intradomain ES was not investigated.
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FIGURE 3 | Pemphigus vulgaris (PV) and pemphigus foliaceus (PF) patients present Dsg3 and Dsg1 epitope profiles stable over the disease course. A schematic representation of the antigenic regions recognized by autoantibodies of a PV (A) and PF (B) patients at diagnosis, with relative percentage of reactivity, and during the disease course (20, 21). Only two patients (for PV and PF) in whom epitope spreading (ES) phenomenon occurred have been shown. In most PV and PF patients, the major Dsg3 and Dsg1 epitopes are localized in the EC1–2 subdomains. In the vast majority of PV and PF patients, the epitope profile remained stable during the course of the disease. Of note, two patients (PV patient 1 and PF patient 2) in active stage reacted to EC1 and shifted with an intramolecular ES to other subdomains (EC2/EC3 and EC2) (20, 21).



In addition to Dsg3 and Dsg1, several other organ-specific non-Dsg autoantibodies in pemphigus patient sera could be involved in an intermolecular ES phenomenon. For example, antibodies against an acetylcholine receptor and pemphaxin that are not pathogenic alone, but may act synergistically with pathogenic anti-Dsg3 antibodies (82–85). Another example are antibodies targeting keratinocyte mitochondria that contribute to the process of acantholysis and could be also involved in ES phenomena associated with the tissue damage induced by pathogenic autoantibodies (85, 86). Other autoantibodies specific for intracellular domains of Dsgs, a calcium pump encoded by ATP2C1, desmocollin 1, BP230, periplakin, E-cadherin, Dsg4, desmoplakin 1, and desmoplakin 2 have been detected in pemphigus patients (69). However, since their pathogenic role has not been demonstrated they could be considered a result of an intermolecular ES phenomenon without any functional role in the disease. According with this possible interpretation are findings from our study on the presence of other non-disease specific autoantibodies in autoimmune bullous disease such as anti-BP180, BP230 and Coll VII autoantibodies in PV patients or anti-Dsg3 autoantibodies in BP. Interestingly, the reactivity against additional non disease-specific antigens was rare and remained stable during disease course, while in the same patients reactivity against disease-specific antigens fluctuated in parallel with disease severity. This atypical reactivity possibly represented an epiphenomenon unrelated to the evolution and progression of the autoimmune disease (87). Further studies are needed to understand the possible role of ES in the generation of these autoantibodies and their role in disease pathogenesis.

In a recent study, Cho et al. have postulated a functional role of ES in the pathogenesis of PV. In particular, they have isolated cross-reactive rotavirus/Dsg3 antibodies from PV patients. A subset of these antibodies had the potential to confer protection against rotavirus infection but also to cause pathogenic effects on skin, suggesting a role of molecular mimicry in the disease pathogenesis (88). In this context, the authors speculate that even in the presence of non-pathogenic and cross-reactive antibodies, the activation of a cross-reactive B cell could stimulate Dsg3-reactive T cells to trigger a broader anti-Dsg3 B cell response, that react to other and possibly pathogenic epitopes leading to PV (88).

Pemfigus Foliaceus

Pemphigus foliaceus is an autoimmune blistering skin disease characterized by superficial cutaneous erosions. Tissue bound and circulating autoantibodies that react to Dsg1 have shown a pathogenic role in the disease (75, 89) and provide important diagnostic clues in addition to clinical evaluation. The most common subtype is sporadic PF occurring all over the world, whereas endemic PF (EPF) is found in rural areas of Brazil, where the disease is known as fogo selvagem (90–92).

In 2010, Chan et al. have characterized the dynamics of immunoreactivity to various Dsg1 extracellular subdomains in non-endemic PF patients during the course of the disease by using the Dsg1/Dsg2 domain-swapped molecules approach. According to data obtained on PV patients, most of the anti-Dsg1 antibodies bind to the N-terminus region of Dsg1 (Figure 3B), and this reactivity prevails across various activity stages. Only two PF patients lost their EC1 reactivity upon remission and in one case shifting to EC2 (Figure 3B) (21). Thus, in PV such as in PF patients, the Dsg3 and Dsg1 epitope profiles remained stable over the disease course and, because of the rarity of ES, treatments based on the depletion or abrogation of autoantibodies to the N-terminal domains of Dsg3/Dsg1 should be promising (Figure 3B). Another possible involvement of ES is described in a previous study from Ishii et al. that have isolated several pathogenic and non-pathogenic monoclonal antibodies from PF patients (93). Some non-pathogenic antibodies bound to the proprotein of Dsg1, which are thought to be synthesized as intracellular inactive precursor proteins with prosequences that are cleaved to yield mature and extracellular adhesive molecules. Similarly, non-pathogenic autoantibodies from PV patients were also able to bind the precursor of Dsg3 (94, 95). Interestingly, these findings could suggest that PV and PF patients at first develop non-pathogenic antibodies against the intracellular Dsg precursor to which they would not be expected to have tolerance, and in some susceptible patients the antibody response might shift through ES to pathogenic autoantibodies specific for the mature molecule (93–95). Further studies are needed to confirm this hypothesis.

Although the sporadic PF and EPF form share similar immunological and clinical features, the latter presents peculiar characteristics. Specifically, a clinical study suggests that intramolecular ES could be the cause for the development of EPF (96). Patients in the preclinical stage and healthy individuals from endemic areas possessed IgG1 circulating autoantibodies that recognize non-pathogenic epitopes in the C-terminal domain of the Dsg1 ectodomain (EC5), whereas when the disease developed in individuals with certain HLA susceptibility genes pathogenic antibodies directed against the N-terminal region of Dsg1 ectodomain (EC1 and EC2) appeared. Concomitantly a possible antibody subclass switching from IgG1 to IgG4 seemed to occur (Figure 4A) (96–98). In this context, Warren et al. have previously shown that up to 55% of healthy individuals living in endemic areas have low levels of anti-Dsg1 antibodies (97). In addition, a strong relationship has been found between infestation with hematophagous insects, certain HLA susceptibility genes and the occurrence of fogo selvagem, suggesting a role of environmental factors in development of the disease (99). In accord with this idea, Qian et al. have found in patients IgG4 and IgE autoantibodies that cross-reacted with a salivary antigen (LJM11) from sand flies targeting a shared conformational epitope in the EC1-EC2 subdomains (100). Compared to normal controls, individuals before and after onset of fogo selvagem have significantly higher IgE anti-LJM11 and anti-Dsg1 antibodies, suggesting that the IgE antibodies develop before the onset of EPF (100). However, individuals have significantly lower levels of anti-Dsg1 IgE before fogo selvagem onset than after the development of the disease, suggesting that LJM11 might be the initial target of IgE response (101) (Figure 4B). In order to further investigate this cross-reactive immune response and to clarify whether it represents a non-specific activation of the immune system or an antigen-selected response, an antibody phage display library approach was employed. Qian et al. generated libraries comprising only IgG4 subclass from three EPF patients and 14 clonally independent IgG4 monoclonal antibodies were isolated and analyzed (102). Noteworthy, all of these IgG4 monoclonal antibodies were cross-reactive to both Dsg1 and LJM11 and extensively mutated. Furthermore, the revertant monoclonal antibodies, which represent the germline configuration, also recognized both Dsg1 and LJM11 (102). Collectively, these findings suggest that the development of anti-Dsg1 IgG4 antibody in EPF patients could be the result of initial IgE response to the environmental antigen (such as LJM11). In this context, a chronic stimulation of LJM11 antigen and the production of IL10 by the immune system promote the development of pathogenic IgG4 antibodies, which are cross-reactive to both LJM11 and Dsg1 (Figure 4B). Very recently, Evangelista et al. have demonstrated that fogo selvagem is mediated by pathogenic IgG4 autoantibodies against the EC1 subdomain of Dsg1 (103). However, whether the epitope on LJM11 shares its conformational structure with this pathogenic epitope or with a non-pathogenic epitope on Dsg1 that through an intradomain ES could generate pathogenic autoantibodies has not been investigated (103). Thus, putting the evidences all together, IgG4 pathogenic autoantibodies in EPF could be the result of an intramolecular ES event from non-pathogenic autoantibody specific for EC5 subdomain of Dsg1 to a pathogenic one against EC1 subdomain (Figure 4A). In parallel, antigen mimicry that induces with or without ES an antibody switch from an epitope of salivary gland fly antigen to a pathogenic epitope on the EC1 subdomain of Dsg1 has been demonstrated (Figure 4B).
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FIGURE 4 | Current etiopathogenetic model for endemic pemphigus foliaceus (EPF). A schematic representation of the antigenic regions recognized by autoantibodies of normal individuals and EPF patients. (A) Patients in the preclinical stage and healthy individuals from endemic areas possess IgG1 circulating autoantibodies that recognize non-pathogenic epitopes in the EC5, whereas when the disease developed appeared pathogenic IgG4 antibodies to EC1 and EC2 through class switch and ES (96–98). (B) In parallel, antigen mimicry that induces with or without ES an antibody switch from an epitope of salivary gland fly antigen (IgE) to a pathogenic epitope on the EC1 subdomain of Dsg1 (IgG4) is shown (102).



As postulated, for the clinical transition from mucous to mucocutaneous PV an intermolecular ES phenomenon could also be at the base of disease transition. In particular, transition from PV to PF and vice versa is a well-documented phenomenon (Table 1). In most cases, PV patient shift to PF, although some cases where PF patients switched to PV have been described (104–120). The mechanism of transition between PV and PF is unclear, and a possible role of ES in this phenomenon has been postulated (Table 1). In cases of PV transforming from PF, anti-Dsg1 autoantibodies were initially present (108, 109). Dsg3 may be released from skin lesions leading to the production of anti-Dsg3 autoantibodies and a phenotype switch. It is unclear if transition from PV to PF is permanent or whether it is due to preferential suppression of Dsg3 antibodies caused by the immunosuppressive therapy (114). Indeed, only in few cases the transition was reported in patients without therapy (104, 113). Rarely, pemphigus and the pemphigoid group of diseases may develop in the same patient (121). Up to date, only four reports about PF to BP transition have been reported (23, 122–124). Usually, the IgG detected in those patients belongs to IgG1 or IgG4. However, Recke et al. reported the presence of IgG3 in their patient. In all the cases described, the transition to BP was associated with a complete disappearance of anti-Dsg autoantibodies highlighting a functional role of ES in these cases (124).

TABLE 1 | Cases of pemphigus with clinical shifting between PF and PV.
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Paraneoplastic Pemphigus

Paraneoplastic pemphigus is a rare autoimmune bullous disease that is always associated with neoplasm (125, 126). Typically, PNP patients show autoantibodies directed against the plakin family, including antibodies against envoplakin, periplakin, desmoplakins I and II, plectin, the hemidesmosomal protein BP180 and BP230 (125, 126), and the protease inhibitor alpha-2-macroglobulin-like-1 (127). Furthermore, antibodies against plakophilin 3, desmocollins 1, desmocollins 3, Dsg1, and 3 have also been detected in PNP (125, 126). Clinically, patients are characterized by the presence of severe mucocutaneous lesions and sometimes respiratory failure, and they are refractory to standard treatment. Diagnosis mainly based on DIF, relies also on the demonstration of autoantibodies in serum, assessed by IB, ELISA, IIF on rat bladder and immunoprecipitation with radioactive keratinocyte extracts. IIF on rat bladder epithelium that expresses plakins and not Dsg is useful for differential diagnosis with pemphigus. However, this approach is not completely reliable considering that some pemphigus patient reacts with plakins in addition to Dsgs (128–131).

Bowen et al. suggested that ES might play a role in the pathogenesis of PNP (132). They described five PNP patients showing clinical and pathological features of lichen planus (LP) (132). Among them, one showed initially negative results by IIF on rat bladder epithelium; however, one year after, positive IIF staining was observed. Furthermore, the same patient showed initially only autoantibodies against alpha-2-macroglobulin-like-1 of 170 kDa and desmoplakin I; after one year, IB detected also desmoplakin II, BP230, and periplakin (132). Therefore, it has been postulated that the lichenoid eruption, which led to necrosis of keratinocytes, might be a mechanism for exposing previously masked antigens to autoreactive T cells, leading to an intermolecular ES that involves other skin antigens. Another PNP case, in which ES might be involved, was reported by Okahashi et al. (133). They described a 41-year-old patient who initially showed only mucosal lesion; however, 3 months after PNP diagnosis, he also developed toxic epidermal necrolysis (TEN)-like cutaneous lesions. IgG against envoplakin and periplakin were detected by IB both at the time of PNP diagnosis and when the patient developed cutaneous lesion. Contrarywise, ELISA detected anti-Dsg1 and three IgG only after the arise of cutaneous lesion. Therefore, the authors proposed that autoimmune response led initially to interface and lichenoid dermatitis, which exposed self-antigens developing humoral autoimmunity mediated by ES (133).

In 2012 cloning monoclonal antibodies from a PNP patient by using phage display approach, the pathogenic activity of anti-Dsg3 autoantibodies has been demonstrated (134). Epitope mapping using domain-swapped Dsg3/Dsg2 showed that these monoclonal antibodies bound conformational epitopes in the EC2 and EC3 domains. In parallel, to study the Dsg3 epitope profile in PNP Ohyama et al. (20) tested sera from 14 patients. Interestingly, in addition to the reactivity against the EC1 subdomain of Dsg3 detected in all patients, 57%, 71%, and 86% of PNP sera reacted with the EC2, EC3, and EC4 subdomain, respectively. Thus, circulating antibodies in PNP had unique epitope profile, although, such as in PV and PF, the most recognized region is the Dsg N-terminal one. These findings were consistent with a previous study (135) and suggested that the typical autoantibody profile may have contributed to their unique clinical and histopathological features.

Several theories have been proposed to explain the association between bullous disease and tumor. One theory proposed that immune response against tumor antigens cross-reacting with epithelial antigen can lead to an autoimmune response against skin and mucous membrane (136). Another theory proposed that the tumors may have caused cytokine dysregulation leading to autoimmunity to Dsgs with subsequent tissue damage and intermolecular ES toward intracellular proteins of the plakin family and or hemidesmosomal proteins. However, although the pathogenic role of anti-Dsg3 autoantibodies has been demonstrated (134), autoantibodies to Dsg3 are not detected in all patients and not always detected at the beginning of the disease onset (133). Another possible explanation is that the cellular damage induced by tumor specific immune response could expose intracellular antigen, such as plakins, and lead to an autoimmune response to the skin and mucous membrane and a possible intermolecular ES toward other antigens such as Dsgs.

Indeed, with the exception of few case reports, the dynamics of humoral response during disease course was not reported in PNP patients and could be the objective of future studies.

Epidermolysis Bullosa Acquisita

Epidermolysis bullosa acquisita is an acquired, subepidermal bullous disease. The main feature of EBA is autoimmunity to Col VII with consequent reduction of anchoring fibrils (137). On the one hand, a classical “mechanobullous” form has been described, which is characterized by blistering, erosions with milia formation, and scarring over trauma exposed sites (138). On the other hand, several patients with an “inflammatory” form of EBA mimicking BP, characterized by blisters on intertriginous areas that heal without scars, have been reported (138). Clinical diagnosis is confirmed by demonstration of IgG and/or IgA and C3 deposits at the BMZ by DIF. In EBA, IIF performed on salt-split skin (SSS) usually shows binding of antibodies to the dermal side of the blister and circulating autoantibodies bind to Coll VII by ELISA or IB (139). Specifically, EBA is mainly characterized by IgG autoantibodies to the non-collagenous domain (NC1) of Coll VII (137, 139). However, no evidence of intramolecular and intermolecular ES in an active mouse model of EBA was found. Reactivity to additional regions outside Coll VII did not occur in mouse suggesting that ES does not contribute to EBA development in this mouse model (140).

Epitope spreading that involves EBA antigen is reported in sera from patients with SLE that contain autoantibodies to Coll VII (141, 142). Chan et al. reported the case of a 15-year-old patient, who showed IgA and IgG circulating autoantibodies against BP230, as well as against the full-length native form and the recombinant NC1 domain of Coll VII (143). In addition, IgG autoantibodies against laminin 332 and laminin 311 have been detected in the same patient. These findings could be explained by an intermolecular ES phenomenon. Indeed, because the NC1 domain of Coll VII bound to the β3 chain of laminin 332, it was thought that the initial autoimmune reaction against Coll VII led to secondary damage of laminin 332 and other adjacent BMZ component, like laminin 311 and BP230 (144). In addition, several reports of EBA patients who subsequently developed SLE or vice versa have been described and could represent the effect of an ES phenomenon (141, 143, 145–150) (Table 2). Dotson et al. were the first to describe a 19-year-old EBA patient, who developed clinical and serologic evidence of SLE five years after the diagnosis of EBA (145). Cutaneous lesions examinated by electron microscopy before and after the development of SLE showed characteristics previously reported by electron microscopy in patients with EBA. DIF before and after the diagnosis of SLE highlighted linear depositions of immunoglobulin and complement; IIF findings showed no abnormalities.

TABLE 2 | Patient showing coexistence of EBA and SLE disease and/or antigens.
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It has also been reported that EBA is associated with inflammatory bowel disease (IBD) in up to 50% of patients (151). Indeed, a high prevalence of circulating antibodies against Coll VII in IBD patients has been detected (151, 152). Furthermore, Lohi et al. evidenced the presence of Coll VII in the intestinal epithelium (153). Therefore, it has been speculated that autoimmunity to Coll VII, which is present in both gut and skin, might justify the frequent association between EBA and IBD. Moreover, Coll VII antibodies in Crohn’s disease patients may be an ES phenomenon. Veritably, inflammation provoked by Crohn’s disease may alter the intestinal epithelial BMZ, leading to an ongoing autoimmunity to Coll VII (154).

A few cases of psoriasis associated with EBA have been reported (155–161). In these cases, the role of ES is not clear and it could be postulated that its involvement is due to the long-lasting psoriasis lesions. Specifically, a damage to the BMZ could induce circulating non-pathogenic autoantibodies that lead to development of immunobullous diseases (161).

Epitope spreading phenomenon has been thought also as the leading cause of the concomitant presence of two different autoimmune bullous skin diseases in the same patient (162–167) (Table 3). As reported by Yang et al. ES phenomenon could be the explanation of a case of typical pemphigoid gestationis with IgG antibodies to Coll VII (167). In this report, the patient showed a rash on the trunk and limbs with intense erythema, vesicles, and bullae one month postpartum. IB detected IgG autoantibodies reacting against BP230 in the epidermal extracts and 290 kDa Coll VII in the dermal extracts; BP180 antibodies were detected only using an ELISA based on BP180 antigen. Therefore, the authors concluded that these immunopathological findings could be explained by intermolecular ES phenomenon (167). Jonkman et al. described recently a female patient with inflammatory EBA showing non-scarring oral and vaginal involvement (163). Circulating IgG autoantibodies to Coll VII and α3 chain of laminin 332 were simultaneously detected by IB. To further confirm the simultaneous presence of autoantibodies against laminin 332 and Coll VII, IIF on skin substrates lacking BMZ molecules was performed. IgG bound to the BMZ of specimens lacking laminin 332 and Coll VII, revealing the simultaneous presence of two autoantibodies. Therefore, a simultaneous diagnosis of EBA and anti-laminin 332 MMP was made. The significance of the anti-laminin 332 antibodies remains obscure, but it may be determined by the pathogenic presence of anti-Coll VII autoantibodies; indeed, cryptic laminin 332 epitopes could be uncovered in lesional skin, leading to intermolecular ES. The fact that laminin 332 and Coll VII are intimately connected, because the β3 chain of the former binds the NC1 domain of the latter, could suggest a mechanism dependent of physical association of antigens.

TABLE 3 | EBA associated with other autoimmune bullous disease.
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Linear IgA Bullous Dermatosis (LABD)

Linear IgA bullous dermatosis is an autoimmune subepidermal bullous disease that may be idiopathic or drug-induced (168). Pathologically, LABD is characterized by linear deposition of IgA at the BMZ (168). Dermal and epidermal antigens are identified by IgA, IgG, and by both antibody isotypes (169, 170). Proteolytic cleavage product of BP180 are the major antigen, but also BP230 and Coll VII are less commonly detected (169, 170). In the epidermis, BP180 is the major and possibly initiating antigen (169, 170). Indeed, different binding sites for the LABD antibodies have been reported on BP180 in studies in which the full-length protein, the 120-/97-kDa fragments of its soluble ectodomain and the immunodominant NC16A domain were employed (169–175). These studies showed that intramolecular ES could occur within BP180 leading to the simultaneous binding of IgA antibodies to intact BP180 and its soluble ectodomain. Allen et al. reported in a recent study that no sera identified the dermal 97-kDa protein, while they detected antibody response to a 285 kDa antigen (LABD285) and BP180, suggesting that intermolecular ES of the antigens of the extracellular matrix/dermal components of the basement membrane plays a role in LABD etiopathology (169). In another study, Allen et al. reported that 35% of LABD sera targeted single antigens and 42% targeted two or more antigens with IgA antibodies (170). The presence of multiple epidermal antigens was commoner in adults (51%) than in children (25%), and might be due to a continual antigenic stimulation. Therefore, they suggested that both intra- and intermolecular ES led to the multiplicity of IgA target antigens (170). Indeed, they reported that 34 of 72 IgA antibodies binding BP180 also bound BP230. In addition, they showed that of 72 LABD sera binding BP180, 23 bound also both BP230 and LABD285, and two bound LABD285. Intramolecular ES within BP180 was reported more rarely, with 19 of 72 sera also binding the 97-kDa soluble ectodomain. In contrast to IgA, intermolecular ES with IgG antibodies was rarely reported, and did not involve LABD285. In conclusion, Allen et al. have proposed that the intermolecular ES is frequent in LABD, is age related, and is associated with IgA antibodies rather than IgG antibodies (170). Recently, Sakaguchi et al. described three patients, in whom ELISA detected IgG and IgA antibodies to various subunits of laminin 332, in addition to IgG and IgA reactivity to Coll VII, γ1 subunit, and BP230 and BP180 recombinant proteins (176). A strong IgG and IgA reactivity to laminin 332 has been seldom described in the literature. The authors postulated that the production of autoantibodies against different BMZ antigens was led by ES. Even if the original epitopes in these cases were not detectable, the first immune response might be directed to laminin 332 because of the marked and constant reactivity. Nevertheless, because of the variegated antigen subset in LABD, several patients with peculiar laboratory findings whose epitope/antigen pattern could be due to ES have been described in the literature (177–199) (Table 4).

TABLE 4 | Characteristics of LABD patients with peculiar laboratory findings.
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The ES phenomenon has been also proposed to be involved in LABD patients with psoriasis (200, 201). Cooke et al. reported the case of a 29-year-old man with plaque psoriasis who developed LABD after herpes zoster infection. IB detected IgA antibodies against BP180 and BP230 antigens, and IgG autoantibodies that reacted weakly to the BP180 antigen (200). A similar case was previously reported by Takagi et al. who described the simultaneous presence of psoriasis and LABD in a 68-year-old man after an active hepatitis C infection. In this case, IB detected IgA antibodies against a 97-kDa target antigen in epidermal extracts (201).

LABD has been also reported in association with autoimmune rheumatic diseases, including dermatomyositis, rheumatoid arthritis, and Sjögren’s syndrome (202–206). However, the role of ES in these associations is under debate.

The association between LABD and ulcerative colitis (UC) has been widely reported. Indeed, Paige et al. reported that 8 out 70 LABD patients were also affected by UC (207). In all cases, UC preceded LABD onset by a median of 6.5 years. In addition, a few single cases of LABD associated with UC have been reported (191, 207–211) (Table 5). The reason for this association is unclear, but alteration in colonic mucosal B cell and IgA production may play a pivotal role in LABD onset.

TABLE 5 | LABD patients with UC.
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Dermatitis Herpetiformis

In gluten sensitive individuals, gluten can lead to pathological immune responses against both gluten components and transglutaminases (TGs). DH belongs to gluten-induced autoimmune diseases. DH is characterized by chronic, pruritic, polymorphic, papulovesicular, or rarely blistering lesions. Histologically DH, such as other subepidermal autoimmune diseases, presents subepidermal blisters neutrophil and eosinophil infiltration and granular IgA deposition in the dermal papilla by DIF. DH patients show circulating IgA to TG3, which is the pivotal autoantigen (212, 213). In most of DH patients, IgA to TG2 are detected, indicating an underlying, usually latent or mild celiac disease (CD) (212, 213). A TG6 autoimmunity may also be detected in some DH patients (212, 213). Furthermore, in a few DH patients, no circulating IgA to TG3 have been reported, but only circulating TG3-IgA immune complexes (212, 213). All three enzymes (TG2, TG3, and TG6) bind deamidate gliadin or other gluten peptides. This diversification of autoimmune antigens could be explained by intermolecular ES. Indeed, it has been postulated that a continued exposure to gliadin could lead to development of IgA anti-TG3 antibodies in patients who already have IgA anti-TG2 antibodies; a subgroup of those who develop IgA anti-TG3 antibodies then develop DH (214). The presence of IgA anti-TG2 antibodies in most DH patients and a higher prevalence of IgA anti-TG3 antibodies in adults than in children with CD are two of the main findings in support of the ES phenomenon (213). In fact, it has been thought that ES could be an explanation for the DH late onset in comparison to CD, which often involves pediatric patients. In this regard, it has been hypothesized that ES and/or cross-reactivity between TG2 and TG3 could lead to TG3 autoimmunity, leading to circulating IgA-TG3 immune complexes formation, which determines skin features in some CD patients (213). However, the possible mechanism of a directly gluten-induced TG3 autoimmunity could not be excluded (213).

Several cases of patients with a history of DH and BP have been reported (215–228) (Table 6). Van der Meer was the first to describe a patient showing clinically both DH and BP features, but only pathological and DIF BP features were found (215). In six cases, DH preceded BP by 4 months to 11 years (223–225). Ameen et al. reported a case of DH that evolved into BP 11 years after its original diagnosis (225). Initially, DIF showed linear BMZ staining with IgG and C3, associated with intensefibrillar IgA staining in the dermal papillae. IIF detected circulating anti-BMZ IgG with epidermal binding on SSS. After 11 years, the response to dapsone and gluten-free diet failed, and a new skin biopsy was performed, revealing overlapping BP/DH immune-histochemical features. Therefore, the authors concluded that the evolution from DH into BP was due to intermolecular ES phenomenon, postulating that neutrophilic infiltrate of DH caused BMZ disruption, leading to the exposure of BP antigens to autoreactive lymphocytes (155, 225). In 11 cases, dual findings for BP and DH were detected by DIF (220–227). On the one hand, BP and DH were described as concomitant in nine cases (220, 221, 223–227); on the other hand, in two patients, DIF was performed at different time, showing only one disease per biopsy (222, 228). In five of the nine patients, serum antibodies were directed against the BMZ, and in one patient only antiendomysial antibodies were highlighted at the DH onset (223). Only two patients with serum autoantibodies compatible with both BP and DH have been described, however, sera were not taken at the same time (222, 228). Indeed, only Schulze et al. detected both BP and DH serum autoantibodies at the same time (227). In addition, Vaira et al. analyzed the HLA profile in a patient, who developed DH several years after the BP diagnosis. HLA alleles were HLA-DQB1 03:01 (predisposing to BP), HLA-DQA1 05:05/05:01 (predisposing to CD) and HLA-DQB1 02:01 (predisposing to CD and to DH) (228). The authors concluded that those findings highlighted a specific genetic susceptibility to both diseases in the same patient (228).

TABLE 6 | Patients with a history of DH and BP.
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Mucous Membrane Pemphigoid

Mucous membrane pemphigoid includes different autoimmune subepithelial blistering diseases mainly involving mucous membranes, including the mouth, ocular mucosae, and mucous membranes of the nose (229). Several epithelial basement membrane components have been reported as potential targets of MMP, including BP180, BP230, Coll VII, laminin 332, laminin 311, α6 and β4 integrin subunits (229). The main MMP features is the presence of linear deposits of immunoglobulins (IgG and/or IgA), and/or complement fragments at the dermal–epidermal and/or chorioepithelial BMZ (230). Due to low circulating autoantibodies titers IIF is often negative. For diagnosis detection by ELISA or IB of two major targets of MMP BP180, principally its extracellular domain (231–233), and laminin 332, which are both constitutive elements of anchoring filaments can be of confirmatory value. Therefore, MMP is divided into two major types, anti-BP180-MMP and anti-laminin332-type MMP (234).

The involvement of ES phenomenon in MMP has been postulated in several studies (235–238). It has been thought that in BP180-MMP the development of autoantibodies to laminin 332, which has a pathogenic role in the disease (239), is produced via ES from BP180 C terminal domain to laminin 332, because of physical interaction of BP180 C terminal domain and laminin 332 in epidermal BMZ (238). Indeed, Yasukochi et al. reported that IgG or IgA antibodies against various subunits of laminin 332 were detected in 54 of 332 cases of BP180-MMP (238). Bernard et al. presumed the involvement of ES phenomenon in a recent study on laminin 332-MMP, which has reported to be associated with a raised relative risk for neoplastic diseases (235). On the one hand, anti-BP180 auto-antibodies have been detected in up to 75% MMP patients (240); on the other hand, autoantibodies against BP230 have only been occasionally identified in MMP serum, as reported also by Bernard et al. (235). Furthermore, anti-BP230 antibodies have been more oftenly detected in anti-laminin 332 MMP patients (235). This association has been described as determined by ES phenomenon. In point of fact, it has been postulated that damage to BMZ might lead to an abnormal exposure of intracellular antigens such as BP230. In addition, Bernard et al. concluded that the phenomenon of ES could be also postulated for the NC16A domain of BP180, which is strongly immunogenic (231, 235). Another interesting case of possible intermolecular ES was reported by Inoue et al. (104). The authors described one MMP patient, who showed only anti-BP230 autoantibodies. Indeed, IgG antibodies reacted neither with the BP180 NC16A domain nor with the C-terminal domain. Moreover, IB and ELISA identified exclusively anti-BP230 antibodies in the patient’s serum. Furthermore, patient serum did not show reactivity either with any subunits of laminin 332 or with the 120-kDa fragments of BP180 (LAD1). Since the release of autoantibodies to the cytoplasmic protein BP230 is considered a secondary phenomenon, the authors speculated that intermolecular ES could occur because of the oral mucosa ulcerations that led to IgG anti-BP230 production (241). In this context, Hayashi et al. described a MMP patient with blisters who showed IgA and IgG autoantibodies that targeted both laminin 332 and BP180 (242).

The ES phenomenon may be also involved in MMP patients with a history of different autoimmune diseases that involve skin, mucous membrane or different organs (243–251) (Table 7). In a recent study on 6 MMP patients, Zakka et al. postulated the involvement of ES phenomenon in patient with both MMP and mixed connective tissue disease (MCTD) (244). MCTD is a systemic autoimmune disease with mixed features of SLE, dermatomyositis, rheumatoid arthritis, scleroderma, and polymyositis (252). The target antigen is a complex of small nuclear ribonucleoproteins (snRNPs), including a 70 kDa polypeptide (snRNP70) (252). The authors observed that all the 6 MMP patients, which showed antibodies against BP180, BP230, and subunit of human β4 integrin, showed antibodies also to snRNP70 (244). Moreover, they reported that all MMP patients carried either the HLA II alleles DQb1*0301, *0302, or *0603 that have been described as associated with MMP (244). However, only three of six patients carried the HLA alleles associated with MCTD (HLADR4). Although the remaining three patients did not have any allele associated with MCTD, they had MCTD clinical features and serological markers (244). The presence of one autoimmune disease could induce tissue damage and exposure to the immune system of a previously masked epitope. Therefore, the authors concluded that it was possible for the patients who lacked the HLA II genes related to MCTD to produce autoantibodies to snRNP70 as result of an ES phenomenon. In addition, Malik et al. described 8 patients who showed an association of MMP with SLE, MCTD, or both (243). Among them, four patients developed MMP and SLE or MCTD simultaneously, while the other four patients developed SLE, MCTD or both after the MMP diagnosis in a period ranging from 2 to 10 years. ES phenomenon could be also involved in the association between subepidermal autoimmune blistering diseases and IBD, as postulated by Shipman et al. (245). In a recent article, the authors reviewed the literature about this association, finding out 48 cases of IBD patients who showed also a subepidermal blistering disease. More specifically, they reported two female patients who developed MMP several years after the first IBD diagnosis. In both cases, DIF showed linear staining for IgG and C3 at the BMZ. However, only in one case IB detected IgG antibodies to the BP180 antigen. Therefore, the authors theorized that exposure to antigens in the gastro-intestinal tract eventually led to cutaneous disease, which was also supported by the positive DIF in the colon in two LAD patients (253) (Table 7). A supposed intermolecular ES was reported by Ohata et al., who described a singular patient who was affected simultaneously by pemphigus herpetiformis (PH) and MMP with autoantibodies to the laminin γ2 subunit, Dsc1, and BP180 C-terminus (249). Therefore, the authors postulated that ES from Dsc1 to BMZ antigens might lead to the simultaneous occurrence of PH and MMP, although such phenomenon was not demonstrated (249). Kaune et al. described an 87-year old Caucasian female patient with complete symblepharon and dysphagia who showed by IB IgG4 autoantibodies both to the 200 kDa antigen and to the C-terminus of laminin γ1 subunit; in addition, IgA autoantibodies to the C-terminal fragment of BP180 4575-antigens and IgG autoantibodies to BP180 NC16A have been detected in the same patient by IB (250). The authors postulated the involvement of ES, describing the coexistence of p200/laminin γ1 subunit-pemphigoid and MMP. Monshi et al. reported the case of a Caucasian woman affected by anti-p200 pemphigoid who developed antiepiligrin cicatricial pemphigoid, a rare and major subtype of MMP, 17 months after the first diagnosis (247). However, this patient never developed mucosal lesions. In these cases, the ES phenomenon could be postulated but not demonstrated as the cause of two concomitant diseases.

TABLE 7 | MMP patients associated with other autoimmune diseases.
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On the contrary, when the transition from one disease to another is accompanied by shifting of reactivity from one antigen to another, the ES phenomenon is strongly probable. Several cases of clinical switch from a skin disease to MMP have been reported in the literature (60, 254–257) (Table 8). Chan et al. reported in 1991 five Steven-Johnson’s syndrome (SJS) patients, who developed MMP (254). SJS is a life-threatening dermatosis with high morbidity and mortality. These patients developed MMP, characterized by chronic ocular mucosal scarring lesions. The linear immune deposits along the oral or ocular mucosal BMZ in all five patients fulfilled the diagnostic criteria for MMP. In addition, immunoblot analysis of the serum of two of five patients identified a 120-kDa epidermal antigen, which may represent one of the MMP autoantigens (258). The authors concluded that the mucosal injury occurred in SJS resulted in ES phenomenon involving the 120-kDa epithelial antigen (254). Similarly, Fania et al. described two male patients who developed MMP with chronic ocular mucosal scarring lesions after TEN (257). In both patients, DIF on perilesional conjunctiva showed IgG and C3 deposits along the BMZ in a linear pattern, while IIF and ELISA for BP180 and BP230 were negative. Although the association between TEN and MMP may be coincidental, the authors hypothesized that chronic eye surface injury might represent an immunologic trigger, leading to the ES phenomenon. Moreover, five cases similar to those reported by Fania et al. were described by De Rojas et al. (255) (Table 8).

TABLE 8 | Reported case of switch to MMP.
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Finally, it has been also reported that MMP can arise in patient with hematological disease or solid malignancies, possibly involving the ES phenomenon (259–267). It has been postulated that the massive alteration of tumoral cells or tissues could lead to an autoimmune disease through cross-reactive antigens or exposure of criptic epitopes followed by an ES phenomenon.

Lichen Planus Pemphigoides

Lichen planus pemphigoides is a rare autoimmune blistering disease that occurs in association with LP. DIF shows linear deposits of IgG and C3 along the BMZ with fibrillary deposits of fibrin at the epithelial/lamina propria junction. By IB and ELISA LPP sera are strongly reactive with BP180. More specifically, LPP sera reacted with AA 46–59 of NC16A domain, previously shown to be unreactive with BP sera (268). Mignogna et al. reported two cases of oral lichen planus (OLP) who switched to MMP in a period ranging from 3 to 11 years (256). They hypothesized that the patients might be an example of the ES phenomenon suggesting that LPP might not exist as a separate disease, but might be the result of the ES from one disease (OLP) to another (BP/MMP), where the lichenoid papules arise before the vesciculobullous lesions or vice versa. In particular, the BMZ break, due to mast cell degranulation, might have continuously exposed BMZ proteins, such as BP180 and laminin-322, that may lead to an autoimmune humoral response (256). Another case from Sekiya et al. presented at first LP lesions on the hands, and than developed blisters on her limbs and erosions of the buccal mucosa (269). The patient’s serum reacted to IgG autoantibodies against the BP180 NC16A domain, the BP180 C-terminal domain and Dsg1. However, a serum sampled one and a half years before the diagnosis of LP did not shown activity to BP180 domains. These findings may evidence that the damage to the basal cells in LP exposed a sequestered antigen or formed neoantigens, producing pathogenic autoantibodies that lead to LPP. Most of the previous LPP cases showed autoantibodies to the NC16A domain of BP180. This report demonstrates the presence of circulating autoantibodies to BP180 only after the development of blisters, suggesting the role of sequestered antigen exposure or neoantigens in the LPP etiopathogenesis.

IMPLICATIONS FOR THERAPY

Treatment regimens for autoimmune blistering skin diseases rely on general immunosuppression, typically with corticosteroids, steroid-sparing immunosuppressive drugs, and/or adjunctive treatments such as intravenous immunoglobulins or plasmapheresis. The B cell-depleting anti-CD20 antibody (rituximab) has emerged as a major option for pemphigus patients with steroid-resistant disease or when there are adverse effects with conventional therapies. Data from a recent clinical trial suggest that first-line use of rituximab plus short-term prednisone is safe and more effective than using prednisone alone (270). However, these approaches impair the efficiency of the immune response and render the treated subjects to be more susceptible to the infections. In addition, since patient morbidity and even mortality results from side effects of treatment, the development of more targeted therapies that leave the immune system functional and able to neutralize pathogens is desirable.

To overcome this problems therapy for autoimmune diseases should eliminate only pathogenic autoimmune cells such as performed by Ellebrecht et al. for pemphigus therapy. They have recently demonstrated that autoantigen-based chimeric immunoreceptors can direct T cells to kill Dsg3-specific B cells in vivo (271). Another target specific approach could be based on therapeutical peptides (such as decoy peptides) able to specifically deplete pathogenic autoantibodies (45). The association of PV with human leukocyte antigen class II alleles has highlighted the role of the presentation of immunodominant peptides to autoreactive T helper cells. In parallel, the correlation of disease activity and autoantibodies of the IgG4 and IgE subclasses underlines the role of T helper 2 cells as critical regulators of pemphigus pathogenesis. In this context, novel therapeutic approaches that target autoreactive T cells functions could be also relevant in future. In this context, therapeutic peptide vaccine approach for the restoration of immune tolerance is currently investigated (272, 273). An interesting study on MS, which has led to a phase I clinical trial in humans, has used peripheral blood mononuclear cells chemically engineered to present peptides (274). Thus, the evidence that an ES phenomenon may change the epitope/antigen profile during the course of the disease and the demonstration of its pathological role could make the development of epitope/antigen-specific therapies more difficult.

An ideal therapeutic approach should be able to eliminate not only specific pathogenic autoantibodies present at disease onset but also those arising during the course of disease through the ES phenomenon. In addition, it should be considered that whereas the epitope/antigen specific therapeutic approaches involve untreated bullous disease patients, the performed studies involving treated patients could have underestimated the impact of ES in disease progression.

In the light of published data on ES in the autoimmune blistering disease, the possible therapeutic use of decoy peptides to block autoantibody binding in vivo may require early and aggressive administration of several different peptides. For example, as for BP, other pathogenic regions of BP180, in addition to NC16A, should be considered (22). On the other hand, in pemphigus disease, the hypothesis that multiple antigens could be sequentially involved by ES in the pathogenesis of disease (85) could suggest an antigen specific approach based on multiple antigens and not only on the major one. On the other hand, the static nature of the Dsg3-reactive B cell repertoire that persists over time and causes disease relapse in PV patients suggests that Dsg3 ectodomain could be an effective target for PV therapy (20, 271, 275–278). In addition, although autoimmune response may spread to new epitopes during the course of disease, specific epitope/antigen therapies show considerable efficacy in epitope-induced mouse models of autoimmunity (272, 273, 279, 280) suggesting that epitope-specific therapies could also operate at the level of regulating mechanisms of immune tolerance rather than depending only on the interference with specific autoaggressive B and T cells.

CONCLUDING REMARKS

To get insights into the dynamics and role of sequential immune responses to newly arising epitopes/antigens is crucial to understand autoimmune disease pathogenesis. Moreover, this knowledge could be used to design antigen-specific therapies.

Although definition of hierarchy and functional significance of ES in human disease is difficult, this knowledge in animal models of autoimmune disease has been partially obtained. The difficulty to investigate ES in patients is probably due to the immunosuppressive treatments that could impair the diversification of the immune response and the time of ES appearance that, such as occurred in several mouse models, could become detectable before disease onset. However, despite these limitations, in patients affected by autoimmune bullous diseases the functional role of ES has been demonstrated. In particular, in BP patients a significant relation of ES with disease severity at diagnosis has been reported (22). Moreover, data from mouse model and BP patients raise the possibility that the development of autoantibodies against intracellular targets may follow extracellular one and correlates with the initial phase of the disease when the tissue damage starts occurring (22, 58). Although in PV the ES has been rarely found (20), in the clinical transition between mucosal form to the mucocutaneous one seems to have a major role (73, 76). In addition, the growing body of evidences on the existence of other pathogenic autoantibodies targeting non-Dsg antigens located on cell membrane (83, 84) and/or intracellular compartments (85) suggests a role of autoantibody diversification in PV pathogenesis. In parallel, in EPF the role of ES appears to be crucial for the establishment of the autoimmune response (102). Moreover, several reported cases in which a disease transition is preceded by an intermolecular ES phenomenon further underlines the functional role of ES in autoimmune blistering disease.

Autoantigens targeted by ES phenomena in autoimmune blistering disease are often physically linked (for example BP180 and BP230, Laminin 332 and BP180; laminin 332 and Coll VII), Thus, a mechanism dependent on physical association seems to be involved in the disease pathogenesis. In addition, a mechanism independent by physical association, such as tissue damage followed by the exposure of cryptic epitope, at least in BP and PNP, has been postulated.

In conclusion, the definition of hierarchy and functional significance of ES in autoimmune bullous diseases is partially known at present. An important improvement of knowledge on ES phenomenon could be achieved by dissecting the process in active mouse models that are available for the majority of autoimmune blistering diseases (43, 45, 82, 281–285).
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Autoantibodies (AAbs) against various retinal proteins have been associated with vision loss in paraneoplastic and non-paraneoplastic autoimmune retinopathies (AR). There are two major paraneoplastic syndromes associated anti-retinal AAbs, cancer-associated retinopathy (CAR), and melanoma-associated retinopathy. Some people without a cancer diagnosis may present symptoms of CAR and have anti-retinal AAbs. The etiology and pathogenesis of those entities are not fully understood. In this review, we provide evidence for the role of AAbs in retinal death and degeneration. Studies of epitope mapping for anti-recoverin, anti-enolase, and anti-carbonic anhydrase II revealed that although patients’ AAbs may recognize the same retinal protein as normal individuals they bind to different molecular domains, which allows distinguishing between normal and diseased AAbs. Given the great diversity of anti-retinal AAbs, it is likely some antibodies have greater pathogenic potential than others. Pathogenic, but not normal antibodies penetrate the target cell, reach their specific antigen, induce apoptosis, and impact retinal pathophysiology. Photoreceptors, dying by apoptosis, induced by other than immunologic mechanisms produce substantial amounts of metabolic debris, which consequently leads to autoimmunization and enhanced permeability of the blood–retinal barrier. AAbs that were made as a part of anti-cancer response are likely to be the cause of retinal degeneration, whereas others, generated against released antigens from damaged retina, contribute to the progression of retinopathy. Altogether, AAbs may trigger retinal degeneration and may also exacerbate the degenerative process in response to the release of sequestered antigens and influence disease progression.
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INTRODUCTION

Autoantibodies (AAbs) against retinal proteins have been associated with vision disturbance in paraneoplastic and non-paraneoplastic autoimmune retinopathies (AR). Cancer-associated retinopathy (CAR), a visual paraneoplastic syndrome, is characterized by sudden and unexplained loss of vision associated with distant cancer and the presence of AAbs (1, 2). Those AAbs bind to various antigens present in the retina and are collectively called anti-retinal AAbs. CAR can be associated with any cancer and dysfunction of photoreceptor cells and other retinal cells (3). A disorder that affects people with metastatic skin melanoma and vision loss related to the dysfunction of retinal bipolar cells has been separated from CAR syndrome and was named melanoma-associated retinopathy (MAR) (4–6). Autoimmune retinopathy (AR) concerns people with acute or subacute vision loss who present symptoms of CAR and have anti-retinal AAbs but without a cancer diagnosis at presentation (7). Autoimmune retinopathies commonly affect individuals of over 50 years old. As the general population grows older, the number of seropositive patients for anti-retinal AAbs increases with complaints of vision loss. In this review, we will provide evidence for autoimmunity as a primary contributing mechanism underlying retinal cell death or as a secondary role in exacerbating the degenerative processes in response to antigens being released from the degenerating retina, thus influencing the progression of AR. Even if AAbs did not initiate the pathogenic processes, they could still drastically impact the progression of AR. Pathology of retinal degeneration in human tissue is illustrated in Figure 1.
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FIGURE 1 | Pathology of retinal degeneration. A picture that illustrates a rod photoreceptor cell next to normal human retina (on the left) that is composed of several cell layers as follows: inner and outer segments of rod and cones of photoreceptors cells, outer nuclear layer, outer plexiform layer, inner nuclear layer, inner plexiform layer, ganglion cells layer, nerve fiber layer (axons of ganglion cells), and outer limiting membrane that neighbors with vitreous. A photograph of degenerated retina from a patient who lost completely photoreceptor cell layer (on the right), only inner part of the retina remained unaffected.



AUTOIMMUNE RETINAL DEGENERATION SYNDROMES

Paraneoplastic (CAR, MAR) and non-paraneoplastic (AR) disorders are immunologically and symptomatically heterogeneous. CAR is characterized by sudden and progressive loss of vision associated with photosensitivity, reduced visual acuity, defects in color vision, constriction of visual fields, ring scotoma, and attenuated retinal arteriole (1, 2). The function of both cone and rod photoreceptor cells can be affected. In the case of cone-related dysfunction, patients present with photosensitivity, photopsias, glare, severely reduced central vision, and impaired color perception. Rod dysfunction manifests with night blindness, impaired dark adaptation, and peripheral visual field loss, e.g., ring scotoma.

Melanoma-associated retinopathy is characterized by symptoms of acquired night blindness, light sensations, visual loss, defect in visual fields, and reduced b-waves in the electroretinogram (ERG) (8). It primarily affects bipolar cell function, but photoreceptors can also be damaged in MAR patients (9, 10). Despite significant variations in signs and symptoms, we and others have found some similarities in the clinical presentation of retinopathy associated with AAbs of the same specificity. For example, the clinical phenotype for anti-recoverin-associated retinopathy appears to be different from the retinopathy that is associated with anti-enolase antibodies (11–13). These disorders are rare. The low incidence of CAR and MAR could be related to the fact that most patients with carcinomas or melanoma do not perceive that their eye problems could be connected to their distant malignancy. It may also be possible that substantial subjective vision loss only occurs after a critical number of rod and cone photoreceptors are destroyed (14–16). Retinal autoimmunity can also contribute to photoreceptor cell loss in hereditary retinitis pigmentosa (RP) and possibly other inherited retinal dystrophies.

GENERATION OF ANTI-RETINAL AAbs

Autoantibodies against a variety of retinal antigens have been detected in patients’ blood but the precise mechanism for AAb origination remains unclear. Specifically, the question is whether the antibodies are involved in the initial pathogenesis of retinal disease or if they develop during the course of the disease as a secondary event. We contemplate three possible causes of AAb formation in retinal degenerative diseases: (A) the antitumor response, (B) the anti-microbial response, or (C) the autoimmune response against self-antigens that are released from a damaged retina (Figure 2).

(A) There is evidence that CAR antibodies are produced as a part of antitumor response (17–22). Both malignant and benign tumors are capable of inducing a humoral immune response (23, 24). During antitumor response, released antigens are picked up and processed by antigen-presenting cells, which eventually leads to the production of AAbs that may cross-react with protein antigens in the retina. Some retinal antigens are identical or partially identical to the antigens present in cancer cells that are upregulated during tumorigenesis. An example of such a response are AAbs against recoverin, a protein normally sequestered in the retina but it is also produced in small cell carcinoma of the lung and other cancers (25–29). The process of AAb formation likely starts in the pre-malignant phase and may serve to limit the tumor growth (30, 31). Anti-recoverin AAbs were also found in patients that initially presented with ocular disturbances—without cancer; however, a malignancy was later discovered (25, 32, 33).

(B) The second possibility for AAb generation is an anti-microbial response, since there are putative similarities between proteins that exist in pathogens and the retina. An autoimmune response can emerge following infection by a microbial pathogen, whose proteins have structural similarities to human proteins (34). Proteins, to which the immune system is normally self-tolerant, might elicit autoimmune responses. Thus, antibodies evoked against pathogenic proteins can cross-react with retinal proteins and act as AAbs and the implicated autoantigens then provide a source for persistent stimulation. Exposure to infections by bacteria and viruses throughout the entire life of the host induces memory microbe-specific T and B cells, which then recognize self-antigens of the eye, leading to autoimmune processes. Cross-reactive microbial AAbs with retinal antigens, in particular, against conserved proteins with important physiological functions can cross the blood–retinal barrier (BRB) and access similar or identical antigens in retinal cells (35–37). An example of such cross-reactive antibodies is AAb against glycolytic enzymes, which have important metabolic functions in both microbial and retinal cells. Moreover, glycolytic proteins are multifunctional, they not only exist in the cytosol, but are also exposed on the membrane of microbes, making them easily accessible to the immune system (36).

(C) The third mechanism for antibody production can be explained by the availability of retinal antigens during retinal degeneration initiated by some other the immunological processes. There is evidence for the activation of autoimmune responses secondary to retinal degeneration, due to the genetic mutation in different forms of RP (38–40). Causative mutations may initiate cellular stress in photoreceptor cells through the secretion of chemokines and the recruitment of microglia into the outer retina (41). It has been hypothesized that retinal proteins that are sequestered under normal physiological conditions, and protected from immune recognition, are released from the damaged tissue and become targets of the immune effector functions once exposed to the immune system (42, 43). The concept that new AAbs are produced in response to debris from regions of pathology implies that these AAbs function in the clearance of debris from the tissue (44). A variety of AAbs have been detected in patients with retinal diseases, but not all of them are against proteins that are normally present in photoreceptor cells, especially in outer segments. The potential antigenic proteins participate in the phototransduction process, by which the photoreceptor cells generate electrical signals in response to the absorption of photons (45). Photoreceptor cells are post-mitotic, terminally differentiated retinal cells that have no regenerative ability under normal physiological conditions, whose number inversely decreases with age—presumably due to cell death (46). Retinal cell death is also associated with increased numbers of subretinal microglial accumulation and complement activation (47). Although the eye has an immune privileged status, it is still susceptible to immune-mediated inflammatory disease, both by infectious and autoimmune stimuli (48, 49). A crucial step in the activation process is the recruitment of inflammatory cells, such as macrophages and microglia, to the local injured area/retina; which leads to the release of pro-inflammatory cytokines and amplifies the disease’s process (50). The accumulation of debris in the outer segment provides a signaling mechanism for the activation and chemotaxis of microglial cells (41). Such processes may enhance disease progression by augmenting apoptotic photoreceptor cell death, disrupting the BRB, and attracting blood macrophages into the retina (51, 52). Excessive deposition of complement components at the retinal pigment epithelial/outer segments of photoreceptor cell space, particularly when concentrated in deposits of metabolic debris, may act as a trigger for inflammatory macrophage activation.
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FIGURE 2 | Possible causes for generation of autoantibodies reacted with retinal antigens: anti-microbial responses (infection) against similar antigens released after infection, antitumor responses (tumor) against upregulated similar proteins, or anti-retinal responses to released sequestered proteins (retinal injury) from dying retinal cells.



The research using the dystrophic Royal College of Surgeons (RCS) rat model showed that anti-retinal AAbs and T cells were generated, with distinctive activation trends, in response to the availability of antigenic material being released from dying photoreceptor cells during retinal degeneration (53). A strong initial response in anti-photoreceptor antibodies declined about the rat age 40 days, but later, there was a rebound, with a subsequent wave of antibody production, caused by an additional antigenic re-stimulation as more cells died and remained measurable until photoreceptor cells disappeared and self-antigens that were being released from dying cells were no longer available (53). This suggests that, even if AAbs did not initiate the pathogenic processes, they could still drastically influence their progression. Moreover, the adoptive transfer of anti-retinal AAbs obtained from RCS rats with inherited retinal degeneration induced disruption of the blood–retinal barrier, upregulation of MCP-1 (CCL2) chemokine, and attracted macrophages/microglia into the retina. This additional influx of microglia correlated with increased levels of photoreceptor apoptosis, thus influencing the long-term photoreceptor survival (53). It is likely that early on, the same anti-retinal AAbs could contribute to the cell death, and later, to the progression of retinal degeneration by recruiting activated macrophages/microglia into the retina and production of new AAbs.

Although AAbs are frequently found in the circulation of patients with loss of vision, it is difficult to determine the primary mechanism of antibody formation. Assessing the cross-reactivity between cancer-retina and microbial-retinal antigens, using tissue samples or purified antigens helps with identification of the source of antigenic stimulation. However, identifying AAbs that were generated as a result of retinal death is much more difficult task. Regardless of the origination of anti-retinal AAbs, they are found to persist over time in the circulation and are associated with a stable or progressive course of vision loss (11). Due to the chronic nature of retinal autoimmunity, AAbs are likely to appear before manifestation of clinical symptoms though it is not possible to test non-symptomatic patients. Such AAbs could provide a good predictive biomarker for the potential development of retinal disease and neoplasm.

RETINAL AUTOANTIGENS

Patients with CAR, MAR, and AR have AAbs that generally target intracellular proteins, and only a few that are directed against membrane proteins, located in various retinal cell types (Figure 3) (54–58). Some of the first AAbs found in association with CAR are AAbs against recoverin, a calcium-binding protein that plays an important function in visual phototransduction (6, 59–61). Initially, only patients who had been diagnosed with small cell carcinoma of the lung were found to be seropositive for anti-recoverin AAbs (62, 63). However, in subsequent years, other malignancies were found to be associated with anti-recoverin AAbs (64). Anti-recoverin AAbs were also detected in patients with different cancers without visual presentation, but were not reported in healthy individuals without cancer, suggesting that AAbs are mainly generated against the cancer-expressed recoverin (65). Recoverin has been considered a main biomarker for CAR syndrome but anti-recoverin AAb presence is infrequent; in fact, only about 5% of CAR patients possess anti-recoverin antibodies (66). However, the absence of AAbs against recoverin does not exclude a diagnosis of paraneoplastic syndrome. Thus far, over 30 different antigens in the retina have been identified in association of vision loss (67–70).
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FIGURE 3 | Immunofluorescent labeling of the human retina with cancer-associated retinopathy patients’ anti-retinal autoantibodies (AAbs) specific for different cellular structures. From left to right: AAbs label photoreceptor cells and bipolar cells, cone photoreceptors, ganglion cells, and amacrine cells; arrows point at immunofluorescent cells.



Presumed targets in retinal degeneration are photoreceptor cells, the outer layer of the retina (Figure 1). Recoverin is a photoreceptor cell protein, in addition to several other photoreceptor antigens found, including arrestin, guanylate cyclase-activating protein, transducin-α and transducin-β, TULP1, Rab6, rhodopsin, and interphotoreceptor retinoid-binding protein (IRBP) (10, 22, 28, 54, 55, 66, 71, 72). However, sera of patients with CAR possess AAbs that not only react with photoreceptor cell antigens but also with bipolar and ganglion cells of the retina (62, 66, 73, 74). AAbs against glycolytic enzymes, such as enolase, aldolase, glyceraldehyde-3-phosphate dehydrogenase, and pyruvate kinase M2, dominate in sera of patients with AR (36). Antibodies against heat shock proteins, such as heat shock protein 27 (HSP27) and HSP65, have also been detected in patients with CAR and AR (66, 75, 76). Carbonic anhydrase II (CAII) is one of the major target proteins in prostate cancer-CAR and AR (77).

In MAR, transient receptor potential channel protein 1 (TRPM1), a membrane autoantigen is associated with retinal ON bipolar cell dysfunction (57, 58, 78–80). TRPM1 is also found in melanocytes (57, 58). The epitope of the TRPM1 AAbs is localized to the short intracellular domain in the amino terminal part of TRPM1 sequence (58, 80). It is hypothesized that TRPM1 AAbs are generated in response to abnormal TRPM1 polypeptides, encoded by an alternate mRNA splice variant that is expressed by malignant melanocytes (56). These AAbs are infrequent, found in less than 5% of MAR patients. More often, AAbs against proteins involved in phototransduction have been detected, likely because human melanoma cells in vitro express rhodopsin, transducin, and cyclic guanosine 3′,5′-monophosphate phosphodiesterase 6, guanylyl cyclase 1, recoverin, and arrestin (81). In fact, AAbs against transducin, rhodopsin, arrestin, and IRBP have been found in MAR in addition to α-enolase, CAII, myelin basic protein, mitofilin, and titin (4, 22, 28, 82, 83). In recent years, there have been multiple reports of a MAR-like retinopathy with associated detachments of the retinal pigment epithelium (RPE) and neurosensory retina. Such a clinical presentation is termed paraneoplastic vitelliform retinopathy. In some cases, three additional proteins, besides the usual anti-enolase-α, anti-bestrophin, and anti-peroxiredoxin, were detected in the serum (84–86).

Autoantibodies with similar specificities were found in patients with AR who do not have a previous history of visual problems and develop a sudden onset of photopsias, night blindness, scotomata, and visual field loss (39, 87). AAbs against recoverin, α-enolase, aldolase, and CAII as well as AAbs against heat shock proteins (HSP27, HSP60) and CRMP2 were identified in patients with AR (66, 76, 88, 89). It has been speculated that AR can also be a secondary complication of other conditions such as RP, birdshot retinopathy, or acute zonal occult outer retinopathy (AZOOR). RP patients with cystoid macular edema often have antibodies against CAII (90). High incidence of AAbs has been observed in patients with AZOOR but it is not clear whether this condition is autoimmune mediated (91, 92).

IMPORTANCE OF EPITOPE MAPPING IN AR

It has been assumed that autoimmunity starts with an immune response to a single antigen, and it subsequently extends to other proteins in the same tissue, or amino acid sequence within the same molecule (epitopes) by a process called “epitope spreading” (93, 94). Testing for epitopes for major AAbs that play a role in the autoimmunity of retinopathy is important because it could potentially distinguish normal from pathogenic antibodies. There is evidence that epitope spreading plays a role in the formation of anti-retinal T cells and in antibody responses associated with ocular immunity (95). The first indication of different epitopes in the same antigenic protein involved in autoimmune uveitis was demonstrated using experimental autoimmune uveitis (EAU), a model for autoimmune noninfectious uveitis in humans. Two proteins were found to be major antigens in humans and experimental animals: IRBP, also known as retinol binding protein-3, and arrestin, also known as S-Antigen (96–99). By the use of synthetic peptides of the human IRBP, the sequence within amino acids 1–20 was identified as a major uveitogenic epitope for the T cell response, which is widely recognized by different species (100). Two other IRBP epitopes, residues 461–480 and 651–670, are also uveitogenic (101). The study of EAU have shown that it is important to use human protein sequences in epitope mapping for human immune responses because the amino acid differences between experimental animals and human sequences may affect the identification of novel pathogenic epitopes and the determination of epitope spreading. In the EAU model, epitope spreading from the immunizing to the non-immunizing peptide was demonstrated for both IRBP 1–20 and 629–643 sequences and was consistent with the destruction of retinal tissue, increasing repertoire of antigen-specific effector T-cell with disease progression (102).

Arrestin epitopes were studied in patients with uveitis, using linear synthetic peptides, spanning the entire sequence of the protein. Two synthetic peptides, amino acid regions 286–305 and 306–325 are uveitogenic in the rat model of uveitis (103). Human patients respond to the arrestin peptides 61–80 and other arrestin peptides with high frequencies (104). These results further confirm that autoimmunity to arrestin is crucial for the pathology of uveitis (104). In the case of IRBP and arrestin proteins, the demonstration of epitope spreading is correlated with clinical disease, which implies that an evolving immune response plays an important part in progression of chronic autoimmune ocular inflammation. AAbs to arrestin and IRBP are not only important in autoimmune uveitis but they are detected in AR and CAR (105).

Recoverin was one of the first presumed autoantigen in CAR. It has been demonstrated in in vitro and in vivo studies that this protein is immunogenic and induces the production of pathogenic antibodies and T cells (59, 62, 106–108). In epitope mapping experiments, using synthetic peptides that overlap the entire recoverin sequence, two major epitopes for human AAbs have been found within the residues 38–43 (QFQSI) and 64–70 (KAYAQHV), in proximity to the calcium-binding domain EF-hand 2 (25, 107). Both mapped regions of recoverin can be accessible to the immune system because they exist on the surface of the molecule. AAb binding was found to be dependent on recoverin calcium-binding properties, which induce conformational changes in the recoverin protein, and enhance binding of AAbs to recoverin (107). The majority of antibodies to recoverin, both in human disease and in animals that are immunized with recoverin, are directed against the same major immunodominant region, the sequence 64–70 (107, 109). An immunization of animals, with the peptide 64–70, induced EAU in rats and the antibodies that were generated affected photoreceptor cell function, which in turn produced an activation of the caspase-dependent apoptotic pathways in vitro (25, 106, 109, 110).

Cancer-associated retinopathy patients possess recoverin-specific cytotoxic T lymphocytes (CTLs) in the peripheral blood, which can recognize aberrantly expressing recoverin in cancer cells (109, 111). In the study of recoverin-derived HLA class I—A24-binding peptides to generate antitumor-recoverin CTLs, the investigators identified three recoverin epitopes: R49 (QFQSIYAKF), R49.2 (QFQSIYAKFF), and R64 (AYAQHVFRSF) (109). In part, these CTL epitope sequences (QFQS and AYAQHV) correspond to the major binding sites for anti-recoverin AAbs in humans (107). Overall, it suggested that the capacity to induce the pathogenic effects is dependent on the region of the antigenic protein that is being recognized by the immune system.

Enolase-α is a major antigen in CAR and AR. Soon after its discovery, there was a concern about a broad association of anti-enolase-α AAbs in an autoimmunity that is not restricted to any particular disease, and is occasionally found in sera of normal individuals (36, 112). Epitope mapping of CAR and normal sera revealed three binding regions of enolase within the amino acid residues 31–38 (FRAAVPSG), 176–183 (ANFREAMR), and 421–428 (AKFAGRNF), and these epitopes were common for all AAbs tested, independent of disease status (113). However, the enolase sequence 56–63 (RYMGKGVS) is uniquely recognized by CAR sera. There are also differences in in vitro cytotoxic activities and cell-death-promoting activities between anti-enolase AAbs of healthy and CAR affected individuals (113). Anti-enolase-α AAbs from patients with CAR and healthy individuals did not bind to the epitope involved in the plasminogen binding of enolase-α sequence 250—256 (FFRSGKY), suggesting that these conditions are not associated with distresses of the intravascular and pericellular fibrinolytic system (114).

Anti-enolase AAbs have been associated with a number of cancer and autoimmune diseases but there is limited information about the fine recognition of this antigen. Anti-enolase AAbs of patients with endometrial adenocarcinoma, but not from healthy individuals, were found to recognize 2 regions of enolase sequence: 53–87 and 207–238 (115). The first epitope that was associated with endometriosis, sequence 53–87, overlaps with the presumed pathogenic epitope related to CAR, sequence 56–63 (115). One study showed that the common human enolase sequence 257–272 (DLDFKSPDDPSRYISP), spanning amino acids located within an external loop of the molecule, showed similarities between α-enolase and α-ERM molecule (116). The high specificity of antibodies to the NH2-terminal region of enolase-α in patients with Hashimoto’s encephalopathy suggests that this is the most immunogenic site and that AAbs against N-terminal enolase can serve as diagnostic biomarkers for the disease (117). The NH2-terminal region of α-enolase is located on the external part of the enzyme and is important for intermolecular interactions (118). The overall conclusion, based on those findings, is that in spite of recognition of enolase-α, AAbs that are found in different diseases and in normal individuals are not the same—they can bind to different parts of molecule.

The study of fine specificity of AAbs generated against CAII further confirms that AAbs against common proteins are distinctive. During the course of retinal disease from non-paraneoplastic (AR) to paraneoplastic stage (CAR), sera bind to different domains of CAII and differ from healthy control sera (33). The AR sera predominantly react with the following N-terminal epitopes: 22–26 (IAKGE) and 85–90 (DGTYRL), which corresponded to the catalytic core of the enzyme. The major epitopes for CAR AAbs are found to be reactive with the peptide 201–208 (CVTWIV) and 218–222 (SSEQVL) clustered with the α-helix, and the last sheet strand 17, the peptide 254–258 (RQIKA). It is important to note that the N-terminal epitope 85–90 is recognized by 91% of AR patients and the major epitope for CAR is the sequence 218–222 that reacts with 77% of patients. The analysis of epitope location in a 3D molecular structure of the native CAII reveals their partial or full exposure on the protein surface. Anti-CAII AAbs from normal healthy controls do not share the major determinants with CAR and AR patients. This remarkable finding showed the shift in epitope recognition from the primary AR-like epitope profile to the secondary CAR-like antibody profile in a patient who developed cancer 2 years after initial symptoms of vision loss (33). The detailed knowledge of epitopes recognized by anti-retinal AAbs that are associated with retinal paraneoplastic syndromes is valuable for development of new diagnostic assays for CAR, MAR, and AR, and for the study of mechanisms involved in pathogenesis of retinopathy.

PATHOGENICITY OF ANTI-RETINAL AAbs

Autoantibody-mediated retinal injury can be mediated by cytotoxic T cells and AAbs to detect self-antigens in the cell (109). The perceived inability of anti-retinal AAbs to get to the retina and cross cell membranes to access their target intracellular antigens diminished the understanding of their role in the pathogenicity of retinopathy (Figure 4). However, a number of studies have demonstrated that anti-retinal AAbs can indeed penetrate the cells and affect their viability and cellular function (74, 80, 108, 113, 119–123). Given the great diversity of anti-retinal AAbs, it is likely some antibodies have greater pathogenic potential than others to impact retinal pathophysiology.
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FIGURE 4 | Overview of pathogenic autoimmune processes on the retina. Anti-retinal autoantibodies (AAbs) can provoke and can be a consequence of retinal degeneration. AAbs attract activated microglia/microphages that produce pro-inflammatory cytokines and chemokines, and induce apoptosis of cone and rod photoreceptor cells (showing on the right), resulting in retinal degeneration. Inflammatory cytokines and chemokines, activation of microglia and photoreceptor apoptosis can trigger secondary autoimmunity, and production of new anti-retinal AAbs. Cytotoxic T cells specific for retinal antigens are likely also involved in the pathogenic process.



It has been suggested that the AAbs reactivity with target cells depends on the microenvironment and genetic traits of individual (108, 119, 122, 124). AAbs alone might have little or no effect on healthy cells, but can be highly cytotoxic when coupled with other damaging conditions, like inflammation or cancer treatment. The first step in antibody pathogenicity is the ability to get to the antigen. As majority of antigens are intracellular, AAbs have to penetrate the tissue to get to the target cells. The fact that they can penetrate into living cells can explain their pathogenic potential, functioning through the activation of cell apoptosis after prolonged exposure of the retina to such antibodies from the circulation (125). Not only anti-recoverin IgGs but also their Fab fragments penetrate into retinal cells in vitro and in vivo by an active process and induce apoptosis through the caspase 3 pathway (108, 122, 126). One study showed that the mechanism of cellular entry by an AAb can be mediated by a membrane proxy protein for the target antigen, e.g., the cell surface molecules, calreticulin, and myosin-1 can serve as surrogate antigens for penetrating anti-double-stranded DNA antibodies (127).

In retinopathy, AAbs have different antigenic specificities and may affect different metabolic pathways, including phototransduction for recoverin, glycolysis for enolase, and pH control for CAII, they all cause an increase in the intracellular calcium (Table 1), which may be an initial step that triggers cell death (36, 128). Such a calcium-induced cytotoxicity seems to play a major role in AR and several other diseases.

TABLE 1 | Effects of major CAR autoantibodies (AAbs) on retinal cell function in vitro.
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It is conceivable that after cellular entry, anti-recoverin AAbs bind the antigen and block its function, which regulates rhodopsin phosphorylation in a Ca2+-dependent manner (129). Interestingly, the anti-recoverin antibody promotes rhodopsin phosphorylation when added to rod outer segments of photoreceptor cells in vitro (123). Similar effects on rhodopsin phosphorylation are observed in rat eyes treated with anti-recoverin antibody, which in effect impairs the ERG responses. Co-injection of caspase inhibitors with anti-recoverin significantly suppresses the antibody-induced enhancement of rhodopsin phosphorylation, suggesting that these antibodies dysregulate cellular function. After anti-retinal antibody entry, there is a rapid increase in the intracellular [Ca2+], which results in the activation of the mitochondrial apoptotic pathway followed by cell death (128, 130). Not only anti-recoverin but also anti-rhodopsin, anti-arrestin, and anti-enolase AAbs have the ability to induce the influx of intracellular calcium and cytotoxicity (128). In consequence, AAbs could influence cell activation, proliferation, and death and induce expression of pro-inflammatory cytokines (131). It was also reported that anti-recoverin antibodies were found in the aqueous humor and vitreous cavity beyond the BRB in a patient with CAR. Altogether, the experimental findings suggest that antibody-mediated retinal cell death involves multistep process, in which anti-recoverin AAbs must reach the retina from the circulation and then penetrate photoreceptor cells, block the recoverin function, increase intracellular calcium, and enhance of rhodopsin phosphorylation, which in effect activates apoptosis (108, 122, 123, 132).

In addition to anti-recoverin AAbs, anti-enolase and anti-CAII antibodies also block the function of their corresponding proteins. Most anti-enolase antibodies bind to Müller cells and ganglion cells and they act on those cells, inducing apoptotic death (74). After anti-enolase antibody cellular internalization, the antibody inactivates the enzyme (133). However, the enzymatic activity of enolase is not inhibited when the retinal cells are treated with endocytosis inhibitor cytochalasin B, which blocks antibody entry into the cells. The anti-enolase antibody blocks the catalytic function and likely inhibits glycolysis by reducing glycolytic ATP. Such changes in ATP, as an effect of antibody action, over the lifetime of a patient, may slowly damage neuronal cells and lead to retinal degeneration. In fact, in some patients with anti-enolase AAbs, visual impairment has a slow progression of central vision loss (11). In experiments using ex vivo eye explants and intravitreal injections of anti-enolase AAbs, the enolase antibodies are also capable of penetrating retinal tissue to target ganglion cells and inner nuclear layers and consequently induce cell-containing antigen apoptosis (62). The apoptotic nuclei detected by a DNA fragmentation assay and caspase 3-positive cells are co-localized to their targeted retinal layers—the ganglion cell layer and inner nuclear layer. Normal AAbs without specificity to retinal antigens did not induce pathogenic processes in retinal cells. A similar mechanism may occur in patients with CAR, which may lead to visual loss and blindness. Figure 4 illustrates the presumed autoimmune pathogenic process in retinal degeneration.

Anti-CAII AAbs have also the capacity to induce cellular damage by impairing CAII cellular function through inhibiting the catalytic activity of CAII in a dose-dependent manner, decreasing intracellular pH, and increasing intracellular calcium, which in effect decreases retinal cell viability and survival (134). The decrease of intracellular pH, related to the function of the enzyme in the cell could cause acidification by changes in CO2/H2CO3 metabolism and in proton pump activity, the Na+/H+ exchanger. Some anti-CAII AAbs cause a decrease of pH to below pH 6.8, which could lead to caspase activation in those retinal cells. The destabilized catalytic function of CAII and alterations in cytosolic pH occur very early in the process, suggesting that AAbs are the inducers of apoptosis (77).

In addition to the in vitro studies (above), animal investigations further confirmed that anti-recoverin antibodies have pathogenic potential. After intravitreal injection into the eye, anti-recoverin antibodies are capable of penetrating photoreceptor and bipolar cells, the normal site of recoverin expression in the retina, and then they induce apoptotic cell death as detected by an increased number of TdT-dUTP terminal nick-end labeling (TUNEL)-positive cells, fragmentation of DNA in a DNA ladder electrophoresis, and structural changes observed in electron microscopy (107). Intravitreal injection of AAbs against recoverin, together with anti-heat shock cognate protein 70 (HSP70) that co-exist in patients with CAR, cause a decrease in ERG amplitudes and apoptotic cell death in the outer nuclear layer in Lewis rat eyes (113). Internalization of anti-HSP70 AAbs into photoreceptor cells likely blocks the biologic protection of HSP70 chaperon functions to suppress protein aggregation, denaturation, and misfolding, which in effect may promote anti-recoverin antibody-mediated retinal degeneration. Synergetic autoimmune responses against recoverin and HSP70 suggest their involvement in the pathogenesis of CAR (62).

In the recent years, AAbs associated with retinopathy in melanoma patients (MAR) caught the attention of scientists. In the study of ret-transgenic mice that spontaneously develop melanoma, the investigators observed that those transgenic mice frequently developed retinopathy (28). Passive transfer of MAR sera or spleen cells also induce morphological changes in the retina and stimulates functional changes as measured by the ERG in recipient mice (28). These pathological changes reveal degeneration of photoreceptors, bipolar cells, and pigment epithelium as well as produce retinal detachment. Some of the mice with melanoma tumors also had AAbs against arrestin and transducin.

Investigations of TRPM1 AAbs have shown that incubation of living retinal neurons with TRPM1-positive MAR serum cause accumulation of IgGs in ON bipolar cells isolated from TRPM1-positive mice, but not knockout TRPM1−/− mice, suggesting that the uptake of AAbs targets the intracellular antigen, which in effect reduces the ON bipolar cell response to light (58, 80). MAR AAbs reduce the b-wave amplitude of the ERG by targeting a key component of the ON bipolar cell signal transduction pathway (80). After intravitreal administration of TRMP1-positive serum into mice eyes, the ERGs are altered acutely and antibodies are detected in bipolar cells, but only in wild-type and not in TRPM1-knockout mice (79). Moreover, the bipolar cells appear apoptotic within 5 h after the injection and in 3 months, the inner nuclear layer was thinner and the amplitudes of the ERGs were more reduced. Recently published studies revealed cross-reactivity of TRPM1 with TRPM3, which is present in the RPE, suggesting that such AAbs could contribute to pathology of MAR, possibly inducing retinal and RPE detachments (56).

It has been argued that if healthy individuals and affected patients are seropositive for the same AAbs, those AAbs cannot be pathogenic. However, studies on epitope mapping for anti-recoverin, anti-enolase, and anti-CAII reveal that although different AAbs recognize the same protein, they bind to a different immunogenic domain on the molecule (33, 107, 113). Epitope mapping shows that natural antibodies may have similar antigenic specificity to CAR and AR AAbs, but they can still be distinguished based on their fine epitope recognition pattern (see above). Natural antibodies are IgM and IgG classes, are usually cross-reactive with antigens of different origin (polyspecific) and recognize non-self-antigens of pathogens as well as self-related antigens (135, 136). It is important to appreciate that natural antibodies provide various essential functions within the immune system, such as providing protection against infections and removing cellular debris (137).

FINAL REMARKS

A number of studies have revealed the existence of various retinal autoantigens that specifically interact with AAbs in patients with autoimmune retinopathies. Such a vast repertoire of anti-retinal AAbs observed in patients with CAR, AR, and AR is not surprising because other autoimmune diseases are associated with multiple AAbs. Anti-retinal AAbs, especially those that were made against cancer or microbial cross-reactive antigens, are likely to play a primary causative role in retinal degeneration, whereas others can contribute to disease progression and promote damage of retinal cells. It has been argued that anti-retinal AAbs are a result of retinal demise rather than a direct cause (epiphenomenon) of retinopathy. Thus, dying photoreceptors by apoptosis that is initiated by some other mechanisms (hereditary), produce substantial amounts of debris, containing high concentrations of antigens discharged from dying outer segments, and which may lead to autoimmunization and the enhanced permeability of the blood–retinal barrier (138, 139). Although not all antigens have been identified and are known only by their molecular mass, they can be used to follow the progression of retinopathy and the effects of treatment. It is important to remember that some anti-retinal AAbs can occur before the diagnosis of cancer, so they could be used in early cancer detection, e.g., anti-recoverin AAbs (25). Moreover, they can also serve as biomarkers in the context of ocular presentation and findings, despite the fact that the pathogenicity has not been conclusively proven.
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B cells are major effector cells in autoimmunity through antibody production, T cell help and pro-inflammatory cytokine production. Major advances have been made in human B cell biology knowledge using rituximab and type II new anti-CD20 antibodies, anti-CD19 antibodies, anti-CD22 antibodies, autoantigen specific B cell depleting therapy (chimeric antigen receptor T cells), and B cell receptor signaling inhibition (Bruton’s tyrosine kinase inhibitors). However, in certain circumstances B cell depleting therapy may lead to the worsening of the autoimmune disease which is in accordance with the existence of a regulatory B cell population. Current concepts and future directions for B cell modulating therapies in autoimmune diseases with a special focus on pemphigus are discussed.
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INTRODUCTION

B cells were primary identified for their key role as enhancers of the immune response in autoimmunity, because they give rise to autoantibody producing plasma cells and promote CD4+ T cell responses by antigen presentation. The B cells bearing these functions are usually considered as effector B cells. Recently published studies indicate that B cells can also act as negative sensors of the immune response in autoimmunity, these regulatory properties are mainly attributed to the recently identified interleukin 10 (IL-10) regulatory B cell compartment (Breg) (1–3). New therapies target these B cell populations with drugs directed against B cell surface markers (CD20, CD22), activating factors (BAFF, TACI), or cytokines (IL-6, TNFα, IFNα) (4, 5). The most focused strategy to target B cells in autoimmune diseases would be to specifically remove autoreactive effector B cells, and amplify autoantigen driven Bregs, while maintaining immune surveillance. Such a strategy is difficult to achieve especially because antigen specific targeting is challenging and, the relative contribution of B cells to the pathogenesis of autoimmune disease might differ considerably from one disease to another.

Autoreactive B cells give rise to autoreactive plasma cells whose pathogenicity might be direct through production of IgG+ autoantibodies that bind to specific target molecules (e.g., acetylcholine receptor on the motor end plate in myasthenia gravis; desmoglein 1 and 3 on keratinocyte in pemphigus) or through the formation of immune complexes in tissues that locally activate the complement cascade. B cells are also important effector cells in autoimmune diseases because they regulate lymphoid tissue structure, contribute to antigen presentation and costimulation (6), regulate dendritic cell function and pathways of T helper cell differentiation, and release inflammatory cytokines including IL-8, IL-6, LT-α, and TNF-α (7–10). Our review will focus on B cell therapies in various autoimmune disorders with a special focus on pemphigus (an autoimmune blistering skin disease). Table 1 summarizes recent studies in pemphigus that target B cells or their pathogenic antibodies.

TABLE 1 | Current ongoing studies in pemphigus that target B cells or their pathogenic antibodies (excluding studies with rituximab).
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B cell depletion using type 1 anti-CD20 monoclonal antibodies (rituximab, ofatumumab, ocrelizumab) has shown varying degrees of efficacy in some human autoimmune diseases ranging from dramatic efficacy to sometimes worsening of symptoms (4, 11). Rituximab has been proved to be highly efficient in rheumatoid arthritis, pemphigus (12, 13), granulomatosis with polyangiitis, and microscopic polyangiitis (14). Ocrelizumab was recently proved to be efficient and FDA approved in relapsing multiple sclerosis (15, 16).

The limited efficacy or adverse effects of B cell depleting therapies in some diseases may be partially explained by the fact that rituximab also depletes the Breg compartment. IL-10-producing Bregs were first identified in mice and shown to downregulate immune response and inflammation, making them probably instrumental for maintenance of self tolerance. Numerous recent studies have also characterized IL-10-producing Bregs in humans and have started to decipher their phenotype and mode of suppression. The cell surface phenotype of human Bregs is mainly composed of CD24highCD27+ B cell subpopulation (17, 18) and CD24highCD38high transitional B cell subpopulation (19). Mechanisms of suppression include inhibition of CD4+ T proliferation, associated with induction and expansion of regulatory T cells, inhibition of Th1 differentiation, and also suppression of monocyte activation. The decreased frequency and/or decreased suppressive activity of Bregs have been recently shown in patients with lupus (19), immune thrombocytopenia (20), rheumatoid arthritis (21), ANCA-associated vasculitis (22), pemphigus (23), and systemic sclerosis (24). In addition an increase in Bregs is associated with better prognosis or complete remission in certain autoimmune diseases (25, 26). B cell depletion therapy using rituximab in systemic lupus erythematosus (SLE) (26, 27) and pemphigus (25) patients may also promote the emergence of a functional transitional Breg pool upon B cell reconstitution which may contribute to the long-term efficacy of rituximab in these diseases. Indeed rituximab induces a prolonged and continuous repopulation with naive B cells with a new repertoire (25, 28) after the initial B-cell depletion, whereas the reappearance of memory B cells is markedly delayed (25, 26). This blockage of B cell maturation is associated with a blockage of the auto-reactive IgM to IgG class switching process (25). Finally, B cell depletion induces a two step mechanism of immunosupression by eliminating the autoreactive B cells involved in the production of pathogenic IgG+ autoantibodies (28, 29) and by promoting the appearance of Bregs (25) (Figure 1). Rituximab therapy may, however, decrease the humoral immune response to recall antigens (30) which may increase the risk of patient infection including hepatitis B reactivation and progressive multifocal leukoencephalopathy (polyomavirus JC), whereas long-term anti tetanus and anti-pneumococcal antibody response is maintained (25). It also seems conceivable that, given the role of B cells in generating antitumor responses (31), B cell depletion using rituximab may contribute to long-term expansion of uncontrolled tumor cells (32). B cell depletion therapy using rituximab may be particularly efficient in pemphigus because it depletes memory B cells that give rise to short-lived plasma cells that produce pathogenic autoantibodies. Rituximab preserves long-lived plasma cells that may be more important for “natural” protection against infection. Pathogenic autoantibodies may be the result of a temporary breakdown of immune tolerance giving rise to pathogenic B cells clones that are abrogated using rituximab (33). B cell-activating factor (BAFF) and a proliferation-inducing ligand are important B cell differentiation and survival factors. Their targeting could also be interesting for pemphigus treatment.
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FIGURE 1 | Dual mechanisms of B cell depletion: 1: elimination of autoreactive B cells; 2: induction of regulatory B cells.



A new class of “type II” anti-CD20 antibodies (obinutuzumab) that induce little complement-dependent cytotoxicity but induce signaling-dependent B cell death is under development (34). This type II class is particularly interesting because, contrary to rituximab, it may be more efficient at depleting organ resident B cells.

New strategies will require specific targeting of the pathogenic effector functions of B cells and if possible the promotion of their regulatory function without modifying B cell dependent immune surveillance.

ANTI-CD19 AND ANTI-CD22 mAbs

Anti-CD20 mAbs efficiently deplete mature naive and memory B cells, inhibit the development of short-lived plasma cells, but spare long-lived plasma cells and previously produced protective antibodies acquired during infection or vaccination. Contrary to CD20, CD19 is expressed from early B cell development (pro-B stage) to the last differentiation stage including plasma cells. These features make CD19 an attractive target for B cell depletion. MEDI-551 (inebilizumab) is a human IgG1 anti-CD19 mAb that was developed for the treatment of multiple sclerosis (35). Interestingly, bispecific antibodies (blinatumomab) that redirect T cells to CD19 have been developed and have shown efficacy for the treatment of acute lymphoblastic leukemia (36). Such bispecific antibodies that target leukemic and normal B cells could be an interesting approach for the treatment of autoimmune diseases in the future.

Epratuzumab is a humanized monoclonal antibody that binds to the glycoprotein CD22 (an inhibitory C-type lectin) expressed on mature and malignant B cells. Epratuzumab has completed phase III trials for the treatment of SLE (37). Although endpoints were not reached in this study, the drug was well tolerated. Epratuzumab diminishes B-cell receptor activation (38) and induces only partial B-cell depletion (39).

ANTIGEN SPECIFIC B CELL DEPLETION USING CHIMERIC AUTOANTIBODY RECEPTOR (CAAR) T CELLS

Targeting antigen specific immune response represents a very interesting strategy. In this respect a promising strategy has been developed for the treatment of pemphigus vulgaris, a blistering autoimmune skin disease, in which autoimmune B cells produce autoantibodies against the desmoglein 1 and 3 antigens present in the skin. Until recently, different approaches including immunoabsorption of Dsg autoantibodies ex vivo (40), or anti idiotype antibodies directed against Dsg3 specific autoantibodies (41) were developed without clinical impact. Recently, alive T cells that express a chimeric antigen receptor (CAR) composed of an antibody structure fused to the CD3 signaling domain engineered to recognize tumor-associated antigens have shown remarkable efficacy in B cell leukemia (42). Moreover CAR T cells are able to proliferate and expand in vivo. A new approach is now being developed with a CAAR including truncated fragments of the Dsg3 extracellular domain fused to CD137/CD3 signaling domains expressed on T cells. This CAAR is able to recognize autoantibodies against Dsg3 fixed on the B cell membrane (Figure 2). CAAR T cells have shown efficacy in eliminating anti-Dsg3 specific B cells in vitro and in a pemphigus mice model (43).
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FIGURE 2 | Chimeric auto antibody receptor (CAAR) T cell.



INHIBITION OF B CELL RECEPTOR SIGNALING

Activation of the B cell receptor induces downstream signaling of multiple kinases crucial for B cell activation. Among them, Lyn, Syk, PI3K, and Bruton’ tyrosine kinase (BTK) are potential therapeutic targets for autoreactive B cell silencing and depletion. Among the potential drugs, ibrutinib, a pharmacological BTK inhibitor has been developed and licensed for the treatment of chronic lymphocytic leukemia. Targeting BTK using ibrutinib may be an interesting approach to treat autoimmune diseases. Indeed, transgenic mice overexpressing BTK in B cells manifested SLE-like autoimmune disease involving kidneys, lungs, and salivary glands (44). Recently, ibrutinib has shown efficacy in chronic graft versus host disease the physiopathology of which involves allo-reactive B and T cells. Based on these results, ibrutinib was approved in the US for treatment of adult patients with GVHD after failure of one or more lines of systemic therapy (45). A new BTK inhibitor known as PRN1008 is under evaluation for the treatment of pemphigus in humans (ClinicalTrials.gov Identifier: NCT02704429).

CONCLUSION

Much progress has been made in depleting circulating and resident B cells present in inflamed tissue and secondary lymphoid organs. An ideal strategy in the future will require specific targeting of the pathogenic effector functions of B cells and if possible the promotion of their regulatory function without modifying B cell-dependent immune surveillance. More targeted therapies on specific B cell populations and functions will allow better patient management.
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Bullous pemphigoid (BP) is a common autoimmune blistering disease in which autoantibodies mainly target the hemidesmosomal component BP180 (also known as type XVII collagen) in basal keratinocytes. Various triggering factors are known to induce BP onset, including radiotherapy, burns, ultraviolet exposure, surgery, and the use of dipeptidyl peptidase-IV inhibitors (DPP4i), which are widely used antihyperglycemic drugs. Here, we present a case of BP triggered by a thermal burn under medication with DPP4i. A 60-year-old man with type II diabetes had been treated with the DPP4i linagliptin for 1 year. After the right forearm experienced a thermal burn, blisters developed around the burned area and gradually spread over the whole body with the production of autoantibodies targeting the non-NC16A domain of BP180. The diagnosis of BP was confirmed by immunohistopathological examination. Upon withdrawal of linagliptin and treatment with topical steroid and minocycline, complete remission was achieved after 4 months. Previously, 13 cases of BP that developed after thermal burns have been reported, and our case shared some of the clinical features of these thermal burn-induced BP cases. Interestingly, the present case also showed the typical clinical, histopathological, and immunological features of the non-inflammatory type of DPP4i-associated BP (DPP4i-BP). Although the pathogenesis of BP remains uncertain, the present case suggests that DPP4i may trigger the onset of BP similarly to a thermal burn. In addition, the clinical and histopathological features of DPP4i-BP may be distinct from other types of BP.

Keywords: bullous pemphigoid, dipeptidyl peptidase-IV inhibitor, dipeptidyl peptidase-IV inhibitor-associated bullous pemphigoid, burn, cellulitis, autoimmune disease, autoantibodies, physical factors

CASE PRESENTATION

A 60-year-old man with type II diabetes was referred to our department due to blisters and erosions over the whole body. He had been treated with linagliptin, a dipeptidyl peptidase-IV inhibitor (DPP4i), for 1 year. Two months before the referral, he had suffered a deep, 7-cm-long dermal burn on the right forearm from a kitchen accident. Within 2 days after the burn, blisters had appeared on the right forearm, which were treated with a topical antibiotic ointment. However, multiple blisters and erosions gradually developed over the body over the course of 2 months. Physical examination revealed tense blisters and erosions of 5 mm to 2 cm in diameter with circumscribed erythematous lesions predominantly on the right forearm (Figure 1A). Blisters and erosions less than 5 mm in diameter without erythema were found on the face, the trunk, and the left leg (Figure 1B). Although BP180 NC16A chemiluminescent enzyme immunoassay (CLEIA) was negative (5.9 U/mL; normal, <9.0 U/mL), histopathological examination of the blister showed sub-epidermal blister formation with some eosinophilic infiltration in the dermis (Figure 1C). Direct immunofluorescence showed linear deposition of IgG autoantibodies along the dermal–epidermal junction (Figure 1D), and 1 M NaCl-split skin indirect immunofluorescence revealed circulating IgG autoantibodies reacting with the epidermal side of the artificial blisters (not shown). Notably, enzyme-linked immunosorbent assay (ELISA) using full-length recombinant BP180 was positive (index value, 41.8; normal, <4.64) (1). Based on these findings, the diagnosis of bullous pemphigoid (BP) was made. Linagliptin was withdrawn 2 days after the referral, and treatment with a topical steroid and minocycline at 100 mg/day was started. His skin lesions gradually improved, and ELISA with full-length recombinant BP180 became negative (index value, 1.03). Complete remission off therapy was achieved 4 months later (Figure 2). Although no DPP4i was re-administered, blisters appeared on the left forearm 16 months later, when he developed cellulitis on the right leg. The histopathology of the blister showed sub-epidermal blistering with scant eosinophilic infiltration in the dermis (not shown), which was consistent with BP. BP180 NC16A CLEIA was still negative (<3 U/mL). Topical steroid, minocycline at 200 mg/day, and nicotinamide at 1,500 mg/day were initiated, and the lesions completely resolved 2 months later. At 2 months after the cessation of treatment, no recurrence was observed (Figure 2).
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FIGURE 1 | (A) Tense blisters and erosions of less than 2 cm in diameter developed over the thermal burn scar on the right forearm. Circumscribed erythematous lesions were also found. (B) Small erosions of less than 5 mm in diameter were found on the trunk without erythema. (C) Histopathological examination of the blister shows sub-epidermal blistering with some eosinophilic infiltration in the dermis. Scale bar: 100 μm. (D) Direct immunofluorescence shows linear IgG autoantibody deposits at the basement membrane zone (arrowheads).
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FIGURE 2 | Indices of the bullous pemphigoid (BP) disease area index scores (2) and enzyme-linked immunosorbent assay (ELISA) using full-length recombinant BP180 during the clinical course.



INTRODUCTION

Bullous pemphigoid is a common autoimmune blistering disease in which autoantibodies target the hemidesmosomal components BP180 (also known as type XVII collagen) and/or BP230 at the dermal–epidermal junction (3). Clinically, tense blister formation associated with itchy urticarial erythema is typically observed in BP patients, and sub-epidermal blister formation with eosinophilic infiltration is histopathologically observed (3). Although the etiology of BP remains unclear, various factors, including radiotherapy, burns, ultraviolet (UV) exposure, trauma, surgical procedures, topical medications, and infections are known to trigger the onset of the disease (4, 5). Recently, emerging evidence reports that the use of DPP4i, which are widely used to treat patients with diabetes mellitus, increases the risk of BP onset (6–9).

DISCUSSION

Herein, we report a case of BP in which a thermal burn triggered the onset of the disease. As shown in Table 1, various BP-inducing physical factors, including radiation (5, 10–18), UV radiation (5, 19–30), surgical wounds (5, 31–45), ostomy (31, 46–51), burns (5, 52–62), skin grafts (59, 63–67), and other trauma (5, 68–72) have been reported in the English literature. Regarding thermal burns, 13 cases have been reported (Table 2) (5, 52–61). Notably, in contrast to the present case, none of those 13 cases relapsed (5, 52–61) suggesting that the present case had a unique clinical course.

TABLE 1 | List of physical triggering factors for bullous pemphigoid.
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TABLE 2 | Overview of thermal burn-induced bullous pemphigoid (BP) cases.
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Interestingly, linagliptin, which is a DPP4i, was adminis-tered to our case until the onset of BP. DPP4i-associated BP (DPP4i-BP) is a unique, recently reported subtype of BP that develops with the administration of DPP4i medications such as vildagliptin, sitagliptin, and linagliptin (6–9). DPP4i-BP tends to show scant erythema and low levels of autoantibodies targeting the NC16A domain of BP180 or the absence of such autoantibodies (1, 73). In our case, BP developed after 1 year of DPP4i administration, in which erythema was scantly observed and autoantibodies specifically targeted the non-NC16A domain of BP180. In addition, complete remission was achieved after the with-drawal of DPP4i and the initiation of treatment with topical steroid and systemic minocycline. Histopathologically, eosinophilic infiltration was not evident. These characteristics closely resembled those of the non-inflammatory type of DPP4i-BP (1, 73); therefore, DPP4i use may also be involved in the development of the disease. It should be noted that a recent study reported that 18% of DPP4i-BP cases relapsed even after the withdrawal of DPP4i (7). Although the immunohistopathological results were uncertain, the present case developed BP-like blisters when he suffered from cellulitis 16 months after complete remission, indicating that DPP4i was also associated with the BP onset in the present case.

The pathogenic mechanisms of the physical trigger for BP onset remain elusive. The physical factors cause tissue destruction that activates the inflammatory process, which may result in the observed auto-reactivity to basement membrane proteins, including BP180 (5). Alternatively, basement membrane proteins may be altered as a result of physical factors (74) resulting in immunogenicity with increased affinity to certain human leukocyte antigen (HLA) alleles (75). Notably, 86% of cases of the non-inflammatory type of DPP4i-BP carried HLA-DQB1*03:01 (73). Although the HLA allele was not examined, it is likely that the present case had a genetic propensity to the breakdown of self-tolerance to BP180.

CONCLUDING REMARKS

In conclusion, we reported a case of BP induced by a thermal burn. Interestingly, the patient received DPP4i and showed the typical clinical, histopathological, and immunological characteristics of the non-inflammatory type of DPP4i-BP. Although the pathogenesis of thermal burn-induced BP and DPP4i-BP remains uncertain, BP may occur due to various triggering factors.
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Background: Collagen XI (CXI) is a heterotrimeric molecule with triple helical structure in which the α3(XI) chain is identical to the α1(II) chain of collagen II (CII), but with extensive posttranslational modifications. CXI molecules are intermingled in the cartilage collagen fibers, which are mainly composed of CII. One of the alpha chains in CXI is shared with CII and contains the immunodominant T cell epitope, but it is unclear whether there are shared B cell epitopes as the antibodies tend to recognize the triple helical structures.

Methods: Mice expressing the susceptible immune response gene Aq were immunized with CII or CXI. Serum antibody responses were measured, monoclonal antibodies were isolated and analyzed for specificity to CII, CXI, and triple helical collagen peptides using bead-based multiplex immunoassays, enzyme-linked immunosorbent assays, and Western blots. Arthritogenicity of the antibodies was investigated by passive transfer experiments.

Results: Immunization with CII or CXI leads to a strong T and B cell response, including a cross-reactive response to both collagen types. Immunization with CII leads to severe arthritis in mice, with a response toward CXI at the chronic stage, whereas CXI immunization induces very mild arthritis only. A series of monoclonal antibodies to CXI were isolated and of these, the L10D9 antibody bound to both CXI and CII equally strong, with a specific binding for the D3 epitope region of α3(XI) or α1(II) chain. The L10D9 antibody binds cartilage in vivo and induced severe arthritis. In contrast, the L5F3 antibody only showed weak binding and L7D8 antibody has no binding to cartilage and did not induce arthritis. The arthritogenic L10D9 antibody bound to an epitope shared with CII, the triple helical D3 epitope. Antibody levels to the shared D3 epitope were elevated in the sera from mice with arthritis as well as in rheumatoid arthritis.

Conclusion: CXI is immunologically not exposed in healthy cartilage but contains T and B cell epitopes cross-reactive with CII, which could be activated in both mouse and human arthritis and could evoke an arthritogenic response.

Keywords: rheumatoid arthritis, arthritis, autoantibody, collagen XI, CII, cross-reactive

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory disease with a prevalence of around 0.5–1% in general population (1). B cells are likely to be important for arthritis progression as CD20+ B cell depletion treatment with rituximab improves the disease symptoms, especially in seropositive RA patients (2). Several mouse models that mimic RA are dependent on B cells and autoantibodies, for example, disease development in type II collagen-induced arthritis (CIIIA), was abrogated in B cell-deficient mice (3). Administration of monoclonal antibodies against either collagen II (CII), or other joint proteins, such as cartilage oligomeric matrix protein (4), can induce arthritis in naïve mice (5).

Collagen XI (CXI) is a minor component of articular cartilage, with the percentage ranging from 3 to 10% depending on the maturation stages (6), whereas CII constitutes 80–85% of the total cartilage. Both CXI and CII are triple helical molecules. CXI is a heterotrimer with three distinct α chains [α1(XI), α2(XI), α3(XI)], while CII is a homotrimer with three identical α chains [α1(II)]. Interestingly, α3(XI) is encoded by the same gene as α1(II), but with a higher degree of glycosylation modifications (7).

The collagen fibrillar network allows cartilage to entrap proteoglycans and provides tensile strength to the tissue; therefore, it is essential for normal cartilage development. Cartilage-specific fibrils contain a mixture of CII, CXI and CIX molecules. There are two different populations of fibrils in normal cartilage that could be distinguished according to their width (thin: 20 nm diameter, thick: 40 nm diameter). It has been shown that CXI molecules exist only in thin cartilage fibrils, which are constructed by a core of four micro-fibrils of which two are CII and the remaining two are CXI surrounded by a ring of 10 CII micro-fibrils (8). Cho/Cho mouse (autosomal recessive chondrodysplasia) having a mutation in the gene encoding for α1(XI) chain, and human Stickler/Marshall syndrome in which mutations in the genes encoding for α1(II), α1(XI), or α2(XI) were observed, have defect in the initiation of thin fibrils formation, and, therefore, develop abnormal cartilage and display osteochondrodysplasia phenotype (9–11).

Collagen XI molecules are suggested to be hidden within the cartilage fibrils, and thus most likely are not accessible to antibodies (8, 12). Nevertheless, antibody responses to both CXI and CII have been detected in sera from patients with established RA (13, 14). In the pristane-induced arthritis model (PIA), rats with a particular MHC allele exhibit antibody responses to CXI in both the acute and chronic phases of the disease; while the antibody responses to CII were detected only during the acute phase of the disease (13, 15). The anti-CXI antibody response could possibly be due to the sequence similarity between the two proteins and/or due to exposure of CXI because of the destruction of collagen fibrils in the peripheral joints during the later phase of arthritis. In fact, it has been shown that immunization of DA rats with homologous CXI leads to chronic and relapsing arthritis (15). However, in mice, conflicting results were observed on the pathogenicity of CXI though elevated antibody titers against CXI were observed (16, 17). The difference in the purity of the collagen preparations used in these studies might explain the observed variation in the results.

The importance of CXI in normal cartilage fibril formation, together with the structure and sequence similarity between CXI and CII led us to investigate the functional relevance of shared epitopes of CXI/CII both in mice and humans.

MATERIALS AND METHODS

Animals

DBA/1J, BQ.Cia9i, B10.RIII male, age-matched mice were used in current study. BQ.Cia9i congenic mice were generated by introgressing NOD gene fragment (170.9–173.4 Mbp) containing the cluster of FcγR genes on the B10.Q genetic background and are found to be highly susceptible to antibody initiated inflammation (18, 19). Similarly, B10.RIII is an MHC congenic strain with the H2r haplotype prone to antibody-induced arthritis (20). DA/OlaHsd rats were originated from Harlan Europe (The Netherlands) (21). All the animals were kept and bred in the Medical Inflammation Research animal facility, Karolinska Institute, which is specific pathogen free (Felasa II), and climate-controlled environment with a 14 h light/10 h dark cycles. All the animals were housed in intra-cage ventilated polystyrene cages containing wood shavings, fed standard rodent chow and water ad libitum. This study was carried out in accordance with the recommendations of N490/12, N35/16 (Stockholm ethical committee) and 86/609/EEC guidelines (European Community Council Directive). The protocols were approved by local animal welfare authorities.

Collagen Purification

Rat CII (rCII) and rat CXI (rCXI) were prepared from the Swarm rat chondrosarcoma grown in male DA rats by neutral salt extraction followed by salt precipitation and DEAE-cellulose chromatography (22, 23). Briefly, tumor tissue was homogenized and extracted with 1.0 M NaCl/50 mM Tris/pH 7.5 buffer. The polysaccharides and negatively charged proteins were removed and differential salt extraction procedure was used to separate different collagens, 0.9 M NaCl for CII and 1.2 M for CXI. The bovine CXI (bCXI) was extracted from joint cartilage and further purified as described above. All the collagens were lyophilized, weighed, dissolved, and stored in 0.1 M acetic acid until used. The purity of the respective fractions was analyzed using SDS-PAGE.

Peptide Design and Synthesis

In order to identify the cross-reactive epitopes between α3(XI) and α1(II) in CXI antibodies, a library of human CII triple helical peptides as described previously was used (24). One subset of the CII peptides library was synthesized by GL Biochem, the 24 amino acids of interest (8 triplets) are flanked by 5 N-terminal and 5 C-terminal GPO repeats that help maintain its triple helical conformation. Of the C-terminal 9 amino acids of interest, all but the last peptide overlapping with the N-terminal 9 amino acids of the next peptide. Thus, each successive peptide sequence advances 15 amino acids along the triple helical sequence of human CII. All other triple helical peptides used in the present study were synthesized as covalently linked homotrimeric peptides with 5 N-terminal and 5 C-terminal GPO repeats. In these peptides, two of the α chains are carboxy-terminally linked to the amino groups of two consecutive lysine residues added to the sequence of the third chain (25). The cyclic peptides used as controls each have 15 amino acids derived from human CII. Two cysteine residues were added at both the terminal to achieve a cyclic structure. At the N-terminus of the peptide, we included biotin using the flexible linker aminohexanoic acid (Ahx). All the designed cyclic peptides were synthesized by WuXi Apptech (Wuxi, China).

T Cell Recall Assay

96-well culture plates were coated with antigens (bCXI, rCII, denatured bCXI, denatured rCII, GalCII259-273, or nCII259-273) in 100 μl culture medium (5% FCS, 10 mM HEPES, penicillin/streptomycin) at a concentration range of 0–20 μg/ml. Mouse splenocytes at a concentration of 5 × 105 cells/well in 50 μl volume were added to the culture plates coated with the antigen. T cell hybridomas HCQ3 and HCQ4, as described in detail previously (26), 5 × 104 cells/well in 50 μl volume, were added to the corresponding culture plates. IL-2 concentration in the supernatant was determined after 24 h (in the case of peptides) or 48 h (in the case of proteins).

Generation of CXI-Specific Monoclonal Antibodies

Anti-CXI monoclonal antibody-producing hybridomas were generated and characterized following the protocol described earlier (27). Briefly, 2 months old DBA/1J male mice were immunized intradermally at the base of the tail with 100 μg of bCXI dissolved in 0.1 M acetic acid and emulsified in an equal volume of complete Freund’s adjuvant (CFA) (Difco, MI, USA) on day 0, followed by a booster with 50 μg of bCXI emulsified in incomplete Freund’s adjuvant (IFA; Difco) on day 21. Three days after the booster dose, inguinal lymph cells were harvested and fused with NSO-bcl2 myeloma cells and cultured for 14 days in complete DMEM/HAT medium. Cells secreting anti-bCXI antibodies were selected using bCXI coated enzyme-linked immunosorbent assay (ELISA) plates, subcloned for five times by limiting dilution method and expanded for antibody production. Monoclonal antibodies were purified from cell culture supernatant using Gamma-bind plus affinity gel matrix (GammaBind Plus Sepharose; GE Healthcare, Uppsala, Sweden). Antibodies were eluted using 0.1 M glycine (pH 2.7) and neutralized with one-eighth volume of 1 M Tris–HCl (pH 9.0). The peak fractions were dialyzed three times against PBS (pH 7.0) extensively. Monoclonal antibodies were quantified spectrophotometrically at 280 nm. The antibody solutions were filter-sterilized using 0.2 μm syringe filters (Dynagard; Spectrum Laboratories, CA, USA) and stored at 4°C until used. Endotoxin content in the antibody solutions was found to be below the detection limit (less than 0.1 EU/mg) as analyzed using Limulus amebocyte lysate assay kit (Limulus Amebocyte Lysate, Lonza, USA).

Enzyme-Linked Immunosorbent Assays

Several monoclonal antibodies were generated from bCXI-immunized mice and their binding specificity was determined. Whole blood was collected from the mouse retro-orbital venous sinus on day 21 and day 70 after immunization with CII. 32 sera samples in total from each time point were measured for the anti-CII and anti-CXI antibody responses. 96-well flat-bottom ELISA plates (Nunc MaxiSorp; Denmark) were coated overnight with 5 μg/ml of purified rCXI, rCII, and bCXI, either native or denatured, or with 5 μg/ml synthetic peptides in PBS at 4°C. After the blockage with 3% non-fat milk in PBS at room temperature (RT) for 2 h, purified antibodies diluted according to a previously determined concentration and 1:1,000 diluted serum samples were incubated at RT for 2 h. The antibody titers were evaluated using HRP-conjugated anti-kappa-specific antibody (1:4,000, Southern Biotech) and ABTS (Roche) as detect system. For isotype specific assessment, biotinylated goat anti-mouse-IgM, -IgG1, -IgG2a, -IgG2b, or -IgG3 reagents (Southern Biotech) were used.

IL-2 Cytokine ELISA

96-well flat-bottom ELISA plates were coated overnight with 2 μg/ml of IL-2 antibody (Jes6-1A12) in PBS at 4°C. After the incubation of supernatant from T cell recall assay for 2 h at RT, the biotinylated IL-2 antibody (Jes6-5H4) was incubated for 1 h at RT. IL-2 titers were detected using europium-labeled streptavidin (DELFIA, 1:1,000 in assay buffer) on a Synergy 2 multi-mode plate reader (BioTek).

Bead-Based Multiplex Immunoassays

Autoantibody responses were analyzed by using the Luminex technology as described previously (28). Briefly, all the biotinylated peptides were captured on beads coated with NeutrAvidin (Thermo Fischer Scientific). Human serum samples were diluted 1:100 (v/v) and purified antibodies were prepared into a final concentration of 1 μg/ml in assay buffer (3% BSA, 5% milk powder, 0.1% ProClin300, 0.05% Tween 20, 100 μg/ml NeutrAvidin in PBS) and incubated for 1 h at RT on a shaker. Then, the samples were either transferred to a 384-well plate (Greiner Bio-One) containing the peptide-coated beads by a liquid handler (CyBi-SELMA, CyBio) or to a 96-well plate (Greiner Bio-One) by manual pipetting. After incubation at RT on a shaker for 75 min, all the beads were washed with 0.05% Tween-20 in PBS (PBST) on a plate washer (EL406, Biotek or Bioplex Pro Wash station, Biorad), and then resuspended in a solution containing the secondary anti-human, anti-mouse, or anti-rat IgG Fcγ-PE (Jackson Immuno Research). After 40 min of incubation, the beads were washed with PBST and the fluorescence intensity was measured using FlexMap3D or Luminex 200 (Luminex Corp.) instrument. The median fluorescence intensity (MFI) was used to quantify the interactions of the antibody with the given peptides. For the comparison of responses to peptides in human and rat samples, the ratio value, calculated by dividing the MFI value for the peptide of interest by the median MFI value of five cyclic control peptides, was used.

Patients

In the present study, samples from a subset of previously described Epidemiological Investigation of RA (EIRA) cohort (29), consisting of 1,984 RA patients, included at disease onset and 400 age and sex-matched healthy controls, were used. RA was defined according to the American College of Rheumatology (ACR) 1987 criteria (30). This study was carried out in accordance with the recommendations of EIRA 96-174, EIRA II 2006/476-31/4, and 2007/718-32 guidelines with written informed consent from all subjects. The protocol was approved by the ethics committee at the Karolinska Institute and by Regional Stockholm ethics committee.

Induction and Evaluation of Arthritis (CIA, PIA, CAIA)

Collagen II-induced arthritis (CIIIA) or collagen XI-induced arthritis (CXIIA) was induced by an intradermal injection of 100 μg of rCII or rCXI emulsified in an equal volume of CFA in DBA/1J mice, respectively. Followed with a booster, immunization of 50 μg of rCII or rCXI emulsified in IFA on day 21. 100 μg rCII emulsified in an equal volume of IFA or 100 μl of Pristane (2,6,10,14 tetramethylpentadecane, 95%, Acros Organics, Morris Plains, NJ, USA) was injected intradermally to induce CIIIA or PIA (21, 31) in 8–12 weeks old DA rats.

The J1 epitope (MPGERGAAGIAGPK)-specific antibody M2139 used in this study was produced as described earlier (32). The cocktail of two monoclonal antibodies was prepared by mixing equal concentrations of each of the sterile filtered antibody solution to achieve a final amount of 9 mg. Mice were injected with either 9 mg of M2139 + L10D9, M2139 + L5F3 or L10D9, or 4.5 mg of M2139 antibodies intravenously. All the mice received (25 μg/mouse) lipopolysaccharide from Escherichia coli O55: B5 (Sigma-Aldrich, Saint Louis, MO, USA) intraperitoneally on day 5 to enhance the disease incidence and severity.

Mice and rats were examined for arthritis development with the identity of the animals blinded for the investigator using an extended scoring protocol. Briefly, clinical arthritis is defined as swelling and redness in the joint and was scored as below: 1 point for each inflamed toe or knuckle, 5 points for an inflamed wrist or ankle, resulting in a maximum of 15 points per limb and a maximum of 60 points per animal (33).

Histology

To investigate the antibody binding with joints in vivo and in vitro, limbs from 2 days old neonatal BQ.Cia9i mice injected intraperitoneally with 100 μg biotinylated M2139, L10D9, L5F3, L7D8 antibodies, or PBS were collected and snap frozen, cryo-sectioned, whereas the paws from adult healthy or chronic CIIIA mice were harvested, fixed, decalcified, dehydrated, paraffin-embedded, and 7 μm thick sections were used. The sections from biotinylated antibodies injected mice were fixed in 4% paraformaldehyde for 5 min. The sections from naïve neonatal mice, and from paraffin-embedded joints, which underwent antigen retrieval, were subjected to 5 μg/ml biotinylated M2139, L10D9, L5F3, L7D8 antibodies, or PBS for 40 min in RT. After blocking with 3% H2O2 for 10 min, 5% BSA + 2% rat sera for 30 min, streptavidin for 15 min, biotin for 15 min, all the sections were incubated with ExtrAvidin-Peroxidase solution (Sigma-Aldrich, Saint Louis, MO, USA) for 30 min and developed with diaminobenzidine (DAB Kit; Dako, Copenhagen, Denmark) for 8–9 min (sections from biotinylated antibodies injected mice) or 3 min (sections from naïve neonatal, adult healthy, and chronic CIIIA mice).

For histological assessments, paws from the BQ.Cia9i and B10RIII mice used for CAIA experiments were dissected, fixed, decalcified, dehydrated, and then paraffin-embedded. Sections (7 μm) were stained with hematoxylin/eosin to observe joint morphology.

Immunofluorescence

Six-week-old BQ.Cia9i mice were injected with 1 mg of biotinylated M2139, L10D9, L5F3, L7D8 antibodies, or PBS intravenously. After 24 h, the nose was harvested, snap frozen, and kept in −80°C. Transversal snout sections (7 μm) were fixed in acetone on ice for 10 min, dried for 10 min, and hydrated in 1× PBS for 15 min. After blocking with 1× PBS containing 2% BSA + 0.1% Tween-20 for 45 min, the sections were incubated with streptavidin-conjugated Alexa Fluor 568 (Invitrogen, S11226, 1:300 diluted) for 60 min in RT and mounted using VECTASHIELD® Mounting Medium with DAPI (Vector, H-1200). The slides were dried for 15–30 min before scanning under a confocal microscope.

Statistical Analyses

Quantitative data are expressed as a mean ± SEM. Arthritis incidence was analyzed using Fisher’s exact test, whereas the comparison of arthritis severity and serum antibody response between groups were performed using the non-parametric Mann–Whitney U-test. Pearson correlation test was used for analyzing the correlation of antibody response to arthritis disease severity. p-Values less than 0.05 were considered statistically significant.

RESULTS

Serum Antibody Response to CII and CXI in Mice

In order to understand the potential relationships between serum antibody profiles and arthritis development in CIIIA and CXIIA, we immunized the Aq-expressing DBA/1J mice with rCII or rCXI. Sera were collected on days 21 and 70. We observed severe arthritis with high frequency in CIIIA mice but only very mild disease with low frequency in CXIIA mice (Table 1). Elevated serum antibody responses to CII and CXI were observed throughout the disease course in both CIIIA and CXIIA mice, and the responses were increasing with time. Anti-CXI antibody response in CIIIA mice was higher than that in CXIIA mice in the early stage (day 21: p = 0.0009), but not in the late stage (day 70: p = 0.1393) (Figure 1). No correlation could be observed between levels of the anti-CII/CXI antibody responses and disease severity (data not shown).

TABLE 1 | Disease incidence and Max arthritis score of CIIIA and CXIIA mice.
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FIGURE 1 | Serum antibody response to native CII and CXI in CIIIA and CXIIA mice. Serum antibody response to native CII (left panel) and CXI (right panel) protein on day 21 or day 70 were measured in CIIIA and CXIIA DBA/1J mice using enzyme-linked immunosorbent assays (ELISA). Naïve mice sera samples were served as negative control. Mann–Whitney U-test was used for group comparison.



CXI Harbors the Same T Cell Glycosylated Epitope (Glycosylation at Position 264) as CII

To investigate whether CII and CXI harbor the same T cell epitope, T cell hybridomas HCQ3 and HCQ4, which are specific for glycosylated CII259-273 (GalCII259-273, glycosylation at position 264) and naked CII259-273 (nCII259-273, lysine at position 264) peptide, respectively, were used for T cell recall assay. HCQ3 showed a response to both native and denatured bCXI, but at a lower level compared to that of rCII and denatured rCII (Figures 2A,B). HCQ4 did not react to either native or denatured bCXI (Figures 2C,D). These data showed that CXI harbors the same posttranslationally modified epitope, which has glycosylation at position 264 as that of CII. The sequence alignment for T cell epitope between two different species was shown (Figure S2 in Supplementary Material).
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FIGURE 2 | T cell recall assay for CII and CXI. The response of HCQ3 and HCQ4 hybridoma to native (A,C) and denatured (B,D) collagens. The supernatant was collected and the IL-2 secretion was measured by cytokine enzyme-linked immunosorbent assay. Glycosylated CII259-273 peptide (GalCII259-273) and naked CII259-273 peptide (nCII259-273) were served as positive control peptides for HCQ3 and HCQ4 hybridoma, respectively. rCII, rat Collagen II; bCXI, bovine collagen XI.



Generation and Characterization of Anti-CXI Monoclonal Antibodies

A series of 19 anti-CXI monoclonal antibodies were generated from DBA/1J mice immunized with bCXI protein. Antibodies with different isotypes and affinities to rCII, rCXI and bCXI were shown in the table (Table 2). L10D9 showed a strong binding to rCII, rCXI, bCXI, and their denatured forms, as revealed by ELISA (Figure 3A). L5F3 and L7D8 bound strongly to native rCXI and bCXI, but not their denatured forms. In contrast, a weak (L5F3) or no (L7D8) binding to CII was observed, indicating that these two clones bound specifically to CXI (Figure 3A).

TABLE 2 | The characteristics of 19 monoclonal CXI antibodies.
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FIGURE 3 | L10D9 binds to CXI, cross-react with CII due to sequence similarity. (A) Kinetics of L10D9, L5F3, and L7D8 antibody response to bCXI, rCXI, rCII, and their denatured forms. Cartilage oligo matrix protein (COMP) was served as a negative control. Bead-based multiplex immunoassays [(B), left panel] and enzyme-linked immunosorbent assays (ELISA) [(B), middle and right panel] were used for the epitope mapping of L10D9. (C) The binding of L10D9 and CIIC2 to the heterotrimeric CXI_T_D3 peptide. (D) SDS-PAGE for rCXI and rCII (left panel). Western blotting for L10D9 (middle panel) and M2139 (right panel). (E) Sequence of the peptides involved in ELISA and bead-based multiplex immunoassays.



To identify the potential binding of CXI antibodies to cross-reactive epitopes between α3(XI) and α1(II), we performed bead-based multiplex immunoassay using 198 triple helical CII peptides, including those with citrulline modified versions. L10D9 showed a unique binding to the triple helical peptides covering the D3 epitope of CII (34), both unmodified and modified forms, but neither the corresponding cyclic peptides covering the same region nor other CII peptides (Figure 3B) showed reactivity. The same specificity could also be confirmed using ELISA (Figure 3B). CIIC2, an antibody specific for the D3 epitope of CII, showed positive binding (Figure 3B). No such binding could be found for L5F3, L7D8, and other CXI specific antibodies in our current CII peptides library (data not shown).

In order to study which α chains of CXI are needed for the binding of the L10D9 antibody to the antigens, a heterotrimeric CXI_T_D3 peptide of 24 amino acid in length was synthesized. L10D9 bound specifically to this peptide, which indicated that only the α chain shared between CXI and CII [α3(XI)/α1(II)] was needed for binding of this antibody. The CII-specific CIIC2 antibody failed to bind to the CXI_T_D3 peptide indicating that more than one α chain from CII was needed for binding of this antibody (Figure 3C). The binding of L10D9 to α3(XI)/α1(II) was further confirmed by SDS-PAGE and Western blot. L10D9 showed unique binding to α3(XI) and α1(II), while the CII specific control antibody M2139 bound only to α1(II) (Figure 3D). L10D9, a CXI-responding antibody, cross-reacts to CII due to sequence identity (GPTGVTGPKGARGAQGPOGATGFO). The CIID3 and CXID3 peptide sequences and the sequence alignments among four different species are shown in Figure 3E and Figure S2 in Supplementary Material.

D3 Epitope-Specific Antibody Binds Cartilage, While CXI Specific Antibodies Showed Negligible or Very Weak Binding

To test whether L10D9, L5F3, and L7D8 antibodies could bind to neonatal and adult cartilage in vivo, these antibodies were biotinylated and then injected intraperitoneally into neonatal or 6 weeks old BQ.Cia9i mice. The biotinylated M2139 antibody was used as a positive control. Joint tissues from the neonatal and snout tissues from the adult mice were obtained 24 h later after injection, and tissues were analyzed for antibody binding by immunohistochemistry (due to the difficulty of the sectioning for adult joints, we took snout tissue). The L10D9 antibody showed a similar staining pattern as the anti-CII antibody M2139, with specific binding along neonatal cartilage surface. L5F3 and L7D8 antibodies showed no clear and specific staining (Figure 4A, upper panel). In the adult tissue, the L10D9 antibody demonstrated strong staining along the cartilage surface. The CXI-specific antibody L5F3 showed a similar but weaker staining as compared to the anti-CII antibody, whereas the binding of the L7D8 antibody to the adult tissue was not detected (Figure 4A, bottom panel).
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FIGURE 4 | L10D9 binds to cartilage both in vivo and in vitro. In vivo (A) and in vitro (B) histology staining of joint or transversal snout sections are shown. Positive binding to cartilage surfaces are marked by arrows.



For the in vitro binding capacity of the L10D9 antibody to cartilage, paw sections from naïve neonatal BQ.Cia9i, adult mice with or without arthritis were incubated with biotinylated M2139, L10D9, L5F3, or L7D8 antibodies, followed by detection of antibodies binding to the sections. Both L10D9 and L5F3 antibodies showed clear cartilage staining on the tissue sections from neonatal as well as adult healthy and sick mice, whereas L7D8 antibody binding was negative (Figure 4B).

L10D9 Induces and Enhances Acute Arthritis in Naïve Mice, but Not the CXI-Specific Antibody

To investigate the arthritogenicity of the antibodies, 8–17 weeks old BQ.Cia9i male mice were injected with 4.5 mg of M2139, 9 mg of L10D9, M2139 + L5F3, or M2139 + L10D9 antibody intravenously. A single injection of M2139 or L10D9 antibody induced very mild arthritis, while M2139 antibody combined with L10D9 antibody developed more severe disease compared to M2139 group (p < 0.05) (Figure 5A). The same finding is also seen in the B10RIII strain, suggesting that L10D9 has the capacity to induce mild arthritis by itself and a strong enhancing arthritis effect when combined together with the M2139 antibody (Figure 5B). No arthritis enhancing effect can be found for L5F3 antibody (Figure 5C). Representative histology pictures from each group show the infiltrating cells, glycosaminoglycan loss, and joint surface erosions (Figure 5D).
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FIGURE 5 | L10D9 mediates arthritis in mice. Mean arthritis score and arthritis incidence in B10RIII strain (B) and BQ.Cia9i strain (A,C) are indicated. (D) Histology of joint sections. Results shown are representative pictures of each group. Infiltrating cells, glycosaminoglycan loss, and joint surface erosions are indicated with arrows. Statistics were determined by the Mann–Whitney U-test for daily mean arthritis score and Fisher’s exact test for the disease incidence between groups.



Elevated Antibody Response to the D3 Epitope in RA Patients and Arthritic Rodents

To investigate the value of D3 epitope response in a clinical setting and to serologically characterize the experimental rodent models; sera from humans, rats, and mice were measured for the response toward D3 epitope. We found that serum antibody response to D3 epitope was significantly elevated in RA patients’ sera in the EIRA cohort compared to healthy controls (p < 0.0001). In particular, strong responses were found toward the citrullinated D3 variant (CII_T_D3_CIT) (Figure 6A, left and middle panel). We next investigated whether similar responses can be detected in murine models of arthritis. In rats, at day 23 after immunization with CII/IFA or Pristane, the anti-CII antibody response was most pronounced in those injected with Pristane followed by CII-immunized animals and, both types of immunization mounted a CII_T_D3 specific responses that were significantly increased compared to naïve rats (Figure 6A, right panel). Similar findings were observed in CIIIA mice. Anti-D3 epitope response against CXI_T_D3, CII_T_D3_R (arginine version), and CII_T_D3_CIT (citrulline version) peptides can be found throughout the disease course, which increased as the disease progressed with time (Figure 6B).
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FIGURE 6 | The D3 epitope response in Epidemiological Investigation of RA (EIRA) cohort and arthritic rodents, and the correlation between D3 epitope response and arthritis severity in CIIIA mice. (A) IgG response of the (EIRA) cohort (rheumatoid arthritis: n = 1,984, HC: n = 142) to CII_T_D3_R and CII_T_D3_CIT (left and middle panel). The broken line indicates the cutoff (median + 5 × MAD) based on healthy controls. Anti-collagen antibody level against CII_T_D3_R peptide in CIIIA (n = 23), Pristane-induced arthritis model (n = 37), and naïve (n = 44) DA rats (right panel). Data are shown as normalized mean fluorescence intensity (MFI) ± SEM. (B) Anti-collagen antibody against CXI_T_D3, CII_T_D3_R and CII_T_D3_CIT in CIIIA DBA/1J mice. (C) Correlation between serum antibody response to CXI_T_D3, CII_T_D3_R, and CII_T_D3_CIT and total arthritis score in CIIIA mice. Statistics were determined by the Mann–Whitney U-test and Pearson correlation test for group comparison and correlation analysis, respectively.



To understand the value of the anti-D3 antibody response in disease development, we correlated D3 epitope specific antibody response to total arthritis score in CIIIA mice. Both the antibody response to CXI_T_D3 and to CII_T_D3_R was positively correlated with disease severity, but not the anti-CII_T_D3_CIT response (Figure 6C). We also observed increased antibody response to other major CII epitopes and the positive correlation between the antibody response to the C1 epitope and arthritis severity in CIIIA mice (Figures S1A,B in Supplementary Material).

DISCUSSION

Antibodies targeting cartilage is likely an important step toward arthritis development in both humans and experimental animals. Here, we have identified the structural requirements for an antibody mediated cross-reactive response to CII and CXI, which could explain why this response is highly arthritogenic. Collagen fibers in normal articular cartilage are mainly composed of CII together with the minor components CIX and CXI, in which CXI molecules are intermingled in the cartilage collagen fibers. CXI and CII molecules have similar triple helix structure, with three identical α chains for CII and three different α chains for CXI, in which α3(XI) is coded from the same gene as α1(II). Several studies indicate the potential arthritogenic and immunogenic effects of CXI in mice (16, 17). In our current study, we could only observe very mild disease with a low incidence of arthritis after immunization with CXI in mice, while in parallel, the CIIIA mice developed severe arthritis with high incidence. Elevated serum antibody response against CII and CXI could be found throughout the disease process in both CIIIA and CXIIA mice, which increased with time. Both serum CII and CXI antibody responses were significantly higher in CIIIA compared to CXIIA mice, except the anti-CXI antibody responses during the late stage of the disease. One possible explanation for the cross-reactive responses could be the common α chain between CII and CXI, the other could be due to the destruction of cartilage and subsequent exposure of CXI molecules during arthritis development. It is well known that injection of antibodies specific for CII after binding to cartilage in vivo can induce arthritis in rodents (32). High level of antibodies against CII could be the reason why CIIIA mice developed severe disease compared to CXIIA mice, which had a much lower level of CII antibody titer. Although there was a high titer of CXI specific antibodies existing in CXIIA mice, those antibodies could not contribute to the disease because the CXI molecules are not exposed for binding of antibodies in vivo. A perquisite for a strong immune response to CXI is that T cell could be specifically activated, and here, we could show that native CXI harbored the same glycosylated T cell epitope (GalCII259-273, glycosylation at position 264) as CII. Though the response to CXI by Gal-264-specific T cell hybridoma is significantly lower than to CII, this could be explained by the amount of the identical alpha chain containing the T cell epitope, as CII is a homotrimer whereas CXI only have one chain (α3) with the epitope. However, it can still be the difference in glycosylation pattern, in particular, with other forms of the lysine 264 side chain or glycosylation at the lysine 270 side chain, which is not addressed here. However, Gal-264, the most important glycosylation form for activation of T cells are present on CXI. The sequence similarity and shared T cell epitope is a prerequisite for the occurrence of high-affinity IgG cross-reactive antibodies after CII or CXI protein immunization.

We believe our most interesting finding is that we could isolate a CXI/CII cross-reactive autoantibody L10D9, from mice immunized with CXI, which could contribute to the development of arthritis. The L10D9 needed only one common α chain for successful binding, and it is possible that the alpha chains are partially flexed out from the triple helical structure in order to be accessible. This finding was further confirmed by Western blotting, showing that L10D9 only bound to the α3 chain of CXI and α1 chain of CII. The identified epitope is localized to an earlier defined CII epitope, denoted as D3. The L10D9 antibody also bound successfully to the synthesized heterotrimeric CXI_T_D3 peptide in which α3(XI) has the same sequence to α1(II) but not to the linear peptide with the same sequence as the CII_T_D3 triple helix peptide (data not shown). Thus, the epitope is most likely exposed by a structure formed by a partially unwound alpha chain from the triple helical structure. The L10D9 antibody bound as strongly as CII antibody to cartilage in vivo and in vitro whereas the CXI specific antibodies showed either much weaker or negligible staining. The weak staining could possibly be explained by the low level of cross-reactivity of L5F3 antibody to CII (see the ELISA result), and the absence of positive staining for the highly specific CXI antibody L7D8 further confirms that CXI molecules are not exposed in the joint tissue for binding. This likely also explains that the CXI specific antibodies could not induce arthritis. The situation could, however, be different in affected joints as it is then possible that more CXI molecules are exposed and accessible for both inducing not only a specific B cell response but also for targeting with antibodies at a later stage.

Importantly the L10D9 antibody is highly arthritogenic and is among the few antibodies that can actually induce arthritis by itself. Induction of arthritis by antibodies is clearly much more efficient if exposed to polyclonal or oligoclonal antibodies, but a few monoclonal antibodies seem to have the property to induce arthritis by themselves. Examples of these include the anti-CII antibody M2139, used in this study, the anti-citrulline protein antibody ACC1 that cross-reacts to CII (35) and the CXI-CII cross-reactive antibody L10D9 described in the current study. All of these antibodies seem to have the possibility to target a single alpha chain within a triple helical structure, i.e., targeting a structure formed by a dynamically flexed out alpha chain from an unstable triple helical molecule and with the capacity to strongly bind to cartilage in vivo.

Furthermore, we detected antibodies targeting CII, CXI, or the triple helical D3 epitope during the development of arthritis in both experimental animal models and in RA patients. It is likely that such antibodies play a pathogenic role and could further perpetuate the disease during the chronic relapsing state of the disease.
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Anti-neutrophil cytoplasmic autoantibodies (ANCA) targeting proteinase 3 (PR3) and myeloperoxidase expressed by innate immune cells (neutrophils and monocytes) are salient diagnostic and pathogenic features of small vessel vasculitis, comprising granulomatosis with polyangiitis (GPA), microscopic polyangiitis, and eosinophilic GPA. Genetic studies suggest that ANCA-associated vasculitides (AAV) constitute separate diseases, which share common immunological and pathological features, but are otherwise heterogeneous. The successful therapeutic use of anti-CD20 antibodies emphasizes the prominent role of ANCA and possibly other autoantibodies in the pathogenesis of AAV. However, to elucidate causal effects in AAV, a better understanding of the complex interplay leading to the emergence of B lymphocytes that produce pathogenic ANCA remains a challenge. Different scenarios seem possible; e.g., the break of tolerance induced by a shift from non-pathogenic toward pathogenic autoantigen epitopes in inflamed tissue. This review gives a brief overview on current knowledge about genetic and epigenetic factors, barrier dysfunction and chronic non-resolving inflammation, necro-inflammatory auto-amplification of cellular death and inflammation, altered autoantigen presentation, alternative complement pathway activation, alterations within peripheral and inflamed tissue-residing T- and B-cell populations, ectopic lymphoid tissue neoformation, the characterization of PR3-specific T-cells, properties of ANCA, links between autoimmune disease and infection-triggered pathology, and animal models in AAV.
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INTRODUCTION

Anti-neutrophil cytoplasmic autoantibody (ANCA)-associated vasculitides (AAV) are classified into three distinct diseases based on clinical and pathological features: granulomatosis with polyangiitis (GPA, formerly Wegener’s granulomatosis), microscopic polyangiitis (MPA), and eosinophilic granulomatosis with polyangiitis (EGPA, Churg–Strauss syndrome). Etiology and pathogenesis of AAV are multifactorial (1, 2). The pathogenesis appears to be initiated by a combination of predisposing genetic and environmental factors, altered autoantigen presentation, ectopic lymphoid tissue neoformation, and imbalance of effector and regulatory B- and T-cells. Consequently, production of pathogenic autoantibodies originating from precursor natural autoantibodies results in ANCA-induced activation of neutrophils and monocytes with subsequent activation of the alternative complement pathway, vascular damage, and self-perpetuating non-resolving chronic inflammation (2–4). Herein, we briefly summarize current ideas, observations, and evidence on the pathogenesis of AAV.

CLINICAL MANIFESTATIONS

While each of the three AAV retains a unique clinical phenotype, many manifestations are shared among them owing to the systemic nature of the underlying small-vessel vasculitis, and, in GPA and EGPA, granulomatous inflammation. Thus, pulmonary–renal syndrome is the dominating clinical feature in GPA and MPA (5, 6). In EGPA, renal involvement is associated with positive ANCA-status (7, 8). Prodromes such as malaise, arthralgias, myalgias—and rhinitis and/or sinusitis in GPA and EGPA—often precede manifestations of the pulmonary–renal syndrome by weeks or months (5–7). Fulminant AAV is rare (9). EGPA patients typically have a long-standing history of asthma and allergic rhinitis (7, 10). Other organs frequently affected are peripheral and central nervous system, skin, gut, and heart (5–7). Laboratory findings show elevated markers of inflammation (3, 11). GPA is highly associated with proteinase 3 (PR3)-specific ANCA, whereas MPA and—less commonly—EGPA are associated with myeloperoxidase (MPO)-specific ANCA (12–14). The majority of AAV patients (approximately 80–90%) present with renal or other organ-threatening manifestations, i.e., generalized disease. Relapse is more common in GPA (15). Renal-limited AAV is less common. Fewer than 10% of patients have a localized phenotype restricted to the upper and/or lower respiratory tract or early-systemic phenotype without imminent organ failure with less frequently detected ANCA (5, 11, 12, 16, 17). Progression from localized to generalized GPA is rare (16).

Treatment is guided by severity of organ involvement and disease activity. Various cytotoxic immunosuppressants and the monoclonal anti-CD20 antibody rituximab are recommended for the induction and maintenance of remission (18, 19). While treatment options have improved the prognosis of AAV, therapy de-escalation still carries an immanent risk of relapse (20). Major causes of death are vasculitis and infections (21). Optimizing treatment strategies according to prognostic subsets, autoantibody- and autoantigen-targeted therapies, and therapeutic interference with chronic inflammation and break of tolerance will set the stage for individualized precision medicine, further improvement of outcomes, and eventually cure of AAV (20, 22, 23).

PATHOLOGY

ANCA-associated vasculitidies are systemic necrotizing small-vessel vasculitides, predominantly affecting intraparenchymal small arteries, arterioles, capillaries, venules, and less often medium-sized arteries and veins. In addition, patients with GPA and EGPA display extravascular inflammatory lesions with predilection for the upper and/or lower respiratory tract. Immunohistology discloses few or no immunoglobulin and C3 deposits at inflammatory sites. AAV are hence designated pauci-immune vasculitides (1, 24, 25). Swelling, necrosis, and detachment of endothelial cells are the earliest histomorphological alterations of necrotizing vasculitis. At the vessel wall, both marginating and transmigrating neutrophils undergo apoptosis and karyorrhexis (leukocytoclasia). In the kidney, degranulation of neutrophils induces rupture of glomerular basement membranes and necrosis of adjacent cells, followed by fibrin precipitation. Necrotic debris, fibrin, and proinflammatory factors spill into Bowman’s space. Subsequently, monocytes accumulate and parietal (Bowman’s) epithelial cells proliferate forming crescents. Neutrophils within glomerular lesions also display NETosis, i.e., cellular death characterized by the formation of neutrophil extracellular traps (NETs) (26). Proinflammatory cytokines, chemokines, and complement factors of the alternative pathway locate within inflammatory glomerular lesions. Later stages are characterized by growing influx of monocytes, macrophages, and T- and B-cells. Finally, fibrocellular accumulations progress to fibrotic (sclerotic) lesions. Chronic injury occur more frequently in MPA (27). Notably, renal outcome and risk of relapse correlate with the proportion of sclerotic glomeruli (28, 29) and inversely with the proportion of normal glomeruli (30). In GPA, early extravascular lesions are characterized by the accumulation of neutrophils forming microabscesses. In advanced lesions, geographic patterns of necrosis with peripheral accumulation of macrophages and giant cells are found. Concomitant cellular infiltrates eventually also contain dendritic cells, T- and B-cells, and plasma cells (24, 25). Histopathological classification for extravascular granulomatous lesions in GPA has been proposed (31). Ectopic lymphatic structures have been found in both extravascular granulomatous lesions and glomerulonephritis (32, 33). In EGPA, extravascular and vascular lesions are characterized by eosinophilic infiltration (24, 25).

EPIDEMIOLOGY AND GENETIC BACKGROUND

A yearly incidence between 10 and 20 per million inhabitants and a prevalence of 120 and 140 per million inhabitants has been reported for AAV in Europe and the USA. Prevalence doubling during the last decade has been attributed to improved outcomes (34, 35). Recently, higher incidence of GPA than previously reported has been identified in a UK population (36). A cyclical pattern of occurrence is observed in GPA, but not MPA (37). By contrast, MPA has a higher prevalence than GPA in Japan and China (35). Familial cases are rare in AAV (38). While individual disease-associated alleles carry modest degrees of risk, multiple genetic factors of relatively small effect combine to convey susceptibility to chronic inflammation and autoimmunity (39). Notably, the HLA polymorphism shapes self-epitope specific regulatory T-cell (Treg) responses, thereby mediating protection or causation of autoimmunity (40). Among AAV, GPA displays a remarkable HLA-DP association (p = 6.2 × 10−89) (41). The HLA-DPB1*0401 allele is closely linked to PR3-ANCA+ GPA (p = 1.2 × 10−22) (42, 43). Reduced HLA-DP protein expression is observed in GPA patients with the associated HLA-DP allele (44). By contrast, MPO-ANCA+ MPA is HLA-DQ-associated (p = 2.1 × 10−8) (41). Furthermore, GPA is associated with polymorphisms of α1-anti-trypsin and PR3 encoding genes (41). In EGPA, association with HLA-DRB1*04 was reported, whereas HLA-DR*13 is underrepresented (45). The IL10.2 haplotype is associated with ANCA-negative EGPA and increased interleukin (IL)-10 production (46). By contrast, disease-associated PTPN22 R620W allele correlates with reduced IL-10 transcription in GPA and MPA (47, 48). Aberrant microRNA expression with dysregulation of genes involved in inflammation and autoimmunity has been reported for various autoimmune diseases (49). In AAV, miRNA expression patterns correlate with renal involvement and steroid doses (50, 51). Upregulated expression of miR-634 induces a proinflammatory phenotype of monocytes in PR3-ANCA+ AVV (52). Furthermore, a GPA-specific miRNA expression pattern has been found in nasal tissue differentiating GPA from healthy and disease controls (53). These findings underscore a multifactorial process in which genetic and epigenetic factors play important roles in the genesis of AAV (54–57).

BARRIER DYSFUNCTION IN GPA AND EGPA

Granulomatosis with polyangiitis is known for its propensity toward necrotizing neutrophilic granulomatous inflammation of the respiratory tract (31). Accordingly, respiratory tract manifestations and flu-like symptoms represent the most frequent initial features and affect virtually all patients with GPA during follow-up in large cohorts (5, 58, 59). Moreover, the so-called “grumbling disease” related to persistent ENT disease activity is observed in many patients being otherwise in clinical remission and despite immunosuppressive treatment (17, 60). Asthma, ENT manifestations, and eosinophilic pulmonary infiltrates also represent the most frequent manifestations in EGPA (7, 61). The nasal mucosa displays a unique gene expression signature with differentially expressed transcripts of antimicrobial peptides, cytokines, extracellular matrix proteins, and molecules important for epithelial barrier integrity in GPA (62, 63). Ciliary motility is severely reduced (64). Chronic nasal carriage of Staphylococcus aureus is associated with endonasal activity and relapse in GPA and facilitated by decreased production of human beta-defensin-3 and anomalous cytokine expression pattern of nasal epithelial cells (65–68). Virulence genes, e.g., genes for pore-forming toxins such as leukocidins, may contribute to disease progression and/or relapse in PR3-ANCA+ GPA (69). Sensitization to fungi resulting in allergic bronchopulmonary aspergillosis may play a role in the development of EGPA (70). Moreover, exposure to silica is associated with increased risk for AAV (71). Altogether, these findings suggest a link between respiratory barrier dysfunction, infection, and chronic inflammation in GPA and in EGPA (31).

CELL DEATH AND CHRONIC INFLAMMATION

Anti-neutrophil cytoplasmic autoantibody-induced pathogenesis is linked to neutrophil activation leading to vascular injury, generation of NETs, apoptosis, and necrosis (25). However, defects in the cell death machinery itself can trigger inflammation and autoimmunity in AAV in extravascular tissues. Dysregulation in neutrophil apoptosis and clearance of apoptotic cells was demonstrated in vitro and in vivo for GPA (72–74). Apoptotic cells displaying membrane-located PR3 contribute to non-resolving inflammation by disturbing proper clearance (efferocytosis) and subsequent proinflammatory polarization of macrophages (72). Prolonged survival of neutrophils lead to accumulation within inflamed tissue, demonstrated recently in vivo in a human transgenic PR3 mouse model (75). Without proper clearing, apoptotic neutrophils undergo secondary necrosis with subsequent release of proinflammatory cytokines, damage-associated molecular patterns (DAMPs), and potential autoantigens (76). Within necrotizing granulomatous inflammation of GPA, release of DAMPs such as high-mobility-group-protein B1 (HMGB1) and IL-33 perpetuate receptor-dependent local auto-amplificatory loops (77). HMGB1, also described as endogenous adjuvant (78), is expressed together with the autoantigen PR3 on the surface of apoptotic neutrophils, potentially contributing to the induction of a pathogenic autoimmune response (79). NETosis is linked to the pathogenesis of AAV by contributing to endothelial damage, stimulation of lymphocytes, and activation of the alternative complement cascade (80, 81). Furthermore, ANCA-induced NET formation has recently been shown to be controlled by caspase-independent form of regulated necrosis, namely necroptosis, in an MPA mouse model (82). Altogether, dysregulation in the cell death machinery can lead to a necro-inflammatory auto-amplification loop (83), a relevant pathogenic feature in AAV and potential target for future treatment strategies.

ALTERNATIVE COMPLEMENT PATHWAY ACTIVATION

Evidence for involvement of the complement system in AAV comes from murine models of MPO-ANCA-induced glomerulonephritis and vasculitis, demonstrating activation of the alternative complement pathway and specifically C5 being essential for disease induction (84, 85). This has been confirmed by proteomic analysis of kidney biopsies (86). Moreover, in the murine model of MPO-ANCA vasculitis, liver-derived C5a is a key mediator (87). MPO- and PR3-ANCA-activated neutrophils elicit C5a release. Subsequent interaction of C5a with the C5a receptor 1 (C5aR1) may represent a proinflammatory amplification loop in AAV (88, 89). Consequently, elevated plasma and serum concentrations of C5a and C3a have been reported in active AAV, especially MPO-ANCA+ AAV (90–92). Deposition of complement components is detected in human renal biopsies in AAV (93). Similarly, C5aR1 is expressed scarcely, whereas expression of C5aR2 is upregulated in MPO-ANCA+ glomerulonephritis (92). Interestingly, the exact role of C5aR2 has not been clearly defined yet. In the context of AAV, human neutrophil-expressed C5aR2 interacting with C5a seem to play a proinflammatory role (94). However, in the murine model of MPO-ANCA-induced glomerulonephritis, blocking of C5aR1 with a small molecule antagonist (avacopan) is protective, whereas lack of C5aR2 lead to aggravated disease (95). The oral C5aR1-antagonist avacopan yields promising results as glucocorticoid-sparing agent in two randomized phase II clinical trials (NCT01363388 and NCT02222155) (96). In general, tissue expression and function of the anaphylatoxin receptors (C5aR1/2) are still poorly understood, specifically in humans (97). Therefore, it remains to be examined why results regarding tissue expression of C5aR1/2 in MPO-AAV and the function of C5aR2 differ between murine and human studies. Altogether, C5a can be regarded as one of the central players in the pathogenesis of AAV (98). Contribution of the corresponding C5aRs, however, needs to be further investigated.

ALTERATIONS OF EFFECTOR AND Tregs

Disruption of the balance between regulatory and effector T-cells and accumulation of effector T-cells in tissues with disease propagation favor chronic inflammation and autoimmunity (99). Alterations of the peripheral T-cell compartment have been reported in GPA such as the expansion of circulating effector memory T-cells (TEM) including Th1-type CD4+ and CD8+ T-cell populations lacking costimulatory CD28 expression (CD28−), Th17 and Th22 cells, IL-21-producing cells, and CD4+CD8+ double-positive cells. Conversely, the percentage of circulating naïve T-cells is decreased (4, 100–105). Depletion of circulating Vδ2 T-cells, mucosal-associated invariant T-cells, and innate lymphoid T-cell subsets have been observed (106, 107). Remission is associated with a shift toward circulating total Th2, Th9, and Treg populations in GPA (105). Notably, the cytokine profile of PR3-specific T-cells is skewed toward Th2-type, Th17, and Th22 cells independent of disease activity (102, 108, 109). PR3-specific T-cells are CCR7−CD45RA− TEM with either “intermediate” CD28+CD27− or “early” CD28+CD27+ phenotype (4, 108, 109). They may express the costimulatory c-type lectin CD161 (Figure 1).
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FIGURE 1 | Frequency and phenotype of proteinase 3 (PR3)-specific T-cells determined by flow cytometry. Detection of PR3-specific T-cells within the gated CD3+CD8+ T-cell population in a GPA-patient (right dot plot). A negative control (left dot plot). Costimulatory CD28 and CD161 expression on gated PR3-specific CD8+ T-cells (A) in comparison to PR3-negative CD8+ T-cells (B) (4).



Percentages of total circulating TEM decrease during active disease, suggestive of TEM migration toward inflamed sites (101). Accordingly, CD28− TEM are abundant in bronchoalveolar fluid, inflammatory lesions, and, during renal activity, in urine (100, 110, 111). In EGPA, the frequency of circulating total Th2 and Th17 cell populations is increased, whereas lower numbers of Treg are detected (112–114). Phenotype and function of Treg are altered and impaired, respectively, in AAV (115, 116). Expansion of circulating and tissue-resident CD28− TEM lacking IL-2 production could favor Treg dysfunction in GPA (100). In line with an antigen-driven pathogenesis, oligoclonal T-cell proliferation has been reported in AAV previously (117, 118). Expansion of circulating CD28− T-cells has been attributed to latent cytomegalovirus (CMV) infection in GPA (119). However, concomitant cellular CMV- and Epstein–Barr virus (EBV)-infection rather than sole CMV or EBV infection is associated with expansion of CD28− TEM (4). Transcriptome analysis suggests pathogen (S. aureus, EBV, and others) and inflammation (cytokine and chemokine)-driven alterations of the peripheral T-cell compartment linking autoimmune disease and infection-triggered pathology in GPA (4).

ANCA IMMUNOGLOBULINS

Myeloperoxidase- and PR3-ANCA are hallmarks of autoimmune vasculitis in AAV (Table S1 in Supplementary Material) (23, 120, 121). Functionally, numerous in vitro studies demonstrate IgG MPO- and PR3-ANCA interaction with neutrophils and monocytes. Interaction between circulating ANCA and neutrophils and monocytes causing their activation, PR3- and MPO-translocation to the cellular surface, microvascular adherence, vascular inflammation, and cell death is known as ANCA-cytokine-sequence theory (122). Notably, PR3- and MPO-ANCA display differences in neutrophil activation, e.g., respiratory burst (123, 124). In known or suspected AAV, the revised consensus on the use of ANCA testing now recommends high-quality immunoassays as primary screening method (13). Regarding IgG MPO-ANCA, epitope specificity determines pathogenicity, mainly by identifying an epitope of MPO (anti-MPO447-459) that is exclusively linked to active MPA (125). IgG MPO-ANCA can be masked by a fragment of ceruloplasmin (125). Thus, true ANCA-negative vasculitis is considered as being less than 10% using contemporary ANCA tests (13, 121). In EGPA, IgA MPO-ANCA can occur together with IgG MPO-ANCA, but seem of less value as a biomarker (126). Of note, IgG, IgA, and IgM MPO-ANCA representing low-titer natural autoantibodies are found in healthy donors (126–128). With respect to PR3-ANCA, especially IgG isotypes (122), but IgA and IgM as well, have been linked to GPA. IgA PR3-ANCA are observed in about a quarter of GPA patients, being less prevalent in severe renal disease (129). Transient and recurring presence of IgM PR3-ANCA is reported in proportions of two large cohorts of patients with GPA or MPA and associated with a higher rate of alveolar hemorrhage (130). Similar to MPO-ANCA, IgG, IgA, and IgM PR3-ANCA are detected in healthy donors. However, the epitope specificity of natural ANCA in healthy donors differs from that of pathogenic ANCA in AAV (125, 127–129). Several studies indicate that ANCA and other autoantibodies present in AAV recognize targets apart from MPO and PR3 (Table S1 in Supplementary Material). Some of these studies though still lack confirmatory data or functional relevance.

ANCA GLYCOSYLATION

Altered Fc N-glycosylation patterns of IgG, differing between proinflammatory (agalactosylated) and antiinflammatory (galactosylated and sialylated) IgG antibodies (131), may contribute to the pathogenicity of IgG-ANCA and be a useful biomarker. Agalactosylation of total IgG has been associated with MPA, GPA, and EGPA (132). Instead, sialylation of IgG PR3-ANCA inversely correlates with disease activity and ROS production by neutrophils in GPA (133). Employing mass spectroscopy, reduced galactosylation and sialylation of IgG1 PR3-ANCA or total IgG was confirmed (134, 135). IgG-ANCA bind via their Fc part to FcγRIIa and FcγRIIIb, thereby co-operating with the antigen-binding site in neutrophil activation (136). Alteration of IgG-ANCA glycosylation attenuates experimental ANCA-induced glomerulonephritis (137).

ANIMAL MODELS OF ANCA-INDUCED VASCULITIS AND EXTRAVASCULAR GRANULOMATOSIS

While murine models demonstrated convincing evidence for MPO-ANCA-induced glomerulonephritis and vasculitis (138), it has proven extremely difficult to show pathogenicity of PR3-ANCA in vivo (139). Transfer of human hematopoietic stem cells and anti-PR3 antibodies in NOD-SCID-IL-2Rγ−/− mice induced disease manifestations partially resembling systemic vasculitis (140), giving a hint of PR3-ANCA pathogenicity. A transgenic mouse model expressing human PR3 displays enhanced neutrophil survival and accumulation reflecting aspects of granulomatous inflammation in GPA (75). Besides active immunization and passive transfer of autoimmunity (141), transplantation of GPA tissue into immunodeficient mice provides evidence that fibroblasts induce nasal cartilage and bone destruction seen in GPA (142).

AUTOREACTIVE CIRCULATING AND LESIONAL B LYMPHOCYTES

Increased proportion of circulating matured B-cells recognizing PR3 in PR3-ANCA+ AAV (143), presence of ectopic lymphoid structures and autoreactive B-cells in inflamed tissue of GPA (144, 145) and glomerulonephritis (32) provide a rationale for targeting B-cells. B-cell depletion proves to be an efficient therapy in AAV (146–148). Although IL-10-producing regulatory B-cells (Bregs) and CD24high CD38high Bregs, respectively, are reduced in AAV (149–151), their role in AAV remains to be further defined as such circulating cells are probably removed by B-cell-depleting therapies. Altogether, as possible scenario for ANCA-mediated pathogenesis, one could envision that B-cells producing natural autoantibodies which recognize PR3, MPO, or other antigens are selected in an inflamed microenvironment and mature with the help of autoantigen-specific T-cells. Subsequently, this could lead to the emergence and survival of pathogenic plasma cells (152) producing proinflammatory ANCA.

CONCLUSION

Much progress has been achieved in elucidating pathogenetic mechanisms in AAV, especially regarding the discovery of links between genetic predispositions and ANCA as well as deciphering mostly deleterious functions of PR3- and MPO-ANCA by in vitro and in case of the latter by in vivo studies. Future research projects should, for instance, focus on investigating the role of microbes (bacteria and viruses) in the etiology of AAV. Altogether, a better understanding of the complex interplay between endogenous and exogenous factors contributing to pathogenic PR3- and MPO-ANCA may support the development of individualized therapies.
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Skin blisters of pemphigus foliaceus (PF) present concomitant deposition of autoantibodies and components of the complement system (CS), whose gene polymorphisms are associated with susceptibility to different autoimmune diseases. To investigate these in PF, we evaluated 992 single-nucleotide polymorphisms (SNPs) of 44 CS genes, genotyped through microarray hybridization in 229 PF patients and 194 controls. After excluding SNPs with minor allele frequency <1%, out of Hardy–Weinberg equilibrium in controls or in strong linkage disequilibrium (r2 ≥ 0.8), 201 SNPs remained for logistic regression. Polymorphisms of 11 genes were associated with PF. MASP1 encodes a crucial serine protease of the lectin pathway (rs13094773: OR = 0.5, p = 0.0316; rs850309: OR = 0.23, p = 0.03; rs3864098: OR = 1.53, p = 0.0383; rs698104: OR = 1.52, p = 0.0424; rs72549154: OR = 0.55, p = 0.0453). C9 (rs187875: OR = 1.46, p = 0.0189; rs700218: OR = 0.12, p = 0.0471) and C8A (rs11206934: OR = 4.02, p = 0.0323) encode proteins of the membrane attack complex (MAC) and C5AR1 (rs10404456: OR = 1.43, p = 0.0155), a potent anaphylatoxin-receptor. Two encode complement regulators: MAC-blocking CD59 (rs1047581: OR = 0.62, p = 0.0152) and alternative pathway-blocking CFH (rs34388368: OR = 2.57, p = 0.0195). One encodes opsonin: C3 (rs4807895: OR = 2.52, p = 0.0239), whereas four encode receptors for C3 fragments: CR1 (haplotype with rs6656401: OR = 1.37, p = 0.0382), CR2 (rs2182911: OR = 0.23, p = 0.0263), ITGAM (CR3, rs12928810: OR = 0.66, p = 0.0435), and ITGAX (CR4, rs11574637: OR = 0.63, p = 0.0056). Associations reinforced former findings, regarding differential gene expression, serum levels, C3, and MAC deposition on lesions. Deregulation of previously barely noticed processes, e.g., the lectin and alternative pathways and opsonization-mediated phagocytosis, also modulate PF susceptibility. The results open new crucial avenues for understanding disease etiology and may improve PF treatment through additional therapeutic targets.

Keywords: pemphigus foliaceus, complement, lectin pathway, acantholysis, membrane attack complex, alternative pathway, opsonin, complement receptors

INTRODUCTION

Pemphigus are blistering autoimmune diseases causing painful bullous lesions, resulting from keratinocyte detachment (acantholysis), through the loss of desmosomes (1). In pemphigus foliaceus (PF), they occur in the superficial granular layer, affecting the skin. Yet in pemphigus vulgaris (PV), they locate in suprabasal stratum, also damaging mucosa. Lesions’ localization correlate with tissue distribution of the main antigens: desmoglein 1 (DSG1) in PF and DSG3 in PV (2). Non-lesional skin may present blisters in the subgranular spinous layer, when submitted to mechanical friction (Nikolsky’s sign) (3). Epithelial PF lesions may be restricted to sun-exposed seborrheic trunk and head areas (localized form) or be ubiquitously distributed (generalized form) (4, 5).

PF—An Epidemiological and Etiopathological Puzzle

Pemphigus occurs sporadically around the world, with incidence of 0.75–5 cases/million per year (6, 7). Despite this, PF is the only autoimmune disease known to be endemic in certain regions, as South America and Tunisia (5, 8), but epidemiology is puzzling, exhibiting wide differences even in neighboring countries. Midwestern Brazilian Amerindian populations actually present prevalences as high as 3.04% (9, 10). There is no sexual disproportion for PF in Brazil; most patients are young (10–40 years old) and have affected relatives. In Colombia, PF affects male mine workers and post-menopausal women (11), whereas young women are predominantly affected in Tunisia (9 female:1 male) (8). Endemic and non-endemic PF are indistinguishable (12), with the exception of higher anti-DSG1 IgM and IgE serum levels in endemic PF (13–15).

The epidemiological puzzle adds to the lack of understanding regarding PF etiology, since postulated major causes differ among countries (11). Brazilian PF patients are usually rural low-wage workers (4), exposed to acantholysis-fostering factors such as UVB (16), thiol and other calcium-sequestering components (11). Most present frequent bites of black (Simuliidae) and sand flies (Phlebotominae), vectors of onchocerciasis and leishmaniasis, respectively. Bites were suggested to increase up to almost five times the susceptibility to PF (17, 18), and components of the fly saliva may trigger a cross-reaction against keratinocyte surface epitopes (19). Viral or bacterial etiology was also suggested (5, 11). Genetic susceptibility involves differential gene expression (20, 21), variants in genes encoding antigen-presenting molecules HLA-DR and HLA-DQ (22, 23) and their corresponding regulatory transcription factor CIITA (24). Several other associations with genes of the immune response have been reported (25–31).

Pemphigus foliaceus patients have higher serum immunoglobulin G (IgG) levels against desmocollins 1 and 2 and all four desmogleins (32). Most pathogenic antibodies, able to induce acantholysis in vitro and in vivo (33–35), are of the IgG4 subclass (36–38), directed against the DSG1 N-terminal ectodomains (39, 40). Anti-DSG1 IgG1 are common in asymptomatic individuals of endemic regions, but can be the only pathogenic antibodies in a subset of PF patients (19). In contrast to IgG4, they initiate the classical pathway of the complement system (CS). This agrees with the frequent concomitant deposition of antibodies and CS components in PF lesions (41–45). Administration of corticosteroids is crucial to achieve disease control in the acute stage. Due to numerous and severe side effects, pemphigus patients are in desperate need of new, specifically targeted therapeutic strategies to substitute common therapy [reviewed in Ref. (46)].

PF and Complement: A Controversial Issue

Complement includes more than 50 plasma and membrane-bound proteins working in the forefront of host defense, killing pathogens and altered cells, and connecting innate to adaptive immune responses. Classical activation begins with the recognition of IgG or IgM, molecules on microbial and apoptotic cells, and C-reactive protein (CRP) by the C1 complex (C1q complexed with serine proteases C1r and C1s). The alternative activation pathway unleashes by spontaneous proteolysis of component C3. The lectin pathway follows recognition of sugar moieties or acetylated residues by colectins (as mannose-binding lectin—MBL) or ficolins (FCNs), respectively, complexed with another set of serine proteases (MASP-1 and MASP-2) (47, 48). All pathways converge in the formation of C3 convertase, which produces opsonic fragments that enhance antigen clearance by phagocytosis. C3b opsonin may be incorporated in the C5 convertase, which leads to the release of C5a anaphylatoxins and to pores opening on target cells, by insertion of the membrane attack complex (C5b-9 complex or MAC). Recognition of CS fragments leads to phagocytosis or blockage of the cascade, which is constantly activated at low levels, being continuously controlled to avoid tissue damage. Far beyond these well-known roles, CS also accomplishes critical functions in regulating inflammation, nervous system development and maturation, coagulation and hemostasis (49, 50).

In a series of five 1980s articles, entitled “Complement fixation by pemphigus antibody,” the Jordon’s group chased the hypothesis that complement has an important role in PV blister formation (51–55). They were closely followed by others who argued the same for PF. Strong granular C3 deposition was repeatedly reported along the basement membrane zone and in intercellular spaces of the epidermal strata (41–45). C3 was also reported to colocalize with IgG1 deposits in the upper epidermis intercellular spaces, in intact as well as injured skin, with a trend for higher deposits in perilesional tissue (42, 43, 45, 56). In fact, C1q and C4 fragments (reported in one patient), and MAC deposits distinguish injured skin, since IgG4 also occurs abundantly in non-acantholytic tissue (42, 43). In cell culture, complement does not seem necessary for acantholysis, but enhances keratinocyte detachment (55, 57).

Serum levels of C3 and CRP (opsonins), Ba and C4d factors (indicative of activated alternative and classical/lectin pathways, respectively), are increased in PF patients with active disease (58–60). CD4+ T cells of PF patients present upregulated C1QA gene expression, compared to controls (20). Protein levels and C1QA expression fall with therapeutic intervention (20, 59, 60). By contrast, anti-DSG1 IgG levels remain high during disease remission (61, 62). MASP-2 levels tend to decline in PF patients, but MBL serum concentrations seem unaffected (63). In PV biopsies, MBL and FCN2, but not C1q nor FCN3, recognize antigens in the basal membrane zone and intercellular spaces of the epidermis (64).

Nevertheless, C5-deficient mice or complement-depleted mice (after inoculation with cobra venom factor) develop the disease when injected with non-endemic PF IgG4 or its F(ab′)2 fragments (65). Both models did not affect C3 upstream components of the classical and lectin pathways, meaning that any roles played by these initiator molecules in the acantholytic process were not appreciated. In addition, the abundant but non-pathogenic anti-DSG1 human IgG1 does not cross-react with murine epidermis (66). By contrast, anti-DSG3 autoantibodies of PF patients, with cutaneous disease only, induce PV-like lesions in mice (67). Conversely, anti-DSG1 autoantibodies of PV patients without superficial epithelial lesions induce PF-like lesions (68). Adding to this picture, DSG expression pattern greatly differs between human and mouse (69) and differences in the genetic background of mouse models, which may deliver completely different outcomes for cutaneous inflammation, were not accounted for (70). Thus, although the mouse model reproduces acantholysis, it cannot reproduce the natural history of the disease itself, and pathological mechanisms may be quite different. For example, murine lesions present apoptotic cells (71), an uncommon finding in human biopsies (3, 72–74), with one reported exception (75). These results undeniably places complement in the disease, but its possible roles are still an issue to be solved.

GENETIC ASSOCIATION BETWEEN COMPLEMENT GENES AND PF

In the late 90s, the observations from experimental models seemed to have settled the interest on the role of complement in pemphigus. Nevertheless, tissue damage and inflammation, through over-activation and/or deficiency of complement components, play a key role in many dermatological diseases (76). These host-offensive actions may be exacerbated by genetic variation (77), but the extensive polymorphism of complement components impairs the comprehension of their overall impact in any given disease. In addition to the great genetic variation, the pleiotropic effects observed for complement genes add another layer of complexity.

Knowing that genetic associations may reveal new elements that play pivotal roles in disease susceptibility, we intend to reignite this discussion with new results of a PF case–control study that encompass tag polymorphisms within CS genes (Table S1 in Supplementary Material). We analyzed 992 single-nucleotide polymorphisms (SNPs) distributed within 44 genes, out of a subset of 551,839 SNPs genotyped in 229 endemic PF patients and 194 controls, through microarray hybridization (CoreExome-24 v1.1 Illumina). Included patients presented confirmed clinical PF diagnosis, according to physical examination and immunohistochemistry results. Controls were individuals of the endemic region, with no diagnosis or familial history of autoimmune diseases and unrelated to the patients. This study was carried out in accordance with the recommendations of the guidelines of the Conselho Nacional de Ética em Pesquisa (CONEP) with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by CONEP (number 505.988). The statistical analyses were done with PLINK v1.1.9 (78). After excluding those SNPs with minor allele frequencies >1%, genotypic distributions deviating from those expected by Hardy–Weinberg equilibrium in controls (p < 0.05) and high linkage disequilibrium (r2 ≥ 0.8), 201 SNPs remained for subsequent analyses. For haplotypic analysis, 35 additional SNPs with r2 > 0.8 were included. Association analysis was carried out by binary logistic regression, using two principal components (PCA) as covariables, which efficiently eliminates spurious associations due to ethnical differences. Thus, significance level was set to p = 0.05. Rather than exhausting the debate, our purpose is to launch new hypotheses that could be further validated through functional studies, which will link the pathogenic role of the PF autoantibodies to CS underexplored arms.

THE LONG KNOWN VERSUS THE UNEXPECTED: COMPLEMENT IN PF

We found evidence of association with gene variants of almost all complement elements previously detected in the epidermis or with altered serum levels in PF patients (Table 1; Figure 1). Among them, homozygotes for the intronic rs4807895*T allele within the C3 gene were more susceptible to the disease (OR = 2.52; p = 0.0239). C3 fragments have been consistently reported in PF lesions (41–45, 56, 79, 80) and necessarily result from the activation of proteolytic cascades that converge in its enzymatic cleavage. Given the lack of functional evidence for this association, we speculate that it could be partly explained by increased C3 gene regulation. This would not only increase phagocytosis and MAC deposition, but also T cell-mediated skin inflammation, as reported in other autoimmune diseases (81, 82).

TABLE 1 | Complement gene variants associated with PF.
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FIGURE 1 | Complement in non-lesioned and acantholytic PF lesions. (A) IgG1 and IgG4 autoantibodies binding to desmosomes causes shrinkage of keratinocytes, increasing intercellular spaces. This process is fostered by activation of the p38 MAPK signaling cascade, which may be unleashed by MASP-1, the serine protease associated with initiating molecules of the lectin pathway. (B) This is further accompanied by the release of antigens, most probably recognized by MBL or ficolins, leading to granular deposition of C3 fragments in the basal lamina. These deposits, as well as deposits of C3 fragments in the intercellular spaces, may also be caused by activation of the alternative pathway, inhibited by CFH. (C) Complement receptors recognize C3 fragments, leading to phagocytosis of autoantigens and increasing antigen presentation to T lymphocytes, thus feedbacking and diversifying autoantibody production. (D) Acantholytic lesions present formation of the membrane attack complex (blocked by CD59 expression), which may protect cells against apoptosis, if present in sublytic amounts. Active disease is also followed by increased C5a release, the latter recognized by C5A receptors in dendritic cells. MBL, mannose-binding lectin; MASP-1, mannose-binding lectin serine protease 1; MASP-2, mannose-binding lectin serine protease 2; MAC, membrane attack complex; IgG4, immunoglobulin 4; IgG1, immunoglobulin 1; DSM (DSG1), desmosome (desmoglein 1); C3, complement component 3; CR1, complement receptor type 1; CR2, complement receptor type 2; CR3, complement receptor type 3; CR4, complement receptor type 4; CFH, complement factor H; DC, dendritic cell; LC, Langerhans cell; PF, pemphigus foliaceus. Source: the author (2018).



Among the pathways held responsible for generating C3 fragments, we found association with genetic variants within genes of the alternative and lectin pathways, but not with the classical pathway. This agrees with the almost complete absence of C1q in human biopsies (42, 64). It also argues against the traditional hypothesis that activation of the classical pathway by anti-DSG1 IgG1 would play an important role in PF (42, 52, 85). In fact, the most abundant pathogenic IgG subclass in pemphigus is IgG4, which is unable to activate complement (33, 34).

Regarding the alternative pathway, we found a surprising genetic association with factor H, its most important regulator. Homozygotes for CFH rs34388368*T, an intronic allele associated with higher CFH mRNA levels in the hypodermis (83), were more susceptible to PF (OR = 2.57; p = 0.0195). These results contradict the conception that uncontrolled complement activation would be one of the underlying causes of PF.

We also found association between PF and five MASP1 polymorphisms, four of them associated with differential mRNA levels in sun-exposed skin and/or in the hypodermis (83). They can potentially interfere with alternative pre-mRNA splicing, which generates three MASP1 products—the collectin/ficolin-associated serine proteases 1 and 3 (MASP-1 and MASP-3) and the truncated non-catalytic MAp44 (also called MAp1, only expressed in cardiac tissue). These products play important roles in competitive activation and blockage of the lectin and alternative pathways, intracellular signaling, coagulation, and bradykinin/kinin systems (86). In our setting, homozygotes for rs13094773*G and rs850309*G (within an intronic region recognized by multiple regulatory proteins) (87) were more protected against PF (OR = 0.5; p = 0.0316 and OR = 0.23; p = 0.03, respectively). Yet individuals with intronic rs3864098*C (OR = 1.53; p = 0.0383) or rs698104*T (OR = 1.52; p = 0.0424) presented increased susceptibility to the disease. Of note, the rs3864098*C allele occurs in linkage disequilibrium with rs710469*C, an allele associated with lower MASP-3 levels in pre-admission critically ill children (88) (Table S2 in Supplementary Material). Finally, we found a protective association (OR = 0.55; p = 0.0453) with a missense variant affecting exclusively the serine protease domain of MASP-3 (rs72549154*T in exon 12, encoding p.Arg576Met). Heterozygotes for rs72549154*T present proportionally increased MASP-3 and decreased MASP-1 serum levels (89). Co-occurring MASP1 alleles increase susceptibility to PF (not necessarily within the same haplotype): rs13094773*A combined with rs3864098*C (OR = 2.51 [95% CI = 1.26–4.97], p = 0.0063), rs13094773*A, and rs698104*T (OR = 2.37 [95% CI = 1.22–4.59], p = 0.0074) and between rs3864098*C and rs698104*T (OR = 1.67 [95% CI = 1.09–2.55], p = 0.0141). All the three variants are associated with higher MASP1 levels (83). Thus, it is conceivable that higher MASP-1 levels contribute to PF, while higher MASP-3 levels are protective. From the physiological point of view, altered MASP-1 levels would affect activation of the lectin pathway, which relies entirely on MASP-1 autoactivation (90). Additionally, MASP-1 activates MASP-3, which cleaves pro-factor D and launches the alternative complement cascade under non-inflammatory conditions (91). It further activates the p38 MAPK pathway in endothelial cells, which leads to IL-8 secretion and neutrophil recruitment (92, 93), both reported to occur in different forms of pemphigus (94–96). Most importantly, activation of the p38 MAPK signaling cascade causes acantholysis in keratinocytes and may be initiated by MASP-1 as well (97, 98).

Genetic variants of MAC components were also associated with PF. Homozygotes for the less common C8A allele rs11206934*C (OR = 4.02; p = 0.0323) in intron 10 and individuals with a C9 haplotype harboring intronic variants consistently associated with increased gene expression in hypodermis and mucosa—rs187875*T (which disrupts a methylated CpG) (87) presented higher susceptibility to PF (Table S2 in Supplementary Material). By contrast, individuals with rs700218*A (intron 1 of C9) were more protected (OR = 0.12; p = 0.0471). We found no association with C5 polymorphisms, as reported by others (who investigated only one SNP) (99). Nevertheless, individuals with the rs10404456*C allele (located in the 5′ UTR of the C5AR1 gene and associated with decreased mRNA levels in sun-exposed skin) (83) presented increased susceptibility to PF (OR = 1.43 p = 0.0155). This gene encodes the major receptor for C5a anaphylatoxin (49) and its deficiency has been rather associated with protection against several immune complex-mediated diseases, including epidermolysis bullosa acquisita (70, 100).

Keratinocytes may keep MAC formation at sublytic levels, eliciting pro-survival signal transduction, hence inhibiting apoptosis—instead of promoting cell destruction (101). This may be achieved by expressing low CD59 levels, MAC’s most important inhibitor. In fact, rs1047581*G in the 3′UTR region of the CD59 gene, associated with reduced mRNA levels in sun-exposed skin (83), protected against PF (OR = 0.62; p = 0.0152). This result agrees with a recent study of our group, where the alternative allele of this same polymorphism occurs within a haplotype increasing CD59 mRNA expression and PF susceptibility (32).

Among complement main roles, the removal of immune complexes and cellular debris is of critical importance for autoimmunity prevention (70). Within the context of the other associations, we suggest that protection may be explained by higher scavenging efficiency of acantholytic cell debris. Furthermore, we found associations with four opsonin-binding complement receptors (CR1-4, encoded by CR1, CR2, ITGAM, and ITGAX). Interestingly, we found a susceptibility association with a CR1 haplotype that includes the major rs6656401*G allele (Table S2 in Supplementary Material), also associated with protection against Alzheimer’s disease (102). The binding of CR2 to iC3b, C3dg, and C3d lowers the threshold for B cell activation (103) and homozygotes for rs2182911*C of the CR2 gene were more protected against the disease (OR = 0.23; p = 0.0263). The products of ITGAM (CR3) and ITGAX (CR4) genes recognize iC3b (48). Individuals with the rs12928810*A (disrupts a CpG in intron 14 of ITGAM) or rs11574637*C (a missense variant—p.Phe180Leu—in exon 4 of ITGAX) were more resistant against PF (OR = 0.66; p = 0.0435 and OR = 0.63; p = 0.0056, respectively). Remarkably, the same ITGAX allele was associated with higher susceptibility to IgA nephropathy and systemic lupus erythematosus (104, 105). The rs11574637*C (ITGAX) and rs4807895*T (C3) combined are protective against PF (OR = 0.55 [95% CI = 0.32–0.95], p = 0.0276). The same occurs with the rs11574637*C (ITGAX) and the rs12928810*A (ITGAM) (OR = 0.59 [95% CI = 0.38–0.90], p = 0.0115). By contrast, individuals presenting both the rs10404456*C (C5AR1) and rs12928810*G/G (ITGAM) are more susceptible to PF (OR = 2.33 [95% CI = 1.27–4.28], p = 0.0035), as were those with rs10404456*C (C5AR1) and rs11574637*T/T (ITGAX) (OR = 2.64 [95% CI = 1.49–4.66], p = 0.0006). In a previous study of our group, the mRNA expression levels of ITGAM were increased in CD4+ T cells of PF patients with generalized lesions, whereas ITGAX mRNA expression decreased after treatment (20).

PERSPECTIVES

Complement gene associations reinforced the findings of former studies, regarding the alternative pathway, C3 and MAC deposition on epidermal cells. Our results shed light on previously barely noticed processes, notably CS-mediated signaling, especially by MASP-1, and removal of opsonized elements, through complement receptors. The role of antigen-presenting phagocytes bearing CR1, CR2, CR3, and CR4, as dendritic and Langerhans cells, should be deeper investigated, since they probably exert crucial roles in the events preceding B cell activation and autoantibody production. Furthermore, lectin and alternative pathways, activated at low levels, are probably important to prevent the disease. Taken together, the results on these pathways lead us to suggest caution on the possible use of the two available complement-inhibiting drugs, able to prevent classical/lectin pathway initiation (C1INH) and MAC generation (Eculizumab), since complement activation appears desirable to PF prevention. Strong evidence for MASP1 association, but not for MASP2 or other genes of the lectin pathway, favor a pathogenic role carried out by MASP-1 in eliciting p38MAPK signaling and consequent Dsg1 clustering on the keratinocyte cell membrane. Functional validation of the pathogenic roles exerted by this wide-reaching network of complement components will open new windows to understand PF etiology and development, hopefully improving therapeutic interventions.
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The study of autoimmunity mediated by immunoglobulin E (IgE) autoantibodies, which may be termed autoallergy, is in its infancy. It is now recognized that systemic lupus erythematosus, bullous pemphigoid (BP), and chronic urticaria, both spontaneous and inducible, are most likely to be mediated, at least in part, by IgE autoantibodies. The situation in other conditions, such as autoimmune uveitis, rheumatoid arthritis, hyperthyroid Graves’ disease, autoimmune pancreatitis, and even asthma, is far less clear but evidence for autoallergy is accumulating. To be certain of an autoallergic mechanism, it is necessary to identify both IgE autoantibodies and their targets as has been done with the transmembrane protein BP180 and the intracellular protein BP230 in BP and IL-24 in chronic spontaneous urticaria. Also, IgE-targeted therapies, such as anti-IgE, must have been shown to be of benefit to patients as has been done with both of these conditions. This comprehensive review of the literature on IgE-mediated autoallergy focuses on three related questions. What do we know about the prevalence of IgE autoantibodies and their targets in different diseases? What do we know about the relevance of IgE autoantibodies in different diseases? What do we know about the cellular and molecular effects of IgE autoantibodies? In addition to providing answers to these questions, based on a broad review of the literature, we outline the current gaps of knowledge in our understanding of IgE autoantibodies and describe approaches to address them.
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INTRODUCTION

Friend or Foe? This is the major question that the immune system must address in every individual from the time of conception, through the development of the fetus and the child, right into adulthood. But sometimes it gets this wrong and raises an inappropriate immunological response against self. Although there are several types of autoimmunity this review will address solely immunoglobulin E (IgE)-mediated autoimmunity. Because its mechanisms have much in common with classical allergy involving exogenous allergens, such as grass pollen or house dust mites, IgE-mediated autoimmunity is generally termed “autoallergy” and the target molecules of the response are called “autoallergens.”

Although the presence of an allergic antibody has been postulated since the innovative serum transfer experiment of Prausnitz and Kustner in 1921 (1), it was not until 1967 that this antibody was characterized as IgE (2–4). IgE, which is the least abundant immunoglobulin isotype and found only in mammals, signals through 2 types of Fcε receptor, the high-affinity receptor, FcεRI, which is found primarily on mast cells and basophils, and the low-affinity receptor, FcεRII or CD23, a C-type lectin, which is found on mature B cells, activated macrophages, eosinophils, follicular dendritic cells, and platelets. The primary role of IgE is held to be host defense, particularly initiating the expulsion of parasitic worms (helminths) and environmental substances, such as toxins, venoms, irritants, and xenobiotics.

Although IgE has a well-documented role in classical allergy to exogenous allergens, this review will address only IgE-mediated autoimmunity. It will focus on three related questions: what do we know about the prevalence of IgE autoantibodies and their targets in different diseases? What do we know about the relevance of IgE autoantibodies in different diseases? What do we know about the cellular and molecular effects of IgE autoantibodies? In addition to providing answers to these three questions, based on a comprehensive review of the literature, we outline the current gaps of knowledge in our understanding of IgE autoantibodies and describe approaches to address them.

WHAT DO WE KNOW ABOUT THE PREVALENCE OF IgE AUTOANTIBODIES AND THEIR TARGETS IN DIFFERENT CONDITIONS?

Within a decade of its discovery, reports began to incriminate IgE as a possible contributor to the pathogenesis of several chronic inflammatory disorders, such as rheumatoid arthritis (RA) (5–7), bullous pemphigoid (BP) (8, 9), atopic dermatitis (AD) (10), and systemic lupus erythematosus (SLE) (11, 12). More recently, IgE-mediated autoallergy has been suggested for other disorders including chronic spontaneous urticaria (CSU) (13, 14) and chronic inducible urticaria (CindU) (15). The conditions in which IgE autoantibodies have been detected, which are summarized in Table 1, will now be considered in more detail.

TABLE 1 | Percentage of patients in which immunoglobulin E (IgE) autoantibodies have been detected in various diseases.
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Atopic Dermatitis

Decades before the discovery of IgE, it was reported that human dander extract can elicit immediate-type skin reactions in patients with severe atopy and that this skin sensitivity could be passively transferred with serum (30–35). Many years later, the analysis of the presence of IgE autoantibodies in sera from patients with various manifestations of atopy and other autoimmune disorders indicated that IgE reactivity against a variety of autoantigens occurred most frequently in AD patients. IgE autoreactitvy has first been found and described in AD (36), where IgE autoantibodies are very frequent (23–91%) (19) and especially present in severely affected patients (37–39). IgE autoantibodies had been identified directed against Keratinocytes (40) and a broad variety of autoantigens (41), including, e.g., human protein manganese superoxide dismutase (38), thioredoxin (42), DFS70/LEDGF (43), and Hom s 1–5 (44, 45).

Interestingly, this phenomenon has already been seen in very young infants of less than 1 year where 15% of the children with atopic eczema mounted IgE autoreactivity and raised in the age group of 2–13 years with moderate to severe AE and total IgE serum levels higher 1,000 kU/L up to 80% (46).

Systemic Lupus Erythematosus

In SLE, several IgE autoantigens have been described (28, 47), and their occurrence is frequent. In a study of 92 SLE patients (48), 29 (32%) had antinuclear-IgE antibodies. No such antibodies were found in a parallel healthy control group. Sub-analysis of the IgE autoantibodies in the 29 positive patients showed reactions with nucleosomes (79.3%), double stranded DNA (dsDNA) (48.3%), SS-A/Ro (48.3%), SS-B/La (18.7%), Sm (48.3%), and RNP (62.1%). In a multicentre study of 196 SLE patients (49), more than 50% showed autoreactive IgE to one or more of the four common SLE nuclear autoantigens, dsDNA, SS-A/Ro, SS-B/La, and Sm. This figure rose to around 74% in patients with active disease where autoreactive IgE to dsDNA was most prevalent with an incidence of 63%. From these findings, Dema and colleagues (49) suggest that the presence of autoreactive IgE, and in particular dsDNA-specific IgE, in SLE, may be a reasonable clinical indicator of increased disease activity. This conclusion is supported by a study that showed that disease flares rates were higher in SLE patients with demonstrable circulating IgE-anti-dsDNA antibodies than in those without (50).

Because approximately half of SLE patients do not have demonstrable IgE antibodies to the common nuclear autoantigens, the prevalence of IgE autoantibodies to other autoallergens has been explored. One study showed high levels of IgE autoantibodies to APEX nuclease 1, N-methylpurine-DNA glycosylase and CAP-Gly domain-containing linker protein family member 4 in some SLE patients but not healthy controls. These autoantigens were unique in that they seemed specific targets of IgE autoantibodies but not autoantibodies of the IgG class (49). In another study, 31% of 90 SLE patients displayed IgE antibodies against human P 2 proteins, an antigen that has also been described to be cross-reactive with other members of the ribosomal P 2 protein family, which are minor allergens in fungal allergy (51).

Finally and importantly, IgE to Ro/SSA, a ribonuclearprotein autoantigen has been suggested to be relevant for fetal loss by mothers with SLE (52). This is of special interest as IgG-anti-Ro/SSA antibodies are known to be associated with neonatal lupus (congenital heart block, neonatal transient skin rash, hematological and hepatic abnormalities). However, they are suggested not to negatively affect other gestational outcomes, and the general outcome of these pregnancies is good when managed by experienced multidisciplinary teams (53).

Bullous Pemphigoid

Bullous pemphigoid is an autoimmune blistering disease that mainly affects elderly patients. It is the most common pemphigoid disorder accounting for around 80% of all pemphigoid cases (28). IgG, IgA, and IgE autoantibodies are directed against two hemidesmosomal proteins, the transmembrane protein BP antigen 2 (BP180, type XVII collagen) and the intracellular BP antigen 1 (BP230) (22, 54, 55). Binding of autoantibodies leads to a complex inflammatory response involving complement activation, the infiltration of inflammatory cells, and the subsequent release of reactive oxygen species and distinct proteases that finally mediate subepidermal splitting (56).

Immunoglobulin E autoantibodies against BP180 target mainly the 16th non-collagenous domain (BP180 NC16A) (54, 57) although BP180 epitopes outside the NC16A domain have also been described to be recognized by IgE (58). That IgE-anti-BP180 is functional was demonstrated by the ability of serum from BP patients to sensitize mast cells and basophils for BP180-induced histamine release (59). The percentage of BP patients with IgE-anti-BP180 autoantibodies, shown in Table 2, varied substantially in the different reports. The reason in this variation is likely to be due to the different test systems used, i.e., ELISA or immunoblotting, and the use of diluted or undiluted patient sera.

TABLE 2 | Percentage of patients with bullous pemphigoid showing immunoglobulin E (IgE) reactivity to BP180.
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Several studies were able to detect IgE autoantibodies against the intracellular BP230 autoantigen. Engineer et al. reported IgE-anti-BP230 without detection of BP180-specific IgE autoantibodies in 100% of six BP patients (67). In contrast, other studies revealed IgE-anti-BP230 and IgE-anti-BP180 autoantibodies in 67% of 67 sera (61) and 50% of 32 sera (68). IgE-anti-BP230 reactivity was associated with local eosinophil accumulation (61), with disease activity (69) and correlated with total IgE serum levels (68, 70).

Other Autoimmune Blistering Disorders

Pemphigus vulgaris (PV) is another severe autoimmune bullous skin disease and is primarily associated with IgG against desmoglein 3 (dsg3), a desmosomal adhesion protein. However, raised IgE in these patients has also been reported (71). Intercellular IgE deposits were detected in the epidermis of 37 patients with acute onset of the disease, and IgE-anti-dsg3 was detected more frequently in the sera of patients with acute onset, compared to chronic-active PV (72). Spaeth and colleagues reported dsg3-reactive IgE in the serum of 13% of 15 patients with acute onset, 11% of 18 patients with chronic-active, and none of 8 patients with remittent PV patients (73).

In mucus membrane pemphigoid, one of four patients showed IgE reactivity to the gamma2 subunit of laminin-332 (74). In endemic pemphigus foliaceus, IgE-anti-desmoglein 1 was found in 81% of 143 patients with fogo selvagem (75), and serum levels of IgE against LJM11, a major immunogenic component of sand fly salivary gland antigens, were significantly higher compared to controls (76).

In summary, reports in pemphigus are limited, but IgE reactivity seems to be more prevalent in the endemic form of pemphigus foliaceus than in PV.

Chronic Urticaria

An important role of IgE and FcεRI reactions was postulated in both CSU and CindU for several decades (77) before it was finally confirmed by the successful treatment of the disease with anti-IgE (omalizumab) (14, 15, 78). Although specific IgE against classical common allergens, i.e., aeroallergens and food allergens (79–82), or to less common allergens such as fungi (83, 84) can be detected in some patients with CSU, they are not regarded as pathophysiologically relevant for the development of the signs and symptoms of CSU (81, 85–87).

Perhaps the first evidence of autoreacitivitiy in CSU came with the clinical observation that CSU patients have high rates of thyroid diseases (88). Detailed analysis of CSU patients with thyroid pathology led to the detection of IgE anti-thyroidperoxidase (TPO) autoantibodies. Almost 20 years ago, Bar-Sela and coworkers reported the detection of IgE-anti-TPO in a female CSU patient who also had Hashimoto’s thyroiditis (89). More recently, elevated levels of IgE-anti-TPO were reported in 61% of 478 CSU patients (13). However, other studies found only 13–17% of 23 patients (90) and 10% of 20 patients (91) to have IgE-anti-TPO, while a further study failed to find IgE-anti-TPO in 23 CU patients (92). The most likely explanation for these differences is the use of different assay systems, for example direct ELISA vs capture ELISA, and the interference of IgG autoantibodies against TPO (93). Functional relevance was suggested as flow cytometry analysis showed CD203c induction in a dose-dependent manner in basophils sensitized with serial additions of TPO in CU patients having high specific IgE to TPO (94).

Beside thyroid diseases, the prevalence of individual autoimmune diseases in chronic urticaria is increased in general (≥1% in most studies vs ≤1% in the general population). In a review, the rates of comorbidity were ≥1% for insulin-dependent diabetes mellitus, RA, psoriasis, and celiac disease, ≥2% for Graves’ disease, ≥3% for vitiligo, and ≥5% for pernicious anemia and Hashimoto’s thyroiditis. Interestingly, >15% of CSU patients have a positive family history for autoimmune disease (95).

A recent review investigated also the correlation of chronic urticaria with other autoimmune diseases such as SLE. The prevalence of CSU and CSU-like rash in SLE was investigated from 42 independent studies. Comorbidity in adult patients reportedly ranged from 0 to 22% and 0.4 to 28%, respectively (urticarial vasculitis: 0–20%). In children with SLE, CSU was reported in 0–1.2% and CSU-like rash in 4.5–12% (urticarial vasculitis: 0–2.2%) (96). Specifically, significantly higher levels of IgE-anti-dsDNA, but not corresponding IgG levels, have also been found in a study of 85 chronic urticaria patients (97). Furthermore, basophils from 2 out of 9 of these patients exhibited degranulation in response to dsDNA, indicating functional relevance of these autoantibodies.

Beside these IgE antibodies that target antigens known in autoimmune diseases, patients with CSU can also develop IgE autoantibodies against probably disease-specific antigens. Schmetzer et al. found more than 200 IgE autoantigens in patients with CSU that were not found in healthy controls (98). Of the 31 IgE autoantigens detected in more than 70% of patients, 8 were soluble or membrane-bound and expressed in the skin and IgE autoantibodies to IL-24 were found in all patients with CSU. In vitro studies showed functional relevance, and clinically IgE-anti–IL-24 levels showed an association with disease activity. Detailed analysis of the remaining identified IgE targets had not been provided yet.

Other Diseases

In many diseases, single or few reports have indicated a presence or potential role of autoreactive IgE.

Autoimmune Uveitis

Beside IgG autoantibodies, in autoimmune uveitis specific IgE to retinal S antigen was positive in 69% of 32 patients. In contrast, patients suffering from bacterial uveitis, as well as the healthy controls were negative for autoantibodies to retinal S antigen (29). Furthermore, IgE, IgG, and IgA anti-Galectin-1 (Gal-1) antibodies were increased in sera from patients with autoimmune uveitis and toxoplasmic retinochoroiditis compared to healthy controls (99). Both, anti-Gal-1 IgE and IgG antibodies were associated with progressive disease and poor disease outcome.

Rheumatoid Arthritis

A role of IgE antibodies in RA was first suggested several decades ago (27, 100). Antinuclear antibodies of the IgE class were found in 60% of 20 RA patients with neutropenia, whereas only 16% of RA patients without neutropenia had IgE antibodies of similar specificity (27). Anti-citrullinated protein antibodies are suggested to be highly specific and predictive for RA. In a study from Schuerwegh and colleagues, evidence for IgE directed against citrullinated protein was proposed (101), but later the paper was retracted (102). In recent times, no valid studies regarding this topic have been published.

Multiple Sclerosis

A role of IgE antibodies in the disease was suggested, despite the fact that there was no association between MS and allergies (103). In a study from Mikol and colleagues in 26 MS patients, a total of 128 peptides showed some IgE reactivity (mean 4.9 per subject), compared to 59 among the 15 controls (mean 3.9 per subject) (26). A detailed analysis of short, unique myelin protein-derived peptides (SUMPPs) revealed that for several SUMPPs, MS patients had significantly more reactive IgE, whereas for other SUMPPs, there was no significant difference between MS subjects and controls. The authors speculated that IgE reactive against CNS target antigens may have diagnostic and pathogenic significance.

Hyperthyroid Graves’ Disease

The presence of IgE autoantibodies in Grave’s disease was first proposed 40 years ago (104). Elevation of serum IgE ≥ 170 U/mL was found in up to 36% of the patients (105–108), but not in another study (109). Furthermore, there was immunohistochemical evidence for IgE involvement in Graves’ orbitopathy (110). Studies regarding specific IgE autoantibodies in thyroid disease showed IgE class TPO autoantibodies in 13 of 18 Graves’ and in 12 of 17 Hashimoto patients (24) and muscle autoantigens in thyroid associated ophthalmopathy (25). Evidence for a functional relevance of these IgE autoantibodies was shown by Raikow and colleagues, who showed that serum IgE is elevated in connection with certain stages of rapid dysthyroid orbitopathy progression (111).

Autoimmune Pancreatitis

Elevated total IgE levels are frequent in patients with autoimmune pancreatitis (21, 112), and it was recently suggested that analysis of total IgE in serum might be useful in the differentiation between autoimmune pancreatitis and pancreatic carcinoma (113). Nevertheless, IgE specific targets remain currently unknown, although there may be cross-reactivity with environmental antigens, as patients with higher IgE levels and with allergic diseases were more likely to have onset in March, April, May, August, September, or October (21).

Asthma

Autoallergic mechanisms have been proposed in murine models of asthma (17, 114). In human asthma, approximately 50% of patients with non-allergic asthma react to intradermal injection of autologous serum, indicating the presence of circulating vasoactive factors and suggesting the possibility of an autoreactive mechanism (18). In one patient with corticosteroid-dependent asthma associated with aspirin sensitivity, the presence of circulating IgE antibodies against 55 and 68 kDa platelet antigens has been described (115). Overall, autoallergy in asthma has not been studied in detail in humans so far.

Allergic Rhinoconjunctivitis

There is very limited evidence for IgE autoreactivity in allergic rhinoconjunctivitis. IgE antibodies from allergic individuals that bind to natural and recombinant birch profilin also bind to human profilin (16). Similar cross-reactivity was shown for human acidic ribosomal P2 protein in individuals sensitized to Aspergillus fumigatus P2 protein (116).

Diseases in Which IgE Autoantibodies Were Looked for but Not Found

In chronic rhinosinusitis with nasal polyps no IgE autoreactivity to epithelial antigens, or anti-IgE IgG, has been detected, despite extensive tests (117).

WHAT DO WE KNOW ABOUT THE RELEVANCE OF IgE AUTOANTIBODIES IN DIFFERENT DISEASES?

IgG-mediated autoimmune diseases occur in up to 9% of the population (118). Whether or not other immunoglobulin subtypes, including IgE, are critically involved in the pathogenesis of autoimmune diseases is largely unknown for most diseases. In contrast, polyreactive natural antibodies, which are not antigen-specific, can often detect self-antigens with low affinity. Most of these natural antibodies belong to the isotypes IgM, IgG3, and IgA, and these unspecific antibodies, even if they can bind to self-antigens, are thought to be protective, rather than harmful (119, 120). There is also some published evidence for the existence of natural IgE antibodies against pancreatic cancer cells (121) and conserved biotinylated-enzyme molecules present in many organisms, such as Anisakis simplex, Toxocara canis, Ascaris suum, and Culex quinquefasciatus (122, 123). While there are currently no data available on the role and relevance of natural IgE antibodies and how they could affect disease activity, there is some published evidence for a role of antigen-specific IgE against self in different diseases. For some diseases, there is only a single report on the potential role for auto-IgE. As reviewed above, in PV, high concentrations of serum IgE autoantibodies have been detected, and a strong correlation between dsg3-reactive IgE has been observed in patients with acute disease onset, indicating a role for auto-IgE in pemphigus (72). In patients with MS, there are some data indicating that IgE against CNS target antigens may have a pathogenic significance, particularly if other peptide-specific, potentially blocking immunoglobulins are absent (26). In other autoimmune diseases or diseases in which autoimmunity is thought to play a role, some more information on the potential role of auto-IgE has been published.

Atopic Dermatitis

Although the pathogenesis of AD is still not completely understood, it is generally accepted that the underlying etiology is multifactorial, including environmental factors, impaired skin barrier function, and a hyper-immune activation (124). The role and relevance of autoimmunity in AD is as of yet unclear. In AD patients, many autoantigens can be detected, and IgE against self is highly prevalent (125, 126). Whether these auto-IgE antibodies indeed contribute to disease activity and severity or are merely bystanders cannot be concluded at present (125, 126). There is some evidence, however, that is suggestive of a pathogenic role for IgE against self in AD. Tang and colleagues have summarized this evidence and conclude that IgE autoreactivity is of importance in the pathogenesis of AD, especially because autoreactivity has been identified in various in vitro and direct clinical experiments across distinct study populations (19). Furthermore, significant associations between auto-IgE levels in AD patients and disease severity have been reported (37, 38), while a further two reports show a trend, but no significance for such a correlation (41, 46). In contrast, one investigation did not identify a correlation (39).

If auto-IgE is importantly involved in AD pathogenesis, treatment with anti-IgE antibodies should be able to improve symptoms. Because of the above mentioned investigations, omalizumab has been widely used in treatment refractory AD patients and many case reports and case series have been published. Two recent systematic reviews on the use of omalizumab in AD both come to the conclusion that anti-IgE treatment can be beneficial in the treatment of AD, but that larger clinical trials are missing to fully support this statement (127, 128).

Systemic Lupus Erythematosus

Autoreactive IgE against a number of different antigens has been reported in SLE (see respective section above). In many investigations, a close correlation between levels of auto-IgG and auto-IgE in the same patients has been shown, making it difficult to estimate the contribution of auto-IgE to the pathology of SLE (49, 51, 129, 130). However, Henault and colleagues reported that the concentration of IgE anti-dsDNA correlates with disease severity and is likely to contribute to disease pathology independent from IgG anti-dsDNA (129). Dema and colleagues similarly show an association of the levels of IgE against different autoantibodies with SLE, comparable to autoreactive IgG levels (49). The best prediction of disease activity was found to be the presence of both, dsDNA-specific IgE and IgG, possibly indicating a role for auto-IgE in SLE (49).

In a recent publication, Pan and colleagues have shown that SLE patients not only have high levels of IgE directed against various autoantigens but also strongly decreased numbers of circulating basophils, suggesting auto-IgE-dependent basophil activation in the blood (131). These authors also stated that basophils from SLE patients showed high rates of activation that closely correlated with SLE activity. How this correlates with disease mechanisms is not clear. Anti-IgE treatment has not been reported in SLE patients as of yet.

Bullous Pemphigoid

The largest body of evidence for a pathological role of autoreactive IgE in the literature can be found for BP. In those patients presenting with specific IgE directed against the autoantigen BP180, a correlation of auto-IgE and disease severity has been reported (56, 60, 63). Moreover, Freire and colleagues have shown that IgE-anti-BP180 cannot only be found in the serum of BP patients, but also in the skin, bound to the surface of tissue-resident mast cells (132). Furthermore, they show that patient-derived IgE-anti-BP180 complexes can activate basophils, indicating the functionality of these antibodies (132).

In a number of case reports and case series, excellent efficacy of treatment with omalizumab has been shown in BP patients (133–140). While these findings are highly suggestive of a pathogenic role for auto-IgE in BP, controlled clinical trials with omalizumab in BP are necessary to prove the efficacy of anti-IgE treatment and thus of the relevance of auto-IgE in BP.

Chronic Urticaria

The evidence for a pathogenetic role of auto-IgE in chronic urticaria has been extensively discussed in a recent review (141). This paper concluded that there are still many aspects of the pathologic mechanisms of CSU that need to be resolved, but that it is becoming increasingly clear that there are at least two distinct pathways, type I (IgE-mediated) and type II (IgG-mediated) autoimmunity, both of which contribute to the pathogenesis of this complex disease.

Since then, further evidence for a role for auto-IgE in CSU has been presented by Schmetzer and colleagues. Overall, more than 200 autoantigens that are recognized by IgE have been detected in CSU patients, and in 80% of more than 1,000 CSU patients, IgE-anti-IL-24 was present (98). Furthermore, levels of IgE-anti-IL-24 in the serum correlated with CSU disease activity, and ex vivo, IL-24 was able to activate mast cells after pre-incubation with serum from IgE-anti-IL-24 positive patients, indicating a biological relevance for IgE-anti-IL-24 in CSU patients (98).

The clinical relevance of IgE in both CSU and CindU has been proven in numerous case reports and case series and in a number of randomized-controlled trials using the anti-IgE antibody omalizumab (142–145). In fact, the first multi-center placebo-controlled study of omalizumab in CSU, the XCUISITE trial, was done in CSU patients who had IgE-anti-TPO (146). In this trial, 70% of patients of omalizumab-treated patients, but only 5% of placebo-treated patients experienced complete protection from wheal development, and the onset of omalizumab effects was early after the initiation of treatment. This strongly argues that the rapid and profound neutralization of auto-IgE by omalizumab contributed to its effects and that these IgE autoantibodies play a role in the pathogenesis of CSU. Further support for this comes from a recent study that showed that serum reactivity predicts the time to response to omalizumab therapy in CSU patients (147), suggesting that patients with IgG autoantibody-mediated CSU show delayed responses, whereas patients with IgE-autoantibody-mediated CSU have fast onset of improvement. The exact mechanisms by which anti-IgE treatment leads to the resolution of symptoms in most CSU patients are, as of yet, unclear. Nonetheless, at least in a proportion of CSU patients, the massive reduction of autoantigen-specific IgE is likely to be the most relevant mechanism.

In CindU, there is also a strong indication for an important role of IgE against self. For example, anti-IgE treatment has been shown to be highly effective in CindU in numerous case reports and case series, as well as in two randomized-controlled trials (Table 3). Furthermore, a direct involvement of IgE in some patients with CindU has been shown by passive transfer experiments. In cold urticaria (148, 149) as well as in symptomatic dermographism (150) disease activity was, in some patients, transferable from patients to healthy subjects by intradermal injection of patient sera. In these investigations, IgE was identified to be the relevant serum factor (148–150).

TABLE 3 | Summary of chronic inducible urticaria patients showing a complete or partial response to omalizumab reported in case reports, case series, and clinical trials.
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WHAT DO WE KNOW ABOUT THE GENETIC BASIS OF IgE-MEDIATED AUTOALLERGY

In an effort to understand the genetic influence on autoallergic diseases, it is best to look first at well-analyzed diseases such as SLE, where autoreactive IgE has been known for four decades (27). The prevalence of SLE and the presence of new autoreactive IgE are remarkably dependent on sex and race being 2.3-fold higher in Black persons than in White persons and 10-fold higher in females than in males (154). The greater incidence in females may be partially explained by the observation that women treated with estrogen and progesterone have a 1.34 times higher risk of developing SLE flares as compared to placebo treated.

Autoreactive IgE has been assessed in two SLE patient cohorts, IgE targeting classical SLE antigens being found in 63.3% of patients of French origin but only 52.9% of the patients from the United States (49). Most prominent in this study was IgE-anti-dsDNA but also auto-IgE against other SLE antigens (Sm, SSA/Ro, SSB/La). Non-SLE IgE only antigens (APEX, MPG, CLIP4) were also found. This autoreactive IgE correlated highly significantly with disease activity (SLEDAI score) and reduced C3 or C4 levels suggesting that IgE facilitates the amplification of autoimmune inflammation (155).

Chronic spontaneous urticaria is another example of an auto-IgE-mediated disease, where a strong and complex genetic bias via multiple alleles exists. These include C5AR1 (156), FPRL1 (157), FcvarepsilonR1beta (158), TGFbeta1 (159, 160), IgE (161), IL-13 (162), histamine N-methyltransferase (163), PTPN-22 (164, 165), CTLA-4 (166), and ACE (167).

In addition to the well-known loci linked to hypersensitivity and atopy, such as PLA2G7, MS4A2, IL4R (168), IL-10 (169), IL12RB1 (170), STAT4/6, CTLA-4 (171), and GATA3 (172), recent studies identified many new alleles which regulate IgE production independent of external stimuli. However, these are often single findings, and only a genome-wide screening could weigh these findings and determine their relation to atopy, IgE and auto-IgE. One genome-wide screening on alleles influencing total IgE level identified FCER1A polymorphisms as having most impact, followed by RAD50 and STAT6 as the lowest relation (173).

One genetic variant has been studied in detail which links elevated IgE concentrations to a polymorphism in the IL21R gene promoter (174). This −83T–C promoter polymorphism in the IL21R gene is linked to a changed response of IgE synthesis to IFN-gamma stimulation (175). If IL-21 is knocked-out in murine models, IgE production after immunization is increased, while IgG subtypes are decreased in otherwise normal animals (176). In contrast, loss-of-function of the IL-21R gene in humans leads to a severe primary immune defect (177). The difference to the murine model is not surprising, given the low degree of homology of the IgE system between man and rodent.

In addition to this IL-21 gene variant, environmental receptor encoding genes, such as NOD1 have been linked to asthma (178). This opens a crucial new viewpoint on genetics where environmental stimuli are related to selected genotypes to explain the phenotype. Another example is the β2-adrenoreceptor gene promoter polymorphism that determines modulation of IgE production as a response to xenobiotics (β2-agonists and glucocorticoids) (179).

These examples demonstrate the vast complexity of the genetic regulation of IgE synthesis (180). With modern deep sequencing strategies there are more and more variants found which change the risk for asthma and atopy, and influence IgE level. Sequencing of the IL4 gene alone lead to 14 new, previously unrecognized polymorphisms in addition to only two known previously (181). There are no studies on auto-IgE and HLA polymorphisms. However, IgE is involved in antigen uptake via immune complexes and presentation via MHC class II to CD4 cells (44, 182, 183). Therefore, there is a high likelihood that HLA genotypes will be linked to auto-IgE, but the studies need to be done.

WHAT DO WE KNOW ABOUT THE CELLULAR AND MOLECULAR EFFECTS OF IgE AUTOANTIBODIES?

When looking on the effects of IgE autoantibodies, mast cells and basophils are usually the focus of attention as they express high levels of the high-affinity receptor for IgE (FcεRI). Antigen-dependent activation of mast cells and basophils via FcεRI is the cause of acute allergic reactions induced by the rapid release of preformed mediators from granules and subsequent liberation of de novo synthesized lipids, cytokines, and chemokines. Yet, mast cells and basophils are not the only cells that express FcεRI and, importantly, other receptors such as CD23 (FcεRII) and galectin-3 are capable of binding IgE and inducing cellular responses. Thus, mast cell and basophil activation may be only the tip of the iceberg when considering the biology of IgE autoantibodies and their contribution to diseases. In particular, the function of CD23 in IgE-dependent sensitization of the host to autoallergens, which in turn may further strengthen the production of autoreactive IgE might be of great importance in the development of autoallergies.

In general, all IgE, whether it is autoreactive or whether it recognizes exogenous antigens, can trigger the same cellular responses as there is no evidence yet that autoreactive IgE have special molecular characteristics that drive certain functions/responses such as, for instance, cytokinergic activity. However, certain activities are not necessarily triggered by autoreactive IgE such as the CD23-mediated transepithelial transport of IgE. Here, we will focus on IgE-binding receptors with regards to their contribution in autoallergy.

Effects of IgE/Autoantigen on FcεRI Signaling

The high-affinity receptor for IgE (FcεRI) consists of one IgE-binding α chain, which binds IgE with a very high affinity (1010 M−1), but does not contain intracellular signaling motives, one transmembrane-spanning β chain, which crosses the plasma membrane four times and contains an immunoreceptor tyrosine-based activation motive (ITAM), and two identical γ chains each containing an ITAM (184). This αβγγ motive is mainly expressed by mast cells and basophils although expression has also been shown in airway smooth muscle cells and bronchial epithelial cells of asthmatic patients (185, 186). A αγγ version of this receptor can be expressed by a variety of other cells including subsets of dendritic cells and monocytes/macrophages (187–189), eosinophils (190), neutrophils (191), and platelets (192, 193). Because of its high affinity for IgE, the receptor is occupied by monomeric IgE. When cross-linked by a multivalent antigen, it triggers signaling cascades leading to the immediate degranulation in mast cells and basophils, i.e., the release of preformed mediators from intracellular granules and de novo synthesis of lipid mediators such as prostaglandins and leukotrienes as well as the production of cytokines and chemokines and the expression of various surface markers. These include chemokine receptors such as CCR7 on plasmacytoid dendritic cells (pDCs) (129) or the selectin CD62L on basophils (194) that facilitate the migration of activated cells to local lymph nodes, but also co-stimulatory molecules like CD83 and CD86 on pDCs. Moreover, autoreactive IgE activates pDCs more efficiently and further synergizes with IgG through co-engagement of activating FcγRIIa, even in concentrations several orders of magnitude below IgG concentrations and drive B cell expansion and plasma call differentiation (129, 130). FcεRI engagement by IgE and allergen also induces IL-16 in Langerhans cells, a chemoattractant for CD4+ T cells, dendritic cells, and eosinophils (195). Thus, autoreactive IgE may have the capacity to augment disease activity in autoimmunity.

Surface bound IgE has been shown to stabilize and enhance the surface expression of FcεRI on mast cells and basophils, thereby allowing cells to bind more IgE, which in turn may lower the threshold for antigen-induced cell activation (196). This amplification loop might be of particular importance in autoallergic patients who present with increased serum and tissue IgE levels. Consistently, treatment with antibodies directed against IgE does not only lower serum IgE levels but also FcεRI surface expression on dendritic cells, basophils, and mast cells (197–199). Moreover, FcεRI-bound IgE promotes mast cell survival and migration (200). Interestingly, certain IgEs even induce mast cell and basophil degranulation and cytokine release in an antigen-independent manner (201). Although the in vivo relevance of this “cytokinergic” activity has not been demonstrated yet, it may have an impact in autoallergy. Cytokinergic IgE molecules associate with themselves and show an enhanced propensity to be polyreactive to various autoantigens (202, 203).

FcεRI-bound and antigen cross-linked IgE becomes internalized rapidly (129, 204). Thus, on the one hand, free serum IgE is cleared by dendritic cells and monocytes. On the other hand, when cross-linked, autoantigens become internalized and are capable of stimulating intracellular pattern recognition receptors such as TLRs. In pDCs, IgE autoantibodies directed against dsDNA become internalized and directed to phagolysosomes where TLR9 becomes activated to trigger the generation of inflammatory cytokines, such as INF-α, IL-6, IL-8, and TNF-α (129). Alternatively, internalized IgE/autoantigen is presented via MHC class-II by basophils, cutaneous Langerhans cells, or other dendritic cells in regional lymph nodes or local submucosal sites to naïve T cells to induce TH2 cells (194, 196, 205, 206). In systemic lupus erythematosus (SLE), activation of basophils by autoreactive IgE can induce the upregulation of CD62L, MHC-II and the B cell-activating factor BAFF. Activated basophils then migrate into the secondary lymphoid organs, where they produce IL-4 and IL-6, thereby promoting a TH2 environment with more IL-4 producing activated T cells and enhanced B cell proliferation with increased IgG1 and IgE production (194). In addition, CD1c+ dendritic cells may have the capacity for cross-presentation of internalized antigen to induce cytotoxic CD8+ cells. However, this is strongly inhibited by IL-4-producing TH2 cells (207). On monocytes, the engagement of FcεRI induces antibody-dependent cell-mediated cytotoxic activities of the cells rather than antibody-dependent cell-mediated phagocytic activities (ADCP), which are linked to the engagement of the low-affinity IgE receptor, CD23 (see below).

In BP, CSU and AD, the degranulation of mast cells and basophils contributes to disease manifestations. This, however, does not occur in systemic lupus erythematosus patients, who lack classical allergic manifestations. A possible mechanism for this is the co-engagement of inhibitory receptors such as FcγRIIb by autoreactive IgG in SLE (208). Moreover, cross-linking of FcεRI in monocytes and dendritic cells induces “late” anti-inflammatory IL-10, which can attenuate basophil and dendritic cell activation and suppresses monocyte phagocytic activity (209–211). Additionally, in monocytes, FcεRI engagement induces the upregulation of indoleamine 2,3-dioxygenase (IDO), which inhibits T cell proliferation and activates FOXP3+ regulatory T cells through the depletion of tryptophan (212).

A soluble version of FcεRI consisting of a single a-chain has been described (213). How sFcεRI is generated in vivo is not known so far. In vitro experiments suggest that it is generated during cellular FcεRI engagement. sFcεRI may bind to IgE with similar affinity as membrane-bound FcεRI and, therefore, might serve as a soluble regulator of free IgE and IgE-mediated cellular activation. Binding in a 1:1 ratio to IgE, it has the potential to prevent IgE from binding to the cellular receptor, and could negatively affect FceRI expression levels. In vitro and in vivo studies with sFcεRI show inhibitory properties on mast cell and basophil degranulation (214). Its impact in autoallergy, however, needs to be determined.

Effects of IgE/Autoantigen on CD23 (FcεRII) Signaling

Most studies on the effects of IgE-mediated responses focus on mast cells or basophils and FcεRI signaling, as they are responsible for the immediate allergic response. However, the so-called “low affinity” receptor for IgE, CD23, has important functions in positively or negatively regulating IgE synthesis as well as antigen presentation to T cells (215). It is expressed on various cells including epithelial cells, activated B and T cells, Langerhans cells, plasma cells, monocytes, and eosinophils (196). CD23 belongs to the family of C-type lectins, which are calcium-dependent carbohydrate binding structures and contain three lectin domains located on the C-terminal extracellular head of the molecule. Interestingly, binding of IgE to the head domains seems not to involve carbohydrate structures (216). Although the affinity of a single CD23 head for the IgE-Fc is comparably low, the combined interaction of all three heads with IgE results in an strong binding with an affinity (108–109 M−1) that is comparable to that of FcεRI (215). Interestingly, CD23 is prone to shedding by disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) resulting in various soluble forms (monomeric or trimeric with varying sizes), all of which are capable to bind IgE (214, 217) and are found in autoimmune diseases like SLE where auto-IgE has been described (218). Multiple ligands/interaction partners other than IgE have been described to interact with CD23 and are important for its function including the complement receptor 2, 3, and 4 (CD21; CD18/CD11b; CD18/CD11c), MHC-II, the receptor for vitronectin (αVβ3-integrin) and the αVβ5-integrin (215, 219). One important function of CD23 with regards to autoallergy is probably associated with the regulation of IgE production by B cells committed to IgE secretion. IgE-induced engagement of membrane CD23 induces a negative feedback while sCD23 (trimeric) through co-ligation of CD21 enhances IgE production (215). Moreover, CD23 bound IgE-antigen complexes can be presented to T cells via a process called facilitated antigen presentation (FAP). In FAP, the antigen-loaded IgE-CD23 gets internalized and loaded onto MHC-II molecules for presentation on the B-cells surface (219). A Th2 environment, as derived by activation of mast cells and basophils via FcεRII activation, may support this by increasing the expression of CD23 on B cells. Importantly, any activated B cell that expresses CD23, can present allergens to T cells independently of the specificity of the B cell receptor (BCR). By this, CD23-FAP can lead to epitope spreading, a process where the response to one epitope encountered by the BCR induces epitope-specific immunoglobulin production against the allergen internalized by CD23 (215). Epitope spreading can occur intra- or intermolecularly and is thought to be the driving cause for the development of polyspecific allergies to unrelated antigens. It is, therefore, of particular importance for the development of autoallergies. Antigen presentation via the CD23–MHC-II axis is as efficient as presentation of antigens by dendritic cells mediated by FcγRs and by far more efficient than BCR internalization (220). This is particularly dangerous when epitopes of an autoantigen and a pathogen are very similar in sequence and/or conformation (molecular mimicry) and IgE against the pathogen (IgEPATH) also binds to the autoantigen (221). Low-affinity IgEPATH-autoantigen interactions can lead via FAP dependent epitope spreading to high affinity auto-IgE. For many autoimmune diseases, such as SLE and BP, where IgE autoantibodies have been identified, B cell epitope spreading has been recognized as an important contributor for disease development.

On monocytes and macrophages, engagement of CD23 induces nitric oxide synthase and proinflammatory cytokines and importantly mediates IgE-dependent phagocytosis of targeted cells suggesting a use for immunotherapy, for instance in cancer (188, 222). Interestingly, auto-IgE to tumor antigens can be found in tumor tissue as well as systematically, suggesting a tumor suppressive function of these IgE autoantibodies.

Effects of IgE/(Auto)Antigen on Galectin-3 Signaling

Galectin-3 is a secretory lectin containing a carbohydrate recognition domain connected to a non-lectin linker domain that associate to form a pentameric structure like IgM molecules. Galectin-3 is expressed by various immune cells including mast cells, basophils, neutrophils, monocytes, Langerhans cells, as well as T and B cells (196). It can be found in the nucleus, intracellular vesicles, or exosomes of expressing cells or gets secreted by a yet not fully characterized mechanism (223). Following secretion, it interacts with a large variety of cell surface and extracellular matrix proteins including IgE and FcεRI. Interestingly though, galectin-3 appears to have distinct binding capacities for IgE isoforms that are differentially glycosylated, although the consequence of this phenomenon in allergy and autoallergy is not clear (224). Because it is capable of binding to IgE and FcεRI, it can activate mast cells and other FcεRI-expressing and/or IgE-loaded cells in an IgE-dependent or independent manner and boost mast cell and basophil activation. In autoimmune diseases, galectin-3 is often increased in the serum and in tissues and may support auto-IgE-induced inflammation. However, most effects of galectin-3 on the immune system are independent of its ability to crosslink IgE and FcεRI. Its effects and relevance in autoallergy, therefore, need to be determined carefully (214, 225).

GAPS OF KNOWLEDGE, UNMET NEEDS, AND UNANSWERED QUESTIONS

Need for Improved Detection Methods

There are two different major drawbacks of the tests currently used to assess autoreactive IgE. First, different methods show a high variability and low reproducibility of IgE reactivity (226). This has been best demonstrated using the well characterized BP autoantigen BP180-NC16A. An improved ELISA method showed a significantly higher frequency of NC16A-specific IgE autoantibodies in the sera of BP patients than previously described (66). This study also demonstrated that most BP sera contain both, IgE and IgG class autoantibodies specific for NC16A and that IgG reactive to the same autoantigen as IgE can mask the detection of autoreactive IgE. This is the second major drawback of direct ELISA methods. This problem can be addressed by the use of indirect ELISA methods, where total IgE is first captured on the plate by anti-IgE and labeled autoantigen is used for detection (98). This approach, however, also has limitations. Saturation of the anti-IgE with non-autoreactive IgE in sera with very high total IgE concentrations can lead to the underestimation of autoallergen-specific IgE. Also, this method requires recombinant IgE to be able to calculate the specific IgE concentration in international units.

Yet unaddressed questions are the relevance of different conformational states of IgE, such as the bent-form, that may not be detectable by ELISA depending on which anti-IgE is used (227). Relevant cross-autoreactive IgE might also be prone to oligomerization due to stacking, which may hinder binding to capture antibodies.

Finally, autoreactive IgE may be preferentially captured in the tissue in patients with high FcεRI expression due to high IgE levels. Increased levels of IgE are frequently seen in patients with chronic urticaria and in atopic individuals (228, 229). Vice versa, as antigen reactivity encoded by the Fab-domain can change also the Fc part and, therefore, influence Fc receptor binding, some autoreactive IgEs might be over- or underrepresented in the non-cell bound IgE fraction due to changed FcεRI binding (230). Even assays detecting non-autoreactive IgE often fail to show a clinical relevance (231). The questions above need to be addressed for IgE in general, not only autoreactive IgE, in further studies, and improved methods need to be developed.

What Leads to the Development of Autoantibodies of the IgE Isotype?

There are several possible mechanisms that might lead to a preference of IgE isotype for autoantibodies. Most IgE autoantigens are phosphorylated molecules (97, 232, 233). It has been demonstrated that IgG autoantibodies in BP preferably recognize a phosphorylated epitope (232, 234). The importance of phosphorylation for the development of autoantibodies in general has been shown for myeloperoxidase-anti-neutrophil cytoplasmic IgG autoantibodies in a mouse model (235). However, further studies are needed to assess whether this is a general rule preferably for IgE autoantigens, or for all autoantigens.

IgE Cross-Reactivity Remains Largely Unexplained

In contrast to IgG and IgA, IgE has, in general, a much higher degree of cross-reactivity. This makes the determination of antigen-specific IgE difficult. As of now, very little is known about cross-reactivity of IgE autoantibodies. One study that performed site-directed mutagenesis of an allergenic peptide found that even after the mutation of all of the four residues that are mainly involved in IgE binding, the IgE still bound, albeit with a 100-fold reduced affinity (236). Furthermore, many studies have shown IgE cross-reactivity to structurally similar allergens, e.g., sensitization to the fungus F. proliferatum may lead to allergy to penicillin (237).

Usually, IgE cross-reactivity is explained by the recognition of carbohydrate-containing epitopes such as in cross-reactive IgEs against wheat/pollen or latex/hymenoptera proteins (238–241) or between different pollen allergens (242–244). Hierarchies of cross-reactivity toward different pollen allergens have been established (245).

In latex–pollen–food allergy, a good example of non-carbohydrate based cross-reactivity, cross-reactive IgE binds to latex and maize (246) or other food allergens (247). The antigenic epitopes of these allergens are well characterized and show only a low degree of sequence homology. The cross-reactivity can only be explained by a similar charge distribution, which, in the case of IgG, does usually not lead to cross-reactive antibodies (248).

Other examples of IgE cross-reactivity include pollen–food allergy, such as apple–birch allergy or pollen–fruit allergy (249–253), dog–cat allergy (254, 255), poultry–meat allergy (256), fish–chicken allergy (257), birch–oak allergy (258), latex–hymenoptera allergy (239–241). IgE cross reactivity to latex and parasites like Schistosoma has also been described (259, 260). In mice sensitized to birch pollen that also developed anaphylactic reactions to apple, desensitization to birch pollen also provided protection from anaphylaxis to apple (261). Similar experiences have been reported in allergic patients, where tolerance induction against one allergen also reduced reactivity toward other allergens (262). While IgE cross-reactivity between classical allergens is much more common than previously thought (263), cross-reactivity between autoallergens needs to be investigated in future studies.

Unanswered Questions?

Many questions on IgE autoantibodies remain unanswered.

• Is IgE to self different from IgE to exogenous antigens in terms of its biochemical properties, its glycosylation, or its folding?

• Where is auto-IgE produced and what B cells are involved?

• Does the auto-IgE come from CD5+ B1 B cells of the marginal zone of the spleen (poorly negatively selected B cells that often produce autoantibodies) or from B cells that were previously allergen or pathogen reactive?

• Does the production of auto-IgE precede the onset of autoallergic signs and symptoms and when and why does it stop?

These and other questions are currently addressed by ongoing research. The answers that will come from these and future studies will help to better understand the biology and relevance of IgE autoantibodies in disease and to develop better approaches for the prevention and treatment of autoallergies.
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Antinuclear autoantibodies (ANA) displaying a dense fine speckled pattern (DFS, ICAP AC-2) on HEp-2 cells are frequently observed in clinical laboratory referrals, often associated with anti-DFS70 specificity. Anti-DFS70 positive patients rarely develop systemic autoimmune rheumatic disease (SARD), especially in the absence of clinical evidence or additional anti-extractable nuclear antigen (ENA) antibodies, prompting suggestions that an isolated DFS70-specific ENA may be an exclusionary finding for SARD. In this study, the frequency and diagnostic significance of anti-DFS70 autoantibodies was investigated in a community hospital cohort of patients undergoing routine ANA testing. ANA screening was performed by HEp-20-10-based indirect immunofluorescence, followed by ENA profiling using a multiparametric line immunoassay (LIA). Of 6,511 patient samples tested for ANA in 2016, the DFS pattern was identified in 1,758 (27.0%), 720 (41.0%) of which were anti-DFS70 positive by LIA. Of these, 526 (73.1%) revealed isolated anti-DFS70 reactivity, while 194 (26.9%) showed additional ENA specificities. Among 1,038 anti-DFS70 negative or borderline samples, 778 (75.0%) were ENA profile negative, while the remaining 260 (25.0%) showed a varied presence of other ENA specificities. Chart reviews of patients with an isolated anti-DFS70 ANA affirmed that ANA-related SARD is rare in the absence of clinical evidence or other ENA specificities, there being no case thus far identified. Rheumatoid arthritis patients occasionally had an isolated anti-DFS70 ANA and were positive for rheumatoid factor and anti-cyclic citrullinated peptide antibodies. In conclusion, the recognition of a DFS ANA pattern using a mitotic-rich HEp-2 substrate, followed by confirmation of anti-DFS70 specificity should be a routine ANA testing service. Use of an expanded ENA profile and clinical correlation is necessary to affirm the “isolation” of anti-DFS70 as the cause of an ANA. Recognition of isolated anti-DFS70 ANA enables reassurance of patients that SARD is unlikely, thus avoiding referral for more extensive testing. The presence of significant elevations of other ENAs may reflect SARD and warrants close clinical correlation and follow-up.
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INTRODUCTION

The presence of antinuclear autoantibodies (ANA) is one of the key diagnostic criteria of systemic autoimmune rheumatic diseases (SARD), such as systemic lupus erythematosus (SLE), Sjögren’s syndrome, systemic sclerosis, dermatomyositis/polymyositis (DM/PM), mixed connective tissue diseases, etc. (1, 2). Indirect immunofluorescence (IIF) using human epithelial (HEp-2) cells is the recommended “gold standard” for ANA screening as this substrate provides a variety of more than 100 native autoantigens including proteins, DNA, and ribonucleoproteins (2–4).

The dense fine speckled (DFS) nuclear pattern is one of the most common IIF patterns in the ANA screening routine of clinical diagnostic laboratories, often occurring in very high titers. The autoantibodies producing this pattern target the DFS protein of 70 kDa (DFS70), which is identical to the lens epithelium-derived growth factor or transcription co-activator p75 (LEDGFp75). DFS70/LEDGFp75 confers cell protection by regulating transcription of stress-related genes and is relevant to the pathophysiology of AIDS, cancer, autoimmunity, and inflammatory conditions. Anti-DFS70 autoantibodies might play protective, pathogenic, or sensor roles (5–13). The International Consensus on ANA Patterns (ICAP) committee has recently classified the DFS pattern as “AC-2” competency level recognition pattern, defined by a dense and heterogeneous speckled staining in the nucleoplasm of interphase cells (sparing the nucleoli) and the metaphase chromosomal plate (14, 15). Recognition of this pattern on HEp-2 substrates is challenging as it can be confused with other nuclear patterns or may occur in the context of another clinically relevant ANA, and because IIF interpretation is dependent on technician expertise (16–19). Thus, a positive DFS IIF result has to be followed by a monospecific immunoassay (e.g., ELISA, CLIA, immunoblot, immunoadsorption) (20) to accurately confirm the presence of anti-DFS70 autoantibodies, as recommended in diagnostic algorithms (19, 21–26).

The clinical significance of anti-DFS70 autoantibodies is not clear due to the absence of disease specificity (9, 19, 22, 26–29). Regardless of the detection method, DFS ANA and/or anti-DFS70 antibodies have been detected at elevated frequency in apparently healthy individuals (0–21.6%) (13, 16, 30–43), but also in routine ANA screening cohorts (0.3–16.6%) (21, 22, 34, 36, 40, 41, 43–49), and various non-SARD inflammatory and neoplastic conditions (3.3–71.4%; e.g., Vogt–Harada syndrome, atopic dermatitis, psioriasis, interstitial cystitis, Hashimoto’s thyroiditis, ocular diseases, chronic fatigue syndrome asthma, or prostate cancer) (13, 30–32, 34, 37, 40, 50–55). In contrast, they are rare in patients with SARD (0–28.6%) (13, 16, 33–35, 43, 45, 51, 52, 55–57), showing an overall frequency of only 2.8–4.5%, which is remarkably lower than in healthy individuals and control cohorts (19, 28). Anti-DFS70 reactivity in SARD is usually accompanied by additional SARD-related antibodies, while isolated anti-DFS70 reactivity in SARD reportedly amounts to only 0.5–0.7% (19, 28). Thus, antibodies to DFS70 are increasingly regarded as a negative predictive biomarker for excluding the diagnosis of SARD, particularly in the absence of clinically relevant ANA (16, 19, 23, 28, 33, 34, 53, 58–61). This is supported by studies reporting on healthy individuals with isolated anti-DFS70 reactivity who did not develop SARD within a follow-up of 3–4 years (“benign autoimmunity”), and by a likelihood ratio (LR+) for the absence of SARD of 10.9 ascribed to isolated reactivity to DFS70 (16, 42, 59).

A few recent surveys have examined the prevalence of DFS ANA in sera submitted for routine ANA screening, but only some of these used anti-DFS70 assays to confirm the antibodies’ specificity in all or in just a subset of tested samples. Considering also the diverse composition of the screened cohorts as well as the differences in assays and IIF interpretation, the currently available data have to be interpreted with caution (19, 28). Thus, the objective of this retrospective study was to investigate the frequency of anti-DFS70 autoantibodies among consecutive sera referred for ANA testing in a community hospital laboratory, using HEp-20-10 IIF for antibody screening followed by a multiparametric line immunoassay (LIA) to confirm or disprove the presence of anti-DFS70 and/or other autoantibodies in all samples displaying a DFS ANA pattern. Chart review of medical records and clinical follow-up allowed for evaluation of associated clinical associations and diagnostic relevance.

MATERIALS AND METHODS

Patients and Serum Samples

We studied 6,511 serum samples from patients presenting at the Lexington Medical Center, a 400 bed acute-care community hospital with a strong rheumatology service, in West Columbia, SC, USA. These samples were collected for routine ANA testing, within a 1-year period. Individual and ethical approval was not mandatory for this study as patient data and samples were used anonymously to maintain confidentiality. Serological analyses were performed blinded to clinical data.

IIF Assay

ANA screening was performed using the IFA40: HEp-20-10 kit assay (Euroimmun, Luebeck, Germany). Testing and evaluation were carried out according to the manufacturer’s instructions. In brief, microscope slides containing millimeter-sized biochips coated with HEp-20-10 cells were incubated with serial serum dilutions (starting with 1:40 in PBS-Tween) for 30 min at room temperature, washed with a flush of PBS-Tween, and immersed in PBS-Tween for 5 min. For detection of bound antibodies, fluorescein isothiocyanate-conjugated goat anti-human IgG was applied for 30 min at room temperature, followed by washing as described before. After embedding in mounting medium, the slides were cover-slipped and evaluated by two independent observers using fluorescence microscopy. Sera displaying ANA fluorescence patterns at a titer ≥1:40 were considered positive. All DFS ANA pattern results were reported as possibly DFS70-related, with extractable nuclear antigen (ENA) follow-up analysis recommended.

Immunoblot Assay

Specific profiling for anti-ENA autoantibodies was performed using the EUROLINE ANA profile 3 plus DFS70 (IgG) kit according to the manufacturer’s instructions (Euroimmun). The blot strips contain 16 separate antigens, 11 of which are native purified proteins (nRNP/Sm, Sm, SS-A, SS-B, Scl-70, Jo-1, dsDNA, nucleosomes, histones, ribosomal P-protein, and AMA M2) and 5 of which are recombinant antigens (Ro-52, PM-Scl, CENP B, PCNA, and DFS70). The DFS70 antigen is a full-length recombinant protein (amino acids 1–530) expressed in mammalian cells. The EUROBlotOne system (Euroimmun) was used for automated processing of all incubation and washing steps. Buffer-soaked blot strips were incubated with 1:101 diluted serum for 30 min at room temperature. After three washing cycles of 5 min each, binding of specific antibodies was detected by incubation with alkaline phosphatase-conjugated goat anti-human IgG for 30 min at room temperature. Subsequently, the strips were washed and then incubated with nitrobluetetrazoliumchloride/5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP) for 10 min, followed by the addition of distilled water to stop the reaction. The incubated strips were automatically dried and photographed. Band intensities were evaluated by using the EUROLineScan software (Euroimmun). Signal intensities ≥15 were considered positive, 8–14 borderline, and ≤7 negative.

RESULTS

IIF Screening and ANA Differentiation

Among 6,511 serum samples tested for ANA in 2016, 5,339 (82.0%) were ANA positive by IIF at a titer ≥1:40 and 1,172 (18.0%) were negative (<1:40). A DFS, AC-2 IIF pattern was identified in 1,758 sera, corresponding to 27.0% of all samples tested, and 32.9% of ANA positive samples. Analysis of the DFS positive samples by LIA revealed the presence of anti-DFS70 autoantibodies in 720 (41.0%) of all DFS, AC-2 pattern ANAs. Among these, 526 (73.1%) had isolated anti-DFS70 reactivity, whereas the remaining 194 (26.9%) showed additional ENA specificities. 1,038 (59.0%) of the samples with a DFS IIF pattern were found anti-DFS70 negative (or borderline) by LIA, including 260 (25.0%) samples with a varied presence of other ENA specificities and 778 (75.0%) ENA profile negative samples (Figure 1). Thus, isolated anti-DFS70 reactivity was detectable in 29.9% of all DFS IIF positive samples, suggesting a low probability for the presence or development of SARD (Figure 2).
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FIGURE 1 | Results of antinuclear autoantibody (ANA) testing in 6,511 patients samples, focusing on a subgroup of 1,758 samples with a dense fine speckled (DFS) pattern (AC-2) in indirect immunofluorescence (IIF). The DFS pattern is characterized by staining of dense fine speckles in interphase nuclei and strongly fluorescent mitotic chromosomes. Initial ANA screening was performed using IIF on HEp-20-10 cells. Samples showing a DFS IIF pattern were analyzed for specific autoantibody reactivity using a line immunoassay (LIA) containing 16 relevant antigens. Frequencies (percentage values in brackets) refer to the number of patients in the respective next higher subgroup. (+), positive; (±), borderline; (−), negative.
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FIGURE 2 | Results of autoantibody profiling by line immunoassay in serum samples with a typical dense fine speckled (DFS) pattern (AC-2) in indirect immunofluorescence (IIF). Percentages for anti-DFS70 positive (blue) and negative (red) results by LIA refer to the total number DFS IIF positive cases (green). The likelihood for the presence or development of an associated systemic autoimmune rheumatic disease (SARD), in accordance with Conrad et al. (19), is indicated in the outermost circle (white). (+), positive; (±), borderline; (−), negative.



Diagnostic Relevance of Anti-DFS70 Positivity

Rheumatologist chart reviews of anti-DFS70 positive patients were performed to examine if the finding of isolated anti-DFS70 reactivity is useful as a rule-out for SARD. Thus far, no case of ANA-related SARD has been identified at our hospital among patients positive for isolated DFS70-specific autoantibodies. In contrast, the additional presence of other ENAs at a significant level has clinical relevance specific to those autoantibodies, as reflected by representative cases given in Table 1. Occasionally, we found rheumatoid arthritis patients with isolated anti-DFS70 ANA to be positive for rheumatoid factor and antibodies against cyclic citrullinated peptide (anti-CCP).

TABLE 1 | Characteristics of anti-DFS70 positive patients (aged between 26 and 69 years) with additional high-level autoantibodies (representative cases).
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DISCUSSION

For many years, we noted a high number of samples containing often high-titer finely speckled ANAs but with a negative ENA profile. When a mitotic-rich HEp-2 cell substrate (HEp-20-10) became available, we realized that the majority of these finely speckled ANAs also showed a positive mitotic fluorescence, i.e., a mixed speckled/homogeneous pattern, later termed as “dense fine speckled,” which was often associated with anti-DFS70 specificity. Despite the fact that the DFS IIF pattern has recently been classified for competent-level reporting by ICAP (AC-2 pattern) due to its negative association with SARD (14), it is still not widely recognized among commercial laboratories, and often reported as “speckled,” “homogeneous,” or even “negative,” with no follow-up testing available. However, confirmatory tests are necessary in light of sustained concern that the recognition of the DFS pattern is challenging and prone to mistakes (18, 21, 22, 24, 25, 62). In this study, we examined the prevalence of anti-DFS70 autoantibodies and their association with ANA-related SARDs in a community hospital routine ANA referral cohort by using an expanded ENA profile for follow-up testing of samples with a DFS IIF pattern.

We observed the DFS IIF pattern in 27.0% of all samples submitted for ANA screening. Other groups reported the presence of this pattern in 0.3–16.6% of non-selected routine ANA cohorts, resulting in an overall frequency of about 7.7%, as indicated in Table 2 (19, 21, 34, 36, 40, 41, 43–47, 49). Reasons for the wide range of positivity rates are speculative but may include heterogeneity in the composition of the studied ANA screening cohorts (e.g., gender, age, ethnicity, reasons for requesting ANA tests) as well as differences in the screening method and in defining an appropriate cut-off value (26). Of note, the analytical performance of HEp-2 IIF crucially depends on the quality of the substrate and assay, particularly with regard to the ratio of mitotic versus interphase cells, cell morphology, reproducibility, and dilution linearity. The HEp-20-10 substrate (a variant of the standard HEp-2 cell line with a 10-fold higher number of mitotic cells), as used in the present study, has been reported to facilitate the recognition, discrimination and titer estimation of ANA patterns (63).

TABLE 2 | Frequency of DFS IIF (ICAP AC-2) and/or anti-DFS70 antibodies in unselected routine ANA screening cohorts, as determined in different studies.

[image: image1]

Apart from the difficulties in recognizing the DFS IIF pattern, the high prevalence of anti-DFS70 autoantibodies in healthy individuals, lack of association with a particular disease group, and negative association with SARD necessitate the confirmation of anti-DFS70 reactivity (26). In the present study, 41.0% of samples with a DFS IIF pattern were confirmed to contain anti-DFS70 autoantibodies using the EUROLINE ANA Profile 3 plus DFS70. Bizzaro et al. reported for this LIA a sensitivity of 51.6% (specificity 96.6%) with respect to a presumptive DFS IIF pattern on HEp-2 cells, which was similar to other assays based on DFS70 truncated to the C-terminal major epitope region (CLIA, 43.5%; dot blot, 51.6%) (24, 64). In other surveys, the concordance rates between DFS IIF and specific anti-DFS70 assays (e.g., CLIA, ELISA, Westernblot) were highly divergent, ranging between 14% (17) and >90% (34, 44, 48). Our data are consistent with previous findings in that a subset of sera with a typical DFS IIF pattern does not show anti-DFS70 reactivity using a more specific method. Vice versa, samples with anti-DFS70 positivity by a monospecific assay may not clearly show a DFS IIF pattern (17, 56). Factors potentially contributing to these inconsistencies include: (1) Heterogeneity among the anti-DFS70 autoantibodies that cause a typical DFS pattern on HEp-2 cells but not all of which react with the antigenic substrate applied in the confirmatory assays. (2) Reactivity of the recombinant antigen is slightly affected by the procedure of antigen preparation, coating (loss of conformational epitope), and choice of the cut-off value. (3) A DFS-like ANA IIF pattern may be produced by antibodies directed against nuclear antigen(s) other than DFS70, particularly interacting partners of this autoantigen or proteins sharing the same cellular localization, such as methyl CpG-binding protein 2 (MeCP2), pogo transposable element-derived protein with zinc finger (PogZ), c-Myc-interacting protein JPO2, or Cdc7-activator of S-phase kinase (Cdc7-ASK) (65–68). For example, MeCP2 was found to co-localize with DFS70 in the nucleus and to produce a DFS-like HEp-2 staining pattern, which is not affected by pre-adsorption of anti-DFS70 antibodies (24, 62).

According to a recent meta-analysis, the mean prevalence of isolated anti-DFS70 autoantibodies is only about 0.7% in SARD patients and that of anti-DFS70 accompanied by SARD-specific ENA is 3.8% (28). In contrast to this, isolated anti-DFS70 positivity is associated with a likelihood ratio (LR+) of 10.9 for the absence of SARD (59). Referring to the diagnostic algorithm recommended by Conrad et al. (19), 74.2% of our patients with a DFS IIF pattern can be classified as unlikely for the presence or development of SARD, either by the presence of isolated anti-DFS70 reactivity or by the absence of SARD-associated and DFS70-specific ENA (Figure 2). Gundin et al. reported that none of their patients with an isolated positive anti-DFS70 result developed SARD during a 10-year follow-up (60). Based on chart reviews, we also found no clinical evidence of active SARD in cases with isolated anti-DFS70 positivity. Rather, the additional presence of other ENA specificities at high levels has clinical relevance specific to those autoantibodies. While borderline elevations are not likely relevant for diagnostics, the presence of additional high-titer ENAs warrants close clinical correlation and follow-up. This observation conforms with the current classification of anti-DFS70 autoantibodies as a potential negative predictive biomarker of SARD in the absence of other clinically relevant ENA (16, 19, 23, 28, 33, 34, 53, 58–61). However, the presence of anti-DFS70 antibodies does not replace diligent ENA differentiation. If an ANA pattern is observed using IIF, elaborate monospecific ENA differentiation needs to be conducted in any case without exceptions, independently of whether antibodies against DFS70 are present or not. Only when no disease-relevant ENAs are detected after the specialized diagnostics, a positive DFS70 result can help to explain the observed IIF pattern. If confirmatory testing by means of a multiparametric assay (“multiplexing”) (20) did not reveal a relevant antibody, the presence of other ENA cannot be ruled out and should be considered especially in patients with sustained suspicion of SARD. As discussed in a recent study (60), the number of follow-ups may be reduced to one or two per year in patients with a positive ANA IIF result but negative assays for both ENA and anti-DFS70. Through a reduction in the number of follow-up antibody testing and outpatient clinic visits, this contributes to substantially increased cost-efficiency (60), which conforms to our experience.

Due to increasing workload, some laboratories have switched their ANA screening to largely automated multiplex methods (69), with the option of using IIF as a second step. Because of the limited number of purified/recombinant antigens, multiplex assays focus on clinically significant ANAs, but also lack sensitivity compared to HEp-2 cells, leading to an estimated 35% of SARD patients with false negative screening results with respect to IIF (4). Accordingly, the American College of Rheumatology (ACR) and international committees recommend HEp-2 IIF as the standard screening method for ANA detection (2–4), reinforcing the outstanding potential of this technique. In cases of strong clinical suspicion and negative alternative methods, it is mandatory to perform IIF. This recommendation is followed in the present and earlier studies that include anti-DFS70 testing.

The diagnostic algorithm presented here conforms to several previously reported algorithms incorporating anti-DFS70 in that any sample revealing a (suspected) DFS ANA pattern in HEp-2 IIF screening should undergo confirmatory tests for anti-DFS70 and SARD-associated autoantibodies (Figure 2) (23, 26, 28, 60). Results are to be reported to the clinician with a comment on the diagnostic relevance of the serological result, pointing also on the significance of clinical findings and other laboratory tests.

In conclusion, DFS70 ANAs are common in a community hospital patient population. Recognition of the DFS IIF pattern using a mitotic-rich HEp-2 cell substrate, followed by confirmation of DFS70 specificity should be a routine ANA testing service. Use of an expanded ANA/ENA panel that includes a specific anti-DFS70 test, and close clinical correlation, is necessary to confirm the “isolation” of anti-DFS70 as the cause of an elevated ANA titer. Significant elevations of other ENAs in addition to anti-DFS70 may reflect SARD, and warrant close clinical correlation and follow-up testing. This testing enables reassurance of DFS70 ANA-positive patients who may otherwise be referred for extensive testing for autoimmune disease. An isolated DFS70 ANA does not “exclude” SARD, as that is largely a clinical diagnosis, supported by laboratory evidence. It is simply not a diagnostic point supportive of a SARD diagnosis. As many clinicians are not yet familiar with DFS70 ANAs, all related findings should be explained clearly in laboratory reports.
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Pemphigus vulgaris (PV) belongs to an autoimmune disease cluster that includes autoimmune thyroid disease (AITD), suggesting common mechanisms driving autoimmune susceptibility. Our group has shown that PV patients exhibit significant reactivity to AITD-related anti-thyroid peroxidase (anti-TPO), and anti-TPO antibodies affect signaling pathways in keratinocytes similar to anti-desmoglein (Dsg) 3 antibodies. To further assess the relevance of anti-TPO reactivity in PV, we analyzed anti-TPO levels in 280 PV and 167 healthy control serum samples across a comprehensive set of variable and static parameters of disease activity and etiopathogenesis. PV patients have significantly higher activity rates (A.R.s) for anti-TPO than healthy controls, but levels do not differ between phases of clinical activity and remission. Patients that carry both the PV-associated human leukocyte antigen (HLA) alleles DRB1*0402 and DQB1*0503, or DQB1*0503 alone show a low prevalence of anti-TPO (A.R. 9.5 and 4.8%, respectively), while patients that lack expression of these alleles or carry DRB1*0402 alone have a much higher prevalence of anti-TPO (A.R. 23.1 and 15.8%, respectively), suggesting that the absence of DQB1*0503 may predispose patients to the development of anti-TPO antibodies. Similarly, anti-Dsg1−/3− patients have a higher anti-TPO A.R. (26.9%) than anti-Dsg1−/3+ (18.8%), anti-Dsg1+/3− (14.3%), and anti-Dsg1+/3+ (3.9%) patients. Our data suggest that anti-TPO reactivity in PV is driven by genetic markers that may be in linkage disequilibrium with the established PV-susceptibility alleles and that this association drives the selection of a combination of anti-Dsg and anti-TPO antibodies, with anti-TPO filling the gap in active patients that do not carry the established PV-associated autoantibodies and/or are lacking the established PV-HLA-susceptibility alleles.

Keywords: pemphigus vulgaris, anti-thyroid peroxidase antibody, anti-thyroglobulin antibody, anti-desmoglein antibody, human leukocyte antigen

INTRODUCTION

It is well accepted that numerous autoimmune diseases can co-exist within individuals or certain families, a concept known as autoimmune diathesis (a broad genetic predisposition to develop autoimmune disease) (1, 2). Previous work from our lab and others has suggested that this is also the case for pemphigus vulgaris (PV), a devastating autoimmune bullous skin disorder characterized by intraepidermal acantholysis and blister formation in skin and mucous membranes (3–10). Among the autoimmune diseases found in PV patients and/or their family members, autoimmune thyroid disease (AITD) is the most common, followed by rheumatoid arthritis (RA) and diabetes mellitus type I (4, 10, 11). These data indicate that PV belongs to an established autoimmune disease cluster comprised of AITD, RA and type I diabetes, suggesting the possibility of common genetic elements across clinically distinct diseases that might underlie autoimmune susceptibility (4, 8). Interestingly, a co-occurrence of autoantibodies associated with PV, AITD and RA has also been described in a large sampling of healthy control blood exhibiting ANA positivity with lupus erythematosus-associated staining patterns, further indicating a shared control of production of these autoantibodies (12).

Susceptibility to disease is complex, including (mostly unknown) genetic and environmental factors. Numerous studies have established a strong association between specific human leukocyte antigen (HLA) class II alleles, namely, DRB1*0402 and DQB1*0503, and increased risk for PV (13–15). It has been postulated that the specific binding pockets formed by these HLA molecules direct the preferential presentation of certain self-peptides and in turn inform production of specific autoantibodies (16). However, the broader impact of PV-associated HLA alleles in the development of the spectrum of PV-associated autoantibodies is not known.

Historically, PV has been linked to autoantibodies primarily targeting the desmosomal adhesion molecules desmoglein (Dsg) 3 and, in some cases, Dsg1, two members of the superfamily of cadherin molecules integral to intracellular adhesive junctions (17–19), where they act by steric hindrance and/or induction of intracellular signaling mechanisms (20). However, a growing body of literature suggests reactivities in PV against additional, non-desmoglein autoantigens, among them thyroid peroxidase (TPO) and muscarinic acetylcholine receptors (21, 22). Ongoing research in our lab revealed that PV patients exhibit significant reactivity to TPO (22), and that anti-thyroid peroxidase (anti-TPO) antibodies can induce keratinocyte dissociation in vitro and affect signaling pathways in keratinocytes similar to those seen after binding of anti-Dsg3 antibodies (Sajda et al., manuscript in preparation). This body of work clearly warrants further investigation into the role of thyroid-related autoantibodies in the PV patient population.

Although it has been reported that the AITD-related autoantibodies anti-TPO and anti-thyroglobulin (anti-Tg) are more prevalent in PV patients than the general population (3, 5, 6, 9, 23), thus far, levels of anti-thyroid antibodies have not been associated with static variables such as HLA status and sex or with dynamic clinical parameters including disease activity, morphology, and anti-desmoglein reactivity. Moreover, the link between specific HLA alleles and anti-thyroid autoantibody profiles in PV patients has not been investigated.

In this study, we aimed to address these gaps in knowledge as well as validate the findings in previous studies in a larger and ethnically different patient population. For this purpose, we measured anti-TPO and anti-Tg antibody levels in 280 serum samples from 225 North American PV patients and 167 serum samples from 148 healthy controls, and analyzed them across a comprehensive set of variable and static parameters of PV disease activity and etiopathogenesis.

We confirm in our North American study population that anti-thyroid antibodies are more prevalent in PV patients as compared with healthy controls. Furthermore, we find significant associations between anti-thyroid autoantibody reactivity, HLA status and anti-Dsg antibody profiles, thus providing insight into the complex interplay between HLA, autoantibody selection, and clinical outcomes.

MATERIALS AND METHODS

Patient Population

Two hundred twenty-five patients with a diagnosis of PV were enrolled in our database over a time span of more than 10 years from the dermatology outpatient clinics of Weill Medical College of Cornell University, Michigan State University and the University at Buffalo as well as annual meetings of International Pemphigus and Pemphigoid Foundation. The study was approved by the institutional review boards at Weill Cornell Medical College (IRB 0998-398), Michigan State University (IRB 05-1034), and the University at Buffalo (IRB 456887). The diagnosis of Pemphigus was based on clinical, histological, and/or serological criteria. All patients had a biopsy confirmed diagnosis of PV before enrollment in the study. Venous blood was drawn after obtaining written informed consent, and serum was separated and immediately stored at −80°C in our biorepository. Demographic information as well as information regarding disease activity, morphology, any reported comorbidities and family history was collected by a trained medical professional at the time of blood draw. Blood samples from 148 controls (both related and unrelated to pemphigus patients) were obtained as described earlier. Some of the patients and controls donated blood repeatedly. The maximum number of blood samples used in this study by any patient or control is 2, and the average number of samples per patients or controls is 1.14 and 1.13, respectively. The demographic information is summarized in Table 1.

TABLE 1 | Study population demographic data and human leukocyte antigen (HLA) association.
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Disease Activity

Phases of disease activity were defined by consensus guidelines (24). Briefly, patients were considered to be in the active phase of disease if three or more non-transient lesions were present for more than a week. Patients with absence of new or established lesions for more than 4 weeks were considered remittent while patients with transient lesions (lasting less than a week) were deemed partially remittent (25). For the analyses involving disease activity, partially remittent patients were excluded from the analysis, as they did not fit either of the two main activity categories.

Anti-TPO and Anti-Tg Enzyme-Linked Immunosorbent Assay (ELISA)

An ELISA for anti-TPO and anti-Tg antibodies was performed employing ELISA kits by GenWay Biotech (GWB-521202 and GWB-521201, respectively) using 1:101 serum dilution as per the manufacturer’s recommendations. Antibody positivity was defined as ELISA levels >35 AU/mL for anti-TPO antibodies and >10 AU/mL for anti-Tg antibodies.

Anti-Dsg3 and Anti-Dsg1 ELISA

The anti-Dsg ELISA was performed employing Dsg1 and Dsg3 ELISA kits (MBL Intl., RG-7593D) as per the manufacturer’s guidelines using a 1:101 serum dilution. Serum samples with an anti-Dsg3 or anti-Dsg1 concentration of >150 U/ml were further diluted to avoid misinterpretation at the upper level of detectability for the ELISA kit. Antibody positivity for anti-Dsg1 and anti-Dsg3 was defined as ELISA levels >20 U/mL.

HLA Typing

High resolution HLA typing was performed by PCR amplification with sequence-specific primers at the Histocompatibility and Immunogenetics Laboratory at Michigan State University (26, 27) using commercially available kits (One lambda, Thermo Fisher Scientific). Patients with one or both of the PV-associated HLA alleles DRB1*0402 and DQB1*0503 were labeled as HLA-positive while those without either of these two alleles were labeled as HLA-negative.

Statistical Analysis

Patient demographics were reported as mean and SD for continuous data, and as frequencies and relative frequencies for categorical data.

The anti-TPO and anti-Tg antibody rates were modeled as a function of group (disease status, gender, HLA type, and anti-Dsg1/3 status) using a generalized estimating equations (GEE) logistic regression model. The GEE model takes into account the repeated measures collected on some patients. Estimates of the activity rates (A.R.s) and corresponding 95% confidence intervals are obtained from the fitted models. A.R.s represent the estimated percent positive in a given population based on multiple observations (i.e., taking into consideration that some patients were sampled more than once). The association between HLA and Dsg status was evaluated using Fisher’s exact test. In a limited number of subjects, either DNA or serum was not available to perform all HLA typing and antibody determination, thus, the analyses listed reflect the number of patients in a given comparison where the required information was simultaneously accessible.

A descriptive cluster analysis of anti-TPO and anti-Tg antibody expression, Dsg1/3 status, and HLA type was performed using standard principle component methods. The overall variability explained by the optimal clustering model and the inter-cluster R2 for each variable are obtained. Factor scores were obtained using the standardized scoring coefficients associated with the optimal clustering model. The clusters are displayed graphically using a tree diagram and using a scatter plot of the corresponding factor scores.

All analyses were conducted in SAS v9.4 (Cary, NC, USA) at a significance level of 0.05.

RESULTS

Correlation Between Reported History of AITD and Anti-Thyroid Antibody Profiles of PV Patients

We previously examined the self-reported co-existence of other autoimmune conditions in PV patients and found AITD to be the leading comorbidity in three independent studies (4, 8, 10). In this study, out of a total of 225 PV patients enrolled, 10.2% (n = 23) reported a personal history of AITD and 15.55% (n = 35) reported a history of thyroid disease in family members regardless of personal history of AITD. Among those with a self-reported positive personal history of AITD, 52.17% (n = 12) had detectable anti-thyroid autoantibodies (either anti-TPO or anti-Tg) in their sera, with nearly equal numbers of patients carrying either anti-TPO antibodies or anti-Tg antibodies (Figure 1). Of those who reported only a family history of thyroid disease (i.e., no personal history) (n = 24), only 16.66% (n = 4) had anti-TPO or anti-Tg antibodies in their sera (two patients carried anti-TPO antibodies only, one patient carried anti-Tg Abs only, and one carried both anti-TPO and anti-Tg antibodies). Among PV patients that did not report a history of thyroid disease (n = 177), 12.99% (n = 23) were found to still carry autoantibodies directed against either/or anti-TPO and anti-Tg, albeit with considerably lower levels of anti-Tg (3.95%, n = 7). These data indicate that while PV patients with a history of thyroid-related symptoms are substantially more likely to carry autoimmune thyroid-related autoantibodies than PV patients with no thyroid-related symptoms, this correlation is not strong. Conversely, a proportion of PV patients with no personal- or family history of AITD still carries AITD-related autoantibodies at levels similar to those observed in PV patients with a family history of AITD.
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FIGURE 1 | Levels of anti-thyroid peroxidase (anti-TPO) and or anti-thyroglobulin (anti-Tg) by self-reported presence of personal or family history of autoimmune thyroid disease (AITD) in pemphigus vulgaris (PV) patients. Bars represent the percentage of PV patients that have detectable levels of anti-TPO or anti-Tg in subgroups divided by personal and family history of AITD.



Anti-Thyroid Antibodies Are Related to Disease Expression, but Not Disease Activity

To establish baseline and PV-related A.R.s in our study population, we determined levels of anti-TPO and anti-Tg reactivity in 225 PV patients compared with 148 healthy controls. We find that PV patients have a significantly higher prevalence of anti-TPO antibodies (A.R. 13.9%) than controls (A.R. 7.2%) (p-value = 0.042) (Figure 2A). Similarly, the prevalence of anti-Tg antibodies is significantly higher for PV patients (A.R. 6.8%) as compared with controls (A.R. 0.6%) (p-value < 0.001) (Figure 2B).
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FIGURE 2 | Activity rates of anti-thyroid peroxidase (anti-TPO) and anti-thyroglobulin (anti-Tg) based on disease state and disease activity. Individual dots represent anti-TPO and anti-Tg levels (in AU/ml) in pemphigus vulgaris (PV) patients vs. controls (A,B) and active vs. remittent PV patients (C,D) for anti-TPO (A,C) and anti-Tg (B,D) antibodies (*p < 0.05 and **p < 0.01). Abbreviation: A.R., activity rate. Anti-TPO and anti-Tg antibody rates were modeled as a function of disease status and activity using a generalized estimating equations logistic regression model.



To establish a potential correlation between anti-thyroid antibodies and disease activity, we divided the patient cohort into active and remittent groups based on consensus guidelines (24). There were no statistically significant differences observed for either anti-TPO (Figure 2C) or anti-Tg antibodies (Figure 2D) between active (n = 133) and remittent (n = 101) patient samples (all p-values > 0.05), indicating that disease activity is not related to the levels of anti-thyroid autoantibodies.

Female PV Patients Have a Higher Prevalence of Anti-Thyroid Antibodies Than Male PV Patients

A female predominance has been reported for AITD (28). To explore potential differences in autoantibody production between genders, we analyzed serum samples from 148 female and 77 male patients. Female PV patients were found to be significantly more likely to carry anti-TPO antibodies than male patients (A.R. 19.4 vs. 3.3%, respectively, p-value > 0.001) (Figure 3A). A similar trend is seen for anti-Tg antibodies (A.R. 8.6% in females vs. 3.3% in males) where the difference in A.R.s trends toward statistical significance (p = 0.06) (Figure 3B). Likewise, in the control population, female controls (n = 90, 11.1%) were significantly more likely to carry anti-TPO than male controls (n = 58, 1.5%) (p-value = 0.019) (Figure 3A). However, the A.R. for anti-Tg in females (1.0%) does not differ significantly (p-value = 1.00) from that of males (0.0%) (Figure 3B). A significant (or trending toward significant) difference remains between female PV patients and female controls for anti-Tg and anti-TPO, respectively. Such a difference was not observed comparing male patients vs. male controls, potentially due to lower numbers of male samples.
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FIGURE 3 | Activity rates of anti-thyroid peroxidase (anti-TPO) and anti-thyroglobulin (anti-Tg) based on sex. Individual dots represent anti-TPO and anti-Tg levels (in AU/ml) in pemphigus vulgaris (PV) patients and controls, both female and male for (A) anti-TPO and (B) anti-Tg antibodies [(*)p < 0.1, *p < 0.05, and **p < 0.01]. Abbreviation: A.R., activity rate. Anti-TPO and anti-Tg antibody rates were modeled as a function of sex using a generalized estimating equations logistic regression model.



PV Patients With Cutaneous Only Lesions Are More Likely to Display Anti-Thyroid Antibodies Compared With Other Morphological Subtypes

It has been suggested that disease morphology in PV patients is dictated by their anti-desmoglein antibody profile. The desmoglein-compensation hypothesis states that anti-Dsg3 antibodies are sufficient to induce mucosal lesions, while additional anti-Dsg1 antibodies are needed to induce cutaneous lesions (18, 29). To explore a possible relationship between lesion morphology and anti-thyroid antibodies, we compared anti-TPO and anti-Tg levels in PV patients with clearly documented lesional morphology classified into three subtypes: mucosal only, mucocutaneous, and cutaneous only. The prevalence of anti-TPO antibodies in patients with cutaneous only lesions (n = 25, A.R. 28.0%) is almost twice that observed in patients with mucosal only (n = 62, A.R. 14.5%) or mucocutaneous lesions (n = 34, A.R. 14.7%), although this difference does not reach statistical significance (p-value 0.409) (Figure 4A). On the other hand, a significant association is observed between anti-Tg antibody A.R. and morphology, where patients with cutaneous only lesions have significantly higher prevalence rates (A.R. 20%) than those with mucosal or mucocutaneous lesions (A.R. 8.1 and 0.0%, respectively) (p-value = 0.022) (Figure 4B).
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FIGURE 4 | Activity rates of anti-thyroid peroxidase (anti-TPO) and anti-thyroglobulin (anti-Tg) based on morphology. Individual dots represent anti-TPO and anti-Tg levels (in AU/ml) in pemphigus vulgaris patients subgrouped on the basis of lesion morphology for (A) anti-TPO and (B) anti-Tg antibodies (*p < 0.05). Abbreviation: A.R., activity rate. Anti-TPO and anti-Tg antibody rates were modeled as a function of disease morphology using a generalized estimating equations logistic regression model.



“HLA-Negative” PV Patients Show a Higher Prevalence of Anti-Thyroid Antibodies Than “HLA-Positive” Patients

Many genetic studies in PV have confirmed the presence and etiopathogenetic role of two HLA alleles: DRB1*0402 and DQB1*0503 (13–15). To explore the extent to which HLA affects autoantibody production in PV patients, we subdivided our study population on the basis of presence or absence of one or both of the two PV-susceptibility alleles. We find that in the PV cohort there is a significant association between HLA type and anti-TPO antibody levels (p-value = 0.05): DRB1*0402−/DQB1*0503− (HLA-negative) patients (n = 33) have the highest prevalence of anti-TPO (A.R. 23.1%) followed by DRB1*0402+/DQB1*0503− patients (n = 117, A.R. 15.8%), DRB1*0402+/DQB1*0503+ patients (n = 19, A.R. 9.5%), and DRB1*0402−/DQB1*0503+ patients (n = 49, A.R. 4.8%) (Figure 5A), suggesting that the absence of DQB1*0503, regardless of the presence of DRB1*0402, predisposes patient to the development of anti-TPO antibodies. No significant association is observed for anti-Tg antibody (p-value = 0.09); however, a similar trend is observed with DRB1*0402−/DQB1*0503− patients having the highest prevalence of anti-Tg (A.R. 12.8%) followed by DRB1*0402+/DQB1*0503− (A.R. 6.9%), DRB1*0402+/DQB1*0503+ (A.R. 4.8%), and DRB1*0402−/DQB1*0503+ patients (A.R. 1.6%) (Figure 5B).
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FIGURE 5 | Correlation of anti-thyroid peroxidase (anti-TPO), anti-thyroglobulin (anti-Tg), anti-Dsg3, and anti-Dsg1 levels and human leukocyte antigen (HLA) status. Levels of (A) anti-TPO and (B) anti-Tg antibodies in pemphigus vulgaris (PV) patients, subgrouped on the basis of presence or absence of PV-associated HLA susceptibility alleles. Individual dots represent anti-TPO and anti-Tg levels (in AU/ml). Anti-TPO and anti-Tg antibody rates were modeled as a function of absence or presence of the PV-associated HLA alleles DRB1*0402 and/or DQB1*0503 using a generalized estimating equations logistic regression model. (C) Percent positivity of anti-Dsg1, anti-Dsg3, anti-TPO, and anti-Tg in active PV patients, subgrouped based on the presence or absence of the two PV-associated HLA alleles DRB1*0402 and DQB1*0503. The association between HLA and Dsg status was evaluated using Fisher’s exact test.



To further explore the link between HLA haplotype and autoantibody prevalence in active PV patients (note: 125 of the 133 active patients in our study had both HLA typing data and anti-desmoglein levels), we visualized the presence or absence of anti-desmoglein and anti-thyroid autoantibodies in PV patients based on their HLA type. As expected, anti-Dsg3 is the predominant autoantibody in PV patients, regardless of their HLA type (Figure 5C). Interestingly, whereas DRB1*0402−/DQB1*0503+ patients have higher percentage positivity for anti-Dsg1 antibodies when compared with other HLA types, patients who do not express either of the two PV-susceptibility alleles, i.e., DRB1*0402−/DQB1*0503− patients, have a higher likelihood of not bearing anti-Dsg3 or anti-Dsg1 antibodies, suggesting that non-desmoglein autoantibodies may fill this gap (Figure 5C). In addition, there is a significant association between HLA and Dsg status (p = 0.023), where HLA-double negative samples are much less likely to be Dsg-double positive. These data, taken together with the data on anti-TPO distribution based on HLA type, suggest that while anti-Dsg3 antibodies can be generated by a majority of PV patients regardless of HLA type; anti-TPO, and perhaps anti-Tg antibodies are preferably generated in PV patients that do not carry the classical PV-susceptibility alleles DRB1*0402 and DQB1*0503 and may be more relevant than anti-Dsg1 antibodies in this subpopulation.

Anti-Dsg1 and Anti-Dsg3 Negative Active PV Patients Have Higher Anti-Thyroid Activity

The pathogenic role of anti-desmoglein antibodies in PV is well established (17–19). To elucidate a potential association between anti-desmoglein and anti-thyroid autoantibodies, we again analyzed the autoantibody profiles of 133 PV patients with active lesions at the time of blood draw. We observed a significant association between the anti-TPO profiles and the absence or presence of anti-desmoglein antibodies (p-value 0.019), where anti-Dsg1−/3− patients (n = 26) have a higher prevalence of anti-TPO antibodies (26.9%) than anti-Dsg1−/3+ patients (n = 64, 18.8%), anti-Dsg1+/3− patients (n = 7, 14.3%), and anti-Dsg1+/3+ patients (n = 36, 3.9%) (Figure 6A).
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FIGURE 6 | Correlation of anti-thyroid peroxidase (anti-TPO), anti-thyroglobulin (anti-Tg), with anti-Dsg3/1 levels in pemphigus vulgaris (PV) patients with active lesions. Levels of (A) anti-TPO and (B) anti-Tg antibodies in PV patients, subgrouped on the basis of presence or absence of anti-Dsg3 and or anti-Dsg1 antibodies. Individual dots represent anti-TPO and anti-Tg levels (in AU/ml). Anti-TPO and anti-Tg antibody rates were modeled as a function of absence or presence of anti-Dsg3/1 serum antibodies using a generalized estimating equations logistic regression model.



A similar trend is observed for anti-Tg antibody (p-value 0.032) with anti-Dsg1−/3− patients having the highest prevalence (23.1%) followed by anti-Dsg1−/3+ patients (7.8%), anti-Dsg1+/3+ patients (2.8%), and anti-Dsg1+/3− patients (0.0%) (Figure 6B), suggesting that the absence of both anti-desmoglein antibodies is correlated with the highest anti-thyroid activity, followed by the absence of anti-Dsg1 alone.

Interestingly, Dsg1−/3− PV patients in active disease show significantly higher levels of anti-Tg (5.35 ± 8.71 AU/ml) than Dsg1−/3− patients in remission (n = 44; 1.58 ± 3.08 AU/ml, p = 0.01). While anti-TPO levels were also higher in Dsg1−/3− patients in active disease (30.71 ± 74.18 AU/ml) than remission (16.16 ± 34.08 AU/ml), this comparison did not reach significance (p = 0.28).

Different Determinants of Disease Expression, Activity, and Phenotype Tend to Cluster Together

To assess further how and if the variables analyzed in our population relate to each other, principle component analysis was used to identify potential clustering of these variables. The analysis identified two distinct clusters (Figure 7A), which explain 48% of the variation. The first cluster includes presence of anti-TPO and anti-Tg antibodies, in the absence of DQB1*0503; while the second cluster is based on the association of anti-Dsg1, anti-Dsg3, and DRB1*0402 status. All variables show a much stronger positive correlation with their own cluster than the adjacent cluster (Table S1 in Supplementary Material), indicating that while the presence of DRB1*0402 may predispose patients to develop anti-Dsg3 and anti-Dsg1 antibodies, the absence of DQB1*0503 may predispose them to develop anti-TPO and anti-Tg antibodies.
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FIGURE 7 | Distinct clustering of anti-Dsg antibodies, anti-thyroid antibodies, and human leukocyte antigen (HLA). (A) A tree diagram visually demonstrates the structure and relationship of the clustering variables with anti-Dsg3, anti-Dsg1, and HLA DRB1*0402 in one cluster, and anti-thyroid peroxidase (anti-TPO), anti-thyroglobulin (anti-Tg), and DQB1*0503 a second, distinct cluster. (B) Scatter plot representation of pemphigus vulgaris (PV) patients and controls (left) and controls either related or unrelated to PV patients (right), with factor 1 (anti-TPO, anti-TG, and DRB1*0503) on the x-axis and factor 2 (anti-Dsg3, anti-Dsg1, and DQB1*0402) on the y-axis.



To assess how theses clusters relate to the patient and control populations, factor scores were generated for each cluster using the corresponding standardized scoring coefficients. These factor scores were then plotted against one-another using a scatter plot, with the study sample cohorts represented by different colors (factor 1 = anti-TPO, anti-Tg, and absence of DQB1*0503; factor 2 = anti-Dsg1, anti-Dsg3, and presence of DRB1*0402). The resulting figure shows that PV patients have higher factor scores as compared with controls which tend to cluster toward low factor scores (Figure 7B, left), indicating that one or more variables are present in a given patient within the respective factor groups, but are lacking in the majority of controls. However, a minority of controls are positive for the PV-related factors. To further characterize the control population, we divided healthy controls into PV-related and PV-unrelated individuals. We found that related controls (first-, second-, or third-degree relation to a PV patient) have higher factor scores than unrelated controls (Figure 7B, right), which is particularly true for factor 2 that comprises of anti-Dsg1, anti-Dsg3 antibodies and presence of DRB1*0402. This finding is in line with previous work from our lab that found increased autoantibody levels, including those for anti-Dsg3 and anti-TPO, in PV patients and their relatives by multiplexed autoantigen array when compared with unrelated healthy controls (22).

DISCUSSION

Autoimmune thyroid disease is among the most commonly diagnosed autoimmune diseases in the general population. Various epidemiological studies have shown the prevalence of AITD to be 7–8% (28, 30, 31), with a reported female predominance of 9:1. The clinical manifestations of AITD may vary from hypothyroidism (Hashimoto’s thyroiditis) to hyperthyroidism (Grave’s disease). The diagnosis of AITD is made based on clinical findings, thyroid function abnormalities as well as the presence of either one of the anti-thyroid antibodies; anti-TPO, anti-Tg or anti-thyroid-stimulating hormone receptor antibodies.

Multiple previous studies from our group and others have reported a higher prevalence of AITD in patients with PV (4, 6–10). In fact, AITD is the most commonly self-reported autoimmune disease in PV patients and/or their first-degree relatives (4, 8). Similarly, levels of AITD-related antibodies, particularly anti-TPO, have been reported to be significantly elevated in PV patients when compared with controls in ethnically diverse populations in Argentina (9), Iran (3, 23), and Turkey (6), with anti-TPO levels ranging from 16 to 40% in the patient population compared with only 6–12% in the healthy control population. Interestingly, numerous studies found that despite the presence of thyroid disease related autoantibodies, many patients were euthyroid clinically (3, 9). In our North American study population, 10.2% of patients reported a history of AITD compared with only 5.4% in the control population (data not shown; noteworthy, of the healthy controls with a personal history of AITD, all had a family history of autoimmune bullous disease, mainly PV), but a higher number of patients had serum reactivity to autoantibodies classically related to AITD (13.9% anti-TPO and 6.8% anti-Tg reactivity). As in previous studies, the self-reported history of AITD and the objectively determined anti-TPO/anti-Tg levels are not tightly correlated. In fact, only 52% of patients with a positive history of thyroid disease have detectable anti-TPO/anti-Tg levels. Conversely, 13% of patients without a personal or family history of AITD still carried detectable levels of anti-TPO/Tg, suggesting that these patients either have not been diagnosed with AITD, that these autoantibodies are non-pathogenic, or that they may be involved in processes unrelated to thyroid pathology. While the data on autoimmune thyroid conditions in PV patients in our study was self-reported and could not be independently verified by other imaging or clinical data, the rates of anti-TPO and anti-Tg levels from PV patients with a personal history of AITD are substantially higher compared with those with only a family history and those with no history (self or family). In future studies, it will be important to document objective measures of thyroid function such as thyroid-stimulating hormone, thyroxine (T4), and triiodothyronine (T3) serum levels to assess the true overlap of thyroid disease and anti-thyroid autoantibody positivity in PV patients.

The overwhelming majority of patients with PV carry anti-desmoglein 3, and to a lesser extent, anti-Dsg1 antibodies; these antibodies have been shown to be sufficient to induce cell dissociation (in vitro and in vivo) (32). However, a subgroup of patients does develop lesions in the absence of anti-dsg antibodies [personal observation and Ref. (31)]. To date, it is unclear if autoantibodies with non-dsg specificities contribute to blister formation. However, ongoing work in our lab suggests this may be the case for anti-thyroid peroxidase (TPO) antibodies. Using high-throughput protein microarray technology, we found significant IgG reactivity in PV patients toward TPO, several muscarinic acetylcholine receptor subtypes, as well as the established PV-associated antigen desmoglein 3 (22). Furthermore, we observed that patient derived anti-TPO, similar to anti-desmoglein antibodies or patient derived PVIgG, can (i) activate p38MAPK, (ii) increase intracellular calcium and (iii) induce fragmentation of a keratinocyte monolayer (Sajda et al., manuscript in preparation). Likewise, the depletion of anti-TPO autoAbs inhibits the ability of patient purified IgG (PVIgG) to activate these pathways, suggesting a pathogenic role of anti-TPO antibodies in Pemphigus. In this context, it is interesting that anti-TPO and anti-Tg show the highest prevalence in patients that are anti-Dsg3 and anti-Dsg1 negative (A.R. 26.9 and 23.1%, respectively) and are negative or barely detectable in patients that are double-positive for anti-Dsg3 and anti-Dsg1, suggesting that anti-TPO antibodies may have a compensatory or additive function in the absence of the classical PV-related autoantobodies. Interestingly, we also observe a trend toward a higher prevalence of anti-TPO and anti-Tg antibodies in PV patients with the rare “cutaneous only” phenotype and a significant increase in anti-Tg in anti-Dsg1/3 double-negative patients in active disease vs. remission, suggesting that the “supporting role” anti-thyroid antibodies may play in disease pathogenesis is more pronounced in less common disease phenotypes.

A role for anti-TPO antibodies has been previously suggested in autoimmune conditions of non-thyroid origin other than PV, including type I diabetes mellitus (33, 34) and RA (35). Interestingly, we have found both DM type I and RA to be frequent autoimmune comorbidities in PV (4, 10). In fact, these diseases belong to a distinct autoimmune disease cluster along with PV and AITD (8), suggesting common genetic elements across clinically distinct diseases that might underlie autoimmune susceptibility. Autoimmune diseases are multifactorial in origin, with susceptibility controlled by genetic and environmental factors. Thus far, the strongest genetic associations for a wide range of autoimmune conditions, including PV, AITD, RA, and DM type 1, have been with variants in the HLA region (36). PV has a particularly strong associations with HLA with ~ 95% of North American patients carrying one of two HLA class II susceptibility alleles, DRB1*0402 and/or DQB1*0503 (13, 14, 37). Wucherpfennig et al. showed that autoaggressive T cells recognize a limited set of Dsg3 peptides presented by DRB1*0402, thus providing a compelling explanation for the observed association of disease expression and HLA haplotype in PV (16). To date, no such clear association has been found for DQB1*0503. Equally, it is not clear if and how other HLA alleles (non-DRB1*0402 or non-DQB1*0503) link with disease-relevant autoantibodies.

Our data indicate that patients who do not carry the prevalent PV-susceptibility HLA alleles DRB1*0402 and DQB1*0503 are more likely to have higher levels of anti-thyroid antibodies. Interestingly, many of these patients carry alleles in the HLA region that have been associated with thyroid autoimmunity (38, 39), such as DRB1*04, DQB1*0302, DQB1*0301 and DQA*0301 (40) (data not shown). Of note, HLA DRB1*0402 has been suggested to be in linkage disequilibrium with DQB1*0302, an allele that has been suggested as a disease causing allele for AITD (41), which may be one of the reasons for the significant overrepresentation of AITD-related autoantibodies in PV. Interestingly, current literature also suggests that DQB1*05 alleles are protective against development of AITD in pediatric DM type I patients (41), and, thus, it is not entirely surprising that we see the lowest levels of anti-TPO and anti-Tg antibodies in the presence of DQB1*0503 allele. Indeed, our cluster analysis reveals that the presence of DRB1*0402 may predispose patients to develop anti-Dsg3 and anti-Dsg1 antibodies, while the absence of DQB1*0503 may predispose them to develop anti-TPO and anti-Tg antibodies.

We did observe that female PV patients have higher antibody A.R.s than either male PV patients or controls. The discrepancy between female and male patients can likely be explained by higher prevalence of AITD in females in general, since there is no large difference in the relative female predominance in either PV patient or controls in our study. However, the exact mechanism behind the increased susceptibility of females to several autoimmune diseases, including pemphigus and AITD, remains to be established.

Taken together, our data support a role for non-desmoglein autoantibodies in PV, specifically anti-TPO antibodies. Our findings further suggest that anti-TPO reactivity in PV is driven by genetic markers that may be in linkage disequilibrium with the established PV-susceptibility alleles and that this association drives the selection of a combination of anti-Dsg and anti-TPO antibodies, with anti-TPO filling the gap in active patients that do not carry the established PV-associated autoantibodies and/or are lacking the established PV-HLA-susceptibility alleles. Understanding the genetic underpinnings and potential mechanistic interplay of anti-desmoglein and non-desmoglein autoantibodies relevant to disease pathogenesis and expression is crucial to improve both treatment and clinical decision making in autoimmune blistering conditions. Further studies are needed to determine both the potential functional correlates of anti-TPO and anti-Tg autoantibodies in the context of cell dissociation and whether the anti-TPO/anti-Tg antibodies detected in PV are similar or identical in specificity and affinity to those detected AITD.
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We have previously shown that predominant expression of key inflammatory cytokines and chemokines at autoimmune sites or tumor sites induces loss of B cells tolerance, resulting in autoantibody production against the dominant cytokine/chemokine that is largely expressed at these sites. These autoantibodies are high-affinity neutralizing antibodies. Based on animal models studies, we suggested that they participate in the regulation of cancer and autoimmunity, albeit at the level of their production cannot entirely prevent the development and progression of these diseases. We have, therefore, named this selective breakdown of tolerance as “Beneficial Autoimmunity.” Despite its beneficial outcome, this process is likely to be stochastic and not directed by a deterministic mechanism, and is likely to be associated with the dominant expression of these inflammatory mediators at sites that are partially immune privileged. A recent study conducted on autoimmune regulator-deficient patients reported that in human this type of breakdown of B cell tolerance is T cell dependent. This explains, in part, why the response is highly restricted, and includes high-affinity antibodies. The current mini-review explores this subject from different complementary perspectives. It also discusses three optional translational aspects: amplification of autoantibody production as a therapeutic approach, development of autoantibody based diagnostic tools, and the use of B cells from donors that produce these autoantibodies for the development of high-affinity human monoclonal antibodies.
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INTRODUCTION

Autoantibodies to self-components are commonly associated with the development of autoimmunity, allergic diseases, and scleroderma (1–6). As opposed to these harmful antibodies, here we focus on those that are being produced during pathological conditions and are beneficial for the host. About 14 years ago, we have identified that along the course of rheumatoid arthritis (RA), the immune system produces neutralizing autoantibodies against tumor necrosis factor alpha (TNFα) (7), one of key drivers of the inflammatory process in this disease (8). Similar autoantibodies have also been observed in rodents after the induction of experimentally induced arthritis (i.e., adjuvant-induced arthritis), even before the onset of disease (7). In these rodents, amplification of this response by a targeted DNA vaccine encoding TNFα suppressed the experimental disease, whereas their elimination via induction of neonatal tolerance to TNFα aggravated the severity of disease (7). Collectively, this implies for a selective breakdown of B-cell tolerance that restrains destructive autoimmunity. The relevance of such beneficial protective autoantibodies has recently been highlighted in a study focusing on breakdown of B-cell tolerance in APS1/APECED patients (9). These patients have a functional deficiency of the autoimmune regulator (AIRE) gene that is essential for the generation of central T cell tolerance to many self-antigens (10–12). The study showed that in the absence of central T cell tolerance the immune system promoted T-dependent high-affinity autoantibody production to key cytokines, and by so doing provokes resistance to autoimmunity (9). The disease in focus in this manuscript is type I diabetes (T1DM) and autoantibodies that are likely to affect the development of T1DM are produced against type-I interferons (9).

The current mini-review describes how we discovered this type of regulatory response long ago, and its relevance to cancer and autoimmunity. It also discusses the implications of these findings for therapy, diagnosis, and development of therapeutic human monoclonal antibodies.

THE DISCOVERY OF AUTOANTIBODY-BASED REGULATION OF AUTOIMMUNITY AND CANCER

Almost 20 years ago, we have applied the DNA vaccination technology to induce anti-chemokine autoantibody production and by so doing explore their differential role in the regulation of autoimmunity (13–16). The basic idea has been to inject rodents with CpG-enriched plasmid DNA encoding different chemokines or cytokines, and then to follow the effect of these vaccines on the generation of neutralizing autoantibodies to chemokines/cytokines and on the development and progression of the autoimmune condition. In continuing experiments, these autoantibodies were purified and their disease protective abilities were confirmed by adoptive transfer experiments (13–16). In one of these experiments, a CpG-enriched plasmid DNA vaccine encoding TNFα was administered just after the onset of experimental autoimmune encephalomyelitis (EAE), and surprisingly, its beneficial effect was very rapid (17). It should be noted that in contrast to EAE in multiple sclerosis, it is not clear whether TNFα suppresses or aggravates the disease (18, 19). Later, we learned that the generation of high antibody titer following administration of targeted DNA vaccines is very rapid because it amplifies an existing autoantibody response that by itself restrains the dynamics of these diseases (7). Finally, we have extended these experiments to cancer, showing that in these diseases anti-chemokine autoantibody production is apparent and could be amplified in a beneficial manner (20). The link between cancer and autoimmunity is that in both types of diseases some chemokines and cytokines are largely expressed at site that are partially segregated from the immune surveillance, as described below.

OUR WORKING HYPOTHESIS

Why are autoantibodies to inflammatory cytokines and chemokines being selectively produced in cancer and autoimmune diseases?

Immune privilege sites were originally believed to be associated with particular organs, which were believed to require superior protection from an excessive inflammatory activity that might cause direct damage to these organs. Key examples are as follows: the testes, brain, the anterior chamber of the eye, and the placenta. It is likely that in these areas the ability of regulatory T cells (Treg) to restrain anti-self-immunity, under inflammatory conditions, is limited. This may explain, in part, the development of bystander autoimmunity following an inflammatory process within “classical” immune privileged sites (21). A newer and more comprehensive interpretation of immune privilege sites suggests that they can be acquired locally in many different tissues in response to self antigens (22). Aside of autoimmune sites this may also include tumor sites, and the tumor-draining lymph nodes (23). Our working hypothesis is that in these sites predominant expression of inflammatory cytokines or chemokines may lead to T-dependent breakdown of tolerance resulting in anti-inflammatory cytokines/chemokines autoantibody production (Figure 1).
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FIGURE 1 | Selective breakdown of B cell tolerance to key inflammatory cytokines/chemokines regulates cancer, autoimmunity and infectious diseases: selective breakdown of tolerance to chemokines and cytokines may result from the generation of an inflammatory process at sites that are partially restricted from immune surveillance (autoimmune sites, tumor sites) or as a results of a deficiency in central tolerance (APS1/APECES patients with autoimmune regulator deficiency). In both, it is believed that breakdown of B cell tolerance follows the breakdown of T cell tolerance. The data obtained from APS1/APECES patients strongly support this hypothesis.



Although it is tempting to speculate that the generation of these autoantibodies is deterministic, for the benefit of the host, it is more likely that their production is stochastic, and is due to the overexpression of gene products under inflammatory conditions at a site that is partially segregated from immune surveillance. Such conditions may give rise to a selective breakdown of immunological tolerance (24). As a stochastic process, it may also enable the production of autoantibodies that would be harmful to the host, such as anti-SR-A antibodies in systemic lupus erythematosus (25).

ANTI-TNF-α AUTOANTIBODIES IN RA AND PSORIASIS

Rheumatoid arthritis is a systemic autoimmune disease of the joints. Many pro-inflammatory cytokines, including TNFα, IL-1 chemokines, and growth factors, are expressed in diseased joints and have been associated with the development of the inflammatory process resulting in the degeneration of cartilage and erosion of juxta-articular bone (26, 27). In many studies, it has been shown that systemic administration of anti-TNFα antibody or soluble TNFα receptor fusion protein holds a beneficial effect for a major portion of the RA patients, implicating for the pivotal role of this cytokine in the pathogenesis of RA (28). Soluble levels of TNFα receptor showed positive correlation with disease activity in Inflammatory Bowel’s disease (29). We identified the appearance of neutralizing autoantibodies to TNFα in the sera of RA patients, but not in sera of those developing osteoarthritis (7). Mapping of the target epitopes they bind revealed three epitopes on TNFα with very low cross reactivity to any known human protein (7). Thus, breakdown of tolerance to TNFα is highly selective and target specific.

Psoriasis is an inflammatory autoimmune disease of the skin. IL-17, TNFα, and IFNα are all key cytokines that promote the development and progression of disease (30–33). IL-17 and his receptor and TNFα are key targets for therapy in this disease (30–33). We could observe a significant titer of anti-TNFα and IFN-α in patients with psoriasis compared to healthy subjects and patients with atopic dermatitis (34). These antibodies were found to be neutralizing antibodies. So were anti-TNFα antibodies in RA patients. We, therefore, think that they may possibly participate in the regulation of each disease; albeit in the low titer of their production cannot fully prevent its development and progression.

ANTI-CCL3 AUTOANTIBODIES IN TYPE I DIABETES

Type-1 diabetes mellitus (T1DM) is an organ-specific autoimmune disease resulted from the destruction of the insulin-secreting β-cells in the pancreatic islets of Langerhans (35). In this disease CD4+ and CD8+ T cells, macrophages and perhaps NK cells are required for β-cell destruction (36). The destruction of insulin-producing β-cells is likely to be directed by auto-reactive T cells that recognize several islet β-cells antigens. Among the well-characterized autoantibodies in this disease are as follows: anti-insulin Abs (CIAA), islet cell Abs (ICA), glutamic acid decarboxylase (GAD) 65 and 67 isotypes Abs, heat shock protein 60, and some uncharacterized β-cells antigens (37–39). Currently, the diagnosis of T1DM is based on measuring autoantibodies to GAD, ICA, ICA 512 (IA-2), and insulin (40–47). We have followed potential development of autoantibody titer to many different inflammatory cytokines and chemokines in the sera of T1DM patients and observed a significant autoantibody titer to a single dominant chemokine: CCL3 (48). Independently, Cameron et al. observed in NOD mice predominant expression of intra-pancreatic CCL3 in NOD mice, and along with this that CCR3 ko NOD mice display high resistance to T1DM (49). These results, together with ours may suggest that preferred expression of an inflammatory cytokine/chemokine at an autoimmune site that undergoes a destructive process may induce breakdown of tolerance and generation of autoantibodies to this predominant mediator, and that for anti-CCL3 it might be beneficial for the host.

ANTI-CCL2 AUTOANTIBODIES IN CANCER

The tumor microenvironment is the cellular environment in which the tumor exists. In addition to cancer cells, it includes different cells of either hematopoietic origin, or from mesenchymal origin, and also forms non-cellular components, all of which affect tumor development either due to a direct cross-talk with the tumor, or via affecting immune cells functions, within the TEM (50). Cells of the hematopoietic origin consists of cells that arise in the bone marrow and can be subdivided into cells of the lymphoid lineage, consisting of T cells, B cells, and natural killer cells, and those of the myeloid lineage, which includes macrophages, neutrophils, and myeloid-derived suppressor cells (MDSCs). Several studies, including ours, showed that the CCR2–CCL2 axis is critical for the mobilization from the BM to the blood, and later to the tumor site of tumor-associated macrophages to support it development and suppress anti-tumor immunity (20, 51–56). Very recently, we uncovered the mechanism by which “neutrophil like” polymorphonuclear MDSCs are mobilized from the bone marrow to the blood to support tumor development (57). We have observed in patients suffering from cancer of the prostate the development of a significant antibody titer of neutralizing antibodies to the CC chemokine CCL2 (20). Similarly, in an immunocompetent model of the disease in mice these antibodies were also apparent, and the amplification of their level by a targeted DNA vaccine encoding CCL2 rapidly suppressed the development and progression of disease (20).

What do autoimmune sites and tumor sites have in common? Autoimmune sites, tumor sites, and the tumor-draining lymph nodes are partially immune previlaged, and in easch inflammatory cytokines/chemokins are largely expressed (23). Our working hypothesis is that in these sites predominant expression of inflammatory cytokines or chemokines may lead to T-dependent breakdown of tolerance resulting in anti-inflammatory cytokines/chemokines autoantibody production (Figure 1).

SUPPORTING EVIDENCE FOR T-DEPENDENT AUTOANTIBODY PRODUCTION FROM AIRE-DEFICIENT PATIENTS

Mapping of the target determinants to which anti-cytokine/chemokine autoantibodies are produced implicates for a highly restricted response (7). The antibodies that are being produced are mostly of the IgG isotype (IgG1 for human and IgG2a for mouse) (7). Together this implies for a possible T-dependent antibody production. Supporting evidence for T-dependent breakdown of tolerance resulting in neutralizing autoantibody production against cytokines that regulate autoimmunity came form a recent study that analyzes autoantibody production in APS1/APECED patients that due to genetic mutation do not express functional patients’ loss of B cell tolerance that appears to be a T-dependent step (9). In the lack of T-dependent central B cell tolerance, these patients display very high-affinity, neutralizing autoantibodies, particularly against specific cytokines. Such antibodies were biologically active in vitro and in vivo (9). Clear association between the appearance of antibodies to type-1 interferons and T1DM could be observed (9). Based on our previous observations and these findings, we suggest a model in which the expression of inflammatory cytokines at sites that are partially segregated from immune surveillance would induce T-dependent loss of B cell tolerance and generation of neutralizing autoantibodies to these inflammatory mediators that are likely to participate in the regulation of cancer and autoimmunity (Figure 1).

Table 1 summarizes the appearance and role of the above anti-cytokine and anti-chemokine autoantibodies in autoimmunity, cancer, and infectious diseases.

TABLE 1 | The role of autoantibodies to cytokines and chemokines in the pathogenesis of autoimmune, cancer, and infectious diseases.
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THE TRANSLATIONAL ASPECTS OF THESE FINDINGS

We have shown in experimental models that autoantibody production to key inflammatory cytokines/chemokines that is developed during autoimmunity and cancer diseases could be amplified by specific targeted DNA plasmids, and that this could be beneficial for the host (7, 13, 17, 20). Thus, a potential direct therapeutic implication of these studies is the use of plasmid DNA vaccines encoding key inflammatory cytokines/chemokines to which patients display autoantibody response as method to amplify each response and by so doing suppress an ongoing disease. Even though at first glance this approach looks straightforward and promising it holds two major obstacles: the first refers to the ability of plasmid DNA vaccines in human to effectively induce immune response against the gene products they encode. Previous attempts to vaccinate against viruses using plasmid DNA vaccines, even though showed some promising results in animal models (58, 59) could not be successfully extended in human. The other obstacle is the limited ability to control this antibody response once being amplified.

Another translational aspect of these findings is their use for diagnosis of diseases, in particular early diagnosis. We observed in animal models that anti-cytokine/chemokine antibody response is initiated prior to the onset of the autoimmune condition (7). The relevance of these findings in human diseases has yet to be explored. A major limitation in this approach, however, is the specificity of this response. It is hard to believe that an anti-cytokine/chemokine antibody response would be entirely disease specific. A possible way to circumvent this obstacle could by integrating this biomarker with others that could be relevant for a given disease. For example, diagnosis of cancer of the prostate that would include combination of several biomarkers, none of which is highly selective and specific. The most abundant one is the measurement of increased level of blood prostate-specific antigen, but it also has its limitations (60). It is possible that including anti-CCL2 antibody titer, in combination with other biomarkers would assist the identification of high-risk subjects for the development of disease.

Finally, the third translational approach includes the use of B cells from patients that display a significant titer of high-affinity antibodies to given cytokines/chemokines as potential source for the development of human monoclonal antibodies for therapy.

AUTOANTIBODIES TO CYTOKINES AND INFECTIOUS DISEASES

Autoimmune regulator-deficient human and mice were studied for the appearance of autoantibodies to cytokines and chemokines, and if these antibodies may affect the development of infectious diseases. The most significant observations refer to the appearance of autoantibodies to IL-17 or IL-22 and increase susceptibility to chronic mucocutaneous candidiasis (CMC) (61, 62), as these cytokines have a major role in protecting against CMC.

CONCLUSION

In various cancer and autoimmune diseases, patients display selective breakdown of B cell tolerance that is likely to be T-dependent, and results in the generation of high-affinity antibody response to key inflammatory cytokines/chemokines that are predominantly expressed at the autoimmune/cancer site. Even though the underlying mechanism of tolerance breakdown is not fully understood; in some diseases, it is beneficial for the host. The translational implications of these findings may include novel therapeutics, diagnostic, and monoclonal antibodies development strategies.
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Autoantibodies binding to the extracellular domains of desmoglein (Dsg) 3 and 1 are critical in the pathogenesis of pemphigus by mechanisms leading to impaired function of desmosomes and blister formation in the epidermis and mucous membranes. Desmosomes are highly organized protein complexes which provide strong intercellular adhesion. Desmosomal cadherins such as Dsgs, proteins of the cadherin superfamily which interact via their extracellular domains in Ca2+-dependent manner, are the transmembrane adhesion molecules clustered within desmosomes. Investigations on pemphigus cover a wide range of experimental approaches including biophysical methods. Especially atomic force microscopy (AFM) has recently been applied increasingly because it allows the analysis of native materials such as cultured cells and tissues under near-physiological conditions. AFM provides information about the mechanical properties of the sample together with detailed interaction analyses of adhesion molecules. With AFM, it was recently demonstrated that autoantibodies directly inhibit Dsg interactions on the surface of living keratinocytes, a phenomenon which has long been considered the main mechanism causing loss of cell cohesion in pemphigus. In addition, AFM allows to study how signaling pathways altered in pemphigus control binding properties of Dsgs. More general, AFM and other biophysical studies recently revealed the importance of keratin filaments for regulation of Dsg binding and keratinocyte mechanical properties. In this mini-review, we reevaluate AFM studies in pemphigus and keratinocyte research, recapitulate what is known about the interaction mechanisms of desmosomal cadherins and discuss the advantages and limitations of AFM in these regards.
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INTRODUCTION

Pemphigus with the two main forms pemphigus vulgaris (PV) and pemphigus foliaceus (PF) represents a group of autoimmune blistering skin diseases in which autoantibodies develop primarily against the desmosomal cadherins desmoglein (Dsg) 1 and 3. This leads to weakened keratinocyte cohesion by a vast and yet only partially understood set of mechanisms and in consequence causes intraepidermal splitting (1, 2). Patients suffer from painful blistering affecting skin and mucous membranes, including the risk of infections and nutritive problems (3, 4). A broad range of methods, including functional adhesion assays, molecular biology, and immunological approaches as well as animal models are used study pemphigus pathogenesis (2, 5). The investigation of some mechanisms underlying desmosome dysfunction, e.g., impaired desmosome turnover, requires complex model systems such as passive IgG transfer in mouse models or ultrastructural analysis of human skin ex vivo (6). However, reductionist approaches such as atomic force microscopy (AFM) analysis of Dsg-binding properties and distribution either in cell-free models or 2D keratinocyte cultures yield important information about the effects of autoantibodies on the function of cell adhesion molecules. Moreover, these effects can be analyzed in concert with morphological alterations typical for pemphigus such as keratin filament retraction and changes in overall mechanical properties of keratinocytes. Insights in the mechanisms of desmosomal cadherin interactions and their regulation by intracellular signaling and plaque proteins may provide the molecular basis for targeted therapies in pemphigus. In the following, we will summarize the conclusions that could be drawn from studies utilizing AFM force spectroscopy and elasticity mapping to investigate pemphigus pathogenesis and outline strengths and weaknesses of this experimental approach.

PRINCIPLE OF CELL-FREE AND CELL SURFACE AFM MEASUREMENTS

Atomic force microscopy is used to construct topography maps based on the deflections of a flexible cantilever equipped with a sharp detection tip. Driven by highly accurate piezo steppers, the tip scans a freely definable region of interest while deflection of the cantilever is detected by the displacement of a laser beam on a photodiode (Figure 1A). This setup allows the measurement of virtually all kinds of materials. Being a non-optical imaging technique, the resolution is not limited by diffraction of light and reaches a spatial resolution down to 0.5–1 nm (7). Important for the field of basic biology, living cells, e.g., keratinocytes, can be imaged under near-physiological conditions (37°C, medium) without the necessity of fixation (8, 9). Depending on the imaging mode, mechanical properties such as elasticity of the sample can be acquired together with information about the surface topography (10, 11) (Figure 1B). The combination of AFM topography and elasticity mapping with force spectroscopy provides an additional set of data that can be extracted from the same scan (Figure 1B). In this approach, recombinant adhesion molecules, e.g., the extracellular domains of desmosomal cadherins, are coupled to the AFM tip (Figures 1C,D). The tip is repetitively lowered to and retracted from a given surface, e.g., a cell membrane. Scanning with these functionalized tips provides information about the binding partners of the respective molecule, their localization (e.g., position in the membrane) (Figure 1B), and a set of biophysical properties of single-molecule interactions, such as binding forces, lifetimes of the respective bonds, and step position (12, 13).


[image: image1]

FIGURE 1 | Atomic force microscopy (AFM) setup for cadherin binding studies. (A) Schematic of an AFM setup. A flexible cantilever equipped with a sharp tip is repetitively lowered to and retracted from the surface of the probe. Deflection of the cantilever while contacting the surface is detected by a laser pointed on the cantilever and provides information about surface topography and mechanical properties. (B) Example for simultaneous measurement of topography (with elevated cell borders and filamental structures on the cell surface), elasticity (Young’s modulus) and Dsg3 adhesion map (with each blue pixel represents on Dsg3-dependent binding event, arrow points on the cell border) on living murine keratinocytes. (C,D) To study single-molecule interaction tips can be functionalized with recombinant adhesion molecules using PEG-linkers. For desmosomal cadherins coating was conducted using full-length extracellular domains as either monomers (C) or Fc-tagged dimers (D). (E) Probe setup for cell-free measurements on mica sheets coated with Fc-tagged dimers of desmosomal cadherin extracellular domains. (F) Probe setup for measurements on living keratinocytes. Cells express several desmosomal cadherin isoforms on their cell surface.



Several methods are established for protein functionalization of AFM cantilevers (14). However, usage of heterobifunctional PEG-linkers is often preferred because it allows coupling of the molecule of interest to the distal end of the linker and ensures a reproducible detection radius throughout the experiments (15). In addition, these linkers allow coupling with a broad range of molecules through amino groups (15). Thus, it is possible to coat full-length extracellular domains of desmosomal cadherins which has been done with his-tagged monomers (Figure 1C) (16) as well as with Fc-tagged dimers (Figure 1D) (17). The second setup was applied based on experiments using classical cadherins, in which cis-dimerization was thought to be crucial for proper adhesive function (18, 19). However, both approaches showed specific homophilic and heterophilic binding events (16, 20–22). Due to the freely moving linkers, the achievable resolution is reduced to around 50 nm (14) which is suitable for capturing desmosomal cadherin clusters at the surface of living keratinocytes. Importantly, AFM force spectroscopy can be combined with other imaging modalities. These range from conventional and superresolution fluorescence microscopy techniques to electron microscopy and may help to overcome technical limitations, such as non-specificity of adhesion measurements and low imaging speed (23, 24). Together, this highly flexible AFM-based multimodal imaging allows the simultaneous acquisition of a wide range of different parameters.

For characterization of binding properties of desmosomal cadherins often cell-free approaches are used in which recombinant proteins are immobilized not only on the scanning tip but also on the surface of, e.g., a silicon nitrite mica-sheet (25). This reductionist model allows unequivocal evaluation of binding partners and forces because the possible interaction partners are clearly defined (Figure 1E). By contrast, keratinocytes express several isoforms of desmosomal cadherins (Figure 1F) which hinders a clear identification of interaction partners. Moreover, cell monolayers are more complicated to handle because of the necessity of measurements under near-physiological conditions, including temperature control and application of media to avoid starving (8). The continuous reorganization and morphological changes of the monolayer limit lateral resolution and are challenging because of the time necessary for AFM measurements (14). On the other side, the increased complexity by application of living cells has numerous advantages and adds novel possibilities to characterize desmosomal adhesion. Changes of cell topography and mechanical properties can be monitored in response to manipulation of signaling pathways or genetic depletion of specific proteins (26–28). In addition, alterations in the localization of Dsg clusters at the surface of living keratinocytes, their mobility (20, 29), and the binding properties can be elucidated (20, 30). Vice versa, changes in cell behavior or intracellular signaling activity can be detected following AFM-based manipulation such as indentation of the membrane or severing of cytoskeletal components (31, 32).

AFM TO ELUCIDATE Dsg-BINDING PARTNERS AND TO STUDY THE EFFECTS OF AUTOANTIBODIES

Desmogleins and desmocollins have been shown to bind both in homophilic- and heterophilic fashion under cell-free conditions (17, 33, 34). By cell-free single-molecule AFM force spectroscopy using recombinant Fc-dimers of the entire extracellular domain, we found that Dsg1, Dsg2, Dsg3, and Dsc3 can interact homophilically. Importantly, these homophilic interactions were blocked by both EGTA treatment as well as incubation with specific antibodies (16, 20, 21, 35, 36). As another indication for specific homophilic interactions, the bond rupture forces increased with the applied loading rate similar to classical cadherins (18, 37–39). Corresponding lifetimes were delineated at τ0≈0.17 for Dsg1, τ0≈0.31 for Dsg3, and τ0≈0.24s for Dsc3 in cell-free AFM experiments and τ0≈0.31 for Dsg3-dependent binding events on murine keratinocytes (20, 29, 35, 36) which were significantly lower than detected for classical cadherins (18, 37). Homophilic interactions of Dsc2 but not Dsg2 monomers were also observed recently (16). With regard to heterophilic interactions, binding of Dsg2 to Dsc2 and Dsg3 was observed by AFM as well as interactions between Dsg1 and Dsc3 (16, 20, 35). In a systematic approach, only heterophilic interactions of Dsgs and desmocollins were found by surface plasmon resonance measurements although homophilic interactions were observed when high concentrations of molecules were applied, which allowed to determine the crystal structure of two interacting Dsg2 molecules (40). The reasons for these in part contradictory in vitro findings are unclear yet. Nevertheless, in living keratinocytes, homophilic interactions appear to be a primary mode of interaction as revealed by extracellular cross-linking (41). In line with this, we detected primarily homophilic interactions of Dsg3 on the surface of living keratinocytes (20, 29).

Atomic force microscopy was further used to study the effects of pemphigus autoantibodies on Dsg binding. To be pathogenic and result in loss of cell cohesion, autoantibodies would either need to block Dsg interactions or lead to reorganization and internalization of Dsg molecules (Figure 2A). In the first concept, autoantibodies may sterically hinder interaction by preferentially targeting the adhesive EC1 domain of Dsgs or allosterically lead to conformational changes of the adhesive interface. These modes of interactions may be summarized as direct inhibition (Figure 2A). Release of Dsgs from desmosomes and endocytosis would require additional cellular mechanisms and intracellular signaling (Figure 2B). For instance, it is possible that extradesmosomal molecules serve as scaffolds which, dependent on autoantibody binding modulate signaling pathways and, thus, influence the composition and turnover of desmosomes. We sought to apply pemphigus autoantibodies in cell-free AFM in order to demonstrate direct inhibition of Dsg binding which represented the most likely mechanism of antibody action (42). However, we were surprised that PF-IgG did not directly interfere with Dsg1 binding (17). Meanwhile, using various IgG fractions of both PF-IgG and PV-IgG, we were not able to detect direct inhibition of Dsg1 interaction, both in cell-free and in cell-based measurements (34, 43, 44). By contrast, in all experiments using PV-IgG or the monoclonal Dsg3-specific antibody AK23 derived from a pemphigus mouse model (45) direct inhibition of Dsg3 binding was demonstrated (26, 34, 43, 44, 46). Thus, these data do not rule out that some autoantibodies targeting Dsg1 may occur which also cause steric hindrance, especially since some antibodies isolated from patients by phage display have been shown to interact with both Dsg1 and Dsg3 (47). However, the amount of these appears to be low if present in IgG fractions of many patients.
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FIGURE 2 | Autoantibody effects on desmosomal cadherin binding properties. (A) To cause direct inhibition of desmoglein (Dsg)-binding autoantibodies may either sterically hinder desmosomal cadherin interaction by preferentially targeting the adhesive EC1 domain or allosterically lead to conformational changes, which also may involve the adhesive interface. (B) Autoantibodies induce intracellular signaling leading to reorganization and internalization of Dsg molecules. (C) Schematic of autoantibody effects on desmosomal cadherin distribution. For simplification, only Dsgs are shown. Under control conditions, Dsg3 is uniformly distributed over the cell surface whereas Dsg1 shows dense clustering along cell–cell contacts. Binding of pathogenic autoantibodies causes direct inhibition of Dsg3 but not of Dsg1 interactions. For both, Dsg1 and 3, binding of autoantibodies induces redistribution of binding events away from cell–cell contact sites, a process that is likely regulated through by keratin uncoupling and activation of p38MAPK.



Atomic force microscopy studies also showed that a Dsg-specific tandem peptide designed to cross-link interacting Dsgs was effective to abrogate PV-IgG- and AK23-induced loss of keratinocyte cohesion in culture and in living mice indicating that direct inhibition of Dsg3 binding contributes to blister formation (46, 48). However, since the peptide approach also abolished activation of pathogenic signaling pathways such as p38MAPK and pharmacologic inhibition of p38MAPK was effective to override autoantibody-induced loss of cell adhesion in the presence of autoantibodies directly inhibiting Dsg3 interaction, steric hindrance alone appears not to be sufficient to cause full loss of keratinocyte cohesion (26, 48). It has to be noted that a limitation of AFM interaction studies is that recombinant Dsg molecules attached to the AFM probe primarily will interact with extradesmosomal Dsg rather than Dsg1 and 3 in the core of desmosomes. This means that AFM studies cannot definitely prove that PV-IgG and AK23 are directly inhibiting the interaction of Dsg3 molecules inside of desmosomes. Nevertheless, because it was shown by immune-electron microscopy that the IgG-variant but not the IgM-variant of AK23 accessed the desmosomal core (49), it is likely that direct inhibition of Dsg3 binding in pemphigus also occurs in desmosomes and thereby contributes to desmosome dysfunction (6).

AFM TO QUANTIFY ALTERATIONS OF KERATINOCYTE ELASTICITY AND CYTOSKELETAL REORGANIZATION IN RESPONSE TO AUTOANTIBODIES

The cytoskeleton of eukaryotic cells comprises actin filaments, intermediate filaments, and microtubules. Keratin filaments, the intermediate filaments in cells of epithelial origin anchoring desmosomes, are pronouncedly affected in pemphigus. The so called “keratin retraction” describes the uncoupling of keratin filaments from desmosomes and the clustering around the nucleus. By AFM, keratin filaments can be visualized as stiff bundles underneath the membrane in the cell periphery inserting perpendicular to areas of cell–cell contact into desmosomes (26, 28). Interestingly, changes in the peripheral keratin network occur very rapidly within 1 h after autoantibody incubation and appear to even precede Dsg3 endocytosis, another hallmark of pemphigus (26, 50). Here, the first visible alteration is a reduced amount of keratin filaments in the basal part of the cell near areas of cell–cell contact, a region implicated in assembly of keratin filaments (51).1 Furthermore, as demonstrated by AFM elasticity mapping and optical stretching, keratin filaments in contrast to the actin cytoskeleton are the main constituents responsible for keratinocyte stiffness (52–54). In line with these data and the observations that keratin filaments are rapidly altered upon application or pemphigus autoantibodies, elasticity changes in response to autoantibody binding were described (31). By probing the membrane above the nucleus, a rapid reduction in cellular stiffness was observed within minutes followed by an increase after several hours, the latter of which may be a result of keratin clustering around the nucleus. Nevertheless, it is unclear whether these changes are mainly a result of keratin reorganization or whether other mechanisms contribute, as these changes were related to FasL-dependent apoptotic signaling (31).

The actin cytoskeleton is also severely altered by autoantibody binding (55, 56). Strengthening of the cortical actin meshwork prevented autoantibody-induced loss of cell cohesion in keratinocytes, indicating a contribution of actin reorganization to epidermal blistering (57). In principle, the actin meshwork underneath the membrane is accessible for AFM-based imaging (58–60), albeit with reduced resolution compared to approaches involving a membrane “deroofing” step or inside-out measurements of membrane patches (61, 62). By AFM, the differentiation between the cortical actin and other cytoskeletal components is barely possible, especially because a cortical keratin filament meshwork may exist (63). Nevertheless, the observation that the delicate mesh pattern of the membrane of murine keratinocytes appears similar in cells with and without expression of keratin filaments indicates that these structures represent the cortical actin cytoskeleton (20). If and in which timeframe specific changes of the cortical actin cytoskeleton can be detected by AFM imaging remains to be elucidated.

STUDIES ON Dsg DISTRIBUTION PATTERNS AND BINDING PROPERTIES MODULATED BY PEMPHIGUS ANTIBODIES

In keratinocytes, Dsg3 and 1 are differentiation-dependently localized at sites of cell–cell junctions (64, 65). Interestingly, AFM measurements showed that Dsg3 binding events are uniformly distributed on the surface of living keratinocytes (29) (Figure 2C). This could be related to Dsg3 molecules that are detectable away from junctions and referred to as extradesmosomal (30, 66, 67). Thus, molecules detected close to cell–cell junctions may be extradesmosomal, located in desmosomal precursors or located at the edge of the desmosomal core, as the “center” of the tightly packed desmosomes is most likely not accessible for the AFM scanning tip. Nevertheless, these molecules differ with regard to their binding properties. Molecules at cell–cell junctions reveal higher binding forces compared to molecules on the cell surface above the nucleus (29). By contrast, Dsg1 binding events are not distributed uniformly but rather show higher binding frequencies along cell–cell junctions, indicating that clustering of Dsgs differs between isoforms (44, Figure 2C). In this context, keratins not only regulate cell mechanics (53, 54) but also differentially regulate Dsg-binding properties. For example, keratins are crucial for maintenance of Dsg3 binding strength as well as for distribution of Dsg1 at cell junctions (20, 44).

Binding of pemphigus autoantibodies to the extracellular domains of Dsg1 and 3 on the surface of living keratinocytes was shown to induce altered clustering of the targeted molecules (68–70). Using AFM, redistribution of Dsg1 binding events away from cell junctions occurred after treatment with pemphigus IgG fractions containing a-Dsg1 antibodies which may explain the structural changes described above (44). Dsg1 redistribution seems to be dependent on uncoupling from the keratin filaments which is a common phenomenon after treatment with pathogenic autoantibodies and precedes reduction of Dsg1 binding strength (Figure 2C) (44, 48, 55). Due to direct inhibition of Dsg3 interaction, redistribution of Dsg3 molecules could not be evaluated after autoantibody treatment (26, 34). However, modulation of signaling pathways such as p38MAPK was used to mimic some effects of pemphigus autoantibodies on Dsg3 binding properties. p38MAPK is a central signaling molecule in pemphigus which is activated by binding of autoantibodies and was demonstrated to form a signaling complex containing Dsg3 and Dsc3 (71). Furthermore, activation of p38MAPK has been linked to keratin retraction and Dsg internalization whereas inhibition of p38MAPK prevented loss of intercellular adhesion (Figure 2C) (55, 66, 71–73). Interestingly, activation of p38MAPK led to keratin retraction and redistribution of Dsg1 and 3 binding events away from junctions indicating that p38MAPK signaling participates in the regulation of Dsg clustering (Figure 2C) (44). Furthermore, inhibition of p38MAPK prevented autoantibody-induced redistribution of Dsg1 binding events and restored Dsg3 binding strength under conditions where keratinocytes were depleted from keratins (20, 44) indicating that Dsg-binding properties are strongly dependent on p38MAPK. Taken together, AFM adds important information on molecule distribution and binding properties of Dsgs after autoantibody incubation.

CONCLUSION

Atomic force microscopy complements a broad range of methods in pemphigus research. Under cell-free conditions, AFM enables characterization of single-molecule desmocadherin interactions with and without the presence of pemphigus autoantibodies. When applied on living keratinocytes, this can be complemented by monitoring cytoskeletal alterations. So far, AFM is the only technique with which direct inhibition of Dsg interactions by pemphigus autoantibody binding was detected on the single-molecule level. Furthermore, it provides insights into alterations of keratinocyte properties. Although interaction partners on living cells cannot be completely identified and temporal resolution is low compared to other live-cell imaging approaches, investigation of Dsg mobility and redistribution in response to autoantibodies may add important information about the underlying mechanisms of loss of cell cohesion in pemphigus. Similarly, combination of Bio-AFM with high-resolution imaging techniques such as STED microscopy may elucidate whether alterations of Dsg binding properties in response to autoantibody binding maybe mediated by different association with signaling molecules and plaque proteins.
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INTRODUCTION

Testing for liver-related autoantibodies should be included in the workup of patients with hepatitis or cholestasis of unknown origin. Although most of these autoantibodies are not disease specific, their determination is a prerequisite to diagnose autoimmune hepatitis (AIH) and primary biliary cholangitis (PBC), and they are components of the diagnostic scoring system in these diseases (1, 2) (Table 1). In primary sclerosing cholangitis (PSC), on the other hand, autoantibodies are frequently present but play a minor role in establishing the diagnosis, which is based on cholangiography. In PSC, however, data on antibodies suggest a link between disease pathogenesis and the intestinal microbiota (3).

TABLE 1 | Autoantibodies in autoimmune liver diseases.
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In Europe, screening for liver-related autoantibodies is traditionally conducted using indirect immunofluorescence testing (IFT) on rodent tissue slices (Table 2). Cutoff levels for titers included in diagnostic scores for AIH and PBC use IFT as a standard. In other parts of the world, solid-phase test systems are widely used and to date it is unclear, whether this results in altered sensitivity or specificity of the tests applied and how these findings can be translated into diagnostic scores. IFT has the advantage of not only assessing the titer of the autoantibodies but also the fluorescence pattern, which may provide additional information on the presence, e.g., of PBC-defining antinuclear antibodies (ANA). Therefore, fluorescence pattern of ANA should always be reported together with the antibody titer. It is important to note, however, that IFT is a subjective method that requires an experienced lab technician and that international standards for testing are currently lacking. Also, titers may differ between labs due to different substrates used, and, therefore, the lab-specific reference values should be noted.

TABLE 2 | Recommended serologic first line diagnostics for autoimmune liver diseases.
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The following review will focus on practical aspects of antibody testing in the three major autoimmune liver diseases AIH, PBC, and PSC.

AUTOANTIBODIES IN AIH

Introduction

Diagnosis of AIH

Autoimmune hepatitis is a chronic inflammatory liver disease with unknown etiology (1, 4, 5). The diagnosis of AIH is based on a combination of typical findings, which are not disease specific and on the exclusion of other liver diseases, such as viral hepatitis (6–8). It is assumed that AIH is a T cell-mediated disease. However, there are hints at a relevant role for a humoral immune response in AIH pathogenesis: autoantibodies can frequently be detected, plasma cells are enriched in hepatic infiltrates and immunoglobulin G (IgG)/gammaglobulins serve as a diagnostic and disease activity markers. Nevertheless, the exact pathogenetic relevance of this humoral immune response for AIH is unclear and has not been investigated in detail (Table 1). The antigens that are targeted by autoantibodies in AIH have been identified in most cases. Still, it is uncertain whether these autoantigens play a relevant role for the induction or preservation of chronic liver inflammation in AIH.

The presence of AIH-related autoantibodies supports the diagnosis of AIH. However, most autoantibodies being associated with AIH have a relatively low disease specificity (Table 1). In the setting of acute or even chronic hepatitis of an etiology other than AIH, and even in healthy persons, liver autoantibodies can frequently be found. Besides, the presence of autoantibodies is not a prerequisite for the diagnosis of AIH: around 10–15% of patients present without known autoantibodies (“seronegative” AIH) or develop them during the course of disease after an acute onset.

Methods of Testing

As mentioned earlier, IFT on rodent kidney, liver, and stomach tissue and on HEp-2 cells is recommended as the standard method for the detection of liver autoantibodies (9). It is important to note that IFT testing is a subjective method and titers may vary depending on the laboratory performing the test. Antibody titers above 1:40 have a higher specificity for AIH, but it is unknown whether very high titers (e.g., >1:640) are associated with an even higher specificity. IFT enables the simultaneous analysis of most of the antibodies that are relevant for autoimmune liver diseases. HEp-2 cells with their prominent nuclei help to identify specific patterns of ANA. HEp-2 cells should not be used for initial screening for the presence of ANA since low titer antibodies can frequently be found in healthy subjects using these cells (10). Therefore, screening for ANA should be performed on rodent kidney, liver, and stomach tissue. In the case of positivity, the pattern of ANA should then be analysed on HEp-2 cells (9). The fluorescence pattern of ANA on HEp-2 cells provides additional diagnostic information: a pattern of multiple “nuclear dots” or a “nuclear rim” pattern suggest the presence of anti-sp100 or anti-gp210, respectively, and thereby hint at the diagnosis of PBC or a variant syndrome of AIH with features of PBC (see below section on autoantibodies in PBC). In Europe, there is consensus that solid-phase assays such as enzyme-linked immunosorbent assays (ELISA) or immunoblots should only be used to confirm the results of IFT, but not for initial screening of ANA. However, in the USA, ELISA are frequently used for screening purposes (4). For the diagnostic workup of autoimmune liver diseases, anti-soluble liver antigen/liver–pancreas antibodies (anti-SLA/LP) should already initially be tested for by ELISA or immunoblot since these autoantibodies cannot be detected by IFT and have high specificity for AIH.

Subclassification of AIH According to Autoantibody Pattern

Next to their diagnostic value, certain autoantibodies have been associated with a different clinical presentation and prognosis of AIH. These associations have led to the classification of type 1 and type 2 AIH. Type 1 AIH is the predominant type of AIH in adults and children and is defined by the presence of ANA and/or antismooth muscle antibodies (anti-SMA) (7). Anti-SMA (and especially anti-actin antibodies) have been associated with inflammatory activity of AIH in adult patients (11). However, these results still need to be validated. Type 2 AIH (about 5–10% of all AIH patients) is typically defined by anti-liver–kidney microsomal type 1 antibodies (anti-LKM-1) or, in rare cases, by anti-LKM-3 and/or anti-liver cytosol type 1 antibodies (anti-LC1) (12–14). Type 2 AIH presents at a younger age, often in childhood, and is associated with a more aggressive disease course than type 1 AIH (12, 15). It is still controversial whether the presence of anti-SLA/LP defines a third subgroup of AIH (type 3 AIH) with a potentially more aggressive clinical course or whether anti-SLA/LP-positive AIH patients experience a clinical course similar to type 1 AIH patients (16–19). In 5–10% of AIH patients, anti-SLA/LP are present in combination with ANA and/or anti-SMA. In up to 10% of AIH patients, anti-SLA/LP are the sole antibodies detected (20), a fact that mandates their testing for the diagnosis of AIH.

Special Considerations in Children

Antibody testing in pediatric patients demands special attention. Titers for most liver autoantibodies seem to correlate with age: in children, lower titers (1:20 for ANA and anti-SMA and 1:10 for anti-LKM-1) can be diagnostic for AIH, whereas in adults, higher titers of ANA (1:80–1:160) can also be found in healthy individuals (9, 21). Therefore, the physician should be informed by the laboratory on any antibody titer that is detected and interpret the results according to patient’s age.

Repeated Testing of Autoantibodies

Particularly in pediatric patients with autoimmune liver diseases, titers of liver-related autoantibodies can correlate with disease activity and response to treatment may be paralleled by reduction or even disappearance of antibody titers (21, 22). Thus, retesting of autoantibodies can be reasonable in children, as it can add information on the depth of remission achieved.

Retesting of autoantibodies for adult patients with AIH cannot be recommended in general, but can be helpful in special clinical settings. In cases of acute hepatitis and initially negative autoimmune serology, antibody testing should be repeated after 3–6 months since antibodies can appear during the course of disease. In adult patients, a variant syndrome of AIH with features of additional PBC can develop even several years after the diagnosis of classical AIH. Therefore, IFT should be repeated to screen for PBC-specific ANA or antimitochondrial antibodies (AMA) whenever cholestatic liver enzymes remain or become elevated or when symptoms suggestive of PBC develop in an AIH patient. Currently, regular retesting of autoantibodies in adult patients as a surrogate marker for inflammatory activity is not recommended.

Antinuclear Antibodies

Antinuclear antibodies were the first autoantibodies to be associated with AIH (23). However, they lack disease specificity. About 50–75% of AIH patients are ANA-positive (with or without anti-SMA) (24). ANA can also be detected in healthy persons or patients with other liver diseases such as fatty liver disease, drug-induced liver injury (DILI) disease, or viral hepatitis. The pattern of ANA in AIH often is speckled or homogenous. It is uncertain whether a distinct pattern of ANA has a higher specificity for AIH. ANA in AIH are directed against several antigens such as chromatin, histones, centromere, double-(ds) and single-(ss) stranded deoxyribonucleic acid (DNA), cyclin A, ribonucleoproteins or other nuclear antigens that have not yet been identified (25–29). A biochemical differentiation of these antigens is not recommended because they have not been associated with a certain clinical course or a higher diagnostic specificity for AIH. It is important to acknowledge that up to 20% of AIH patients may display anti-dsDNA antibodies. This may cause confusion with the diagnosis of systemic lupus erythematodes, which has to be ruled out in patients with respective clinical findings. In rare cases, both diseases may occur together (30).

Antismooth Muscle Antibodies

Similar to ANA, anti-SMA have been associated with AIH since the early days of the clinical definition of AIH. They are also not disease specific and can be detected in various liver diseases such as fatty liver disease (31, 32). Anti-SMA are present in about 50% of patients with type I AIH and can be the only detectable autoantibody. In IFT, anti-SMA react with the smooth muscles of the lamina propria and muscularis mucosae of the stomach or arterial walls of the liver. On kidney tissue, anti-SMA show different staining patterns: the vascular/glomerular and the vascular/glomerular/tubular (VGT) patterns are more specific for AIH than the vascular (V) pattern (9, 24). The VGT pattern can be confirmed by IFT performed on fibroblasts or vascular smooth muscle cells (VSM47) (33). On a molecular level, anti-SMA are a heterogeneous group of antibodies showing reactivity against actin, tubulin or intermediate filaments (34). Sera showing the VGT pattern react in 80% with filamentous actin (F-actin) (9, 33, 35). Actin is a ubiquitous contractile protein. The presence of anti-F-actin antibodies can be confirmed by solid-phase assays, such as ELISA (36). Anti-SMA showing reactivity against F-actin seem to be more specific for AIH, but can also be detected in other liver diseases (35, 37).

Anti-Liver–Kidney Microsomal Antibodies (Anti-LKM)

Anti-LKM-1, but also anti-LKM-3 are defining type 2 AIH (9). In IFT, anti-LKM stain, the cytoplasm of hepatocytes and the proximal, larger renal tubuli, but not parietal cells of the stomach (38). By contrast, AMA in PBC stain the mitochondria-rich, distal, smaller renal tubuli, and gastric parietal cells. ELISA tests are recommended to confirm positivity for anti-LKM in IFT (39). The autoantigen that is recognized by anti-LKM-1 in AIH is cytochrome P450 (CYP) 2D6 (40–44). Anti-LKM-1 are not AIH-specific and can also be found in patients with chronic viral hepatitis C (HCV) (45, 46). However, the epitopes that are targeted by anti-LKM-1 in HCV-infected patients differ from those in patients with AIH (47, 48). Anti-LKM-2 have been detected in cases of tielinic acid-induced DILI, a drug that has been withdrawn from the market (49). In contrast to anti-LKM-1, anti-LKM-2 target a different isoform of the cytochrome P 450, namely CYP 2C9. Anti-LKM-3 can be found in few patients with AIH, but also in HCV and viral hepatitis D. They recognize members of the uridine glycuronosyl transferases family 1 (26, 27, 50, 51).

Anti-Soluble Liver Antigen/Liver–Pancreas Antigen Antibodies (Anti-SLA/LP)

Anti-SLA/LP have the highest specificity for AIH among all AIH-related autoantibodies (9). However, they are present in only about 10–20% of patients. Due to their high specificity, anti-SLA/LP should be tested routinely when AIH is suspected or in any case of unclear elevation of liver enzymes. Anti-SLA/LP cannot be detected by IFT and need to be tested for by ELISA or Western blot (52). The cytosolic autoantigen targeted by anti-SLA/LP was described independently by different groups and has been characterized later on as O-phosphoseryl-tRNA:selenocysteine-tRNA synthase (SepSecS), a synthase (S) converting O-phosphoseryl-tRNA (Sep) to selenocysteinyl-tRNA (Sec) (20, 53–58). Anti-SLA/LP belong to the IgG1 subtype of immunoglobulins and recognize an immunodominant epitope at the carboxy terminus of the SepSecS protein (59). Interestingly, the epitopes of SepSecS recognized by anti-SLA/LP-antibodies overlap with CD4+ T cell epitopes. This points to a relevant pathogenetic role of SepSecS for the subgroup of anti-SLA/LP-positive AIH patients (60). Anti-SLA/LP have been associated with the presence of a subtype of ANA (anti-Ro52) (61). Unexplained adverse pregnancy outcomes in AIH were highly associated with the presence anti-SLA/LP and anti-Ro52, potentially due to antibody-induced congenital heart block (62).

Other Antibodies Associated With AIH

Anti-Liver Cytosol Type 1 Antibodies (Anti-LC1)

Anti-LC1 antibodies directed against liver cytosol 1 (anti-LC1) target epitopes of the enzyme formiminotransferase cyclodeaminase (63). They are present in about 30% of type 2 AIH patients, alone or in combination with anti-LKM-1 (64, 65). In IFT, anti-LC1 stain hepatocytes but spare the centrilobular areas of the liver. By contrast, anti-LKM-1 stain hepatocytes throughout the liver lobule. When both antibodies are coexistent, anti-LKM-1 cover the spared areas of anti-LC1. Thereby, anti-LKM-1 can mask the presence of anti-LC1. Solid-phase assays help to identify anti-LC-1 (65). When anti-LC1 are the sole antibodies being detected, they strongly support the diagnosis of type 2 AIH. However, anti-LC1 are not AIH specific and can also be detected in patients with HCV (64).

Antineutrophil Cytoplasmatic Antibodies With a Perinuclear Staining Pattern (p-ANCA)

The presence of p-ANCA can support the diagnosis of AIH, especially in the absence of other autoantibodies (9). However, p-ANCA can also be detected in chronic viral hepatitis, inflammatory bowel disease (IBD), PSC or microscopic polyangiitis, and eosinophilic granulomatosis with polyangiitis (66–69). p-ANCA mainly react with myeloperoxidase. Atypical p-ANCA (p-ANNA), which are characterized by the retention of a perinuclear staining on formaldehyde-fixed neutrophils seem to be more specific for autoimmune liver diseases and IBD (9).

Anti-Asialoglycoprotein Receptor Antibodies (Anti-ASGPR)

Anti-ASGPR can be detected in 24–82% of AIH patients, depending on the diagnostic assay used (70). Anti-ASGPR target a liver-specific membrane receptor and seem to correlate with histological activity (70). However, anti-ASGPR are not disease specific and are also present in patients with chronic viral hepatitis or PBC.

AMA in Patients With AIH

Since IFT on the abovementioned rodent tissues allows the simultaneous detection of autoantibodies for different autoimmune liver diseases, PBC-specific AMA are occasionally detected during the diagnostic workup for AIH. In this case, a variant syndrome of AIH with features of PBC should be suspected, often indicated by persistent elevation of cholestatic liver enzymes after the AIH component has reached remission. In some rare cases, AMA develop during the course of classical AIH with a novel elevation of cholestatic liver enzymes (2). In other rare instances, AMA can be detected in AIH patients without any other laboratory or histological signs of concomitant PBC. It is unclear whether this is an epiphenomenon, whether these cases represent a subform of AIH or a very early stage of an AIH variant syndrome with additional PBC (71, 72). Additional treatment with UDCA should be decided upon on an individual basis. In acute AIH, AMA may be present as an unspecific sign of acute liver damage, and they usually disappear over time (73).

Pathogenetic Role of Autoantibodies in AIH

It is unclear whether autoantibodies substantially contribute to the pathogenesis of AIH (Table 1). Most knowledge on a potential pathogenetic role of autoantibodies in AIH derives from analyzes of anti-LKM. The cross-reaction of anti-LKM with homologous regions of CYP 2D6 and HCV hints at a viral infection being a possible trigger for type 2 AIH. Molecular mimicry has been proposed for several autoimmune diseases. However, it has not been convincingly shown that an acute viral infection is truly the disease initiating event for a substantial number of AIH patients. For type 2 AIH patients, an abnormal expression of CYP 2D6 as the respective autoantigen of anti-LKM has been detected on the surface of hepatocytes (74). It is unclear, how autoantibodies in other types of AIH are able to target intracellular antigens. The release of nuclear or cytosolic antigens due to hepatocyte damage has been proposed as one possible mechanism. Another area of uncertainty is the fact that almost all of the antigens addressed by antibodies in AIH are not exclusively expressed in the liver, such as CYP 2D6, which is also expressed, e.g., in the central nervous system. Also, the target antigen of anti-SLA/LP is expressed in liver, pancreas, lungs, kidneys, and activated lymphocytes, but anti-SLA/LP have only been associated with AIH (55, 57). Asialoglycoprotein receptor (ASGPR) is a hepatic C-type lectin expressed on the sinusoidal surface of hepatocytes physiologically and on the canalicular membrane of hepatocyctes under inflammatory conditions (70). A T cell-mediated immune reaction, overlapping in its targeted epitopes with the humoral immune response, has been identified for ASGPR, for CYP 2D6 (75, 76) and for SepSecS, the molecular target of anti-SLA/LP (60, 77).

AUTOANTIBODIES IN PBC

Introduction

Diagnosis of PBC

Primary biliary cholangitis is a chronic non-suppurative granulomatous inflammation of the small intrahepatic bile ducts (2). The first description of this disease dates back more than 100 years (78) and historically, PBC was often diagnosed only postmortem (79). Around 90% of all affected patients are female, and the vast majority (>90%) display autoantibodies. Clinically, PBC leads to elevation of cholestatic parameters and often a selective IgM elevation. In addition, many patients will have elevated cholesterol levels. Autoantibodies play a major role for the diagnosis of PBC: European Association for the Study of the Liver (EASL) recommends that in adult patients with chronic cholestasis and no likelihood of systemic disease, a diagnosis of PBC can be made based on elevated ALP and the presence of AMA at a titer of more than 1:40. In the absence of AMA, PBC-specific ANA can serve to diagnose the disease (2) (Table 1).

Autoantibodies in PBC

Autoantibodies, and especially AMA, are a hallmark of the disease: The first tests for detection of AMA were developed in the 1960s (80) and facilitated diagnosis and timely treatment later on. The development not only of refined testing for AMA but also the addition of other PBC-defining autoantibodies to the repertoire has led to an increasing proportion of PBC patients displaying autoantibodies and likely also to earlier diagnosis. Today, even non-invasive testing for AMA seems feasible as a recently published approach to test AMA in saliva has demonstrated (81). It remains unclear whether these autoantibodies are pathogenetically relevant. There has been some debate about AMA being responsible for fatigue in PBC and trials to evaluate the effect of an anti-CD20 treatment are on the way (82). In patients with suspected PBC and negative AMA-testing, PBC-defining ANA should be sought (Table 1).

In all patients with unexplained chronic cholestasis or suspected PBC, autoantibody testing should be performed using IFT on rodent tissue and confirmation of fluorescence pattern using Hep-2 cells (see above) (2) Approximately 10% of PBC patients will not display AMA (2, 83). In these patients, diagnostic accuracy is improved by testing for PBC-specific nuclear autoantibodies, which will be present in approximately half of the AMA-negative patients (84). In addition, some of the nuclear antibodies have been associated with prognosis (see below); therefore, antibody pattern may in clinical practice help to risk stratify patients.

Antimitochondrial Antibodies

Antimitochondrial antibodies have initially been described in patients with PBC by Dame Sheila Sherlock (80). These antibodies are directed against the pyruvate-dehydrogenase E2 (PDC-E2) (85) subunit located in the inner mitochondrial membrane. In IFT, AMA lead to a typical cytoplasmic staining in rat liver and kidney slices, but they are often also visible on HEp-2 cells. The vast majority of PBC patients (exceeding 90%) (86) display these antibodies (87), and they may occasionally be found years preceding an elevation of liver enzymes (see below). Increasingly often, AMA are detected, e.g., due to rheumatological screens in patients with normal liver enzymes (88, 89), usually at lower titers than in patients with overt PBC (90). A considerable proportion of patients with positive AMA but no signs of PBC will likely develop symptomatic PBC at some time point and therefore these patients should be followed clinically and biochemically (91, 92). Current data and guidelines do not support treatment in AMA-positive persons without any elevated liver enzymes or signs of PBC (2, 83). Several subtypes of AMA have been identified (traditionally named M1–M9). In this historical classification, antibodies directed against M2, M4, M8, and M9 are associated with PBC. Nowadays, combined peptides covering these antigenic regions have been constructed (93) and are widely used in confirmatory solid-phase tests.

Antimitochondrial antibodies can be comprised of IgG, IgA (94), and IgM antibodies (95) or a combination thereof, whereby AMA of the IgG3 subtype and IgA directed against PDC-E2 have been associated with more severe disease (96). In a subgroup of patients, AMA seem to be solely comprised of IgM antibodies (REF). To date, it is unclear, whether testing systems should include the possibility to detect IgM antibodies.

AMA on IFT may be confused with other cytoplasmatic antibodies (e.g., cardiolipin antibodies), therefore, it is advisable to perform a confirmatory test using one of the ELISA or Western blot test systems, which include several of the known PDC epitopes.

Primary biliary cholangitis-specific autoantibodies should be sought in patients with chronic (>6 months) elevation of cholestatic liver enzymes. Of note, patients with acute liver damage of any kind or liver failure may also display AMA (73). These usually disappear with the resolution of the acute disease.

Anti-sp100 Antibodies

In patients without AMA and persisting suspicion of PBC, ANA should be sought by using IFT in HEp-2 cells. These antibodies will be present in around 30–50% of AMA-negative PBC patients and interestingly, have been described to be inversely correlated to the development of fibrosis (97). These ANA have so far have not been associated with any specific disease features. They are moderately specific for PBC and can rarely be detected in rheumatological diseases and in acute hepatitis of any origin (33, 98, 99). Anti-sp100 result in a typical pattern of “nuclear dots” in IFT on HEp-2-cells (100); a confirmatory test (ELISA and Western Blot) is available (101).

Anti-gp210 Antibodies and Anti-Lamin-B-Receptor Antibodies

A subgroup of patients with PBC may display anti-gp210 or, rarely, anti-lamin-B-receptor antibodies in addition to AMA or even exclusively. Anti-gp210 (102) and anti-lamin-B-receptor (103) result in a “nuclear rim” pattern on IFT using HEp-2 cells, where anti-lamin-B-receptor antibodies usually result in a smooth staining and the anti-gp210-antibody appears as discontinuous staining on IFT. For anti-gp210, a confirmatory test is widely available; confirmatory testing for anti-lamin-B-receptor is subject to specialized laboratories. These antibodies are present in around 20% PBC patients, and in around 30–50% of AMA-negative patients and are considered specific for PBC. In addition, an unfavorable course of PBC has been associated with the presence of anti-gp210 in several studies (99, 104, 105), and a higher incidence of hepatocellular carcinoma has been reported in this patient cohort (106). Therefore, patients with these antibodies may warrant special attention in disease surveillance (83).

Anti-Centromere Antibodies

Anti-centromere have been described in patients with systemic sclerosis but may occasionally occur in PBC patients without features of systemic sclerosis. Clinically, anti-centromere have been associated with increased portal hypertension in these patients (99) and a poor prognosis (107, 108). Anti-centromere have recently also been associated with the development of kidney disease in PBC patients (109).

Anti-Kelch-Like 12 Antibodies, Anti-Hexokinase1 Antibodies

Recently, two new autoantibodies, anti-Kelch-like 12 and anti-hexokinase1 have been described in PBC (110). So far, no clear associations with disease activity or clinical course have been established, and their prevalence in larger populations has yet to be established.

Antibodies Found in Patients With PBC and Additional Signs of AIH

Features of AIH may be present in 10–20% of patients who present with PBC. There are no generally accepted criteria to define these variant syndromes. In most patients, both diseases manifest simultaneously and in these patients, the Paris criteria have been established and endorsed by EASL to indicate additional AIH in a PBC patient (2, 111). AIH can be diagnosed if two of three criteria are present: (1) elevation of ALT levels >5 times upper limit the normal (ULN), (2) elevation of serum IgG levels >2 times ULN or positive anti-SMA, and (3) moderate to severe interface hepatitis on histology. In addition, the presence of anti-SLA/LP and anti-dsDNA may raise the suspicion of AIH in patients with PBC (112–114).

AUTOANTIBODIES IN PSC

Introduction

Diagnosis of PSC

Primary sclerosing cholangitis is a cholestatic liver disease of unknown origin that is characterized by progressive multifocal strictures of the extra- and/or intrahepatic bile ducts (115, 116). PSC is strongly associated with a unique phenotype of IBD, mostly presenting as a mild pancolitis (117). While the onset of PSC is often insidious, the natural course leads to liver cirrhosis, hepatobiliary malignancies, colon cancer, and episodes of superimposed bacterial cholangitis (118). This results in death or liver transplantation after a median time of approximately 15–20 years (119, 120). PSC is usually characterized by a cholestatic profile of liver enzymes with a leading elevation of alkaline phosphatase. The diagnosis is nowadays established by magnetic-resonance cholangiography, since invasive direct cholangiography using endoscopic retrograde cholangiopancreatography is associated with markedly more complications, although it may yield a slightly higher sensitivity with regard to small bile ducts and the extrahepatic duct (121). Liver biopsy is usually not required to establish the diagnosis (122), unless concurrent AIH or small-duct PSC is suspected (123).

Autoantibodies in PSC

Although various serum antibodies have been described in patients with PSC, immune serology in PSC is generally considered unspecific and therefore of limited value to establish the diagnosis (124, 125) (Table 1). The most prevalent serum antibodies in PSC are p-ANCA, which can be found in up to 93% of patients, followed by ANA (8–77%) and anti-SMA (0–83%) (126). However, p-ANCA are also frequently found in patients with ulcerative colitis without PSC, in patients with AIH and to a lesser extent in PBC (127, 128). Due to the lack of specificity, p-ANCA can support the diagnosis of PSC only in selected patients, mainly those lacking associated IBD.

Antineutrophil Cytoplasmic Antibodies With Perinuclear Staining Pattern (p-ANCA)

Usually, p-ANCA are demonstrated on IFT on alcohol-fixed human granulocytes. However, an experienced technician is required as evaluation of the staining patterns is challenging (129). The “atypical” pattern frequently found in sera of patients with PSC is characterized by broad inhomogeneous rim-like staining of the nuclear periphery and multiple intranuclear fluorescent foci. By contrast, “classical” p-ANCA with fine rim-like staining of the perinuclear cytoplasm are predominantly found in patients with microscopic polyangiitis (129).

The principal target antigen of p-ANCA is a matter of debate but is likely located within the cell nucleus rather than in the cytoplasm (130, 131). The most likely candidate antigen is beta-tubulin isoform 5 (TBB-5) (132). Interestingly, p-ANCA cross-react with FtsZ, which is considered an evolutionary ancestor of TBB-5 and is widely abundant in bacteria of the human intestine (132). This highlights that abnormal immune responses to commensal bacteria might be implied in the pathogenesis of PSC.

Both cytoplasmic ANCA (c-ANCA) and p-ANCA were also found in bile fluid of patients with PSC and correlated with several adverse clinical outcomes, which might further underline their pathogenetic significance (133).

The presence of p-ANCA in serum has been associated with unfavorable clinical outcomes in patients with PSC (134). However, this notion has been challenged by other authors (135). Recently, p-ANCA have been linked to a distinct clinical phenotype of PSC with p-ANCA-positive patients being younger at disease-onset and at lower risk of cholangiocarcinoma (68). Moreover, the genotypes of p-ANCA-positive patients more often comprised the strong PSC-risk alleles HLA-B*08 and DRB1*03 (68). In small-duct PSC, a more benign variant of “classical” PSC which presents with a normal cholangiogram, the prevalence, and clinical significance of p-ANCA is unclear (136).

Antibodies to Biliary Epithelial Cells (BEC)

Few studies found antibodies of different subtypes in sera of patients with PSC directed against BEC (137–140). Levels of IgA antibodies directed against BEC were correlated with adverse patient outcomes (140). Furthermore, it has been demonstrated that antibodies against BEC and bacterial lipopolysaccharides co-activate cytokine release by BEC and therefore induce biliary immune responses (139). This provides further evidence for the involvement of microbiota in the pathogenesis of PSC. Testing for anti-BEC antibodies has not been introduced into clinical practice.

Antibodies Found in Patients With PSC and Additional AIH

Additional features of AIH are found in approximately 5% of adult patients with PSC (141) but are prevalent in 35–65% of children with PSC (142, 143). In children and adolescents, the primary manifestation of disease may be that of typical AIH, together with cholangiographic and histological changes of sclerosing cholangitis (also called autoimmune sclerosing cholangitis) (142). Testing patients with PSC for ANA, anti-SMA using IFT and for anti-SLA/LP using ELISA should be performed when additional AIH is suspected. Liver histology is mandatory to establish suspected AIH in patients with PSC, which will affect treatment decisions since AIH should be treated with immunosuppression (1, 125).

Antibodies Against Glycoprotein 2 (Anti-GP2)

Recently, IgA-class antibodies against glycoprotein 2 (anti-GP2 IgA), which were formerly linked to severe types of Crohn’s disease (144), were detected in sera of patients with PSC at a prevalence of 46.7–71.5%. The presence of anti-GP2 IgA was strongly associated with large bile-duct involvement, development of cholangiocarcinoma, and increased mortality (3). Therefore, anti-GP2 might serve as a novel biomarker of risk stratification in patients with PSC. Moreover, evidence for the involvement of GP2 in immune responses of the intestinal mucosa to gut bacteria (145, 146) provides a further pathophysiological link to the recently discovered aberrant community structure of the gut microbiota in patients with PSC (147–149).

Other Antibodies: IgG4

IgG4-associated cholangitis (IAC) can display a cholangiographical pattern similar to PSC (150). Since patients with IAC usually benefit from treatment with corticosteroids, all patients with suspected PSC should be tested for elevated serum-IgG4 levels (124). However, 10–12% of patients with classical PSC might have increased levels of IgG4 as well (150). It is unclear to date, whether these patients represent a subgroup of PSC with a different clinical presentation or course of disease.

CONCLUSION

Testing for autoantibodies is required to diagnose AIH and PBC, and it may be helpful to diagnose selected patients with PSC. IFT on tissue sections and HEp-2 cells is the screening tool of choice in patients with suspected autoimmune liver disease. Immunofluorescence pattern on HEp-2 cells must be reported to correctly interpret obtained results. ELISA for anti-SLA/LP should be included in the diagnostic workup not to miss patients only presenting with these rather AIH-specific antibodies. Some of the autoantibodies may be associated with disease course, and emerging data on novel antibodies in PSC may help to elucidate the hitherto unknown pathogenesis of disease.
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Connective tissue diseases (CTDs) such as systemic lupus erythematosus, systemic sclerosis, myositis, Sjögren’s syndrome, and rheumatoid arthritis are systemic diseases which are often associated with a challenge in diagnosis. Autoantibodies (AAbs) can be detected in these diseases and help clinicians in their diagnosis. Actually, pathophysiology of these diseases is associated with the presence of antinuclear antibodies. In the last decades, many new antibodies were discovered, but their implication in pathogenesis of CTDs remains unclear. Furthermore, the classification of these AAbs is nowadays misused, as their targets can be localized outside of the nuclear compartment. Interestingly, in most cases, each antibody is associated with a specific phenotype in CTDs and therefore help in better defining either the disease subtypes or diseases activity and outcome. Because of recent progresses in their detection and in the comprehension of their pathogenesis implication in CTD-associated antibodies, clinicians should pay attention to the presence of these different AAbs to improve patient’s management. In this review, we propose to focus on the different phenotypes and features associated with each autoantibody used in clinical practice in those CTDs.

Keywords: antibody, systemic lupus erythematosus, Sjögren’s syndrome, systemic sclerosis, antisynthetase syndrome, dermatomyositis, necrotizing myopathy, rheumatoid arthritis

INTRODUCTION

Connective tissue diseases (CTDs) are autoimmune diseases characterized by the involvement of several organs and the presence of various autoantibodies (AAbs). Their implication in the pathogenesis of these CTD remains partly unclear; nevertheless, we know that some of these AAbs are directly involved in tissue damages whereas some are just markers of disease development.

During the last decades, many improvements were made in the comprehension of CTD pathogenesis, and a lot of new AAb were described. The presence of AAb can help the clinician in his approach to search an autoimmune disease (1), as sometimes the production of specific AAb precedes the symptoms and the diagnosis of the CTD (2, 3). Indeed, in most cases, those AAbs are detected in a specific CTD, making the diagnosis easier. Actually, most studies recently published focused on the clinical impact of AAb in different CTD and found that some AAbs are clearly associated with a specific phenotype in one type of CTD, allowing the clinician to adapt the follow-up of his patient and to predict some complications. However, relationship between AAb presence and disease diagnosis is not always that simple, as some other AAbs can be associated with more than one disease. Furthermore, differences can exist for the same kind of CTD according to the population studied, strengthening the fact that genetical factors in CTD pathogenesis are probably more important than we actually know. A potential explanation to these variations may be related to genetic and environmental factors, which may play a key role in these diseases predisposition and outcome.

Indeed, pathogenesis of CTD seems associated with the presence of AAb. However, many new AAbs were discovered, but their implication in pathogenesis of connective tissue diseases (CTDs) remains unclear. Many of these AAbs are antinuclear antibody (ANA). Nevertheless, the classification of ANA is nowadays misused, as their targets can be localized outside of the nuclear compartment (cytoplasmic, membrane, or extracellular), even if the term ANA is still currently used in clinic.

Because of the new improvements in their detection and comprehension of their pathological implication in CTDs-associated antibodies, clinicians should pay attention to the presence of the different AAbs to improve patient’s management. In this review, we propose to focus on the different phenotypes and features associated with each AAb used in clinical practice in CTD clearly defined such as systemic lupus erythematosus (SLE), Sjögren’s syndrome (SS), systemic sclerosis (SSc), myositis, and rheumatoid arthritis (RA). Especially, we will highlight the usefulness of their clinical determination.

AAb IN HEALTHY POPULATION AND IN NON-AUTOIMMUNE DISEASES

Biological autoimmunity is not always pathological and can be observed in healthy people. The highlighting of ANA in the general population is common and estimated between 5.92 and 30.8% (4–13) with a lower prevalence in the Chinese population (4) and a higher prevalence in the Afro-American population (13) (Table 1). In addition, ANAs are more commonly detected in women than in men (4–8, 10–14), and the prevalence of such ANA increases with aging, as it reaches up to 24% in subjects older than 85 years (14). ANAs are commonly detected by indirect immunofluorescence (IIF) on HEp2 cells, a human HELA-derivative cell line. Importantly, the relevance of a positive ANA test is directly linked to its titration. Thus, in a normal population, ANAs were found positive in 31.7% of individuals at 1/40 serum dilution, 13.3% at 1/80, 5.0% at 1/160, and 3.3% at 1/320 (15). The most accepted threshold is often the dilution 1/160 for first screening dilution (15–17). In complement to IIF assay, which is a very sensitive technic and can now be automated (18, 19), screening fluorescence enzyme or chemiluminescence immunoassays have been proposed in the last few years as detection assays. These multiparametric immunoassays allow simultaneous testing for 13–17 of commonest pathogenic autoantibody specificities in systemic autoimmune diseases [i.e., SSA-52kD, SSA-60kD, SSB, U1RNP (RNP 70,A,C), CENP-B, Scl70, Jo1, Fibrillarin, RNA polymerase III, ribosomal proteins, PM-Scl, PCNA, Mi2 proteins, Sm, dsDNA, and chromatin]. These screening immunoassays showed relatively good concordance with IIF (75–83%) and demonstrated similar or improved specificity and positive predictive value depending on the studies and the assays (20–24). However, due to the limited number of represented antigens in some screening assays and the better sensitivity of IIF, the American College of Rheumatology (ACR) ANA Task Force recommended that IIF should remain the gold standard for ANA testing (25).

TABLE 1 | Presence of antinuclear antibody (ANA) in different populations considered as healthy people.
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In most healthy individuals with ANA, the antigenic target(s) remain(s) unknown with standard tests used to identify ANA subtypes. Nevertheless, in a minority of cases, AAbs from healthy people recognize the same autoantigens as AAb from patients with autoimmune disease, especially anti-SSa in up to 3% and anti-DFS70 AAb (also called LEDGF for “lens epithelium-derived growth factor”) (4, 10, 11). Anti-SSa AAbs are frequently detected in the sera from patients with SLE and SS, whereas anti-DFS70 AAbs have mostly been evidenced in healthy people, but also in the sera from patients with benign and common diseases such as atopic dermatitis (26–29). In general population, anti-Ro/SSa AAbs are associated with torsade de pointes (TdP) and arrhythmia, representing a clinically silent novel risk factor for TdP development via an autoimmune-mediated electrophysiological interference with the hERG channel (30).

Antinuclear antibody and other AAbs can also be observed in association with drugs (such as hydralazine and procainamide) or in non-autoimmune diseases associated with a process of tolerance breakdown such as infectious or lymphoproliferative diseases.

SYSTEMIC LUPUS ERYTHEMATOSUS-ASSOCIATED AAb

Systemic lupus erythematosus is a CTD with a great variability in its clinical presentation and its prognosis. Two main classification criteria are available, based on the presence of both clinical and immunological parameters [1997 ACR classification criteria and Systemic Lupus International Collaborating Clinics (SLICC) classification criteria (31, 32)]. The different AAbs associated with SLE and their main features are recapitulated in Table 2.

TABLE 2 | AAb associated with systemic lupus erythematosus (SLE).
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ANA in SLE

Antinuclear antibody is one of the immunological criteria present in the two SLE classifications criteria as an ANA titer detected by IIF on HEP2 cells >1/160 is observed in nearly all SLE patients [between 94 and 100% (33–35)]. The quantity of ANA progressively increases during the 3–5 years preceding SLE clinical expression and diagnosis (2). Consequently, ANA testing represents an essential screening tool because their negativity (titer less than 1/160) makes the diagnosis of SLE extremely unlikely (36). By contrast, their presence, even at higher titer is not SLE-specific as ANA can be produced in a lot of other circumstances such as other CTD, hematologic and hepatic diseases, virus infections, drugs uptake, and in healthy people as previously mentioned. In case of positivity, ANA antigen target(s) must be determined by additional tests with nuclear autoantigens.

Clinical Usefulness of ANA Testing

➢ In case of SLE suspicion given clinical symptoms

➢ Importantly, ANAs are useless in SLE follow-up as they remain positive whatever disease activity.

Antigen Targets of ANA in SLE

Anti-Double-Stranded DNA (Anti-dsDNA) AAb

Anti-double-stranded DNA AAbs are present in 43–92% of cases (37–39) with a specificity between 89 and 99% but with variable clinical sensitivities from 8 to 54% (40–46). The methods used for anti-dsDNA AAb detection are numerous, which explains the variability observed in terms of sensitivity. Anti-dsDNA AAbs are quite well identified by nuclear homogeneous IFI pattern (47), but their presence may also be evaluated by quantitative assays such as Farr radioimmunoassay (45), chemiluminescence immunoassay (42, 43), ELISA (46), and fluoro-enzyme immunoassay or by qualitative assays such as immunofluorescence test on Crithidia luciliae (CLIFT) (44, 46). For each method, performances will vary according to the manufacturer and the source of the dsDNA (synthetic or purified ds DNA from human or calf origin). Globally, ELISA methods to detect anti-dsDNA antibodies are highly sensitive, but are less specific for the diagnosis of SLE than the immunofluorescence test on CLIFT and the Farr assay as they also detect low-avidity antibodies (48).

Anti-double-stranded DNA AAb positivity is one criteria present in both ACR and SLICC classifications (49). As for the majority of AAb, the specificity of anti-dsDNA AAb in SLE is not of 100% [specificity between 96 and 99% according to the type of test and the published series (40, 41)]. Indeed, they can also be evidenced in the setting of infection, elevation of C reactive protein and in healthy individuals (50). In SLE, the serum level of this AAb is generally correlated with disease activity (51). Moreover, high level of such AAb and their association with anti-Sm antibodies (defined below) are associated with kidney involvement in patients with SLE (52, 53).

Clinical Usefulness of Anti-dsDNA AAb Testing

➢ In case of SLE suspicion and ANA > 1/160

➢ In the follow-up of SLE patients when positive at time of diagnosis (the same test in the same laboratory should always be used in this setting).

Anti-Nucleosome AAb

The nucleosome is a basic unit of DNA packaging, implicated in the formation of repeating units of chromatin. The anti-nucleosome AAbs are detected in 59.8 and 61.9% of SLE patients’ sera with a sensitivity between 52 and 61% (the highest sensitivity in SLE) and a specificity between 87.5 and 95.7% (54–57). Although, presenting the same nuclear homogenous pattern on Hep2 cells (47), they can be present in the absence of anti-dsDNA AAb and consequently may be helpful for clinicians at diagnosis. In SLE murine models, serum anti-nucleosome AAbs are produced before anti-dsDNA AAb (58). Consequently, the detection of these AAbs may be helpful to establish diagnosis. It is noteworthy that the level of anti-nucleosome AAb (especially IgG3 subtype) is correlated with SLE activity (59). The simultaneous presence of anti-dsDNA, anti-nucleosome, and anti-histone (defined below) AAb has been shown to be associated with severe kidney involvement (54, 60). However, such AAbs have also been detected in patients with mixed connective tissue disease (MCTD) and SSc (56).

Clinical Usefulness of Anti-Nucleosome AAb Testing

➢ In case of SLE suspicion and ANA > 1/160 and negative anti-dsDNA AAb

➢ In the follow-up of SLE patients when positive at time of diagnosis (the same test in the same laboratory should always be used in this setting)

Anti-Sm AAb

Sm proteins are linked to RNA in the nuclear compartment. Characterized by nuclear coarse speckled pattern on Hep2 cells (47), anti-Sm AAbs are present in 15–55.5% of SLE patients (37–39, 61). These AAbs have a low sensitivity (10–55%) but are very specific for SLE (98–100% according to the test used and to the studied population) and are therefore used in the classification criteria (31, 49, 62).

The main usefulness of anti-Sm AAb detection seems to be in the subset of patients with SLE but without anti-dsDNA AAb, for whom they are present in 14.8% of cases (63). The anti-Sm AAb highlighting in SLE seems to be associated with lupus nephritis (52, 64) and with a poorer prognosis if they are present at the onset of kidney disease (65) and with a higher clinical relevance if they are associated with anti-dsDNA AAb (52, 53). In this line, a recent study showed that the association of a low concentration of complement fraction C3 and signs of complement activity (CH50), together with a high rate of anti-Sm AAb is predictive of lupus nephritis (66). Furthermore, anti-Sm AAbs are mostly expressed in association with anti-RNP (see below) AAb (67). In contrast to anti-dsDNA and anti-nucleosome AAb, anti-Sm AAb level does not correlate with disease activity (68, 69).

Clinical Usefulness of Anti-Sm AAb Testing

➢ In case of SLE suspicion and ANA > 1/160 and negative anti-DNA AAb

➢ Not useful in the follow-up of SLE patients

➢ Association with lupus nephritis

Anti-Histone AAb

Histones are proteins strongly linked to DNA allowing its compaction, thus forming the nucleosome structure. AAb directed against histone are associated with nuclear homogenous pattern on Hep2 cells (47). In drug-induced SLE such as procainamide, hydralazine, and quinine (70), about 95% of these patients develop anti-histone AAb, whereas these AAbs are only detected in 50–81% of cases of primary SLE (37, 71, 72).

Generally, drug-induced SLE regresses with treatment interruption, and the production of anti-histone AAb decreases alongside the activity of the disease (70, 73, 74).

Clinical Usefulness of Anti-Histone AAb Testing

➢ In case of drug-induced SLE

➢ Decreased rate associated with regression of drug-induced SLE

Anti-Ro and Anti-La AAb

Anti-Ro (also called anti-SSa) and anti-La (also called anti-SSb) AAbs are often associated with SS but can also occur in SLE with a prevalence between 36 and 64% and between 8 and 33.6% for anti-Ro AAb and anti-La AAb, respectively (37, 38, 61, 75, 76). These antibodies are detected in sera about 3.6 years before SLE diagnosis (2) and commonly give a nuclear fine-speckled pattern on Hep2 cells (47).

In SLE, they are associated with skin (75, 77) and hematologic manifestations such as cytopenia (78). Furthermore, these AAbs are responsible for neonatal lupus by transplacental passage with cardiac, cutaneous, hematologic, hepatobiliary, and neurologic involvement (79). Neonatal lupus occurs in only 2% of female patients with anti-Ro/SSa or anti-La/SSb (80, 81). Maternal autoimmune disease associated with neonatal lupus development is not always SLE, since maternal SLE is responsible for only 15–50% of neonatal lupus cases (79, 82). AAbs directed against the subunit 52 kDa of Ro are associated with a higher risk of congenital heart block (CHB) (41). In more than 90% of neonatal lupus cases, AAb regress within 9 months (82) and only few infants will develop authentic SLE (80, 81). The risk of CHB in these infants may be prevented by maternal treatment with hydroxychloroquine during pregnancy (83, 84). The sensitivity of anti-SSb for SLE is lower than in SS, about 25% and the specificity about 97% (85).

Adult patients with anti-Ro/SSa-positive CTD show a high prevalence of QTc interval prolongation (86), with a direct correlation between anti-Ro52 kDa level and QTc duration (87). In fact, anti-Ro/SSa-positive patients have a particularly high risk of developing complex ventricular arrhythmias (88).

Clinical Usefulness of Anti-Ro and Anti-La AAb Testing

➢ In case of skin and hematologic manifestations

➢ Association with CHB

Anti-RNP AAb

Anti-RNP AAbs are found in serum from patients with MCTD. In SLE, these AAbs are detected in 23.3–49% of cases (37–39). These AAbs are frequently associated with nuclear coarse speckled pattern on Hep2 cells (47). Clinical sensitivity in SLE is between 8 and 69%, with a specificity between 25 and 82% (62). In contrast with other SLE AAb, anti-RNP AAbs are detected within the year preceding SLE diagnosis (2). However, up to now, correlation with SLE phenotype remains to be clarified.

Clinical Usefulness of Anti-RNP AAb Testing

➢ No specific phenotype in SLE

➢ Useless for follow-up

Non-Antinuclear AAb Frequently Observed in SLE

Anti-C1q AAb

Patients with genetic defect in C1q expression have an increased risk to develop a lupus-like disease (89). Anti-C1q AAbs are found in 4–60% of SLE patients, and their prevalence increase with aging (90–93).

High production of anti-C1q AAb is associated with membranoproliferative glomerulonephritis development with 28 and 92% of sensitivity and specificity, respectively (94–97).

These AAbs are detected 2–6 months before lupus nephritis onset (98–100). By contrast, the absence of anti-C1q AAb is associated with less kidney involvement during SLE course (101). These AAbs are also observed in hypocomplementemic urticarial vasculitis associated or not with SLE (also called McDuffie syndrome) (102).

Clinical Usefulness of Anti-C1q AAb Testing

➢ In case of lupus nephritis

➢ Also seen in hypocomplementemic urticarial vasculitis

Anti-Ribosomal P AAb

Substance P is a neuropeptide that acts as a neurotransmitter and a neuromodulator. Anti-ribosomal P AAb may be detected by very dense fine granular cytoplasmic pattern when testing for ANA on Hep2 cells (47). These AAbs are detected in 12–20% of SLE patients (37, 103, 104) and are associated with disease activity and with neuropsychiatric involvement (105–108). The specificity is between 97 and 100%, and the sensitivity is about 36% (103, 104, 109).

Clinical Usefulness of Anti-Ribosomal P AAb Testing

➢ In case of neuropsychiatric lupus

➢ Useless for follow-up

Antiphospholipid (APL) AAb

The antiphospholipid syndrome (APS) is observed in 29–46% of SLE patients (110). APS is defined by pregnancy morbidity (mainly fetal losses) and thromboses (arterial and/or venous) in association with the presence of at least one APL AAb [lupus anticoagulant, anticardiolipin (IgM or IgG), and anti-β2 glycoprotein I (IgM or IgG) AAb] on two or more occasions at least 12 weeks apart (111). Some non-thrombotic manifestations such as thrombocytopenia, livedo reticularis, renal microangiopathy, and myelitis can occur in APS but do not belong to classification criteria (112). In SLE, lupus anticoagulant and anticardiolipin are present, respectively, in about 40 and 30% of cases (with or without APS in the same proportion) (113, 114).

Patients having SLE with APS have a threefold higher risk than those without APL to develop a Libman–Sacks endocarditis (115, 116), an increased risk of vascular events (such as thrombosis) and death (113, 114, 117), and a higher risk to develop pulmonary hypertension (118). A global antiphospholipid score is currently developed in SLE to predict thrombotic risk (119).

Clinical Usefulness of Anti-APL AAb Testing

➢ In all SLE patients at diagnosis

➢ In all SLE patients regularly during the follow-up and in case of vascular thrombosis, and/or pregnancy morbidity

Anti-Aquaporin 4 (AQP4) AAb

Aquaporin 4 is the main water channel in the brain and is also responsible for glutamate and potassium regulation in the blood–brain barrier, synapses, and paranodes adjacent to the nodes of Ranvier. Anti-AQP4 AAb is well known to be specific to neuromyelitis optica (NMO), also called Devic’s syndrome (120).

These AAbs can be detected in SLE and are associated with authentic NMO or atypical NMO (myelitis alone or optic neuritis alone) (121, 122). Anti-AQP4 AAb seem to be strongly associated with anti-Ro/SSa AAb and also, to a lesser extent, anti-dsDNA AAb (122, 123). Nevertheless, these AAbs can also be detected in SLE and persist for years without concurrent clinical or radiological NMO signs (124). These AAbs can be evidenced in the serum, but their detection in the cerebrospinal fluid from patients allows a higher sensitivity and specificity of the test (125).

Clinical Usefulness of Anti-AQP4 AAb Testing

➢ Useless for diagnosis

➢ Only if NMO signs

SJÖGREN’S SYNDROME-ASSOCIATED AAb

Sjögren’s syndrome is a CTD affecting mainly women, and whose main feature is sicca syndrome. Various organs can be involved in severe forms. Classification criteria include both clinical and immunological parameters (126). Two different forms are observed: primary SS and secondary SS, which is associated with other CTD. The different AAbs observed in patients’ sera and their main features are summarized in Table 3.

TABLE 3 | AAb associated with Sjögren’s syndrome.
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ANA in SS

Antinuclear antibody prevalence is estimated between 41.9 and 64% in this disease (127–130). Nevertheless, important discrepancies are observed in the immunological presentation of these patients because the detection of AAb is not mandatory for diagnosis (126). Patients producing high level of ANA with anti-Ro/SSa and/or anti-La/SSb AAb display a more severe disease with various organ involvements.

Clinical Usefulness of ANA Testing

➢ Distribution disparity because of classification criteria of SS (immunologic criteria not always required in presence of sicca syndrome and histopathology)

➢ Importantly, ANAs are useless in SS follow-up.

Targets of ANA in SS

The two main antigens recognized by AAb in SS patients are the Ro/SSa (with two subunits, one of 52 kDa and one of 60 kDa) and the La/SSb antigens. The detection of either anti-Ro/SSa and/or anti-La/SSb AAb constitutes one of the classification criteria but their presence is not mandatory for diagnosis (126). These AAbs are evidenced 4–7 years before SS diagnosis (3, 130).

The sensitivity of anti-Ro52, anti-Ro60, and anti-La is estimated at about 42, 51, and 29%, respectively, whereas the specificity is estimated at about 100, 98, and 99%, respectively (130).

Anti-Ro/SSa AAbs are detected in 33–77.1% of primary SS, whereas anti-La/SSb AAbs are present in 23–47.8% of primary SS (130–134). Anti-Ro/SSa AAb can be observed without anti-La/SSb AAb in patients’ sera, conversely anti-La/SSb alone are rarely evidenced (133). Of note, a recent study reported that the diagnosis of SS was unlikely in patients who had only anti-La/SSb AAb without any anti-Ro/SSa AAb (135).

Concerning disease features, patients displaying both anti-Ro/SSa and anti-La/SSb AAbs are more at risk to develop a non-Hodgkin lymphoma, whereas the absence of those AAbs seems to be associated with a better prognosis (136). In pregnant women, anti-Ro/SSa AAb can induce a high-degree atrioventricular block in fetus in 1–2% of pregnancies (137, 138). This conduction defect seems to be mainly due to anti-52 kDa Ro/SSa AAb (41, 139). Infants of mothers with SS represent 20–30% of neonatal lupus cases (79, 82). Except for cardiac involvement, neonatal lupus signs are completely solved in most of these infants at 9 months of life (82).

In primary SS, anti-Ro/SSa and anti-La/SSb AAbs are associated with earlier disease onset, longer disease duration, greater severity of glandular symptoms, and higher prevalence of extraglandular manifestations (140).

As described previously, adult patients with anti-Ro/SSa-positive CTD show a high prevalence of QTc interval prolongation (86), with a direct correlation between anti-Ro52 kDa level and QTc duration (87). These findings suggest that anti-Ro/SSa-positive patients may have a particularly high risk of developing life-threatening arrhythmias. In fact, anti-Ro/SSa-positive patients have a particularly high risk of developing complex ventricular arrhythmias (88).

Clinical Usefulness of Anti-Ro and Anti-La AAb Testing

➢ Association with disease severity (risk of non-Hodgkin lymphoma)

➢ Association with CHB (mostly anti-Ro52) and neonatal lupus by transplacental passage, necessity of screening test and cardiac fetal follow-up in pregnant women at risk

➢ Useless for follow-up

Non-Antinuclear AAb Observed in SS

Anti-Alpha-Fodrin AAb

Alpha-fodrin is an intracellular, actin-binding, organ-specific protein of the cytoskeleton. AAb directed against α-fodrin can be detected in SS in 98% of cases with a sensitivity of about 40% and a specificity of about 80% (141–143). This kind of AAb can also be detected in SLE patients’ sera (141, 144).

These AAbs do not seem to be associated with disease activity or clinical manifestation (145). Anti-α-fodrin AAb could be useful in SS diagnosis when both anti-Ro/SSa and anti-La/SSb were not detected (146).

Clinical Usefulness Anti-α-Fodrin AAb Testing

➢ Useful for diagnosis in absence of anti-Ro/SSa and anti-La/SSb AAb

➢ Useless for follow-up

Anti-AQP4 AAb

As shown previously, anti-AQP4 AAbs are associated with NMO, also called Devic’s syndrome (120) but can also be detected in SS in association with anti-Ro/SSa AAb in most of cases (122, 123). These AAbs in SS are associated with cranial/peripheral neuropathy, authentic NMO or atypical NMO (myelitis alone or optic neuritis alone) (121, 122). These AAbs can be evidenced both in the serum and in the cerebrospinal fluid (125).

Clinical Usefulness of Anti-AQP4 AAb Testing

➢ Useless for diagnosis

➢ Only if NMO signs

SYSTEMIC SCLEROSIS-ASSOCIATED AAb

Systemic sclerosis is a CTD characterized by fibrosis, vasculopathy, and autoimmunity. Clinical and immunological expressions of the disease are highly heterogeneous since a large variety of organs can be involved, and various AAbs may be detected in the sera of patients with SSc. Some correlations have been observed between clinical expression and AAb type. In addition, some AAbs are listed in the European League Against Rheumatism (EULAR) classification criteria (147). The association of the different antibodies with the SSc variants is detailed in Table 4.

TABLE 4 | AAb associated with systemic sclerosis (SSc).
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ANA in SSc

Antinuclear antibody prevalence is high in SSc, since about 95% of patients’ sera display such AAb (148–150). Various nuclear proteins can be targeted in SSc. Topoisomerase I, centromeric proteins, and RNA polymerase III represent the three most frequent autoantigens recognized in SSc, but numerous other antigens can be identified. Surprisingly and unexplainedly, the production of two different AAbs by a single patient is exceptional (151).

Clinical Usefulness of ANA Testing

➢ In case of SSc suspicion given clinical symptoms, negative ANA in suspicion of SSc makes the diagnosis unlikely.

➢ Importantly, ANAs are useless in SSc follow-up as they remain positive whatever disease activity.

Targets of ANA in SSc

Anti-DNA Topoisomerase I AAb (Anti-Scl70 AAb)

Type I DNA topoisomerases are enzymes that cut one of the two strands of double-stranded-DNA, relax the strand and reanneal the strand. Anti-DNA topoisomerase I AAbs are detected in 30.1–41.2% of SSc sera (150, 152, 153) with a sensitivity estimated about 43% and a specificity about 90% (154). Classically, the associated immunofluorescence pattern on Hep2 cells is speckled and nucleolar (155, 156).

These AAbs are associated with diffuse systemic sclerosis (dSSc) and with a higher risk of pulmonary fibrosis (PF) (157, 158). Two studies reported that anti-Scl70 (a topoisomerase I protein) AAb levels were correlated with disease activity (159) and that negativation of their detection was associated with a better prognosis (160). Nevertheless, these results remain controversial, and their follow-up during disease evolution is not anymore recommended nowadays. Survival rate at 10 years after diagnosis in patients producing those AAbs is estimated at 66% (161).

Clinical Usefulness of Anti-Scl70 AAb Testing

➢ Association with diffuse SSc and PF

➢ Not recommended for follow-up nowadays

Anti-Centromere AAb

The centromere is a part of the chromosomal structure that links a pair of sister chromatids. Anti-centromere AAbs are detected in 28.2–36.9% of SSc patients (150, 152, 153) with a sensitivity estimated about 44% and a specificity about 93% (154).

These AAbs are associated with limited systemic sclerosis (lSSc) and with a higher risk to develop pulmonary arterial hypertension (PAH) (157, 158, 162). Survival rate at 10 years of patients with anti-centromere AAb, about 93%, is better the one those from patients with anti-Scl70 AAb (161).

Clinical Usefulness of Anti-Centromere AAb Testing

➢ Association with limited SSc with a good prognosis

➢ Association with PAH

➢ Useless for follow-up, not correlated with disease activity

Anti-RNA Polymerase AAb

RNA polymerase III is used to transcribe DNA into small RNA. Characterized by fine-speckled nucleoplasmic stain with additional occasional bright dots on Hep2 cells (47), anti-RNA polymerase III AAbs are detected in 3.8–19.4% of SSc sera, depending on ethnic group (152, 153, 163, 164) with a sensitivity about 38% and a specificity about 94% (154).

These AAbs are associated with dSSc and with a higher risk of scleroderma renal crisis, gastric antral vascular ectasia (also called watermelon stomach), and cancer (mainly synchronous breast cancer) (157, 165–167). Patients with anti-RNA polymerase III have a higher Rodnan skin score (used for skin fibrosis graduation) than patients with other AAbs and also are more likely to be rapid progressor (167, 168). Survival rate at 10 years in patients producing these AAbs is low, about 30% (161).

Other polymerases can be targeted by self-reactive lymphocytes. Anti-RNA polymerase I AAb may also be produced by SSc patients, mainly in association with anti-RNA polymerase III AAb production. Of note, the detection of isolated anti-RNA polymerase I AAb is not associated with SSc (169). The presence of both anti-RNA polymerase I/III AAb is also associated with cancer and scleroderma renal crisis (170, 171). Furthermore, the concomitant production of anti-RNA polymerase II and III AAb seems to increase the risk of scleroderma renal crisis as compare to the production of anti-RNA polymerase III AAb alone (172).

Clinical Usefulness of Anti-RNA Polymerase AAb Testing

➢ Mostly concerning anti-RNA polymerase III AAb in clinical practice

➢ Association with risk of scleroderma renal crisis

➢ Cancer must be search (mostly breast cancer)

➢ Useless for follow-up, not correlated with disease activity

Anti-Pm/Scl AAb

Anti-Pm/Scl AAbs are detected in 3.1–13% of SSc patients (150, 152, 173) with a sensitivity about 12.5% and a specificity about 98% (154, 174). Anti-Pm/Scl AAbs are distinguished by homogeneous nucleolar pattern by IFI (47).

These AAbs are associated with lSSc, overlap syndrome with myositis, PF, and digital ulcers (157, 174, 175). By contrast, PAH is less frequent in patients producing those AAbs (174).

Clinical Usefulness of Anti-Pm/Scl AAb Testing

➢ Mostly seen in overlap syndrome with myositis

➢ Less likely to be associated with PAH

➢ Useless for follow-up, not correlated with disease activity

Anti-Ku AAb

Anti-Ku AAbs are detected in 1.1–4.6% of SSc sera (150, 152, 176, 177), frequently associated with nuclear fine-speckled pattern on Hep2 cells (47). They are associated with lSSc and with a higher risk of myositis and interstitial lung disease (ILD) (150, 157, 177), the absence of digital ulcers and telangiectasia (176).

Clinical Usefulness of Anti-Ku AAb Testing

➢ Rarely seen in practice

➢ Useless for follow-up, not correlated with disease activity

Anti-Th/To AAb

Anti-Th/To AAb can be detected in 0.2–3.4% of SSc patients (152, 153) with homogeneous nucleolar fluorescence such as anti-Pm/Scl AAb (47). These AAbs are associated with lSSc and a higher risk of PAH (157, 162). A recent long-term follow-up study evidenced that patients with anti-Th/To AAbs are more likely to develop pulmonary hypertension (PAH or pulmonary hypertension secondary to ILD) with a better prognosis and less joint involvement than other SSc patients with other AAbs (178).

Clinical Usefulness of Anti-Th/To AAb Testing

➢ Rarely seen in practice

➢ Association with pulmonary hypertension (PAH or pulmonary hypertension secondary to ILD)

➢ Useless for follow-up, not correlated with disease activity

Anti-RNP AAb

Anti-U1-RNP AAbs, distinguished by nuclear coarse speckled pattern by IFI (47), are found in 4.8–4.9% of SSc patients (152, 153). They are associated with lSSc and with a higher risk to develop PAH (157). Patients with anti-U1-RNP AAb-associated PAH seems to have a better prognosis than SSc related-PAH associated with other antibodies (179). The presence of this kind of AAb evokes an overlap syndrome with other autoimmune diseases, mostly SLE and MCTD (180).

Anti-U3-RNP AAbs (also called anti-fibrillarin AAb), distinguished by clumpy nucleolar pattern on Hep 2 cells (47), are globally detected in 1.4 and 8% of SSc cases, with important differences between the populations studied (150, 152, 153, 181–183) with a sensitivity about 12% and a specificity about 97% (154). However, these AAbs are more frequently detected in Afro-American people (16–18.5%) (183, 184). Fibrillarin is a component of several ribonucleoproteins including a nucleolar small nuclear ribonucleoprotein. These AAbs are frequently associated with rapidly progressive dSSc (with a Rodnan skin score lower than in other dSSc), muscular involvement, and a higher risk of PAH (182). The presence of anti-fibrillarin AAb in Afro-American population is associated with a higher risk of digital ulcers, pericarditis, and gastrointestinal involvement, but in contrast, with less pulmonary involvement (184).

Clinical Usefulness of Anti-RNP AAb Testing

➢ In practice, always ask for both U1 and U3-RNP AAb because of clinical differences

➢ Anti-U1-RNP AAb associated with PAH

➢ Anti-U3-RNP AAb frequent in Afro-American people and associated with diffuse SSc

➢ Useless for follow-up, not correlated with disease activity

Anti-Ro/SSa AAb

Anti-Ro/SSa AAbs, also evidenced in SLE and in the SS, are detected in 15–19% of SSc patients, especially AAb directed against the 52 kDa subunit (185). Conversely, anti-SSb AAbs are rarely observed in SSc.

Patients with anti-Ro/SSa AAb show a high prevalence of QTc interval prolongation correlated with anti-Ro52 kDa level and with a higher risk to develop complex ventricular arrhythmias (86–88).

Clinical Usefulness of Anti-Ro and Anti-La AAb Testing

➢ Not associated with clinical phenotype

➢ Useless for follow-up, not correlated with disease activity

Anti-NOR90 AAb

Nucleolus organizer regions (NORs) are chromosomal regions crucial for the formation of the nucleolus. Anti-NOR90 AAbs are directed against a 90 kDa component of NOR and are found in about 6% of SSc patients (150). These AAbs are associated with punctate nucleolar fluorescence on Hep2 cells (47). Anti-NOR90 AAbs seem to be associated with lSSc and PF (150). These AAbs can also be detected in patients with SLE, SS, and RA (186).

Clinical Usefulness of Anti-NOR90 AAb Testing

➢ Rarely seen in practice and not specific to SSc

➢ Useless for follow-up, not correlated with disease activity

Anti-Histone AAb

Anti-histone AAbs are evidenced in some SSc sera and seem to be associated with critical internal organ involvement such as cardiac, pulmonary, and renal involvement, and with a decreased survival rate (187, 188).

Clinical Usefulness of Anti-Histone AAb Testing

➢ Rarely seen in practice

➢ Useless for follow-up, not correlated with disease activity

Non-Antinuclear AAb Frequently Observed in SSc

Anti-Citrullinated Protein/Peptide AAb (ACPA)

These AAbs are commonly observed in patients with RA but can also be detected in 10% of SSc patients (189). In a recent meta-analysis, the presence of this kind of AAb in the setting of SSc was associated with dSSc, erosive arthritis, and PF (189).

Clinical Usefulness of ACPA Testing

➢ Association with erosive arthritis (means overlap syndrome with RA?)

➢ Useless for follow-up, not correlated with disease activity

MYOSITIS-ASSOCIATED AAb

Myositis are characterized by a high phenotypic heterogeneity ranging from isolated muscle involvement to various organs manifestations such as ILD, arthritis, or overlap syndrome with other autoimmune diseases. AAbs are currently evidenced in 60–80% of these patients (190, 191). AAbs observed in myositis can be divided in two different groups: myositis-specific AAb (mostly non-ANA) and AAb that can be also observed in other CTD. Four distinct forms of myositis with specific AAbs are currently recognized depending on their clinical and histological features: polymyositis [mainly the antisynthetase syndrome (ASS)], necrotizing myopathy (NM), dermatomyositis (DM), and inclusion body myositis (IBM) (192, 193). In all of these myositis manifestations, only one AAb is detectable in each patient (194). The different myositis-specific AAbs are recapitulated in Table 5.

TABLE 5 | AAb associated with myositis [antisynthetase syndrome (ASS), necrotizing myopathy (NM), dermatomyositis (DM), and inclusion body myositis (IBM)].
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Anti-Synthetase Syndrome-Associated AAb

Antisynthetase syndrome is characterized clinically by myositis, ILD, arthritis, Raynaud’s phenomenon, mechanic’s hands, fever, and immunologically by the presence of an anti-tRNA synthetase AAb (195). In contrast with other groups of myositis, no correlation with cancer was made in ASS. Amino-acyl-tRNA-synthetases are enzymes that attach the appropriate amino acid onto its tRNA.

The different AAbs describe up to now are the anti-Jo1, anti-PL7, anti-PL12, anti-EJ, anti-OJ, anti-KS, anti-Zo, and anti-Ha AAb. Such AAb, associated with cytoplasmic speckled or fine-speckled fluorescence (47), are detected in about 30% of ASS cases (196). Anti-Jo1 AAb is the most frequently evidenced in about 70% of ASS, followed by anti-PL12 AAb in 15%, anti-PL7 AAb in 10%, whereas other ASS-associated AAbs are observed in less than 2% of the cases (194, 197).

The phenotype and the survival rate depend on the protein targeted by the AAb. Anti-PL7 and anti-PL12 AAbs are mostly associated with ILD and with a worst outcome than anti-Jo1 AAb (198). A long-term follow-up study demonstrated that anti-Jo1 AAb-associated myositis preceded the development of ILD, whereas ILD started before anti-PL7 and PL12 AAb-associated myositis (199). Patients with anti-Jo1 AAb less frequently develop sclerodactyly and ILD but display more frequently myositis than patients producing other types of anti-tRNA synthetase AAb (194). Furthermore, the level of anti-Jo1 AAb seems to be modestly correlated with muscle (in particular serum creatine kinase) and joint activity (200).

Clinical Usefulness of ASS AAb Testing

➢ In cases of ASS, mostly anti-Jo1, anti-PL7, and PL12 are detected

➢ Development of myositis first in anti-Jo1 ASS, development of ILD first in anti-PL7 and PL12 ASS

➢ Useless for follow-up, not correlated with disease activity (except for anti-Jo1)

Necrotizing Myopathy-Associated AAb

Necrotizing myopathy is characterized by subacute proximal limb muscle weakness, strongly elevated creatine kinase levels, muscle fiber necrosis, and regeneration, phenomenon that can be observed on muscle biopsy specimens (201). The two main AAbs in NM are directed against the signal recognition particle (anti-SRP AAb) and the 3-hydroxy-3-methylglutaryl-coenzyme A reductase (anti-HMGCR AAb). These AAbs are present in about 60% of cases (202), and both probably play a pathogenic role in the disease (203, 204).

Anti-HMGCR AAb

The 3-hydroxy-3-methylglutaryl-coenzyme A reductase is the rate-limiting enzyme for cholesterol synthesis. The prevalence of anti-HMGCR AAb is of 12–34% (202, 205) and can reach up to 63% in patients with a past history of treatment by statin (206).

Necrotizing myopathy may be associated with cancer, especially when associated with anti-HMGCR AAb (202). Anti-HMGCR antibody serum level seems to be correlated with disease activity and with serum creatine kinase level (207). Generally, NM patients with anti-HMGCR AAb have a good response to immunosuppressive treatments but have a tendency to relapse (208). The presence of anti-HMGCR AAb in statin-naive patients is associated with a lower response to treatment (209).

Clinical Usefulness of Anti-HMGCR AAb Testing

➢ Strongly associated with NM with past history of statin treatment

➢ Cancer must be sought for in presence of one of these AAb

➢ Good response to immunosuppressive treatment

➢ Useful for follow-up, correlated with disease activity (and serum creatine kinase level)

Anti-SRP AAb

SRP is a complex of six proteins permitting the translocation of nascent proteins to the endoplasmic reticulum. The prevalence of anti-SRP AAb in NM is of 18–24% (202, 205). Like anti-HMGCR, the level of anti-SRP antibody is correlated with disease activity and with serum creatine kinase level (210). Anti-SRP AAbs share also with anti-HMGCR AAb a cytoplasmic dense fine granular pattern by IFI on HEP2 cells (47).

Patients with anti-SRP AAb seem to have more severe muscle weakness and ILD than patients with anti-HMGCR AAb (211). Finally, NM patients with anti-SRP AAb seem to have a reduced response to usual immunosuppressive treatments than other myopathies (208).

Clinical Usefulness of Anti-SRP AAb Testing

➢ Association with severe muscle weakness and ILD

➢ Poor response to immunosuppressive treatment

➢ Useful for follow-up, correlated with disease activity (and serum creatine kinase level)

Dermatomyositis-Associated AAb

Dermatomyositis is an inflammatory disease characterized by proximal muscle weakness and skin involvement. Muscle histology is typical with perifascicular atrophy, vasculopathy, and inflammatory infiltrations. In DM, five AAbs have been described. They are directed against transcription intermediary factor 1 gamma (anti-TIF1-γ AAb), nuclear matrix protein 2 (anti-NXP2 AAb), melanoma differentiation-associated gene 5 (anti-MDA5 AAb), and small ubiquitin-like modifier activating enzyme (anti-SAE AAb), while anti-Mi2 AAbs recognize the nucleosome remodeling histone deacetylase protein complex (NuRD).

Anti-TIF1-γ AAb

The TIF1-γ protein (also called TRIM 33 for Tripartite motif-containing 33) is a transcriptional corepressor that acts as a tumor suppressor protein. The anti-TIF1-γ AAb may be detected by nuclear fine-speckled fluorescence on Hep2 cells with a prevalence in DM of 13–38% (47, 212, 213).

The production of AAb directed against this protein is strongly associated with cancer occurrence with a sensitivity of 78%, a specificity of 89%, and positive and negative predictive values of 58 and 95%, respectively (212, 214). These patients are also more frequently diagnosed with dysphagia (215).

Clinical Usefulness of Anti-TIF1-γ AAb Testing

➢ Cancer must be sought for in presence of these AAb

➢ Useless for follow-up, not correlated with disease activity

Anti-NXP2 AAb

The prevalence of anti-NXP2 in DM is of 17% (212, 216). These AAbs are distinguished by multiple nuclear dots on the nucleoplasm of Hep2 cells by IFI (47). As for anti-TIF1-γ, anti-NXP2 AAb production is associated with a higher risk of cancer development (212). These AAbs are also associated with calcinosis and muscle atrophy, especially in juvenile DM (217, 218).

Clinical Usefulness of Anti-NXP2 AAb Testing

➢ Cancer must be sought for in presence of these AAbs

➢ Association with calcinosis, mostly in juvenile DM

➢ Useless for follow-up, not correlated with disease activity

Anti-MDA5 AAb

MDA5 is an RIG-I-like receptor functioning as a viral-sensing pattern recognition receptor. The prevalence of anti-MDA5 AAb in DM is of 10% (219) and seems to be higher (about 40%) in Asian population (220).

The presence of anti-MDA5 AAb is associated with a higher risk of developing an ILD (221). Subsequently, patients with this kind of AAb display poorer prognosis, with approximately 50% of death by respiratory failure within the first 6 months following diagnosis (222). Clinically, these patients also present with hand swelling, skin ulceration, panniculitis, and palmar papules (219). Serum level of AAb is correlated with disease activity, and it disappears with its remission (223, 224).

Clinical Usefulness of Anti-MDA5 AAb Testing

➢ Poor prognosis with respiratory failure

➢ Mostly, myositis not at the forefront

➢ Useful for follow-up, correlated with disease activity

Anti-SAE AAb

SAE is implicated in the nuclear-cytosolic transport and in the transcriptional regulation. The prevalence of anti-SAE AAb in DM is of 7–8% (225, 226) but, in contrast to the anti-MDA5 AAb, the anti-SAE AAbs are less common (about 2%) in the Asian population (227). Clinically, the presence of these AAbs is associated with severe dysphagia (226).

Clinical Usefulness of Anti-SAE AAb Testing

➢ Association with severe dysphagia

➢ Useless for follow-up, not correlated with disease activity

Anti-Mi2 AAb

Anti-Mi2 AAbs target NuRD, a nuclear proteic complex implicated in multiple transcriptional regulatory processes such as histone demethylation, histone deacetylation, and nucleosome mobilization. They are found in 18–35% of patients with DM (228, 229) and are associated with nuclear fine-speckled fluorescence by IFI on Hep2 cells (47).

Patients with anti-Mi2 AAb seem to have better response to immunosuppressive treatment (229).

Clinical Usefulness of Anti-Mi2 AAb Testing

➢ Not associated with a specific clinical phenotype

➢ Useless for follow-up, not correlated with disease activity

Inclusion Body Myositis-Associated AAb

Inclusion body myositis is a myopathy observed in middle-aged patients that leads to a progressive, asymmetric muscle weakness with swallowing troubles (230). Muscle biopsy evidences vacuolated muscle fibers, inflammatory infiltrates, and intracellular deposits of amyloid protein.

Recently, a novel AAb has been identified (231) in one-third of these IBM patients, which recognizes the cytosolic 5′-nucleotidase 1A (anti-CN1a). Nevertheless, these antibodies are also detected in SLE and in SS patients (232). Its presence or absence does not seem to affect disease prognosis nor evolution (233). This myopathy is poorly responsive to immunosuppressive treatment.

Clinical Usefulness of Anti-CN1a AAb Testing

➢ Single AAb described in IBM up to now

➢ Useless for follow-up, not correlated with disease activity

RHEUMATOÏD ARTHRITIS-ASSOCIATED AAb

Rheumatoid arthritis is the most common inflammatory rheumatoid disease with a world prevalence of approximatively 0.5–1% (234). The disease typically affects small and medium-sized joints symmetrically. The primary lesion is synovitis. Systemic involvement is often observed, with respiratory, cardiovascular, and hematopoietic systems being the more damaging lesioned sites.

Antinuclear AAb in RA

Antinuclear antibody is not the main type of AAb detected in RA but they are present in about 20% of cases (128). The ANA detection has no clinical relevance in RA but is useful for treatments. The highlighting of ANA under infliximab is associated with poorer response to treatment (developing antibody directed against infliximab) and a risk to develop induced lupus (235, 236).

Clinical Usefulness of ANA Testing

➢ Useless for diagnosis

➢ Useful in treatment to predict response and complications (induced lupus)

Non-Antinuclear AAb Frequently Observed in RA

The two main AAb associated with RA (recapitulated in Table 6) are chronologically rheumatoid factor (RF) and ACPA. Other AAbs [anti-CarP (237) and anti-NOR9 0 (186) AAb] are not available in routine practice nowadays. Two main classification criteria are available, based on the presence of both clinical and immunological parameters: the ACR 87 classification (238) and the 2010 classification criteria of the ACR/EULAR (239) collaborative initiative. RF or ACPA measurements between one and three times the upper limit of normal are designated “low”; higher measurements are designated “high.” The high measurement increases the probability of positive diagnosis (238, 239). RA is typically divided into two subtypes designated “seropositive” and “seronegative” disease, with seropositivity being defined as the presence of AAb. The heritability of RA is currently estimated as 40–65% for seropositive RA, but lower (20%) for seronegative disease (240, 241).

TABLE 6 | AAb associated with rheumatoid arthritis.
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Rheumatoid Factor

Rheumatoid factor is the first well-known RA immunologic marker discover in 1957 (242) that targets the Fc part of human IgG. RFs are present in 50–70% (243) of patients at diagnosis, with little increase throughout disease course (234, 243). There is a correlation between RF titer and radiographic progression (244). The specificity of RF for RA diagnosis depends on clinical context: strong with an articular involvement and low without articular involvement (50–95%) (245).

Rheumatoid factor can also be found in healthy (elderly) individuals and patients with other autoimmune and infectious diseases (245). Despite this lack of specificity, the presence of RF was one of the seven diagnostic criteria for RA put forward by the ACR in 1987 and is also included in the ACR/EULAR 2010 classification criteria for RA.

Clinical Usefulness of RF Testing

➢ Useful for diagnosis

➢ Useful in follow-up to predict disease activity

Anti-Citrullinated Protein/Peptide AAb

Citrullination is a process by which arginine residues in a given protein are post-translationally modified (“deiminated”) in the presence of high calcium concentrations by an enzyme called PAD (peptidylarginine deiminase) (234, 246). In 1998, two AAbs present in serum samples from patients with RA that had already been described years earlier (antiperinuclear factor and anti-keratin antibodies) were found to share a common specificity for citrullinated filaggrin (247). First, a cyclic citrullinated peptide (CCP) was developed to improve antigen composition and antibody recognition. Then, new assays were developed to detect non-CCPs, and now the term anti-citrullinated protein/peptide AAb (ACPA) has thus replaced anti-cyclic citrullinated peptide (anti-CCP) AAb (248).

Using CCPs as antigens, ACPA are detected in 60–70% of RA patients (249). ACPA appear more specific for RA than RF. The specificity of ACPA is almost of 95% in RA (243). ACPA can also be detected in patients with SSc (189), psoriatic arthritis, SS, SLE, and MCTD (250).

ACPA are linked to erosive form of RA, and the likelihood of radiographic progression after 5 years is significantly greater among RA patients with ACPA (OR = 2.5) (251, 252). Moreover, detection of both RF and ACPA is associated with a more important radiographic progression and a poorer prognostic factor in patients with RA (252). ACPA can be detected in sera several years before clinical onset of arthritis (253). Recently, a new study showed that serological status (ACPA positivity) is a risk factor of serious infusion-related reactions in RA treated by non-TNF-targeted biologics (254).

Clinical Usefulness of Anti-ACPA Testing

➢ Useful for diagnosis

➢ Association with erosive arthritis

➢ Useful in follow-up to predict disease activity

CONCLUSION

Numerous AAbs can be evidenced in the sera of patients with CTD (Figure 1), and new autoantigens are regularly identified in this field of diseases. In the majority of cases, these AAbs are produced before clinical symptoms, but only a minority of these AAbs has been clearly demonstrated to be involved in the pathogenesis of these diseases. The understanding of the implication in pathogenesis of these AAbs still needs to be investigated, notably using animal models, to be able to find new therapeutic targets.
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FIGURE 1 | Global vision of autoantigens targeted by autoantibody (AAb) according to the type of connective tissue diseases (CTDs). The main targets of AAb associated with the five CTDs detailed in this review are recapitulated on this figure. In myositis, four distinct forms associated with distinct AAbs are represented in dotted circles: antisynthetase syndrome (ASS), dermatomyositis (DM), necrotizing myopathy (NM), and inclusion body myositis (IBM). In systemic sclerosis (SSc), most AAbs are preferentially associated with one of the two cutaneous forms described: anti-centromere, anti-Th/To, anti-Pm/Scl, anti-Ku, and anti-U1-RNP AAbs are generally associated with limited form of SSc whereas anti-DNA-topoisomerase I, anti-RNA-polymerase III, and anti-U3-RNP AAbs are mostly associated with diffuse cutaneous SSc. The term ACPA regroups anti-cyclic citrullinated peptide and also anti-non-cyclic citrullinated peptides AAb. Fc of IgG corresponds to target of rheumatoid factor. Some AAbs are associated with more than one CTD as shown in the different overlap areas on the figure.



Evidence of these AAbs can help clinicians for disease diagnosis and is therefore frequently mentioned in international classification criteria. Moreover, since some AAbs are correlated with disease activity and/or specific organ involvement, their detection and in some cases their level follow-up can also be a helpful tool in the long-term management of patients with CTD. The final aim of such investigations would be to personalize medical care according to the CTD and AAb identified.

In conclusion, choice in the type of AAb tested should be carefully evaluated according to clinical context for each patient. Importantly, to properly handle the clinical usefulness of AAb detection, clinician should also be aware of both the advantages and the limits of the methods used to test AAb, to support the clinical evaluation, which remains the essential cornerstone for disease diagnosis and patients’ management.
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Systemic sclerosis (SSc) is a severe chronic autoimmune disease with high morbidity and mortality. Sera of patients with SSc contain a large variety of autoantibody (aab) reactivities. Among these are functionally active aab that bind to G protein-coupled receptors (GPCR) such as C-X-C motif chemokine receptor 3 (CXCR3) and 4 (CXCR4). Aab binding to the N-terminal portion of these two GPCRs have been shown to be associated with slower disease progression in SSc, especially deterioration of lung function. Aabs binding to GPCRs exhibit functional activities by stimulating or inhibiting GPCR signaling. The specific functional activity of aabs crucially depends on the epitopes they bind to. To identify the location of important epitopes on CXCR3 recognized by aabs from SSc patients, we applied an array of 36 overlapping 18-20mer peptides covering the entire CXCR3 sequence, comparing epitope specificity of SSc patient sera (N = 32, with positive reactivity with CXCR3) to healthy controls (N = 30). Binding of SSc patient and control sera to these peptides was determined by ELISA. Using a Bayesian model approach, we found increased binding of SSc patient sera to peptides corresponding to intracellular epitopes within CXCR3, while the binding signal to extracellular portions of CXCR3 was found to be reduced. Experimentally determined epitopes showed a good correspondence to those predicted by the ABCpred tool. To verify these results and to translate them into a novel diagnostic ELISA, we combined the peptides that represent SSc-associated epitopes into a single ELISA and evaluated its potential to discriminate SSc patients (N = 31) from normal healthy controls (N = 47). This ELISA had a sensitivity of 0.61 and a specificity of 0.85. Our data reveals that SSc sera preferentially bind intracellular epitopes of CXCR3, while an extracellular epitope in the N-terminal domain that appears to be target of aabs in healthy individuals is not bound by SSc sera. Based upon our results, we could devise a novel ELISA concept that may be helpful for monitoring of SSc patients.
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INTRODUCTION

Systemic sclerosis (SSc) is a severe chronic autoimmune disease with increased mortality, mainly due to affections of the lungs (1, 2). It is characterized by aa pathogenic triad of small vessel vasculopathy, dysregulation of the innate and adaptive immune system and generalized fibrosis of multiple organs (1, 3).

Sera of patients with SSc contain a large variety of autoantibodies (aab) such as anti-nuclear ab (ANA) directed against Scl-70, RNA polymerase 3, and centromere proteins (4). Recently, the presence of functionally active aab that bind to G protein-coupled receptors (GPCRs) such as angiotensin 1 receptor and endothelin A receptor, C-X-C motif chemokine receptor 3 (CXCR3), and 4 (CXCR4) has gained increasing interest (5–9). Interestingly, however, aab directed against GPCRs are found in both healthy individuals and SSc patients (9). Further, they appear to be important in glaucoma, cardiac diseases, preeclampsia, Alzheimer’s disease, Sjögren’s syndrome, renal diseases, renal transplantation, and some cases of metabolic syndrome (10–12). Interestingly, some of these anti-GPCR antibodies are not necessarily associated with clinical worsening of disease. For example, high concentrations of anti-CXCR3 aabs were found to predict a more benign clinical course of pulmonary disease in SSc (7), which is in contrast to anti-angiotensin and anti-endothelin receptor antibodies (13, 14). Of note, in the above mentioned study, an N-terminal extracellular domain fragment of CXCR3 was used to determine antibody binding (7).

CXCR3 is a GPCR that is expressed by activated naïve T cells, Th1-type CD4+ T cells, effector CD8+ T cells as well as by innate-type lymphocytes (15). It contains an extracellular N-terminus, seven transmembrane domains, and an intracellular C-terminal domain (16). CXCR3 features a series of rhodopsine-like motifs, which are shared among many GPCRs. The role of CXCR3 receptor in connective tissue diseases is supported by the finding that CXCR3+ CD4+ T cells are enriched in kidneys and urine of patients with systemic lupus erythematosus (17).

The functional activity of aab like those against CXCR3 is crucially dependent on their respective epitopes (9, 18–20). However, it is currently not known if anti-CXCR3 aabs target specific epitopes when comparing SSc patients to healthy controls. To address this knowledge gap, we applied a peptide array to screen a set of SSc patient sera in comparison to healthy controls.

MATERIALS AND METHODS

Patients and Controls

In this study, sera of patients with SSc (N = 32, Table 1) were compared to sera of healthy blood donors (N = 65). The age of SSc patients ranged from 38 to 76 years, with 15 female and 5 male subjects. The age of healthy blood donors ranged from 20 to 60 years, with a larger amount of male subjects. The diagnosis in SSc patients was established according to the ACR/EULAR classification criteria for SSc (1). In sera of all SSc patients, positive titers of anti-CXCR3 ab were detected (Table 1). Unselected healthy blood donor sera were obtained from the Institute of Transfusion Medicine at the University of Lübeck. All studies with human materials followed the ethical principles established by the Declaration of Helsinki and were approved by the local ethics committee (AZ16-199). All human participants gave their written informed consent.

TABLE 1 | Systemic sclerosis patient overview.
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Human Anti-CXCR3 IgG ELISA

Anti-CXCR3 IgG aabs were measured by a commercially available sandwich ELISA kit from CellTrend GmbH (Luckenwalde, Berlin, Germany) (7). The antigen in this assay is a recombinant fragment comprising the N-terminal potion of CXCR3. Measurements were performed according to the manufacturer’s instructions. The kit includes a standard to determine autoantibody concentrations (in U/ml).

Human CXCR3 Peptides

Thirty-six biotinylated 20mer peptides covering the entire sequence of CXCR3 (isoform 1, aa 1-368, UNIPROT accession ID P49682 (CXCR3_HUMAN), URL: www.uniprot.org, last accessed 9/25/2017) were synthesized by peptides & elephants (Henningsdorf, Germany), with overlaps of 10 aa to the corresponding peptides upstream and downstream the protein sequence (Table 2). Peptides were delivered as lyophilized trifluoro-acetate salts and dissolved according to hydrophobicity and isoelectric point (pI) in NaOH, HCl, or DMF. Dissolved peptides were further diluted in phosphate-buffered saline (PBS), pH 7.2.

TABLE 2 | Characteristics of peptide fragments of CXCR3.
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Peptide-Based ELISA

Biotinylated peptides were diluted in PBS (pH 7.2) containing 0.05% Tween-20 (PBS-T) to a concentration of 20 μg/ml and incubated for 1 h at room temperature with streptavidine-coated 96-well plates (Immobilizer Streptavidin F96 Clear; Thermo Fisher Scientific p/a Nunc, Langenselbold, Germany). For each well only one peptide was used. As positive control biotinylated anti-human IgG1 (Thermo Fisher Scientific, p/a Invitrogen, Carlsbad, CA, USA) was used, negative control wells were left empty. Each control and peptide was placed twice on a single 96-well plate, to allow for testing of two individual sera. We combined one SSc serum (N = 32) with one control serum (N = 30 of the 65) to aid comparability. After automatic washing of ELISA plates with an Columbus Pro plate washer (TECAN Group AG, Männedorf, Schweiz), plates were incubated for 1 h at room temperature on an orbital shaker containing 100 μl/well SSc patient or control sera diluted 1:100 in PBS-T. Subsequently, after another automatic washing step plates were incubated for 1 h at room temperature with a peroxidase-conjugated polyclonal anti-human IgG antibody (DAKO, Hamburg, Germany), diluted 1:1000 in PBS-T. 1-step™ Turbo-TMB-ELISA (Thermo Fisher Scientific, p/a Pierce Biotechnology, Rockford, USA) was used as chromogenic substrate with 0.5 M H2SO4 as stop solution. The optical density at 450 nm (OD450) was recorded by a VICTOR 3™ (PerkinElmer Inc., Waltham, MA, USA) reader.

Complete and annotated ELISA readout data used for this analysis is made available for public access (Supplementary Material).

Mixed Peptide ELISA

Peptides 17, 24, 25, 33, and 34 were combined in PBS-T with a total concentration of 20 μg/ml and incubated with streptavidine-coated 96-well plates (Immobilizer Streptavidin F96 Clear; Thermo Fisher Scientific p/a Nunc, Langenselbold, Germany), as described above. All SSc patient sera, 16 healthy controls used for peptide mapping and 31 previously not used healthy controls were measured as duplicates. The experimental procedures for this assay were performed with exact timing, to ensure comparability of OD 450 nm values between plates.

In Silico Prediction of Epitopes

We used two different software approaches to predict continuous epitopes in the CXCR3 sequence. Antigenic from the EMBOSS package available online at http://www.bioinformatics.nl/cgi-bin/emboss/antigenic (last visited 2/9/2018) with a window size of 6 amino acids. Antigenic is based on sliding window averaging antigenicity scores of amino acids in the sequence of proteins. The other software, ABCpred, available at http://crdd.osdd.net/raghava/abcpred/ABC_submission.html (last visited 2/10/2018), is based upon a trained neural network that determines a score for subsequences of protein sequences in a sliding window approach. We used a window size of 20 amino acids and a minimum score of 0.8.

Statistical Analysis of Peptide-Mapping Data

For isolation of specific binding signals from peptide-mapping ELISA data, a mixed effects model was established using R open source statistical software (URL: http://www.r-project.org/, last visited 9/25/2017) together with the framework provided by R package INLA (URL: http://www.r-inla.org/, last visited 9/25/2017) (22–24). Peptide properties were calculated with R package peptides. 1.1 was determined and the normalized value [image: image1] was calculated.

To normalize the ELISA signal x per plate, an upper limit [image: image1] and a lower limit [image: image1]. The logit value of ELISA signals was calculated as [image: image1]. For sample runs with a variance below 25% quantile were not further processed.

To analyze the ELISA signals, a mixed effects model was set up using the INLA framework with logit(x) as the dependent variable and isoelectric point (pI) and hydrophobicity of peptides as fixed effects with the default vague prior distribution settings. As random effects, plate ID and serum ID were included with an iid model, and the peptide numbers with a special autoregressive model of order 1 (ar1). To separate the SSc autoantibody-binding signal, a simple ar1 model was combined with a weighted ar1 model. For SSc patients, the weighting factor was set to 1, for healthy controls it was set to 0. For all random effect models, the default vague prior distribution of the hyper-parameter was chosen.

A Bayesian analog of a p value (pBayes) was calculated as described (25, 26). Briefly, for a given posterior distribution of regression coefficients, the largest α ∈ [0;1] was determined such that the α highest-posterior density credibility interval does not contain the point 0. The pBayes was then calculated as pBayes = (1−α).

The R code and data set specifications are described in detail in the Supplementary Methods and Supplementary Information in Data Sheet S1 in Supplementary Material.

Statistical Analysis of Mixed-Peptide ELISA Data

Mixed peptide data were evaluated as raw OD450 data using R open source statistical software with additional packages beeswarm for visual representation of data (stacked scatter plots) and ROCR for receiver operator characteristic (ROC) analysis. The cut-off value was calculated by optimization of Matthew’s correlation coefficient (MCC) (27). The MCC was calculated as:

[image: image1]

with TP being the number of true positives, TN the number of true negatives, FP the number of false positives, and FN the number of false negatives.

For performance parameters sensitivity, specificity, positive likelihood ratio (LR)+, and negative LR−, 95% binomial confidence intervals (95% CI) were calculated using the Clopper–Pearson method.

RESULTS

Epitope Mapping Localizes Epitopes of Autoantibodies in SSc in Intracellular Regions of CXCR3

Aab recognizing an N-terminal extracellular fragment of CXCR3 ranging from 3.8 until 15.4 U/ml were detected by ELISA in sera of SSc patients (Table 1). A peptide array covering the whole aa sequence of CXCR3 (Table 2) was applied to determine epitopes of CXCR3 targeted by anti-CXCR3 contained in serum of patients with SSc and controls. The measurements were analyzed in comparison to those from sera of healthy control blood donors. Raw ELISA signal data of the peptide array is shown in Figure S1 in Supplementary Material.

Linear peptides, by design, do not have the same conformation as compared to a fully folded protein further stabilized by a cell membrane. This is a potential source of non-specific binding signal variation, which needs to be taken into account appropriately during data analysis. Additional variation is generated because sera of patients and healthy controls do not only contain ab directed against CXCR3, but a whole set of different antibodies that may bind non-specifically to the peptides.

To separate an SSc-specific binding signal from background noise, we used the Bayesian framework implemented by the INLA (Integrated Nested Laplace Approximation) package. Using this R package, we developed a model that incorporates the neighborhood structure, i.e., overlapping of peptides, employing autoregressive models. Non-specific binding of sera and secondary detection antibody to the peptides was modeled by a simple autoregressive model (Figure S2 in Supplementary Material). SSc-specific binding was modeled by combining the autoregressive model with a weighting factor (Figure 1). The unspecific binding of serum samples and the inter-plate variability were included as additional random effects. Isoelectric point and hydrophobicity of each peptide were included as fixed effects. These additional random and fixed effects primarily served to remove noise from the SSc-specific binding signal (Figure S3 in Supplementary Material).


[image: image1]

FIGURE 1 | Binding behavior of SSc patient and healthy control sera to individual peptides. Plot of the mean expectation value (red line) and 95 and 99.9% credibility bands (pink and white shading) of the SSc patient-specific ab-binding signal (percent increase). The x axis represents amino acid residues 1–368. The peptide localizations are indicated by staggered rectangles that include the peptide numbers. The percent increase indicates the increase or decrease of the binding signal in SSc patients in contrast to an averaged signal. If the 95% (99.9%) credibility interval of the percent increase does not include the zero value (black line), the corresponding peptide is regarded as an epitope that is significantly associated with SSc. By use of the ar1 model, the percent increase, i.e., the binding signal estimator, for a peptide is influenced by the neighboring peptides. Other fixed and random effects of the statistical model are shown in Figures S2 and S3 in Supplementary Material. At the bottom, three heat maps indicate the position of putative epitopes predicted by antigenic (magenta hue), ABCpred (pink hue) and the presence of rhodopsine-like domains (orange hue). The background colors indicate the position of intracellular (yellow hue), transmembranous (green hue), or extracellular (blue hue) amino acid residues.



The result described in Figure 1 was mapped for visualization to a serpentine model of CXCR3 (Figure 2). For comparison, the logit values of ELISA signals were analyzed peptide-wise with independent classical linear models (Figure S4 in Supplementary Material).


[image: image1]

FIGURE 2 | Location of epitopes on the CXCR3 structure. Mapping of binding signal (compare Figure 1) of SSc patient sera to a serpentine model of CXCR3. Each pearl represents a single amino acid residue, the letter inside each pearl the amino acid in 1-letter code. The color of each pearl indicates the percent increase value of the SSc specific binding signal associated with the respective amino acid residue (color key).



The regression analysis revealed a significant difference between healthy control and SSc patient binding signals for peptide 4 (pBayes = 0.00879), peptide 15 (pBayes = 0.0225), peptide 16 (pBayes = 0.00684), peptide 17 (pBayes = 0.000977), peptide 21 (pBayes = 0.00488), peptide 24 (pBayes = 0.00293), peptide 25 (pBayes = 0.000977), peptide 31 (pBayes = 0.00879), peptide 33 (pBayes = 0.000977), and peptide 34 (pBayes = 0.000977). When using a stricter threshold of p < 0.00138 = 0.05/36 to take multiple testing into account, peptides 17, 25, 33, and 34 remain as possible epitopes. In all of these peptides, the binding signal of SSc patients is higher than in healthy controls, except of peptides 4 and 15, which are located at the N-terminal extracellular rod domain. With the exception of peptide 21, all other peptides we identified are located intracellularly.

To compare the reactivity of SSc-abs on peptides with epitopes predicted by the primary structure of CXCR3, we used the EMBOSS antigenic software (Figure 1; Figures S2 and S4 in Supplementary Material). This software implements a method described by Kolaskar and Tongaonkar (28). However, there appears to be no true correspondence between predicted and the reactivity of SSc-abs.

In contrast to antigenic, the neural network-based ABCpred software detected epitopes on amino acid residues Y29–L68, L184–C203, V241–V260, G307–R326, and L332–S351 (Figure 1; Figures S2 and S4 in Supplementary Material). From these epitopes, all except L184–C203 corresponded to peptides we experimentally identified as possible epitopes that differ in the binding between SSc patients and healthy controls. Vice versa, peptides 17 and 21 which were identified by experiment do not correspond to any epitope detected by ABCpred. It may be noted that peptide 20 corresponding to ABCpred epitope L184–C203 showed a peak in reactivity in the background signal (Figure S2 in Supplementary Material).

We further checked whether the reactivity of SSc-abs corresponds to conserved Rhodopsin-like GPCR domains (Figure 1; Figures S2 and S4 in Supplementary Material). These domains are mostly located in transmembrane regions of the protein. However, no difference in reactivity between SSc sera and healthy control sera was found in peptides that correspond to Rhodopsin-like GPCR domains.

A CXCR3 Peptide-Based ELISA Allows Discrimination of SSc and Healthy Control Sera

To verify the epitopes, we detected by the peptide array, we chose peptides 17, 24, 25, 33, and 34 that were positively correlated with SSc sera and combined them into one for coating of ELISA plates. This allowed us to compare 48 samples in duplicates a single microtiter plate. For inter-plate comparison, we used a set of samples as standard samples.

Using this ELISA design, we compared raw OD450 values from the 32 SSc patient sera with 16 of the healthy control sera and 31 additional healthy control sera from a new cohort (Figure 3, left panel). The OD450 values of SSc and healthy control sera differed significantly (Wilcoxon rank sum test p = 4.52 × 10−5). By ROC analysis (Figure 3, right panel), this corresponds to an area under curve (AUC) of 0.77, indicating a good classification ability. A cut-off for the OD450 value could be determined by optimizing Matthew’s correlation coefficient to a value of 0.51. Using this cut-off, the sensitivity of this assay was 0.61 (95% CI: 0.42–0.78), with a specificity of 0.85 (95% CI: 0.72–0.94). This corresponds to a LR+ of 3.98 (95% CI: 2.06–9.28) and a LR− of 0.46 (95% CI: 0.27–0.68).
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FIGURE 3 | Derivation of a mixed-peptide ELISA for the discrimination of SSc patients and healthy controls. Peptides 17, 24, 25, 33, and 34 were mixed for coating of ELISA plates. In total, 32 SSc patient sera and 47 healthy control sera were measured. Left panel, scatter plot of raw ELISA readout values (OD @ 450 nm) including a cut-off value optimized by maximization of Matthew’s correlation coefficient. SSc patient showed a significantly higher ELISA signal than healthy control sera (Wilcoxon rank sum testing p = 4.52 × 10−5). Right panel, receiver operator characteristic (ROC) analysis of ELISA values. AUC (area under curve, 0.77) and best MCC (Matthew’s correlation coefficient, 0.51) as well as Sensitivity (0.61) and Specificity (0.85) at the optimal cut-off are shown as performance indicators. The dot indicates the optimal cut-off position in the ROC curve.



DISCUSSION

In this study, we were able to demonstrate that SSc patients’ sera preferentially bind to intracellular epitopes on CXCR3. We furthermore could demonstrate that reactivity to extracellular epitopes is reduced or lost in SSc patients, compared to controls. This especially applies to in the N-terminal rod domain of CXCR3, where a previous study could show that reactivity to this domain is associated with a slower disease progression in SSc (7).

Aabs against GPCRs like CXCR3 have been shown to influence the signaling function of these receptors (5, 9). It is very likely that the epitopes on CXCR3 that are bound by aabs determine different functional and pathophysiological effects. In case of antibodies that bind to receptors the selection of target epitopes decides whether they exhibit activating, inhibiting, internalization-inducing or even neutral (i.e., no measurable) effects (9, 18–20). Peptide arrays provide a straightforward approach to locate linear epitopes recognized by aabs, using ELISA or dot bot methods (20, 29, 30). However, this approach has the drawback that peptides are more flexible in their tertiary structure and tend to bind abs with lower specificity than fully folded proteins. Therefore, a careful statistical evaluation is necessary to detect a specific binding signal (20). This study used an array of 20mer peptides with 10mer overlaps covering the full UNIPROT isoform 1 sequence of CXCR3 to identify linear epitopes bound by aabs in sera from SSc patients and healthy blood donors. The peptide array was employed to conduct a series of ELISA experiments. A highly standardized protocol was used, including anti-human IgG1 as positive process control and a balanced design that always combined sera of an SSc patient and a healthy donor on the same ELISA plate.

To isolate a specific autoantibody-binding signal, we used the Bayesian framework of the R package INLA to design a mixed effects model that separates an autoantibody-related binding signal from inter-experimental variation, variation due to physicochemical properties of individual peptides (hydrophobicity, isoelectric point) and non-specific patient or control serum properties (23, 24). A remarkable advantage of this framework is the possibility to incorporate the neighborhood structure into the model, i.e., the intuitive expectation that two 20mer peptides that have a 10mer overlap should yield a similar signal. Further, the framework provided by the package INLA enabled us to formulate a mathematically more sound model compared to the heuristic approach we used for previous peptide screening studies (20).

Using this mixed effects model, we observed an increased binding of ab from SSc patients to peptides representing intracellular domains of CXCR3, especially the C-terminal rod domain. In contrast, ab binding to the extracellular domains including the N-terminal rod domain appeared to be missing in SSc.

Interestingly, the epitopes we identified did not overlap with epitopes predicted by the antigenic software of the EMBOSS bioinformatics package. Only two of the epitopes predicted by antigenic, one within the N-terminal rod domain (corresponding to peptide 4) and one within the C-terminal intracellular rod domain (corresponding to peptide 34) appear to overlap. In contrast to antigenic, epitope prediction by ABCpred showed that 4 of 5 predicted epitope regions correspond to peptides with a binding significantly different between SSc patients and healthy controls. The one epitope predicted by ABCpred that showed no differential binding correspond to a peak in the background signal. Although the study is designed to detect epitopes with a reactivity that is different between SSc patients and healthy controls, this indicates that all epitopes predicted by ABCpred match our experimental data. The rhodopsin-like GPCR motifs appear to be spared, which might be explained by their higher degree of conservation (31) compared to the other parts of the CXCR3 sequence.

An increased reactivity of abs against an N-terminal fragment of CXCR3 correlated with a more benign progression of lung fibrosis in SSc in an earlier study (7). Thus, we expected a decreased reactivity against linear epitopes within the N-terminal rod domain in our SSc study population, which could indeed be demonstrated with our peptide mapping approach.

To further validate the results from the peptide array, we designed a novel ELISA using a combination of peptides that were found to be associated with SSc. Differently from the peptide mapping approach, where only 2 samples could be processed per microtiter plate, this ELISA allowed to determine 48 samples in duplicates per plate. This allowed a better comparability between samples, as the plate-by-plate variation in ELISA methods is empirically relatively high. The readout of this ELISA allowed discriminating between SSc patient and healthy control sera with a considerably good performance, as expressed by a Matthew’s correlation coefficient of 0.51 and an AUC of 0.77. Most of the healthy control sera used in this mixed peptide ELISA came from an independent cohort that has not been used for identification of epitopes.

We evaluated whether the results from the mixed-peptide ELISA differ between limited and diffuse variants of SSc, which was not the case. However, this novel ELISA concept might be promising for the development of diagnostic tools that allow a better prognosis on deterioration of lung function, pulmonary hypertension, or renal insufficiency and would therefore help to choose the optimal treatment for patients with SSc.

In contrast to extracellular epitopes, the biological relevance of intracellular epitopes—or antigens—is difficult to demonstrate, because they are in general not directly accessible by aabs. ANA, that are typical for collagenoses are directed against intracellular antigens. Although generally regarded as functionally irrelevant, some ANA like anti-Ro may even cross the placenta and cause neonatal lupus (32). It has to be noted here that anti-Ro aabs have been demonstrated to interact with an extracellular epitope of 5-hydroxytryptaminergic (5-HT4) receptor 4 (33), a GPCR like CXCR3. Besides intracellular antigens, intracellular domains of transmembrane proteins have been shown to be targets of aabs, like BP180 (34) and aquaporin-4 (35).

As an exception of the rule that intracellular antigens and epitopes are not accessible by abs, a certain type of aabs has been shown to be able to penetrate the cellular membrane and to bind subsequently to intracellular epitopes and trigger pathogenic mechanisms (36, 37). This observation led to the construction of TransMabs, ab that are designed to penetrate cell membranes using a short (17 aa) membrane translocation sequence (38). In case of anti-DNA mAbs, specific properties of the sequence of the heavy chain complementary-determining regions 2 and 3 appeared to be the prerequisite for their ability to penetrate the cell membrane (37). It may be possible, though challenging to demonstrate, that anti-GPCR aabs may have the ability to penetrate cell membranes and initiate important pathogenic mechanisms by binding to intracellular epitopes.

An interesting finding is the loss of autoreactivity to the N-terminal rod domain of CXCR3 in patients with SSc. Clinically, a lower titer of autoantibodies against the N-terminus of CXCR3 has been associated with a better prognosis of SSc, especially concerning deterioration of lung function (7). Furthermore, aabs against CXCR3 are not only found in SSc, but also in healthy individuals (9). Aabs against GPCRs have been demonstrated to be functionally active (5–9), and it might possible that this is of physiologic importance. Therefore, it appears to be rational to substitute the lacking aabs against CXCR3 and other GPCRs with intravenous immunoglobulins (IVIGs), although only limited evidence exists for a beneficial effect of IVIGs in SSc (39).

In conclusion, we were able to demonstrate that aabs against CXCR3 in SSc patient sera show a different binding pattern like healthy control sera, with increased binding to intracellular epitopes and loss of binding to the extracellular N-terminal rod domain. The results are supported by in silico prediction of linear epitopes on CXCR3. Based upon our results, we could devise a novel ELISA concept that may be helpful for monitoring of SSc patients.
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Bullous pemphigoid (BP) is an autoimmune bullous skin disease characterized by anti-BP180 and anti-BP230 autoantibodies (AAbs). Mucous membrane involvement is an uncommon clinical feature of BP which may evoke epidermolysis bullosa acquisita, another skin autoimmune disease characterized by anti-type VII collagen AAbs. We therefore evaluated the presence of anti-type VII collagen AAbs in the serum of BP patients with and without mucosal lesions at time of diagnosis and under therapy. Anti-BP180, anti-BP230, and anti-type VII collagen AAbs were measured by ELISA in the serum of unselected patients fulfilling clinical and histo/immunopathological BP criteria at baseline (n = 71) and at time of relapse (n = 24). At baseline, anti-type VII collagen AAbs were detected in 2 out of 24 patients with BP presenting with mucosal involvement, but not in patients without mucosal lesions (n = 47). At the time of relapse, 10 out of 24 BP patients either displayed a significant induction or increase of concentrations of anti-type VII collagen AAbs (P < 0.01), independently of mucosal involvement. Those 10 relapsing BP patients were also characterized by a sustained high concentration of anti-BP180 AAb, whereas the serum anti-BP230 AAb concentrations did not vary in BP patients with relapse according to the presence of anti-type VII collagen AAbs. Thus, our study showed that anti-type VII collagen along with anti-BP180 AAbs detection stratified BP patients at time of relapse, illustrating a still dysregulated immune response that could reflect a potential epitope spreading mechanism in those BP patients.
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INTRODUCTION

Bullous pemphigoid (BP) is the most common subepidermal autoimmune blistering skin disease that preferentially affects the elderly with various clinical manifestations. Clinically, BP patients typically present at diagnosis vesicles and tense clear blisters, which mainly occur on erythematous skin, together with erythematous or urticarial papules and plaques (1–4). BP is immunologically characterized by tissue-bound and circulating autoantibodies (AAbs) directed against either the BP antigen 180 (BP180) or the BP antigen 230 (BP230) or even both, which are components of hemidesmosomes involved in the dermal–epidermal cohesion (2, 3, 5–9). Most of BP patients (82–94%) display in their serum AAb that bind to the NC16A domain of the transmembrane protein BP180 (3, 10–16). AAbs against other antigenic sites of BP180 are associated with the severity and the phenotype of BP. Depending on the detection assay used, the presence of AAb against both the BP180 N- and C-terminal of the ectodomain was found to be associated with the presence of mucosal lesions (12), or not (17). When presenting with mucosal involvement, BP may suggest the BP-like, inflammatory form of epidermolysis bullosa acquisita (EBA), another skin autoimmune disease characterized by AAb directed against type VII collagen, a protein of the basement membrane zone beneath the stratified squamous epithelia (8, 18–22). However, no study has investigated yet the presence of serum anti-type VII collagen AAb at time of diagnosis of BP patients with mucosal involvement and whether these AAb are associated with BP outcome.

Loss of immune self-tolerance eventually leads to the generation of AAb (22). Among the different AAb in BP, the pathogenicity was mainly attributed to those directed against the NC16A domain of BP180 (9, 10, 23, 24). Actually, high serum level of anti-BP180 NC16A AAb was correlated with disease activity at time of diagnosis and was shown as an independent risk factor for BP relapse after cessation of therapy (14, 15, 25–27). In addition, approximately 30% of the BP patients relapse during the first year of treatment (16, 28–31). For those latter BP patients, it was shown that the variations of serum IgG AAb directed toward the BP180 NC16A domain after 2 months of therapy may be useful to predict BP outcome (16, 32). However up to now, a comparison in BP patients of the AAb profile at time of relapse vs. baseline has been investigated neither with respect to mucosal involvement nor with respect to antibody directed against other epidermal basement membrane autoantigens such as the type VII collagen.

In this study, we investigated certain autoimmunity markers which result from the disturbance of self-tolerance in BP both at baseline with respect to mucous membrane involvement and at time of relapse. To that purpose, the presence of AAb against type VII collagen was evaluated at time of diagnosis both in the serum of BP patients with and without mucosal involvement. Furthermore, serum anti-type VII collagen AAb titer at baseline and at time of relapse was analyzed according to the initial clinical BP phenotype at baseline and compared with anti-BP180 and anti-BP230 AAb serum profiles.

MATERIALS AND METHODS

Patients

This retrospective study was conducted in the Dermatology Department of the University Hospital of Reims, belonging to the French Reference Center for Autoimmune Bullous Diseases. From January 2011 to July 2015, 71 consecutive patients with newly diagnosed BP were included in this study when they fulfilled the following criteria: (1) blistering skin dermatosis fulfilling at least three of four clinical criteria for BP (33) and (2) linear IgG and/or C3 deposits along the epidermal basement membrane zone by skin direct immunofluorescence microscopy of perilesional skin. Patients fulfilling less than three clinical criteria, were also included if they demonstrated high anti-BP180/230 titers and at least roof labeling by indirect immunofluorescence (IIF) on salt split skin (SSS). During a 1-year follow-up, the number and dates of potential relapses were recorded. Relapse was defined as the reappearance of at least three daily new blisters along with pruriginous, erythematous, or urticarial plaques (34). The disease activity was assessed at baseline using the Bullous Pemphigoid Disease Area Index (BPDAI) (34). Patients were separated into two groups and then analyzed according to the presence or the absence of mucosal involvement as recorded in the BPDAI evaluation.

AAbs Detection

For each patient, blood samples were collected in clot activator tubes. Sample collection was realized at the time of diagnosis in all BP patients, and at the time of relapse on therapy during the follow-up (mean time of 39 weeks after the beginning of treatment), or at an equivalent follow-up visit for patients with ongoing remission. All sera were stored at −20°C until analysis. The detection of serum anti-type VII collagen AAb was performed with a commercially available ELISA (MBL, Nagoya, Japan). This assay uses the NC1 and NC2 domains of type VII collagen as substrates (35). The 6 U/mL cutoff value recommended by the manufacturer was used. Anti-BP180-NC16A and anti-BP230 AAb were detected in serum samples using commercially available ELISA tests (MBL, Nagoya, Japan) (36, 37). ELISA values are expressed as Units per milliliter of serum with the cutoff value of 9 U/mL for both ELISAs as recommended by the manufacturer. Serum anti-basement membrane zone AAb were detected by IIF on monkey SSS, according to the manufacturer’s instructions (Euroimmun, Lübeck, Germany).

Statistical Analysis

Quantitative variables were described as mean ± SD and qualitative data as number and percentage. Comparisons between groups were performed using Wilcoxon rank test, Fisher exact test or χ2 test, as appropriate. A P-value <0.05 was considered statistically significant. All analyses were performed using Microsoft Excel and GraphPad Prism software.

RESULTS

Clinical and Immunological Characteristics of BP Patients According to Mucosal Involvement at Baseline

To investigate the potential implication of serum anti-type VII collagen AAb at the time of diagnosis and during follow-up on therapy in patients with BP, 71 patients were included in the study. Clinical and immunological characteristics of BP patients according to mucosal involvement at baseline are detailed in Table 1. Among the 71 BP patients, 47 (66%) had a typical clinical presentation and 24 (34%) also had mucous membrane involvement, i.e., blisters or erosions of the oral cavity in all 24 cases in addition with genital erosions in 1 case. We evidenced that the presence of oral lesions was associated with higher total (Table 1, P < 0.001) and skin BPDAI scores (P < 0.01). We also found that anti-BP180 AAb were indifferently present in BP patients with or without mucosal lesions, with similar titers (Table 1), while the percentage of patients with positive anti-BP230 antibodies titer was lower in patients with mucosal involvement compared with patients without mucosal involvement (29 and 55%, respectively; P < 0.05). Further investigation of AAb expression in BP patients with and without mucosal involvement showed that, although not statistically significant, anti-type VII collagen AAb were only detected at diagnosis in the serum of patients presenting mucosal lesions (2/24 patients with mucosal involvement vs. 0/47 in patients without mucosal involvement, Table 1). In those two patients, the presence of high titers of serum anti-BP180 (66 and 109 U/mL) but low titers of anti-type VII collagen (13 and 8 U/mL) AAb confirmed the diagnosis of BP.

TABLE 1 | Clinical and immunological characteristics of BP patients at baseline.
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Clinical and Immunological Characteristics of BP Patients With Relapse

Of the 71 BP patients included in this study, 56 had both a complete clinical and biological follow-up of at least 1 year, including BPDAI scores and serum AAb detection every 2 months and also in case of relapse. At baseline, 24 out of those 56 BP patients experienced at least one relapse during this follow-up period. Both total and skin BPDAI scores tended to be higher for BP patients who relapsed than for BP patients who remained in clinical remission upon therapy (Table 2). Mucosal involvement at time of diagnosis was not more frequent in patients with later relapse than in BP patients with ongoing remission (46 and 31%, respectively; P = 0.26). For those 24 BP patients, the relapse occurred in a mean delay of 39 weeks after starting treatment, without any difference between patients with and without mucosal involvement at baseline (Table 2). At the time of relapse, the level of serum anti-type VII collagen AAb was higher compared with baseline values (mean value at relapse 7.8 U/mL vs. mean value at baseline 3.6 U/mL, P < 0.01) (Figure 1A). Such an increase was not observed in the serum of BP patients with ongoing remission when analyzed after a similar median duration of treatment (Figure 1B).

TABLE 2 | Clinical characteristics of BP patients at baseline according to disease outcome.
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FIGURE 1 | Serum levels of anti-type VII collagen AAb (COL7 Ab) in patients with relapse (n = 24) (mean value at time of relapse 7.8 U/mL vs. mean value at baseline 3.6 U/mL) (A) and in patients with ongoing remission (n = 32) (B). Mean delay between diagnosis and relapse was 270 days. Among the 24 patients with relapse, 10 patients were identified with positive ELISA score of anti-type VII collagen AAb at time of relapse (mean value at time of relapse 15.4 U/mL) (C) and 14 patients experienced relapse without presenting anti-type VII collagen AAb (D). Comparison was made either between baseline and relapse or between baseline and day 270 for patients with ongoing remission (**P < 0.01, ***P < 0.001).



Anti-Type VII Collagen Antibody Positivity in a Subset of BP Patients at Time of Relapse

We then attempted to further characterize the subset of BP patients who relapsed during the follow-up. Serological analysis revealed that 10 (41%) of those 24 BP patients had increased serum levels of anti-type VII collagen AAb at time of relapse (mean value at time of relapse 15.4 U/mL) (Figure 1C), whereas the other relapsing patients did not (Figure 1D). Among those 10 BP patients with detectable serum anti-type VII collagen AAb at time of relapse, 6 had mucosal involvement at time of diagnosis. Other clinical features at baseline, including mean age, sex ratio, and BPDAI scores, were not different in patients with positive anti-type VII collagen at time of relapse from those who did not express this latter AAb (Table 3). Conversely, biological investigation of serum anti-BP180/230 AAb profiles between baseline and relapse highlighted that anti-BP180 ELISA scores remained elevated the 10 BP patients with concomitant positive anti-type VII collagen AAb, while they decreased in the subgroup of BP patients without anti-type VII collagen antibodies (Figures 2A,C). Such a difference in the serum AAb profiles was not observed when analyzing the variations in anti-BP230 antibody titers (Figures 2B,D).

TABLE 3 | Clinical characteristics at baseline of BP patients who further relapsed under treatment.
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FIGURE 2 | Serum levels of anti-BP180 (BP180 Ab), anti-BP230 (BP230 Ab) autoantibodies (AAbs) in the relapsing patients (n = 24). Comparison was made between baseline and relapse either in patients with increased concentrations of anti-type VII collagen AAbs (A,B) or in patients without detectable anti-type VII collagen AAbs (C,D) (**P < 0.01).



DISCUSSION

The present study demonstrated that investigating both anti-BP180 and anti-type VII collagen antibodies serum concentrations was useful to exclude EBA diagnosis in BP patients with mucosal involvement at time of diagnosis. Furthermore, anti-type VII collagen AAb were identified in a subgroup of BP patients at time of relapse.

At diagnosis, anti-type VII collagen antibodies were detected only in 2 of 24 BP patients with oral involvement. However, high serum anti-BP180 titers compared to those of anti-type VII collagen antibodies advocated for a BP rather than an EBA for which the presence of serum anti-type VII collagen antibody remains the immunological hallmark at baseline (20, 35, 38). Although serum anti-type VII collagen antibodies were detected in the subgroup of BP patients with mucosal involvement, such a low frequency of antibody expression cannot be considered as a biological marker of mucosal subepidermal blistering in BP. Of note, this very low frequency of BP patients with serum anti-type VII collagen AAb and their low titers are in accordance with previous studies evaluating the performance of anti-type VII collagen antibody ELISA, in which 1–8% of patients with BP were positively tested (35, 39, 40). This is also in setting with the low prevalence of anti-type VII collagen antibodies in other autoimmune and autoinflammatory diseases, such as inflammatory bowel disease (16%) and pemphigus (9.5%), but also in healthy subjects (38). Furthermore, the low titer of anti-type VII collagen AAb in comparison with the high titer of anti-BP180 antibodies in our two patients with mucous membrane involvement, like in these other diseases, rather points out the production of anti-type VII collagen antibodies in BP as an epiphenomenon, as previously suggested (31). A possible diversification of the AAb response in BP could be related at least in part to disease severity, as BP patients with mucosal involvement had higher total and skin BPDAI scores, especially the blisters/erosions activity score, as compared with the BPDAI score from patients with a typical form of BP (41).

Serum anti-type VII collagen antibodies were evidenced in about 40% of patients at the time of relapse and their titers were increasing. This is in line with a previous study which showed that the variation in the AAb profile, called epitope spreading, occurred as an early event in about 50% of BP patients (42). Our results complete our knowledge on BP-associated epitope spreading, by showing that the production of AAb against type VII collagen occurred in relapsing patients but not in patients with ongoing remission. This further illustrated that targets of immune responses in BP can be extended not only to other epitopes on the hemidesmosome protein (42, 43) but also to other proteins in their vicinity. The production of anti-type VII collagen AAb at time of relapse was not related to mucosal involvement at baseline, but to disease severity. Of note, it has been previously showed that the main predictive risk factor of relapse is the number of new daily blister at baseline (16). By contrast, the increase in the skin BPDAI score in BP patients with mucosal involvement was rather related to erosions than to blister formation. Thus, anti-type VII collagen production may result from situations in which tissue damage, induced by proteases activity linked to blister formation, causes the release and exposure of a previously encrypted antigen, thereby leading to a secondary autoimmune response against the newly exposed antigen as proposed for other autoimmune diseases (38, 39).

Noteworthy, serum anti-type VII collagen AAb was evidenced only in a subgroup of BP patients at the time of relapse. Then, the presence of anti-type VII collagen AAb may be an associated risk factor characterizing this subgroup of relapsing BP patients. Interestingly, this subgroup was also characterized by a high persistent titer of BP180 antibodies. Anti-BP180 antibody concentration has been correlated with BP disease activity (14, 15, 25, 26), and the decrease in anti-BP180 AAb levels after 2 months of treatment was lower in patients with further relapse in comparison with patients with ongoing remission (16). In the present study, if the serum level of anti-BP180 antibody remained elevated in all BP patients at time of relapse, we noticed that BP relapsing patients with serum anti-type VII collagen AAb displayed a sustained level of anti-BP180 antibody, suggesting that the immune response is still highly active in those patients. We also previously showed that the inflammatory response remained elevated in BP patients who relapsed during the first year of treatment. Especially, the production of IL-17, IL-23, CXCL10, and ECP also remained elevated after 2 months of treatment in the serum of relapsing BP patients (44–47). Then, one can hypothesize that the inflammatory response may also display a specific profile in this subgroup of BP patients with serum anti-type VII collagen AAb and high serum level of anti-BP180 at time of relapse. Of note, regulatory T (Treg) cells, a major regulatory system of autoimmunity, demonstrated plasticity and can convert to Th17 cells according to the cytokine environment (48). Accordingly, a previous study evidenced that Treg cells were upregulated (49), whereas another study proposed a Treg cell downregulation in BP (50). Knowing that Treg activity and IL-17-producing cells may have opposite effects on autoimmunity (51, 52), an impaired Treg activity in an IL-17/IL-23 context (53, 54) could result in an imbalance between the pro-inflammatory and the regulatory cytokines levels which control the tolerance breakdown limit and therefore favors the production of anti-type VII collagen AAb and the sustained concentration of anti-BP180 AAb (47, 53, 55–57). In this line, it is worth to note that all of these inflammatory molecules promote matrix metalloproteinase MMP-9 and neutrophil elastase production and therefore participate to tissue degradation (44, 45, 53). Although further investigations are still needed to explain why some BP patients had circulating anti-type VII collagen AAb at time of relapse and not the other relapsing patients, our results support the hypothesis that chronic and dysregulated inflammation in line with persistent tissue damage and exposure of autoantigens may lead to tolerance breakdown and to autoimmunity.

In conclusion, we here showed the presence of AAb against the type VII collagen in the serum of relapsing BP patients who had a severe and difficult to treat disease. Actually, this is the first study demonstrating in those relapsing patients that the immune response is still dysregulated, probably due to prolonged epidermal/dermal damages which may sustain the immune tolerance breakdown process. Based on this observation, it will be interesting in a future prospective study to evaluate whether the autoimmune response spreads to other autoantigens identified in the subepidermal autoimmune-mediated blistering diseases such as the laminin-332 and the laminin gamma-1 chain (58, 59). Furthermore, it will also be of interest to determine whether the presence of serum anti-type VII collagen antibodies could be a predictive factor for relapse by analyzing the concentration of these AAbs at an earlier time point during the patients’ follow-up in future prospective longitudinal studies. Finally, the pathogenicity of those anti-type VII collagen AAb in association with anti-BP180 NC16A AAb will also need to be investigated in animal models of BP (21, 60).
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Keratins Regulate p38MAPK-Dependent Desmoglein Binding Properties in Pemphigus
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Keratins are crucial for the anchorage of desmosomes. Severe alterations of keratin organization and detachment of filaments from the desmosomal plaque occur in the autoimmune dermatoses pemphigus vulgaris and pemphigus foliaceus (PF), which are mainly caused by autoantibodies against desmoglein (Dsg) 1 and 3. Keratin alterations are a structural hallmark in pemphigus pathogenesis and correlate with loss of intercellular adhesion. However, the significance for autoantibody-induced loss of intercellular adhesion is largely unknown. In wild-type (wt) murine keratinocytes, pemphigus autoantibodies induced keratin filament retraction. Under the same conditions, we used murine keratinocytes lacking all keratin filaments (KtyII k.o.) as a model system to dissect the role of keratins in pemphigus. KtyII k.o. cells show compromised intercellular adhesion without antibody (Ab) treatment, which was not impaired further by pathogenic pemphigus autoantibodies. Nevertheless, direct activation of p38MAPK via anisomycin further decreased intercellular adhesion indicating that cell cohesion was not completely abrogated in the absence of keratins. Direct inhibition of Dsg3, but not of Dsg1, interaction via pathogenic autoantibodies as revealed by atomic force microscopy was detectable in both cell lines demonstrating that keratins are not required for this phenomenon. However, PF-IgG shifted Dsg1-binding events from cell borders toward the free cell surface in wt cells. This led to a distribution pattern of Dsg1-binding events similar to KtyII k.o. cells under resting conditions. In keratin-deficient keratinocytes, PF-IgG impaired Dsg1-binding strength, which was not different from wt cells under resting conditions. In addition, pathogenic autoantibodies were capable of activating p38MAPK in both KtyII wt and k.o. cells, the latter of which already displayed robust p38MAPK activation under resting conditions. Since inhibition of p38MAPK blocked autoantibody-induced loss of intercellular adhesion in wt cells and restored baseline cell cohesion in keratin-deficient cells, we conclude that p38MAPK signaling is (i) critical for regulation of cell adhesion, (ii) regulated by keratins, and (iii) targets both keratin-dependent and -independent mechanisms.

Keywords: desmosome, keratin, desmoglein, atomic force microscopy, p38MAPK

INTRODUCTION

Desmosomes are highly organized protein complexes required for proper intercellular adhesion especially in tissues which are constantly exposed to mechanical stress, such as the heart and the epidermis. They are composed of desmosomal cadherins which maintain the strong intercellular adhesion with their extracellular domains (EC), thus bridging the intercellular cleft, and plaque proteins connecting the desmosomal cadherins to the intermediate filament cytoskeleton (1–3).

Pemphigus is a life-threatening autoimmune dermatosis in which autoantibodies directed against the desmosomal cadherins desmoglein (Dsg) 1 and 3 lead to a flaccid blistering of the skin and mucous membranes (4, 5). On a morphological level, blistering occurs by separation of epidermal layers either suprabasal in pemphigus vulgaris (PV) or superficially in pemphigus foliaceus (PF) which represent the two main clinical manifestations of the disease (6). In PF, blisters are restricted to the skin and only Dsg1 autoantibodies occur. By contrast, in PV erosions additionally affect mucous membranes especially of the oral cavity. Blisters in PV are primarily caused by autoantibodies against both, Dsg1 and 3 (7). Thus, autoantibody profiles largely correlate with the clinical phenotype, a phenomenon which was proposed to be explained at least in part by autoantibody-specific cellular signaling patterns (8). In addition to signaling pathways which apparently are crucial for pemphigus pathogenesis (7, 9) direct inhibition of Dsg interactions by autoantibodies was described for Dsg3 but not for Dsg1 (10–12). Furthermore, the typical morphological hallmark of keratin filament retraction from cell borders is a common feature of all clinical phenotypes and can be detected in pemphigus models in vitro (13–16) as well as ex vivo and in patients’ lesions (17–21). Keratins, the constituents of intermediate filaments in the epidermis, are crucial for proper desmosomal adhesion and retraction of the keratin cytoskeleton correlated with loss of intercellular adhesion induced by pemphigus autoantibodies (11, 22, 23). They, furthermore, account for the mechanical properties of keratinocytes (24) and are involved in the regulation of important signaling pathways for desmosomal adhesion, such as protein kinase C (PKC) and p38 mitogen-activated protein kinase (p38MAPK) both of which also regulate Dsg3-binding properties in a keratin-dependent fashion (22, 23, 25).

In these settings, the exact mechanism and contribution of alterations of the keratin cytoskeleton to loss of intercellular adhesion in pemphigus is not well characterized. Thus, we here use murine keratinocytes lacking all keratins to dissect the contribution of keratins in pemphigus pathogenesis. With this approach we demonstrate that keratins differentially regulate the binding properties of the two major antigens for autoantibodies in pemphigus, Dsg1 and 3. Moreover, we observed that p38MAPK underlies a keratin-mediated regulation, which is crucial for loss of intercellular adhesion in pemphigus.

MATERIALS AND METHODS

Cell Culture and Reagents

In this study, murine keratinocytes (KtyII) isolated from wild-type (KtyII wt) and keratin cluster II knockout (KtyII k.o.) were used. Cells were immortalized as described elsewhere in detail (22). Cells were grown in complete FAD media (0.05 mM CaCl2) on collagen I-coated culture dishes (rat tail; BD). For all experiments, cells were grown to confluency before switching them to high Ca2+ (1.2 mM) for 48 h to induce proper differentiation and usage for experiments. For fluorescence recovery after photobleaching (FRAP) experiments, cells were transient transfected at 70% confluency with pEGFP-C1-Dsg3 (kindly provided by Dr. Yasushi Hanakawa, Ehime University School of Medicine, Japan) using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to manufacturers’ protocol. 24 h after transfection, cells were switched to high Ca2+ (1.2 mM) and grown for further 48 h before the experiments. Activity of p38MAPK was modulated using either p38 inhibitors SB202190 (Merck, Darmstadt, Germany) and SB203580 (Sigma Aldrich, Munich, Germany) (both 30 μM) or p38 activator anisomycin (60 μM) (Sigma Aldrich, Munich, Germany).

Purification of Recombinant Dsg Fc Constructs

Dsg1- and Dsg3-Fc constructs containing the full extracellular domain of the respective Dsg were stably expressed in Chinese hamster ovary cells (CHO-cells). Purification was performed as described elsewhere in detail (10). Briefly, transfected CHO-cells were grown to confluence, supernatants were collected and recombinant proteins were isolated using Protein A Agarose (Life Technologies). To test purity and specificity Coomassie staining and Western blotting using anti Dsg1-monoclonal antibody (mAb) (p124, Progen, Heidelberg, Germany) and anti Dsg3-mAb (clone5G11; Life Technologies) which both detect the extracellular domain of the respective Dsg were conducted (data not shown).

Purification of Patients IgG Fractions and Antibodies (Abs)

Serum of PV patients was provided by Enno Schmidt (Department of Dermatology, University of Lübeck). Sera were used with informed and written consent and under approval of the local ethic committee (number: AZ12-178). All patients had an active disease at the time of collection including lesions of the skin and the mucous membranes. ELISA scores are given in Table 1.

TABLE 1 | ELISA score of pemphigus vulgaris (PV)-IgG fraction.
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Purification of IgG fraction from pemphigus patients (PV-IgG) or healthy volunteer (control-IgG) was conducted as described elsewhere (10, 12, 26) using Protein A Agarose (Life Technologies). The pathogenic monoclonal Dsg3 Ab, AK23 (Biozol, Eching, Germany) was used at a concentration of 75 μg/ml.

Immunostaining

Murine keratinocytes were used 48 h after Ca2+ switch and 72 h after transfection for the FRAP and respective immunofluorescence experiments. Cells were fixed with freshly prepared 4% paraformaldehyde for 20 min, permeabilized with 1% Triton X-100 for 10 min and blocked with 10% normal goat serum/1% bovine serum albumin. Cytokeratin 14 mAb (LL002, Abcam, Cambridge, UK) was used as primary Ab. As secondary Ab Cy3-labeled goat anti-mouse Ab was used (Dianova, Hamburg, Germany). Furthermore, Alexa 488-phalloidin (Invitrogen, Carlsbad, CA, USA) and DAPI (Roche, Mannheim, Germany) were used to visualize the actin cytoskeleton and the nuclei respectively. Images were recorded using a Leica SP5 confocal microscopy with a 63× NA 1.4 PL APO objective controlled by LAS AF software (Leica, Mannheim, Germany). For some experiments, z-stacks were recorded, and pictures represent maximum intensity projections. For quantification of keratin retraction keratin 14 fluorescence intensity was measured at small areas in close proximity to the cell border and above the nucleus, and a ratio was calculated to quantify keratin filament retraction (Figure S1A in Supplementary Material).

Dispase-Based Keratinocytes Dissociation Assay

For dissociation assay, cells were grown in high Ca2+ medium for 48 h after confluence. Dispase assay was conducted as described in detail before (25, 27). Briefly, cells exposed to different conditions were removed from well bottom using a mixture of Dispase II (Sigma Aldrich) and 1% collagenase I (Thermo Fisher Scientific). After application of defined shear stress by pipetting the monolayers with a 1 ml pipette the resulting fragments were counted. The latter represent an inverse measure for intercellular adhesion.

Biotinylation Assay and Western Blotting

Cell surface biotinylation was conducted as described before (11, 25). In brief, cell monolayers were incubated with 0.25 mM of membrane-impermeable EZ-Link Sulfo-NHS-Biotin (Thermo Fisher Scientific, Waltham, MA, USA) on ice and rinsed in ice-cold PBS containing 100 mM glycin. Cells were lysed in PIPES buffer (50 mM NaCl, 10 mM PIPES, 3 mM MgCl2, 1% Triton X-100, protease inhibitors) and centrifuged. Supernatants were collected, and pull-down of biotinylated molecules was carried out using NeutrAvidin (HighCapacity)-agarose (Thermo Fisher Scientific). Precipitated molecules were suspended in 3× Laemmli buffer with 50 mM dithiothreitol (AppliChem) and subjected to Western blotting.

For whole cell lysates SDS buffer (25 mmol/l HEPES, 2 mmol EDTA, 25 mmol/l NaF and 1% sodiumdodecylsulfate, and pH 7.4) was used. Western blotting was performed according to standard protocol (27).

Fluorescence Recovery After Photobleaching

For all FRAP experiments, KtyII cells were seeded in 8-well imaging chambers (Ibidi, Martinsried, Germany). Cells were transfected with pEGFP-C1-Dsg3 as described in cell culture section. FRAP experiments were conducted with the FRAP wizard software on a Leica SP5 confocal microscopy with a 63× NA 1.4 PL APO objective at 37°C as described before (25, 28). The Dsg3-GFP signal was bleached at cell border areas of two adjacent cells with the 488 nm line of an Argon laser at 100% transmission. Fluorescence recovery was monitored during the following 3 min and fluorescence intensities were analyzed. The immobile fraction was determined using the FRAP wizard.

Atomic Force Microscopy (AFM) Measurements

A NanoWizard® 3 AFM (JPK Instruments, Berlin, Germany) mounted on an inverted optical microscope (Carl Zeiss, Jena, Germany) was used throughout all experiments. The setup was described in detail before and allows the selection of the scanning areas by usage of an optical image acquired with a 63× objective (11, 25, 29). All measurements were accomplished at 37°C in cell culture medium containing 1.2 mM Ca2+.

For all experiments pyramidal-shaped D-Tips of Si3N4 MLCT cantilevers (Bruker, Mannheim, Germany) with a nominal spring constant of 0.03 N/m and tip radius of 20 nm were functionalized with Dsg1- or 3-Fc constructs as described before (30). Briefly, a flexible heterobifunctional acetal-polyethylenglycol (synthetized by the Hermann Gruber Lab, Institute of Biophysics, Linz, Austria) was interspaced between the tip and the purified Fc construct whose concentration was adjusted to 0.15 mg/ml. For measurements on living murine keratinocytes a protocol which was recently developed in our group (29) was used. AFM was run in quantitative imaging (QI) mode for overview images or force mapping (FM) mode for measurement and characterization of Dsg binding properties. For the latter mode, a force map consisted of 1,200 pixels with each pixel representing one force–distance cycle that covered an area of 6 μm × 2 μm along cell borders or 4 μm × 2 μm above the nucleus. Settings of the respective modes can be found in Table 2.

TABLE 2 | Atomic force microscopy settings.
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Resulting force–distance curves were analyzed with regard to topography and adhesive properties of specific surface molecules (31).

For Ab experiments, the respective Abs were incubated solely on the cell to avoid binding to the scanning tip. After the incubation period, cells were extensively washed to remove unbound Abs and reprobed by AFM. For characterization of molecule distribution at the cell border areas a distribution coefficient was calculated as described before (32). Briefly, a ratio of number of binding events per area along the elevated cell borders (Figure S1B in Supplementary Material, green area) and in the surrounding cell surface (Figure S1B in Supplementary Material, red area) was calculated, in which values higher than 1 demonstrate increased localization of molecules along the cell borders.

Data Analysis and Statistics

For image processing, Adobe Photoshop CS5 (Adobe, Dublin, Ireland) was used. AFM images and data analysis of force–distance curves were done on JPK Data Processing Software (JPK Instruments). For further calculation of the analyzed AFM data with regard to unbinding forces, peak fitting, and step position Origin Pro 2016, 93G (Northampton, MA, USA) was used. In addition, Origin was utilized for comparison of data values with a paired Student’s t-test (two sample groups) or one-way analysis of variance following Bonferroni correction (more than two groups), respectively. Error bars given in the figures are mean ± SD for all diagrams depicting unbinding forces ± SEM for all other experiments. Significance was presumed at a p-value < 0.05.

RESULTS

Keratin Deficiency Reduces Effect of Pathogenic Autoantibodies on Intercellular Adhesion

Keratin alterations are morphological hallmarks of pemphigus and correlate with loss of intercellular adhesion in human keratinocytes (11). Wild-type murine keratinocytes (KtyII wt) were used to test whether pathogenic autoantibodies are able to induce comparable changes of the keratin cytoskeleton in murine cells. Keratinocytes were treated either with control-IgG of healthy volunteers or with pathogenic autoantibodies for 24 h and subjected to immunostaining for keratin14 or keratinocyte dissociation assay, respectively (Figures 1A,B). We used AK23, a pathogenic monoclonal Ab derived from a PV mouse model, which is specific for Dsg3 (33), PF-IgG containing Ab against Dsg1 as well as PV-IgG with Abs against Dsg1 and 3 (Table 1). In control-IgG treated cells, the keratin cytoskeleton formed a dense network throughout the cells which is composed of delicate fibers and covers the cell periphery (Figure 1A). Actin was labeled to delineate the cell periphery and DAPI was included to stain nuclei (Figure 1A). By contrast, after treatment with all pathogenic autoantibodies keratin filament bundles were thicker and more irregular throughout and were retracted from some segments of cell borders (Figure 1A, arrows). Keratin retraction was quantified as described in materials and methods. In control-IgG treated cells, the coefficient was around 1 indicating a homogeneous distribution of the keratin network throughout the whole cell. The coefficient was significantly reduced after treatment with all pathogenic autoantibodies indicating a reduced fluorescent signal at cell border areas and thus confirms the occurrence of keratin retraction (Figure 1B).
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FIGURE 1 | Keratin retraction in murine keratinocytes and regulation of desmoglein binding properties through keratins. (A) Immunostaining of wild-type murine keratinocytes (KtyII wt) using keratin 14 monoclonal antibody and Alexa488-phalloidin for actin staining. Control-IgG treated keratinocytes show a dense keratin network throughout the whole cell whereas keratin filament retraction (arrows) and formation of thick filament bundles were detectable after treatment with pemphigus vulgaris (PV)-IgG, pemphigus foliaceus (PF)-IgG, and AK23. Pictures are representatives of n > 4. (B) Quantification of keratin retraction using an intensity coefficient confirms occurrence of keratin retraction in all autoantibody treated conditions. (C) Dissociation assay of KtyII wt and k.o. keratinocytes reveals that keratin-deficient keratinocytes show impaired intercellular adhesion. Treatment with pathogenic autoantibodies (PF-IgG, PV1- and PV2-IgG, and AK23) reduced intercellular adhesion in wild-type (wt) but not in KtyII k.o. cells. n = 5, *p > 0.05 vs. wt control and wt control-IgG. (D,E) Atomic force microscopy adhesion measurements using Dsg3-Fc- or Dsg1-Fc-functionalized cantilevers on the same scanning area. In adhesion panels, each blue or green pixel represents a specific Dsg3- or Dsg1-binding event, respectively. (F) Merged panels of adhesion measurements reveal distinct clustering of Dsg1- and 3-binding events. (G,H) Analysis of binding frequency and unbinding forces of Dsg1 and 3 interactions. n = 6 from ≥3 independent coating procedures, 1,200 force–distance curves/adhesion maps (*p < 0.05).



To further dissect the role of keratins for loss of intercellular adhesion in pemphigus, KtyII k.o. cells were compared with wt monolayers in dissociation assays (Figure S1C in Supplementary Material). Under control conditions and after incubation with control-IgG, KtyII k.o. cells showed a significantly impaired intercellular adhesion compared with wt similar as shown before (22, 23, 25) (Figure 1C). Interestingly, treatment with AK23, PV-IgG or PF-IgG did not further compromise intercellular adhesion in KtyII k.o. cells whereas a significant reduction in wt cells was observed (Figure 1C). Given that anisomycin-mediated activation of p38MAPK as shown below (Figure 4B) was efficient to strongly reduce adhesion in keratin-deficient cells, these data indicate that keratins are important for the loss of intercellular adhesion in pemphigus.

Keratins Differentially Regulate Dsg-Binding Properties

Keratin filament alterations in response to autoantibodies were accompanied by depletion of Dsg3 from the cell membrane (8, 11). In a recent study, it was shown that keratins regulate Dsg3-binding properties through signaling (25). Thus, we next studied distribution, binding frequency, and binding strength of Dsg1 and Dsg3 by AFM in parallel. Dsgs can interact homo- and heterophilic (34–36). However, in our last studies by comparing parallel experiments under cell-free conditions and on living keratinocytes as well as by using isoform-specific inhibitory Abs, we predominantly detected homophilic interactions (25, 29, 32). A modified cantilever holder setup allowed the measurement at the same area with scanning tips functionalized with Dsg1 or Dsg3, respectively. First, topography overview images spanning an area of 50 μm × 30 μm were performed using QI mode (Figures 1D,E). In both cell lines, cell surfaces exhibited a reticular structure, and cell borders could be identified clearly by an elevated region (25) (Figures 1D,E, red arrows). Defined areas along cell borders were chosen for adhesion measurements (Figures 1D,E, red rectangles) and probed using FM mode with a pulling speed of 10 μm/s and a resting contact time of 0,1 s. Same areas along the cell border were chosen with both cantilevers after respective overview imaging to compare Dsg1 and 3 localization. In adhesion panels, each blue and green pixel represents a specific binding event of Dsg3 and Dsg1, respectively (Figures 1D–F). Evaluation of binding frequencies revealed a higher binding frequency for Dsg3 in keratin-deficient keratinocytes (Figures 1D,G) whereas the Dsg1-binding frequency was significantly reduced (Figures 1E,H). By contrast, binding forces of Dsg3 were reduced in KtyII k.o. cells as shown previously (25) (Figures 1D,G) whereas no difference in binding strength was observed for Dsg1 (Figures 1E,H). Finally, we analyzed the distribution of binding events using a distribution coefficient (see Material and Methods; Figure S1B in Supplementary Material) in which values >1 indicated higher binding frequency along the cell border. In accordance with former studies, Dsg3 shows a uniform distribution in both cell lines (25, 29) (Figures 1D,F,G). However, Dsg1-binding events were localized along cell borders (Figures 1E,F,H) in wt cells, whereas distribution was uniform in KtyII k.o. cells (Figures 1E,F,H) suggesting that keratins are important for proper localization of Dsg1 at cell junctions. Moreover, keratins differentially modulate Dsg binding properties.

Direct Inhibition of Dsg3 Single Molecule Interactions Occurs in Keratin-Deficient Keratinocytes

Direct inhibition of Dsg3 interactions is a well-characterized phenomenon in pemphigus which occurs fast after binding of pathogenic autoantibodies but alone is not sufficient to cause complete loss of cell cohesion (5, 11, 26). To investigate the role of keratins for direct inhibition, we treated both cell lines with AK23 which is directed against the extracellular domain (EC) 1 of Dsg3 and was reported to interfere with Dsg3 interaction under cell-free conditions as well as in living keratinocytes (10, 11, 36). To avoid Ab binding to the AFM cantilever, AK23 was incubated on cells for 1 h in absence of cantilevers, washed extensively after incubation with fresh media to remove unbound Abs, and cells were reprobed. Doing so, small areas along the cell borders were chosen and measured before and after AK23 incubation. AK23 reduced Dsg3-binding frequency in both cell lines to a comparable extent suggesting that loss of keratins do not effect autoantibody-induced direct inhibition of Dsg3 interaction (Figures 2A,B). In line with this, distribution of the remaining binding events was not changed (Figures 2A,B).
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FIGURE 2 | Keratin-deficiency accelerates depletion of Dsg3. (A,B) Dsg3 adhesion measurements on KtyII wt and k.o. cells using AK23. Treatment of KtyII wt and k.o. cells with AK23 for 1 h reduced Dsg3 binding to comparable extent. n = 6 from ≥3 independent coating procedures, 1,200 force–distance curves/adhesion maps (*p < 0.05). (C,D) Cell surface biotinylation delineates depletion of Dsg3 in keratin-deficient keratinocytes after 1 h of pemphigus vulgaris (PV) 1-IgG treatment but not in wild-type keratinocytes. Representative of n = 5, *p < 0.05 vs. respective control. (E) Kymographs of fluorescence recovery after photobleaching experiments using Dsg3-eGFP-transfected KtyII wt and k.o. keratinocytes. (F) Immobile fractions of Dsg3-eGFP in KtyII wt and k.o. cells under basal conditions and after incubation with AK23 incubation for 1 h; n = 7, 5 cell borders/experiment; *p < 0.05.



Keratin Deficiency Accelerates Depletion of Dsg3

Next, we investigated depletion of Dsg3 which accompanied loss of intercellular adhesion and was linked to several signaling pathways such as p38MAPK in models of pemphigus (19, 37). As reported previously, keratin-deficient keratinocytes reveal a higher expression level of Dsg3 (25) (Figure 2C). Cells were treated with PV-IgG for 1 h and subjected to a surface biotinylation assay. In whole cell lysates, no reduction of Dsg3 levels was detectable in both cell lines (Figure 2C). However, in the surface membrane pool harvested via immunoprecipitation of biotin PV-IgG induced a significant depletion of Dsg3 in KtyII k.o. cells but not wt monolayers after 1 h of incubation (Figures 2C,D) indicating that the turnover of Dsgs is altered in keratin-deficient keratinocytes. This may be explained by enhanced mobility of Dsg3 when keratins are missing (25). Thus, we performed FRAP experiments on Dsg3-pEGFP-transfected KtyII cells using AK23. Indeed, KtyII k.o. cells revealed a reduced immobile fraction indicating higher mobility of Dsg3 molecules under basal conditions (Figures 2E,F). However, incubation of AK23 enhanced Dsg3 mobility in wt cells only suggesting that higher mobility resulted from keratin uncoupling (Figures 2E,F).

PF-IgG and PV-IgG Cause Redistribution of Dsg1-Binding Events and Subsequently Reduce Dsg1-Binding Strength

Under cell-free conditions, direct inhibition of Dsg interaction was observed for Dsg3 but not for Dsg1 (8, 10, 12). To test whether direct inhibition of Dsg1 occurs on living keratinocytes, we performed AFM adhesion measurements using PF-IgG. Small areas along cell borders and on the cell surface above the nucleus (Figure S2A in Supplementary Material) were chosen and probed in FM mode.

As outlined earlier, under control conditions Dsg1-binding events exhibited clusters along the cell borders in wt cells and uniform distribution in KtyII k.o. cells. In line with this, less Dsg1-binding events were detected on the cell surface of wt cells compared with cell borders whereas no difference in binding frequency was observed in KtyII k.o. (Figures 3A,B; Figure S2B in Supplementary Material). Interestingly, the sum of binding frequencies along cell borders and on the cell surface was similar in both lines (Figures 3A,B), indicating that attachment to desmosomes is crucial for the localization of Dsg1 at cell borders. To test the specificity of Dsg1-binding events, we used a monoclonal aDsg1, which was capable of blocking homophilic interactions under cell-free conditions (25, 36). Incubation of the Ab for 1 h on the cells in the absence of cantilevers revealed a significant reduction of binding frequency in both cell lines indicating that we measured specific Dsg1 interactions (Figures S2C,D in Supplementary Material).
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FIGURE 3 | aDsg1 antibodies (Abs) causes a keratin-dependent redistribution of Dsg1. (A) Atomic force microscopy (AFM) adhesion measurements using Dsg1-Fc-functionalized tips at small areas along cell borders and on the cell surface above the nucleus. Pemphigus foliaceus (PF)-IgG for 1 h and 24 h induced redistribution of Dsg1 from cell junctions in wild type. (B) Dsg1-binding frequencies under control condition and after 1 h of PF-IgG treatment show no direct inhibition of binding events. (C) 24 h of PF-IgG treatment slightly reduced Dsg1-binding frequency in KtyII wt and k.o. cells. (D,E) Distribution coefficient of Dsg1-binding events under control conditions and after 1 and 24 h of PF-IgG incubation. n = 4 from 3 independent coating procedures, 1,200 force–distance curves/adhesion map (*p < 0.05). (F,G) Unbinding forces of Dsg1-binding events under control conditions and after 1 or 24 h of PF-IgG incubation. n = 4 from 3 independent coating procedures, 1,200 force–distance curves/adhesion map (*p < 0.05). (H) AFM adhesion measurements using Dsg1-Fc functionalized tips in KtyII wt and k.o. cells under control conditions or after incubation with pemphigus vulgaris (PV) 1-IgG containing aDsg1 Abs for 1 h. (I) Dsg1-binding frequency did not change after 1 h of PV-IgG treatment in both cell lines. (J) Distribution of Dsg1-binding events was altered in KtyII wt but not in KtyII k.o. cells after PV1-IgG treatment. n = 4 from 3 independent coating procedures, 1,200 force–distance curves/adhesion map (*p < 0.05).



Next, we tested whether PF-IgG can induce direct inhibition of Dsg1 binding. Interestingly, PF-IgG did not reduce Dsg1-binding frequency in both cell lines but led to a redistribution of Dsg1-binding events from cell borders in wt cells (Figure 3A, cell borders surrounded by dashed green lines, Figures 3B,D) as reflected by the distribution coefficient (Figure 3D). However, no shift was observed in keratin-deficient keratinocytes where Dsg1 was less localized at cell borders under resting conditions (Figures 3A,B,D) suggesting that keratin uncoupling may account for this phenomenon. By contrast, after PF-IgG treatment for 1 h Dsg1-binding strength was reduced in KtyII k.o. cells only (Figure 3F). Thus, we assumed a cascade in which redistribution of Dsg1-binding events occurs first, followed by a reduction of Dsg1-binding strength, both of which may contribute to loss of intercellular adhesion. To test this, we incubated wt and k.o. cells with PF-IgG for 24 h. Importantly, 72 h after Ca2+-induction, we observed binding properties of Dsg1 similar to that after 48 h (Figure 3A). Incubation with PF-IgG for 24 h did not significantly alter Dsg1-binding frequency (Figure 3C). In agreement with the alterations described above, less Dsg1-binding events localized to cell borders after 24 h of PF-IgG treatment in wt cells (Figure 3E). By contrast, binding forces were reduced in both cell lines after 24 h of PF-IgG treatment (Figure 3G) indicating that relocalization of Dsg1 preceded alterations in Dsg1 adhesive strength.

We confirmed these results for aDsg1 Abs with PV-IgG in Dsg1 adhesion measurements. Similar to PF-IgG, incubation with PV-IgG for 1 h led to no reduction in binding frequency in both lines whereas a redistribution of Dsg1-binding events was present in wt cells only (Figures 3H–J). Thus, the distribution coefficient of Dsg1-binding events was comparable in wt and k.o. cells after treatment with both PF- and PV-IgG (Figures 3D,E,J).

p38MAPK Activation Induces Keratin Filament Retraction and Leads to Redistribution of Dsg1- and Dsg3-Binding Events

Activation of p38MAPK is a central signaling mechanism induced by pemphigus autoantibody binding and correlates with both, loss of intercellular adhesion and keratin filament retraction (13, 38, 39). Furthermore, inhibition of p38MAPK is capable of restoring intercellular adhesion and keratin filament alterations even under conditions in which direct inhibition of Dsg3 binding is present (11, 38). Furthermore, p38MAPK inhibition prevented Dsg3-binding force reduction in keratin-deficient keratinocytes which show an activation of p38MAPK already under basal conditions (25). Thus, we aimed to investigate how activation of p38MAPK affects Dsg binding properties. Since autoantibodies targeting Dsg3 induce direct inhibition and therefore do not allow characterization of binding properties by autoantibodies (8, 40), we followed a pharmacological approach more specific for p38MAPK and used anisomycin for 1 h to activate p38MAPK similar to previous studies (26). Anisomycin activated p38MAPK after 1 h of incubation both in KtyII k.o. and wt cells which was reduced by the p38MAPK inhibitors SB202190 and SB203580 as revealed by Western blotting (Figure S3A in Supplementary Material). First, we performed immunostaining against keratin 14 to study anisomycin-mediated alterations of keratin filaments in wt cells (Figure 4A). Anisomycin induced keratin filament retraction and reorganization of filaments toward thick bundles similar as described earlier for experiments with pathogenic autoantibodies (Figure 4A, arrows, compare with Figure 1). To confirm that the alterations were induced by anisomycin via activation of p38MAPK, we used the p38MAPK inhibitors SB202190 and SB203580, which alone had no effect on the morphology of keratin filaments. Nevertheless, both inhibitors abrogated anisomycin-induced keratin filament alterations (Figure 4A). Next, we tested whether effects of p38MAPK on intercellular adhesion is dependent on keratin filaments using a dissociation assay. Interestingly, anisomycin induced a drastic loss of intercellular adhesion in both KtyII wt and k.o. cells (Figure 4B; Figure S3B in Supplementary Material), which was blocked by co-incubation with p38MAPK inhibitors SB202190 and SB203580. Interestingly, both inhibitors improved basal cell adhesion in wt and keratin-deficient keratinocytes (Figure 4B; Figure S3B in Supplementary Material).
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FIGURE 4 | p38MAPK activation induces redistribution of Dsg1- and Dsg3-binding events. (A) Immunostaining of keratin 14 and Alexa488-phalloidin staining of actin in KtyII wt after anisomycin treatment for 1 h revealed keratin filament retraction (red arrows), which was blocked by p38MAPK inhibitors SB202190 and SB203580 when preincubated for 1 h. Representative images from n = 4. (B) Dissociation assay after treatment with anisomycin alone or after preincubation with SB202190 or SB203580 in keratin-deficient keratinocytes compared with wild-type (wt) (n > 4, *p < 0.05). (C–E) Dsg3 adhesion measurements show no change in binding frequency after anisomycin treatment but reveal a redistribution of binding events away from cell borders in KtyII wt but not in KtyII k.o. cells. (F) Unbinding forces of Dsg3 adhesion measurements were not significantly altered in both cell lines. n = 4 from 3 independent coating procedures, 1,200 force–distance curves/adhesion map (*p < 0.05). (G–I) Dsg1 adhesion measurements revealed redistribution of binding events away from cell borders in KtyII wt but not in KtyII k.o. cells. (J) Unbinding forces of Dsg1 adhesion measurements were not significantly altered in wt but reduced in KtyII k.o. cells. n = 4 from 3 independent coating procedures, 1,200 force–distance curves/adhesion map (*p < 0.05).



Next, we performed AFM adhesion measurements for Dsg3 and Dsg1 to characterize the effects of p38MAPK activation on Dsg binding properties. Under control conditions Dsg3-binding events were distributed uniformly over the cell surface (Figure 4C). After incubation with anisomycin for 1 h, the overall binding frequency was not changed in both cell lines (Figures 4C,D), but the distribution of Dsg3 was altered in KtyII wt cells and the distribution coefficient indicated less binding events along cell borders (Figures 4C,E). By contrast, distribution was not changed in KtyII k.o. cells (Figures 4C,E). Moreover, aniosomycin did not affect Dsg3 unbinding force (Figure 4F). Next, we performed Dsg1 adhesion measurements. Activation of p38MAPK using anisomycin for 1 h led to a redistribution of Dsg1-binding events from the cell borders only in wt keratinocytes (Figures 4G–I). Furthermore, binding strength of Dsg1 interactions were slightly reduced in KtyII k.o., but not in wt cell after activation of p38MAPK using anisomycin (Figure 4J). Taken together these data indicate that p38MAPK regulates organization of Dsg binding events.

Effect of p38MAPK on Loss of Intercellular Adhesion Caused by Autoantibodies and Keratin Deficiency

Keratin-deficient keratinocytes show a robust activation of p38MAPK under untreated conditions (Figure 5A), which accounts for impaired Dsg3-binding forces on single molecule level (25). On the other hand, pemphigus autoantibodies were not effective to induce additional loss of cell cohesion in KtyII k.o. cells. Thus, we investigated whether autoantibody-induced p38MAPK activation is dependent on expression of keratins. Interestingly, all autoantibodies induced an activation of p38MAPK after 1 h of incubation (Figure 5A) in both KtyII wt and k.o. cell lines indicating that mechanisms leading to an activation of p38MAPK after autoantibody binding are still present in keratin-deficient keratinocytes (Figure 4A). Thus, we wondered whether inhibition of p38MAPK would restore intercellular adhesion after autoantibody treatment in both cell lines. As efficiency of p38MAPK inhibition was similar for both inhibitors SB202190 and SB203580, we used SB202190 only for the further experiments (Figure 5B). As shown above, all Ab fractions caused loss of intercellular adhesion in KtyII wt but not in KtyII k.o. cells after 24 h of incubation (Figure 5B). SB202190 in KtyII wt cells blocked loss of cohesion after autoantibody treatment and in addition restored intercellular adhesion in keratin-deficient keratinocytes to levels of wt cells (Figure 5B).
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FIGURE 5 | p38MAPK inhibition restores loss of intercellular adhesion caused by autoantibodies and keratin deficiency. (A) Western blot showing activation of p38MAPK after treatment with AK23, pemphigus vulgaris (PV) 1-IgG and pemphigus foliaceus (PF)-IgG for 1 h. Representative of n > 4. (B) Dissociation assay of KtyII wt and k.o. cells after incubation with pathogenic autoantibodies alone or in combination with SB202190 for 24 h (n > 5). *p < 0.05 vs. respective control (control panel for SB202190-treated cells and control-IgG for conditions treated with pathogenic autoantibodies); #p < 0.05 vs. respective condition treated with pathogenic autoantibodies alone. (C–E) Dsg1 adhesion measurements reveal a redistribution of binding events away from cell borders in KtyII wt but not in KtyII k.o. cells after 1 h PF-IgG. SB202190 preincubation for 1 h blocked PF-IgG-induced redistribution in KtyII wt cells and alone caused redistribution of Dsg1-binding events to cell borders in k.o. cells. Binding frequencies were not altered in all conditions. n = 3 from 3 independent coating procedures, 1,200 force–distance curves/adhesion map (*p < 0.05).



Next, we probed the effect of p38MAPK inhibition on Dsg binding properties after autoantibody incubation by AFM. Since Dsg3-binding events cannot be characterized because of autoantibody-mediated direct inhibition (11) we here focused on Dsg1-binding properties. For AFM experiments, cells were treated either with SB202190 or PF-IgG alone or in a combination using a preincubation of SB202190 for 1 h followed by addition of PF-IgG for another 1 h. After treatment cells were extensively washed and reprobed using a cantilever functionalized with Dsg1. Again, PF-IgG alone caused redistribution of Dsg1-binding events away from the cell borders as outlined above whereas no change was observed in KtyII k.o. cells (Figure 5C). SB202190 alone did not change distribution or number of Dsg1-binding events in wt keratinocytes, but led to redistribution toward the cell borders in k.o. cells (Figures 5C–E). Furthermore, SB202190 abolished PF-IgG-induced redistribution in wt cells indicating that p38MAPK signaling participates in the relocalization of Dsg1 from cell junctions in pemphigus (Figures 5C–E). Taken together, the last set of data supports the notion that loss of cell cohesion caused by both autoantibodies and, keratin deficiency is mediated or at least modulated by p38MAPK and that relocalization of Dsg1 may be a primary mechanism to destabilize keratinocyte cohesion. Moreover, together with experiments using anisomycin described earlier, the data suggest that the targets of p38MAPK autoantibodies are to some extent not dependent on expression of keratins.

DISCUSSION

Taken together, the data presented demonstrate that keratins differentially regulate the binding properties of Dsg1 and 3, the two major antigens of pemphigus. Moreover, we observed that direct inhibition of Dsg3 but not of Dsg1-binding occurs on living keratinocytes treated with PV-IgG and PF-IgG. We found that p38MAPK signaling is crucial for loss of cell cohesion in response to both pemphigus autoantibodies as well as keratin deficiency. Importantly, PV-IgG and PF-IgG as well as direct p38MAPK activation induced redistribution of Dsg1-binding events away from cell borders in wt keratinocytes resulting in a Dsg1 distribution pattern similar to keratin-deficient keratinocytes. No temporal sequence and thus no causative relation between keratin retraction and Dsg redistribution as the underlying mechanism for loss of intercellular adhesion are provided by the data of the study. However, the data demonstrate that keratin deficiency induces activation of p38MAPK and that p38MAPK regulates Dsg distribution. This indicates that keratin uncoupling may account for loss of cell cohesion by redistribution of Dsg1. Thus, we propose the concept that as least in part loss of intercellular adhesion in pemphigus is mediated by keratin-dependent regulation of binding properties and distribution of desmosomal cadherins via p38MAPK.

Keratins Regulate Distribution and Binding Properties of Pemphigus Antigens Dsg1 and 3

Keratin filaments are crucial for mechanical properties and stability of keratinocytes (24, 41–43). Furthermore, they influence the turnover of desmosomal components (44) such as DP (45) and plakophilins (46, 47) and regulate desmosomal adhesion through signaling (22, 23, 48). Moreover, keratin filament retraction is a morphological hallmark in pemphigus pathogenesis and correlates with loss of intercellular adhesion, depletion of Dsgs from the cell membrane and is interconnected with several signaling pathways known to be crucial for pemphigus such as PKC and p38MAPK (11, 15, 25). Until now, no temporal sequence could be delineated for Dsg internalization and keratin retraction. Some studies indicate that keratin retraction does only occur when desmosomes are lost (17) whereas other studies implicate that Dsgs internalization and uncoupling from keratins are temporally closely related (Schlögl et al., this issue) or show that Dsgs which are not coupled to keratins get rapidly internalized after autoantibody treatment (49).

In the study presented here we show that keratins regulate the binding properties of Dsg1 and Dsg3, which are the major antigens in pemphigus (7, 50), and propose a new concept how keratins could directly influence desmosomal adhesion. It is conceivable that keratins by anchoring the desmosomal plaque modulate the binding properties of desmosomal cadherins which may account for the observation that retraction of keratin filaments from the desmosomal plaque after treatment with autoantibodies similar to deficiency of keratins impairs intercellular adhesion (13, 15, 22, 26). In line with this, it was reported that increased DP association to keratins strengthened intercellular adhesion and reduced autoantibody induces loss of intercellular adhesion in a pemphigus model (14, 45). With this respect, we observed the effect of keratins on desmosomal cadherin binding properties is different for Dsg isoforms. More Dsg3-binding events occurred in keratin-deficient keratinocytes whereas less interactions were detectable for Dsg1. For Dsg3, enhanced Dsg3 expression may reflect an insufficient compensatory mechanism because mRNA levels were elevated in keratin-deficient keratinocytes (25). Furthermore, it appears that keratins are not crucial for proper localization of Dsg3 at cell junctions (Figure 2C). By contrast, keratin expression was crucial for proper localization of Dsg1 to cell junctions. As known for other desmosomal cadherins this may be explained by posttranslational modifications such as phosphorylation and palmitoylation leading to altered expression or membrane localization of the respective isoform (51, 52). However, also alterations in desmosomal turnover could account for this phenomenon (9, 23, 44). Interestingly, in pemphigus patients smaller desmosomes were reported for aDsg1 but not for aDsg3 antibodies, fitting to the observation that keratins differentially regulate Dsg distribution and binding properties (53). In addition, adhesive strength of Dsg3 but not of Dsg1 binding was altered by absence of keratins (Figure 3). Thus, additionally to reduced Dsg3-binding forces keratin-dependent clustering of Dsg1 may also be crucial for strong intercellular adhesion which is well established for classical cadherins (54, 55). Changes in binding forces maybe caused by missing anchorage of the molecules or by conformational changes induced by loss of keratin coupling (42, 56) or induced by signal pathways such as p38MAPK which were shown to restore Dsg3-binding force in keratin-deficient keratinocytes (25). Finally, Dsg3 depletion was accelerated in keratin-deficient keratinocytes, which could be caused by a higher molecule mobility found when keratins are missing. Beginning of depletion of Dsg3 molecules was not detectable before 1 h after incubation with PV-IgG in wt keratinocytes which is contradictory to other studies where depletion was already detectable after 30 min of autoantibody incubation (57, 58). However, these differences in our opinion can be explained by different model systems, methodical approach and several PV-IgG fractions used in the respective studies (51, 59–61). Changes in molecule mobility may depend on PKC signaling (22, 23, 25) and be accompanied with changes in clustering of the desmosomal molecules. Thus, clustering which conforms to the note that it is crucial for proper adhesive function (5, 62), could serve as an explanation for altered forces.

Mechanisms of Loss of Intercellular Adhesion in PF

Direct inhibition of Dsg interaction was thought to be the primary mechanism for loss of intercellular adhesion in pemphigus because autoantibodies predominantly target the EC1 domain (63). Indeed, direct inhibition of Dsg3 binding has been shown to occur after incubation with AK23 or with PV-IgG both under cell-free conditions as well as on the surface of living keratinocytes (8, 10, 11, 64). However, no direct inhibition of Dsg1 interactions was observed for both PV-IgG and PF-IgG, at least under cell-free conditions (8, 10, 12). Rather, signaling mechanisms were found to be crucial for loss of intercellular adhesion in response to pemphigus autoantibodies both in PV and PF (4, 7). Since several signaling pathways were found to be activated after binding of autoantibodies against Dsg1 and 3 such as p38MAPK, Erk, and Src (8, 37, 65–68), the molecular mechanism how PF-IgG impairs Dsg1 binding is not elucidated yet.

In this study, we demonstrate that keratins are crucial for proper localization of Dsg1 at cell junctions. Furthermore, we observed that PF-IgG led to a redistribution of Dsg1-binding events from cell junctions thereby inducing a distribution pattern similar to Dsg1 distribution of keratin-deficient keratinocytes. Together with the finding that PF-IgG similar to PV-IgG did not further impair keratinocyte cohesion in keratin-deficient cells, this suggests that uncoupling of keratin filaments from the desmosomal plaque maybe the underlying mechanism for both redistribution of Dsg1 and loss of keratinocyte cohesion. This is in line with an altered clustering of Dsg1 in pemphigus patients’ lesions which was described using electron microscopy (17, 20). Furthermore, we observed Dsg1-binding forces were reduced after 1 h of PF-IgG treatment in keratin-deficient keratinocytes but not in wt cells whereas forces were reduced in the wt monolayers after 24 h as well, suggesting that redistribution of Dsg1 may precede reduction of Dsg1-binding forces. Thus, a possible sequence of events after PF-IgG binding is conceivable in which Dsg1 redistribution caused by uncoupling from keratins and subsequently impaired Dsg1-binding forces may account for loss of intercellular adhesion. Similarly, a sequence of distinct phases has been shown for treatment with PV-IgG before (49, 69, 70). Here, depletion of non-desmosomal Dsg3 with the first 2 h was followed by rearrangement of desmosomal components into linear arrays aligned with keratin filaments between 2 and 6 h. From these arrays, desmosomal components including Dsg3 were internalized within 6–24 h, which was paralleled by disassembly of desmosomes. Furthermore, uncoupling and redistribution of Dsg3 may also be explained by the concept of Dsg non-assembly depletion hypothesis (20). Direct inhibition of Dsg3 binding occurring as fast as within 15 min (11) may facilitate depletion of both non-desmosomal as well desmosomal Dsg3. Because within the first hour of autoantibody incubation we observed redistribution of Dsg1 from cell junctions, the data of this study are in line with the hypothesis that Dsg1 after treatment with PF-IgG is affected in comparable manner, however, in absence of direct inhibition of Dsg1 interaction.

Keratin-Dependent p38MAPK Signaling Contributes to Loss of Intercellular Adhesion in Pemphigus

Signaling pathways essentially contribute to the loss of intercellular adhesion in pemphigus (4, 7). As mentioned earlier, a broad spectrum of signaling mechanisms contribute to the loss of intercellular adhesion including PKC, Erk, Src, and p38MAPK (5). Especially, p38MAPK signaling is well characterized. Pemphigus autoantibodies induce activation of p38MAPK, and inhibition of this pathway is effective to inhibit both loss of intercellular adhesion and keratin filament alterations induced by pemphigus autoantibodies in cell culture (13, 38, 39, 71, 72). More recently, AK23- and PV-IgG-induced alterations of keratin insertion into desmosomes in human epidermis ex vivo as revealed by electron microscopy were shown to be dependent on p38MAPK (18). Furthermore, rapid disruption of the keratin cytoskeleton also induced p38MAPK activation whereas inhibition of p38MAPK abrogated pharmacological disruption of the keratin cytoskeleton (73–75) indicating that keratin reorganization and p38MAPK signaling are closely related.

Here, we observed that activation of p38MAPK both mediated by anisomycin as well as in response to pemphigus autoantibodies induced keratin filament retraction and led to a redistribution of Dsg3-binding events away from the cell borders in wt but not in keratin-deficient keratinocytes. Similarly, pemphigus antibodies as well anisomycin activated p38MAPK in both wt and keratin-deficient cells, the latter of which displayed robust activation of p38MAPK under resting conditions (25). Interestingly, p38MAPK activation in response to AK23 and PV-IgG was stronger in keratin-deficient cells after 1 h when compared with wt cells. All these data indicate that keratins participate in the suppression of p38MAPK activity. By contrast, anisomycin was effective to further impair cell cohesion in keratin-deficient cells whereas AK23, PV-IgG, and PF-IgG were not. Since anisomycin-induced loss of cell adhesion was abrogated by two different inhibitors of p38MAPK, loss of adhesion appears not to be due to off-target effects. Rather, this discrepancy may be explained by the observation that anisomycin is stronger to activate p38MAPK compared with autoantibodies. Alternatively, it is possible that several p38MAPK pools are available in cells (76, 77) which when activated by anisomycin contribute to loss of cell cohesion, whereas p38MAPK activation in response to autoantibodies is restricted to the pool associated with desmosomal cadherins as shown for Dsg3 (26). Indeed, immunostaining revealed that in contrast to Src only a small portion of p38MAPK was confined to cell junctions (66). Nevertheless, inhibition of p38MAPK restored intercellular adhesion after pemphigus autoantibody treatment in wt and k.o. cells and rescued keratinocyte cohesion in keratin-deficient cells indicating that p38MAPK signaling is crucial for intercellular adhesion. This is in line with former studies which show that keratin filament alteration correlate with loss of intercellular adhesion in pemphigus (11, 13, 37). Moreover, these data demonstrate that the targets of p38MAPK are in part keratin dependent, as indicated by anisomycin-mediated keratin retraction which is similarly observed after treatment with autoantibodies. In addition, given the efficiency of p38MAPK inhibitors on cell cohesion in keratin-deficient cells, keratin-independent targets must also be involved. However, it has to be noted that no temporal sequence can be ascertained by the data provided. Taken together, the data show that p38MAPK activation in response to pemphigus autoantibodies is regulated via keratin filaments and is critical for loss of cell adhesion. This is at least in part mediated on the level of redistribution of Dsg1 and Dsg3 molecules from cell junctions.
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FIGURE S1 | Distribution coefficient to determine localization of desmoglein binding events. (A) For calculation of intensity coefficient areas in close proximity to the cell borders (red rectangle) and above the nuclei (green rectangle) were chosen, intensity was measured, and a coefficient was calculated in which values <1 indicate less keratin fluorescence signal at cell border areas, thus suggesting keratin retraction under these conditions. (B) For calculation of distribution coefficient, areas along the cell borders (green area) and on the cell surface (red area) were marked, and respective binding frequencies were defined by calculating a ratio of number of binding events per area. Distribution coefficient was calculated as a ratio from these. Binding frequencies in which values >1 announce increased clusters of the molecules along the cell borders. (C) Immunostaining of KtyII wt and KtyII k.o. cells show dense filamental structures throughout the whole cell in wild-type and confirm knockout in KtyII k.o. cells. Representative of n = 4.

FIGURE S2 | Dsg1-binding events in KtyII wt and k.o. cells. (A) Topography overview images of KtyII wt and k.o. cells. Small areas along the cell borders (green rectangles, 6 μm × 2 μm) and cell surfaces above the nucleus (red rectangles, 4 μm × 2 μm) were chosen for adhesion mapping presented in Figure 3. (B) Dsg1-binding frequency in KtyII wt and k.o. cells at cell border and cell surface areas under control conditions and after treatment with pemphigus foliaceus (PF)-IgG for 1 h. n = 3 from 3 independent coating procedures, 1,200 force–distance curves/adhesion map (*p < 0.05). (C,D) Dsg1 adhesion measurements at cell borders in KtyII wt and k.o. cells under control conditions and after treatment with aDsg1 monoclonal antibody (mAb) (p124). n = 3 from 3 independent coating procedures, 1,200 force–distance curves/adhesion map (*p < 0.05). (E) Immunostaining of keratin 14 in KtyII wt after anisomycin treatment in higher magnification for 1 h revealed keratin filament retraction. Representative images from n = 4.

FIGURE S3 | p38MAPK signaling is crucial for intercellular adhesion in KtyII wt and k.o. cells. (A) Western blot using SB202190 and SB203580 for 2 h to inhibit and anisomycin for 1 h to activate p38MAPK. KtyII k.o. cells show activation of p38MAPK under basal conditions compared with wild-type (wt) cells. Anisomycin drastically increased p38MAPK activation, which was partially blocked by SB202190 and SB203580. For co-incubation experiments, SB202190 and SB203580 were preincubated for 1 h before anisomycin was added for 1 h. (B) Pictures of dissociation assay from Figure 4 confirmed impaired adhesion in keratin-deficient keratinocytes compared with wt. Activation of p38MAPK with anisomycin reduced intercellular adhesion whereas SB202190 or SB203580 improved intercellular adhesion in both cell lines (n > 4, *p < 0.05).
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Our previous study demonstrated that plasma levels of complement factor H (FH) were inversely associated with the disease activity of patients with anti-neutrophil cytoplasmic autoantibody (ANCA)-associated vasculitis (AAV). In addition to serving as an inhibitor of the alternative complement pathway, there is increasing evidence demonstrating direct regulatory roles of FH on several cell types. Here, we investigated the role of FH in the process of ANCA-mediated activation of neutrophils and neutrophil–endothelium interaction. We demonstrated that FH bound to neutrophils by immunostaining and flow cytometry. Interestingly, ANCA-induced activation of neutrophils, including respiratory burst and degranulation, was inhibited by FH. Although FH enhanced neutrophils adhesion and migration toward human glomerular endothelial cells (hGEnCs), it inhibited ANCA-induced activation of neutrophils in the coculture system of hGEnCs and neutrophils. Moreover, the activation and injury of hGEnCs, reflected by the level of endothelin-1 in the supernatant of cocultures, was markedly reduced by FH. However, we found that FH from patients with active AAV exhibited a deficient ability in binding neutrophils and inhibiting ANCA-induced neutrophil activation in fluid phase and on endothelial cells, as compared with that from healthy controls. Therefore, our findings indicate a novel role of FH in inhibiting ANCA-induced neutrophil activation and protecting against glomerular endothelial injury. However, FH from patients with active AAV are deficient in their ability to bind neutrophils and inhibit neutrophil activation by ANCA. It further extends the current understanding of the pathogenesis of AAV, thus providing potential clues for intervention strategies.
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INTRODUCTION

Anti-neutrophil cytoplasmic autoantibody (ANCA)-associated vasculitis (AAV) is a group of potentially life-threatening autoimmune diseases, characterized by pauci-immune necrotizing vasculitis of small vessels and circulating autoantibodies targeting the cytoplasmic constituents of neutrophils, especially proteinase 3 (PR3) and myeloperoxidase (MPO) (1). It includes granulomatosis with polyangiitis, microscopic polyangiitis, and eosinophilic granulomatosis with polyangiits (2). ANCA-induced neutrophil activation is crucial for the development of AAV. Using the mouse model of ANCA-associated crescentic glomerulonephritis induced by anti-MPO IgG, Xiao et al. demonstrated that ANCA and neutrophils are indispensable for the initiation of necrotizing crescentic glomerulonephritis (3, 4). In vitro, ANCAs are capable of inducing activation of primed neutrophils, resulting in respiratory burst and degranulation of neutrophils, which may directly participate in the development of vascular inflammation (5–8). Moreover, “endothelium–neutrophil interactions are essential to allow neutrophils to move toward inflammatory sites” and trigger an explosive activation of neutrophils by ANCA (9). In the past decade, accumulating evidence has demonstrated that activation of complement system via the alternative pathway is crucial for the development of AAV (10–15). Activation of neutrophils induced by ANCA results in releasing factors that trigger the activation of the alternative complement pathway and subsequently generating C5a (12). C5a further primes neutrophils for activation by ANCA (12, 16, 17), thus causing a self-amplification loop for ANCA-induced neutrophil activation.

Complement factor H (FH) is an abundant plasma glycoprotein that functions as a key regulator of the alternative complement activation by accelerating the decay of the C3 convertase (C3bBb) and by acting as a cofactor for factor I-mediated cleavage of C3b (18, 19). Our recent study found that plasma levels of FH were inversely associated with the disease activity and renal damage of AAV patients (20); and, an impaired complement regulatory activity of FH was found in AAV patients (21), indicating an important role of FH in the disease development. In addition to serving as an inhibitor of the alternative complement pathway, there is increasing evidence demonstrating direct regulatory roles of FH on several cell types. Mihlan et al. showed that FH inhibited the production of pro-inflammatory cytokines by activated macrophages during phagocytosis (22). As for neutrophils, “FH has been shown to bind to neutrophils via complement receptor type 3” (CR3; αMβ2 integrin; CD11b/CD18) (23–25), and mediate adhesion and migration of neutrophils by serving as an adhesion molecule for neutrophils (24–26). Losse et al. further found that Candida albicans-bound FH facilitated neutrophil antimicrobial activity by enhancing the recognition of fungal (25). Given that CD11b/CD18, as the ligand for FH binding on neutrophils, plays an indispensable role in ANCA-mediated activation of neutrophils and leukocyte–endothelium interactions in the presence of anti-MPO antibodies (27, 28), we hypothesized that FH may participate in the process of ANCA-mediated activation of neutrophils and neutrophil–endothelium interaction, thus influencing the amplification loop between activation of neutrophils and the alternative complement pathway.

MATERIALS AND METHODS

Patients

Twelve patients who were newly diagnosed with active AAV in the Department of Nephrology, Peking University First Hospital from 2013 to 2014 were enrolled in this study. All these patients met the definition of AAV according to “the 2012 revised International Chapel Hill Consensus Conference Nomenclature of Vasculitides” (2). All the patients received plasma exchange therapy. Plasma samples of these patients were obtained at the beginning of the plasma exchange process prior to initiating the infusion of blood products and immunosuppressive therapy. Plasma samples were stored at −80°C in small aliquots until use. Four age-matched healthy blood donors were included as normal controls. Informed consent was obtained from each participant. The study was in compliance with the Declaration of Helsinki and was approved by the ethics committees of Peking University First Hospital.

Cells

Human neutrophils from healthy donors were isolated from anticoagulated peripheral blood by density gradient centrifugation using Polymorphprep and Lymphoprep (Nycomed, Oslo, Norway). Erythrocytes were lyzed by erythrocytes lyzing buffer (Tiangen Biotech, Beijing, China). Then, neutrophils were washed in Ca2+/Mg2+ free Hanks balanced salt solution (HBSS−/−) (Gibco, Grand Island, NY, USA) and prepared for further analysis.

Human glomerular endothelial cells (hGEnCs) (ScienCell Research Laboratories, San Diego, CA, USA) were grown at 37°C and 5% CO2 in endothelial cell medium (ECM) (ScienCell Research Laboratories, San Diego, CA, USA) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin solution, and 1% endothelial cell growth factor, according to the manufacturer’s instructions. All experiments were performed using hGEnCs at passages 3–5. For the synchronization of cell cycle, hGEnCs were kept in serum-free ECM without endothelial cell growth supplement for 12 h prior to experiments without bio coating.

Preparation of IgG

Anti-neutrophil cytoplasmic autoantibody-positive IgG was isolated from plasma of AAV patients with positive ANCA by affinity chromatography using a HiTrap Protein G HP column in an AKTA-FPLC system (GE Healthcare, Chicago, IL, USA) according to the methods described previously (29, 30).

Purification of FH From Plasma

Factor H was isolated from plasma of 12 patients with active AAV by three sequential chromatographic columns, consisting of L-lysine Sepharose 4B column, Resource Q column, and Superdex 200 high resolution HiLoad 16/600 column (GE Healthcare, Chicago, IL, USA), as described previously (21). FH from four age-matched healthy volunteers were also purified as normal controls. The purity of the final preparations of FH was determined to be comparable to commercial purified FH (Calbiochem, Darmstadt, Germany) by SDS-PAGE (see Figure S1 in Supplementary Material), which is consistent with previous studies (21, 31).

Binding of FH to Neutrophils

Binding of FH to neutrophils was analyzed by immunofluorescence staining and flow cytometry according to previously described methods (25, 26), with some minor modifications. Briefly, neutrophils isolated from healthy blood donors were seeded on eight-well chamber slides in Roswell Park Memorial Institute (RPMI) 1640 supplemented with 0.5% FBS at a density of 105 cells/well and allowed to adhere for 1 h at 37°C. Then, neutrophils were incubated with 50 μg/ml FH or medium followed by fixed with 4% paraformaldehyde. After blocking, bound FH were detected using a goat polyclonal antibody directed against human FH (Calbiochem, Darmstadt, Germany) followed by Alexa Fluor 488-conjugated donkey anti-goat IgG (Molecular Probes-Invitrogen, Carlsbad, CA, USA). Normal goat IgG (Calbiochem, Darmstadt, Germany) was applied as the isotype control for the primary staining antibody. After washing, slides were mounted in fluorescence preserving medium fortified with 4′, 6-diamidino-2-phenylindole (ZSGB-BIO, Beijing, China). Immunofluorescence staining was visualized using a confocal microscope (Carl Zeiss, Germany).

For flow cytometry analysis, prepared neutrophils were suspended in “modified Hank’s buffer (142 mM NaCl, 1 mM Na2SO4, 5 mM KCl, 1 mM NaH2PO4, 1 mM MgCl2, 2.5 mM CaCl2, 5 mM glucose, 10 mM HEPES; pH 7.4)” (26) containing 1% BSA to a concentration of 1 × 106 cells/ml. After blocking, cells were incubated with 100 μg/ml FH for 30 min at 30°C with gentle shaking. All further steps were performed in PBS containing 1% BSA at 4°C. After washing, a goat anti-human FH antibody was added for 30 min, followed by Alexa488-conjugated donkey anti-goat IgG for 30 min. Neutrophils were analyzed using a FACScan (Becton Dickinson, Heidelberg, Germany). Neutrophils were identified by forward/sideward scatter (FSC/SSC) and data were collected from 10,000 cells per sample.

Analysis of Activate CR3 (CD11b/CD18)

The expression level of active CR3 on neutrophils was detected according to previously described method (32), with some minor modifications. Briefly, prepared neutrophils were suspended in RPMI 1640 to a concentration of 2.5 × 106 cells/ml. Then 100 μg/ml FH, 5 ng/ml TNF-α (Sigma, St. Louis, MO, USA), or 1 × 10−8M fMLP (Sigma, St. Louis, MO, USA) were added, respectively. Unstimulated cells incubated with medium were set as the blank controls. Thereafter, cells were incubated at 37°C for 30 min. After washing, cells were incubated with phycoerythrin-conjugated anti-CD11b monoclonal antibodies CBRM1/5 (eBioscience, San Diego, CA, USA) or isotype-matched control antibodies at 4°C for 30 min. Neutrophils were analyzed using a FACScan instrument. Neutrophils were gated by FSC and SSC, and 10,000 cells per sample were routinely collected for data analysis.

Adhesion Assays

To investigate the effect of FH on the interaction between neutrophils and endothelial cells, adhesion assays were performed. Endothelial monolayers were grown on wells of Costar 96-well black transparent-bottom plates (Corning Life Sciences, Corning, NY, USA) and pretreated with 50 μg/ml FH, human serum albumin (HSA), or medium for 1 h at 37°C. Prepared neutrophils were suspended in RPMI 1640 medium without serum to a concentration of 1 × 106 cells/ml and then stained with 5 μM Cell tracker green (Invitrogen) for 45 min at 37°C. After washing, neutrophils in serum-free ECM were primed with 2 ng/ml TNF-α and then added to the wells to adhere for 1 h at 37°C. In some experiments, TNF-α primed neutrophils were pre-incubated with 100 μg/ml FH or controls for 1 h at 37°C, followed by added to non-treated hGEnC monolayers. Non-adherent cells were removed by extensive washing. Adherent cells were reflected by fluorescence intensity (FI) of neutrophils measured by a fluorescence reader (TriStar Multimode Microplate Reader LB941, Berthold Technologies, Bad Wildbad, Germany) with filters of 495 nm (excitation) and 515 nm (emission).

Neutrophil Migration Assays

Neutrophil migration assays were performed using 24-well Costar transwell plates with 3 μm-pore polycarbonate membranes inserts (Corning Life Sciences, Corning, NY, USA) according to the previously described method (25, 26), with some modifications. Endothelial monolayers grown on the lower chamber were pre-incubated with 50 μg/ml FH, HSA, or serum-free ECM medium. Neutrophils were stained with 5 μM Cell tracker green for 45 min at 37°C. After washing, 106 neutrophils in serum-free ECM were added to the top chamber for 60 min at 37°C. “Then 25 mM EDTA was added to the lower chamber to release neutrophils adhering to the bottom of the membrane and the bottom of the well” (25). Migrated neutrophils were reflected by FI measured using a fluorescence reader with filters of 495 nm (excitation) and 515 nm (emission).

Measurement of Reactive Oxygen Species and Lactoferrin Released From Neutrophils

The generation of reactive oxygen species (ROS) by ANCA stimulated neutrophils was assessed using dihydrorhodamine (Sigma-Aldrich, St. Louis, MO, USA) as previously described (16). Neutrophils (2.5 × 106/ml) were pre-incubated with 5 μg/ml dihydrorhodamine in HBSS−/− for 30 min at 37°C. After washing, neutrophils were primed with 5 ng/ml TNF-α in modified Hank’s buffer for 15 min, followed by incubation with 100 μg/ml FH or buffer for 30 min at 37°C. Then neutrophils were stimulated by ANCA-positive IgGs for 1 h. The reaction was stopped by centrifugation and suspension with 1 ml of ice-cold HBSS containing 1% BSA. Cells were analyzed using a FACScan. Neutrophils were gated by FSC and SSC, and 10,000 cells per sample were routinely collected for data analysis. The amount of generated reactive oxygen was represented by the mean fluorescence intensity (MFI).

To detect the generation of ROS by neutrophils cocultured with hGEnCs. Neutrophils pre-incubated with FH or HSA were added to endothelial monolayers grown on Costar 96-well black transparent-bottom plates and allowed to adhere for 1 h, followed by stimulation with ANCA-positive IgGs for 2 h. The fluorescence signal of the oxidized dihydrorhodamine was measured using a fluorescence reader with excitation and emission filter settings of 485 and 535 nm, respectively.

For detection of lactoferrin, which is considered as a biomarker of neutrophil degranulation, supernatants of neutrophils or cocultures were collected. Supernatant levels of lactoferrin were tested by ELISA using a commercial kit following the instruction provided by the manufacturer (Abcam, Cambridge, MA, USA).

Evaluation of Endothelium Injury by Endothelin-1 (ET-1) Quantification

Endothelin-1 was considered as a biomarker of endothelial cell activation and injury (33), and neutrophils cannot release ET-1. Therefore, supernatants of the coculture system were collected for ET-1 measurement using a commercial ELISA kit (R&D Systems, Minneapolis, MN, USA), following the instruction provided by the manufacturer.

Mass Spectrometry Analysis of FH

Factor H purified from patients with active AAV and healthy controls, as well as commercially derived FH were further analyzed by mass spectrometry for detection of possible modifications. Samples were incubated in 8 M urea, 10 mM DTT in 50 mM ammonium bicarbonate (NH4HCO3) at 56°C for 40 min, followed by incubating in 55 mM iodoacetamide in 50 mM NH4HCO3 at room temperature for 1 h. The solution was then diluted with 50 mM NH4HCO3 to a final urea concentration of 2 M and digested with trypsin in 50 mM NH4HCO3 overnight at 37°C. The resulting peptides were centrifuged to dryness in vacuum. For LC-MS/MS analysis, the samples were re-dissolved in 0.2% formic acid and separated on a 75 μm × 15 cm capillary column packed with 4 μm C18 bulk material (InnosepBio, China) using an nLC 1000 system (Thermo Scientific, USA). Peptides were eluted in a linear gradient consisting of mobile phases A and B, which were 0.1% formic acid in water and 0.1% formic acid in acetonitrile, respectively. The elution system started with a linear gradient from 5% B to 30% B in 60 min, followed by 30% B to 75% B in the next 4 min, and maintained at 75% B for another 20 min. The eluted peptides were then sprayed directly into a Velos Pro Orbitrap Elite mass spectrometer (Thermo Scientific, USA) equipped with a nano-ESI source. The mass spectrometer was run in data-dependent mode with a full MS scan resolution of 120,000 in FT mode followed by collision-induced dissociation MS/MS scans of the 15 most abundant ions in the initial MS scan.

Database search were carried out using Mascot (version 2.3.02) for detecting variable modifications including Carbamidomethyl (Cys), Oxidation (Met/Cys), Nitration (Tyr), and Chlorination (Tyr). The mass tolerance was set to be ±10 ppm for peptide pass tolerance and ±0.6 Da for fragment mass tolerance.

Statistical Analysis

Quantitative data were presented as mean ± SD or median and interquartile range, according to the normality of data. The between-group differences in normally distributed quantitative parameters were assessed by t test or ANOVA as appropriate. The difference was considered statistically significant when the P values < 0.05. Analysis was performed with SPSS statistical software package (version 13.0, Chicago, IL, USA).

RESULTS

Clinical Data of Patients With Active AAV

Of the 12 patients with active AAV, seven were male and five were female, with an average age of 61.9 ± 8.4 (range 48–74) years at diagnosis. All the patients were ANCA positive, 10 patients were positive for MPO-ANCA and 2 were positive for PR3-ANCA. At the time of diagnosis, the level of serum creatinine was 634.9 ± 260.0 (range 254.2–1,118.0) μmol/l; the level of Birmingham Vasculitis Activity Scores was 20.8 ± 4.4 (range 12–29).

Binding of FH to Neutrophils

Previous studies reported that FH bound to neutrophils and influenced the activation of neutrophils upon certain stimulation (25, 26). Therefore, we analyzed the binding of FH to neutrophils. FH showed specific binding to human neutrophils by immunostaining and flow cytometry (Figures 1A,B), which is consistent with previous findings (23–26). FH purified from healthy controls exhibited similar binding activity to commercially derived FH. However, FH from patients with active AAV bound less efficiently to neutrophils, as compared with that from normal controls (189.6 ± 15.8 vs. 226.0 ± 11.6, P = 0.001) (Figure 1C).
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FIGURE 1 | Binding of factor H (FH) to human neutrophils. Neutrophils were incubated with FH or buffer, and bound FH was detected using goat anti-human FH antibody. Normal goat IgG was using as the relevant isotype control antibody. (A) Representative confocal images show binding of FH to the cell surface of neutrophils. [(A), a] Isotype control; [(A), b] negative control performed by incubating neutrophils with buffer only; [(A), c,d] neutrophils were incubation with FH followed by detection using goat anti-human FH antibody. (B) Shown is a representative histogram out of three independent experiments performed by flow cytometry. (C) Flow cytometry analysis of binding of FH to neutrophils. FH purified from healthy controls exhibited similar binding activity to commercial FH, while FH from patients with active ANCA-associated vasculitis bound less efficiently to neutrophils.



Binding of FH to Neutrophils Do Not Activate CR3

Previous studies demonstrated that CR3 (αMβ2 integrin; CD11b/CD18) serves as a specific receptor for FH on neutrophils (24–26). Therefore, to investigate whether CR3 is activated with FH incubation, a monoclonal antibody (CBRM1/5) which specifically directs against the active domain of CD11b was used to detect the expression level of active CR3. Consistent with previous studies, a low-level activation of CR3 was observed at baseline, while priming neutrophils with TNF-α or fMLP significantly increased the expression of active CR3 (32, 34). Incubation of neutrophils with FH did not activate CR3. When incubating neutrophils with FH, the expression level of active CR3 on neutrophils was comparable to that of unstimulated cells (94.3 ± 1.5 vs. 95.0 ± 3.0, P = 0.749) (Figure 2).
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FIGURE 2 | Binding of factor H (FH) to neutrophils do not activate CR3 (CD11b/CD18). Activate CR3 on neutrophils were detected using phycoerythrin-conjugated anti-CD11b monoclonal antibodies CBRM1/5 after incubation with FH, TNF-α, or fMLP. Unstimulated cells incubated with medium were set as blank controls. (A,B) Representative histograms showing that priming neutrophils with TNF-α or fMLP-induced expression of activate CR3, while FH did not activate CR3. (C) Analysis of expression of activate CR3. The expression level of active CR3 on nuetrophils after incubation with FH was comparable to unstimulated neutrophils. The values represent mean ± SD derived from three independent experiments.



FH Inhibits ANCA-Induced Respiratory Burst and Degranulation of Neutrophils

Anti-neutrophil cytoplasmic autoantibody-mediated activation of neutrophils plays a central role in the pathogenesis of AAV. Therefore, to further investigate whether FH influences ANCA-induced activation of neutrophils, human neutrophils were primed with TNF-α followed by activation with ANCA-positive IgGs. When neutrophils were pre-incubated with FH before stimulated by ANCA, the level of respiratory burst of neutrophils was significantly decreased, as determined by the MFI representing the intracellular development of ROS in neutrophils (132.4 ± 14.2 vs. 225.4 ± 31.4, P < 0.001). The level of ROS generation by neutrophils pre-incubated with FH was similar to that of neutrophils merely primed with TNF-α (Figures 3A,B). Degranulation of neutrophils was evaluated by measuring lactoferrin level in the supernatant of neutrophils in parallel. Consistently, pre-incubation of neutrophils with FH resulted in significantly less lactoferrin release from neutrophils upon activation by ANCA-positive IgGs (2,152.1 ± 459.1 ng/ml vs. 3,669.2 ± 487.1 ng/ml, P < 0.001) (Figure 3C).
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FIGURE 3 | Factor H (FH) inhibits anti-neutrophil cytoplasmic autoantibody (ANCA)-induced respiratory burst and degranulation of neutrophils. (A,B) Neutrophils were primed with TNF-α followed by activation with myeloperoxidase-ANCA positive IgGs or proteinase 3-ANCA positive IgGs. Pre-incubation of neutrophils with FH resulted in marked reduction of generation of reactive oxygen species (ROS). (A) Shown is a representative histogram out of seven independent experiments. (B) The bars and error bars represent mean ± SD of ROS production in seven independent experiments using ANCA-IgGs derived from different patients with ANCA-associated vasculitis (AAV). (C) Neutrophils pre-incubated with FH showed less degranulation of lactoferrin. The values represent mean ± SD derived from seven independent experiments. (D,E) FH from patients with active AAV exhibited deficient ability in inhibiting respiratory burst and degranulation of neutrophils activated by ANCA, as compared with FH from healthy controls. Shown is mean ± SD of ROS and lactoferrin production by neutrophils pre-incubated with FH from different patients or controls, respectively. Experiments were independently repeated three times.



Then we investigated the effect of FH from patients with AAV on ANCA-mediated activation of neutrophils. We found that FH from normal controls inhibited ANCA-induced activation of neutrophils, comparable to commercially derived FH. However, under the same condition, FH from active AAV patients could not effectively inhibit neutrophil activation upon ANCA stimulation, including ROS generation and lactoferrin degranulation, as compared with those from normal controls (199.1 ± 25.6 vs. 128.3 ± 8.8, P < 0.001; 4,055.6 ± 462.4 ng/ml vs. 2,639.6 ± 117.1 ng/ml, P < 0.001, respectively). The mean levels were similar to that of neutrophils not treated with FH prior to activation by ANCA (Figures 3D,E).

FH Enhances Neutrophils Adhesion and Migration Toward hGEnCs

Factor H was previously suggested as an adhesion molecule for human neutrophils (24), therefore we hypothesized that FH may facilitate the interaction between neutrophils and endothelial cells by interacting with glycosaminoglycans. To test this hypothesis, we performed adhesion and migration assays. We found that pre-incubation of TNF-α primed neutrophils with FH resulted in significantly increased number of neutrophils adhered to hGEnCs, as compared with pre-incubation with buffer or HSA (38.1 × 104 ± 5.1 × 104 vs. 22.4 × 104 ± 4.7 × 104, P < 0.001; 38.1 × 104 ± 5.1 × 104 vs. 26.4 × 104 ± 4.1 × 104, P < 0.001, respectively). When endothelial cells were pretreated with FH before addition of primed neutrophils, adhesion of neutrophils were also enhanced (50.6 × 104 ± 5.5 × 104 vs. 32.9 × 104 ± 10.0 × 104, P = 0.009; 50.6 × 104 ± 5.5 × 104 vs. 35.8 × 104 ± 7.1 × 104, P = 0.006, respectively) (Figures 4A,B). Consistently, pre-incubation of endothelial cells on the lower chamber of transwells with FH resulted in increased number of neutrophils migrated through the membrane inserts, as compared with HSA or medium (131.3 ± 6.7 vs. 115.5 ± 5.7%, P = 0.011; 131.3 ± 6.7 vs. 115.6 ± 6.1%, P = 0.013, respectively) (Figure 4C). Collectively, these data provides evidence to support the hypothesis that FH may facilitate the interaction between neutrophils and endothelial cells by serving as an adhesion molecule for neutrophils.
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FIGURE 4 | Factor H (FH) enhances neutrophil adhesion and migration to hGEnCs. In all assays, neutrophils were stained with Cell tracker green. (A) TNF-α primed neutrophils pre-incubated with FH or controls were added to endothelial monolayers and allowed to adhere. Adherent cells were quantified by plate fluorimeter. (B) hGEnC monolayers were pretreated with FH or controls. TNF-α primed neutrophils were added and allowed to adhere. Adherent cells were quantified. Results are expressed as mean ± SD of fluorescence intensity (FI) values derived from five independent experiments. (C) hGEnC monolayers grown on the lower chamber of transwells were pre-incubated with FH, human serum albumin (HSA), or medium. TNF-α primed neutrophils were added to the upper wells. The migration of neutrophils through a membrane insert was quantified by measuring the fluorescence in the lower chamber. Transwells without cultivated hGEnCs were used as negative controls. The data were normalized after subtraction of negative controls and represent mean percentage values ± SD from five experiments performed with different cell donors (*P < 0.05; **P < 0.01; ***P < 0.001).



FH Inhibits ANCA-Induced Neutrophil Activation and Endothelial Injury in the Coculture System of hGEnCs and Neutrophils

One salient feature of AAV is massive endothelial injury, especially glomerular endothelial cells. It is mainly mediated by endothelium–neutrophil interactions and activation of neutrophils on endothelial cells by ANCA (9). Therefore, to assess whether enhanced adhesion mediated by FH would lead to functional effects on neutrophils, the generation of ROS, and the release of lactoferrin were measured in the coculture system of neutrophils and hGEnCs. However, we found that compared with neutrophils pre-incubated with buffer or HSA, FH-treated neutrophils showed less production of ROS (21.6 × 104 ± 3.0 × 104 vs. 30.1 × 104 ± 1.1 × 104, P < 0.001; 21.6 × 104 ± 3.0 × 104 vs. 29.2 × 104 ± 3.2 × 104, P < 0.001, respectively) (Figure 5A), as represented by the FI of neutrophils cocultured with endothelial cells in each well of the black transparent-bottom plates. Consistently, the level of lactoferrin in the coculture supernatants was also decreased by pre-incubation of neutrophils with FH (2,933.6 ± 157.6 vs. 4,756.3 ± 180.7, P < 0.001; 2,933.6 ± 157.6 vs. 4,181.0 ± 368.2, P < 0.001, respectively), as compared with pre-incubation with buffer or HSA (Figure 5B). To assess whether the inhibition of neutrophil activation by FH also resulted in subsequent protection of endothelium injury, the level of ET-1, a biomarker of endothelial cell activation and injury, in the coculture supernatants was measured. It was found that FH bound on neutrophils obviously protected against endothelium injury induced by ANCA-mediated activation of neutrophils, whereas the control protein HSA had no effect (24.5 ± 1.5 vs. 35.1 ± 1.5, P < 0.001) (Figure 5C). However, we found that compared with FH from healthy controls, FH from patients with active AAV exhibited a deficient ability in inhibiting ANCA-induced neutrophil activation on endothelial cells, including ROS production and degranulation of lactoferrin (30.6 × 104 ± 5.6 × 104 vs. 20.1 × 104 ± 2.0 × 104, P = 0.003; 5,017.7 ± 779.0 vs. 3,171.5 ± 164.3, P < 0.001, respectively) (Figures 5D,E). In line with this finding, when neutrophils were pre-incubated with FH from patients with active AAV, the concentration of ET-1 in the coculture supernatants was significantly higher than those pre-incubated with FH from healthy controls (37.6 ± 6.4 vs. 20.8 ± 3.9, P < 0.001) (Figure 5F), indicating a deficient ability in protecting against endothelium injury mediated by ANCA-induced neutrophil activation. Collectively, these data indicates that FH is capable of inhibiting ANCA-induced neutrophil activation on endothelial cells and protecting against endothelial injury by interacting with neutrophils. However, FH from patients with active AAV exhibited a deficient protective ability.
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FIGURE 5 | Factor H (FH) inhibits anti-neutrophil cytoplasmic autoantibody (ANCA)-induced neutrophil activation and endothelial injury in the coculture system of hGEnCs and neutrophils. Neutrophils primed with TNF-α were allowed to adhere on endothelial monolayers and followed by activation with myeloperoxidase-ANCA positive IgGs or proteinase 3-ANCA positive IgGs. (A) Pre-incubation of neutrophils with FH resulted in less production of ROS in the cocultures of hGEnCs and neutrophils. The values represent mean ± SD of ROS production derived from three independent experiments using ANCA-IgGs from seven different patients with ANCA-associated vasculitis (AAV). (B) The level of lactoferrin in the coculture supernatants was decreased by pre-incubation of neutrophils with FH. Shown is mean ± SD of three independent experiments. (C) The levels of endothelin-1 (ET-1) in the supernatant of cocultures decreased significantly when pre-incubating neutrophils with FH. (D,E) FH from patients with active AAV exhibited deficient ability in inhibiting the production of ROS and degranulation of lactoferrin by neutrophils cocultured with hGEnCs in the presence of ANCA, as compared with FH from healthy controls. Shown is mean ± SD of ROS and lactoferrin production by neutrophils pre-incubated with FH from different patients or controls, respectively. Experiments were independently repeated three times. (F) Compared with neutrophils pre-incubated with FH from healthy controls, the level of ET-1 in the coculture supernatants was significantly higher when neutrophils were pretreated with FH from patients with active AAV.



Identification of FH Modifications by Mass Spectrometry

According to a recent published study, tyrosine nitration of FH, an oxidative posttranslational modification, potentiates the activation of monocytes that stimulated with lipid peroxidation by-products (35). Therefore, mass spectrometry was further performed to detect possible modifications of FH in patients with active AAV. Since nitration and chlorination of tyrosine residues could be induced by the MPO H2O2/Cl− system during inflammatory processes (36), tyrosine nitration and chlorination were searched against the database. The position of the nitrated/chlorinated tyrosine was determined based on the theoretical nitrated/chlorinated peptide tandem mass spectrum with the highest Mascot score (35). A total of nine modification sites were specifically detected in six patients with active AAV as follows: four modifications at SCR2 of FH including two sites of tyrosine nitration and two tyrosine chlorination sites; two modifications at SCR6 including one site of tyrosine nitration and one tyrosine chlorination sites; and three modifications at SCR19 including two sites of tyrosine nitration and one tyrosine chlorination sites. The tyrosine residues of FH that are nitrated or chlorinated detected in patients with active AAV are summarized in Figure 6A. A piece of example tandem mass spectrum showing the nitration and chlorination of FH tyrosine residues is shown in Figure 6B. The result of FH modifications for each patient is listed in Table 1. None of the tyrosine nitration and chlorination sites was detected in FH from all the healthy controls.
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FIGURE 6 | Identification of factor H (FH) modifications by mass spectrometry analysis. (A) Summary of all tyrosine nitration and chlorination sites of FH identified in patients with active ANCA-associated vasculitis. The position of the nitrated/chlorinated tyrosine is determined based on the theoretical nitrated/chlorinated peptide tandem mass spectrum with the highest Mascot score. The amino acid sequence of FH is referred to the UniProt database. (B) A representative mass spectrogram showing the detection of chlorination of Y1136 and nitration of Y1142 located at SCR19 of FH.



TABLE 1 | Modification sites of factor H in patients with active ANCA-associated vasculitis detected by mass spectrometry.
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DISCUSSION

Anti-neutrophil cytoplasmic autoantibody-induced neutrophil activation plays a crucial role in the development of AAV (3–8). Our current study showed that FH was capable of inhibiting respiratory burst and degranulation of neutrophils stimulated by ANCA. It extends our previous finding of FH in AAV (20, 21) and indicates a novel role of FH in the pathogenesis of AAV. A number of previous studies demonstrated that CR3 (αMβ2 integrin; CD11b/CD18) serves as a specific receptor for FH on neutrophils (24–26). The αMβ2 integrin has long been implicated in mediating interactions between neutrophils and various types of pathogens (37–40), as well as endothelial cells (28). Losse et al. showed that FH supported attachment and migration of neutrophils to C. albicans by interacting with the αMβ2 integrin on neutrophils (25). Consistent with this finding, our current study showed that FH enhanced neutrophil adhesion and migration toward endothelial cells. This result provides evidence to support the hypothesis that FH may facilitate the neutrophils–endothelium interaction by serving as a bridge between neutrophils and endothelial cells (24). Nevertheless, αMβ2 integrin plays a critical role in the process of ANCA-induced activation of neutrophils (9). Interaction of αMβ2 integrin with ICAM-3 expressed on adjacent neutrophils would increase homotypic aggregation of circulating neutrophils (41). And, interaction between αMβ2 integrin and adhesion molecules on endothelial cells such as ICAM-1 facilitates activation of neutrophils in the presence of ANCA including respiratory burst and degranulation, and a substantial increase of ANCA antigen expression (9, 42). Moreover, engagement of αMβ2 integrin together with TNF-α, triggers the clustering of FcγII receptors and the association with NADPH-oxidase components, which is crucial for ANCA-induced activation of neutrophils (27). Neutrophil activation induced by anti-PR3 or anti-MPO antibodies was strongly prevented by blocking αMβ2 integrin (27). Therefore, we speculate that the current observation that FH inhibited ANCA-induced activation of neutrophils may result from the binding of FH to neutrophil αMβ2 integrin. Ligation of FH on αMβ2 integrin may obstruct some important downstream events of it in activating neutrophils. This hypothesis is supported by our findings that FH alone do not activate CR3 (αMβ2 integrin; CD11b/CD18) on neutrophils, nor trigger activation of neutrophils. Consistent with our findings, FH was recently found to be capable of inhibiting phorbol 12-myristate 13-acetate induced release of neutrophil extracellular traps and ROS by neutrophils (26). However, Losse et al. demonstrated that when exposed to C. albicans yeasts, FH enhanced the generation of ROS and the release of the lactoferrin by human neutrophils, resulting in a more efficient killing of the fungal (25). It indicates that the effects of FH on neutrophil activation may be differential in different diseases. It also implicates that the FH effect may not be completely explained by the masking effect alone. Besides neutrophils, a recent study by Olivar et al. demonstrated that FH “is able to promote a distinctive tolerogenic and anti-inflammatory profile on monocyte-derived dendritic cells (MoDCs) challenged by a pro-inflammatory stimulus” (43). The anti-inflammatory effect of FH on monocyte/macrophage has also been reported previously (22, 35), while recently Calippe et al. reported a novel role of FH on mononuclear phagocytes (44). The authors showed that FH binding to mononuclear phagocytes inhibits the CD47-mediated homeostatic elimination of mononuclear phagocytes, resulting in non-resolving inflammation within the sub-retinal space, which may be involved in the pathogenesis of age-related macular degeneration (AMD). Collectively, these findings indicate that the effects of FH on different types of cells and in different diseases differ from each other. More importantly, it indicates that therapeutic manipulation of FH requires rigorous disease-specific target validation.

Another interesting finding in the current study is that FH from patients with active AAV exhibited a deficient ability in inhibiting ANCA-induced neutrophil activation in fluid phase and on endothelial cells. It potentially implicates an underlying mechanism for the overwhelming activation of neutrophils and destructive endothelium injury in AAV patients. Furthermore, excessive activation of neutrophils would result in more release of factors capable of activating the alternative complement pathway (12, 45, 46). In particular, according to our recent finding, MPO that released from neutrophils upon activation by ANCA, binds to FH and inhibits the complement regulatory activity of FH (47). Therefore, it indicates that FH deficiency may amplify the feedback loop between activation of neutrophils and the alternative complement pathway, thus contributing to the development of AAV. Interestingly, a recent study demonstrated that tyrosine nitration of FH, a type of oxidative posttranslational modification, occurred in patients with AMD (35). According to their finding, nitrated FH not only lost its cofactor activity for factor I-mediated cleavage of C3b but also significantly potentiated the activation of monocytes that stimulated with lipid peroxidation by-products (35). In the context of AAV, ANCA is capable of inducing the release of nitric oxide from human neutrophils (48). By reacting with superoxide, nitric oxide yields the production of oxidant peroxynitrite, an important mediator of nitration (49). Moreover, during inflammatory processes, nitration and chlorination of tyrosine residues could be induced by the MPO/H2O2/Cl− system (36). In our current study, several tyrosine nitration and chlorination sites were identified in some patients with AAV, and most modification sites were located at SCR1–4 and SCR19–20 of FH. Interestingly, none of the tyrosine nitration and chlorination site was detected in FH from healthy controls and the two patients (patient 8 and 10) who exhibited relatively similar inhibitory effect on neutrophil activation to that from healthy controls. It implicates that nitration and chlorination of FH tyrosine residues may be relevant to the deficient activity of FH in binding neutrophils and inhibiting neutrophil activation, especially given that a main binding site for neutrophils within FH are located in SCR19–20, and a minor site may be present within SCR1–4 (25). In addition, we recently reported several genetic variations of FH in these patients with AAV, including the nonsynonymous variants Val62Ile and Tyr402His (21). The Val62 variant within the SCR1 domain of FH, which was associated with the risk of developing AMD and dense deposit disease (50, 51), showed less effective binding affinity to C3b and cofactor activity of FH compared with FH-Ile62 in previous studies (52–54). Whether it influences the interaction between FH and neutrophils is not clear. But considering that SCR1–4 of FH may serve as a binding site for neutrophils (25), we suspect that the Val62 of CFH might be in part related to the FH functional deficiency in inhibiting neutrophil activation. The Tyr402His variant of FH was found to be strongly associated the risk of AMD (55–57). Recently Calippe et al. showed that the risk variant His402 inhibited the homeostatic elimination of microglial cell, which may be related to a more effectively binding to CD11b, as compared with the non-risk variant Tyr402 (44). Whether it influences the binding of FH on neutrophils has not been elucidated. Limited by a relative small sample size, we are not able to find any firm association of this variant with the binding of FH to neutrophils; especially considering that FH used in the study were all purified from plasma, any modification that occurred in human blood may alter the results. Altogether, we suggest that the mechanism underlying FH deficiency in inhibiting neutrophil activation in AAV patients may be multifactorial. A proposed model of FH–neutrophil interaction in the pathogenesis of AAV has been illustrated in Figure 7. Nevertheless, these findings suggest a potential therapeutic role for FH in AAV, especially given that we recently found that the complement regulatory activity of FH is impaired in AAV patients (21).
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FIGURE 7 | A proposed model of factor H (FH)–neutrophil interaction in the pathogenesis of anti-neutrophil cytoplasmic autoantibody (ANCA)-associated vasculitis (AAV). (A) TNF/β2-integrin joint signals triggers explosive responses of neutrophils adherent to endothelial cells in the presence of ANCA, resulting in degranulation and oxidative burst of neutrophils. (B) Binding of FH on neutrophils through β2-integrin inhibits ANCA-induced activation of neutrophils. (C) In AAV, FH is deficient in binding neutrophils and inhibiting neutrophil activation by ANCA, which may be partly related to tyrosine nitration and chlorination of FH and genetic variations of FH.



In conclusion, FH inhibits ANCA-induced neutrophil activation and protects against glomerular endothelial injury by interacting with neutrophils. However, FH from patients with active AAV is deficient in the ability to bind neutrophils and inhibit neutrophil activation by ANCA. The current findings further extend the understanding of the pathogenesis of AAV, thus providing potential clues for intervention strategies.
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Autoantibody production and autoantibody-mediated inflammation are hallmarks of a number of autoimmune diseases. The K/BxN serum-transfer arthritis is one of the most widely used models of the effector phase of autoantibody-induced pathology. Several hematopoietic lineages including neutrophils, platelets, and mast cells have been proposed to contribute to inflammation and tissue damage in this model. We have previously shown that the Syk tyrosine kinase is critically involved in the development in K/BxN serum-transfer arthritis and bone marrow chimeric experiments indicated that Syk is likely involved in one or more hematopoietic lineages during the disease course. The aim of the present study was to further define the lineage(s) in which Syk expression is required for autoantibody-induced arthritis. To this end, K/BxN serum-transfer arthritis was tested in conditional mutant mice in which Syk was deleted in a lineage-specific manner from neutrophils, platelets, or mast cells. Combination of the MRP8-Cre, PF4-Cre, or Mcpt5-Cre transgene with floxed Syk alleles allowed efficient and selective deletion of Syk from neutrophils, platelets, or mast cells, respectively. This has also been confirmed by defective Syk-dependent in vitro functional responses of the respective cell types. In vivo studies revealed nearly complete defect of the development of K/BxN serum-transfer arthritis upon neutrophil-specific deletion of Syk. By contrast, Syk deletion from platelets or mast cells did not affect the development of K/BxN serum-transfer arthritis. Our results indicate that autoantibody-induced arthritis requires Syk expression in neutrophils, whereas, contrary to prior assumptions, Syk expression in platelets or mast cells is dispensable for disease development in this model.
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INTRODUCTION

A number of autoimmune diseases, including rheumatoid arthritis, systemic lupus erythematosus, small vessel vasculitis, or pemphigoid diseases, are characterized by production of autoantibodies against various autoantigens of the mammalian body (1). Those autoantibodies are thought to contribute to the autoimmune disease pathogenesis, either directly by engagement of their target autoantigens (activating or function-blocking autoantibodies), or by triggering an inflammatory reaction and concomitant tissue damage caused by the infiltrating inflammatory cells.

The K/BxN serum-transfer arthritis is one of the most widely used mouse model of autoantibody-induced tissue damage. This model is initiated by systemic injection of serum from so-called K/BxN mice in which the expression of a specific T-cell-receptor transgene on an autoimmunity-prone genetic background leads to the generation of high titers of autoantibodies against the ubiquitously expressed glucose 6-phosphate isomerase enzyme (2–5). Transferring those autoantibodies with the K/BxN serum to naive animals triggers robust inflammation of the distal joints and of other tissues. K/BxN serum-transfer arthritis is triggered by immune complex (IC) deposition and concomitant activation of Fcγ-receptors (5). A number of hematopoietic lineages are thought to be involved in the development of K/BxN serum-transfer arthritis. The role of neutrophils is indicated by the fact that antibody-mediated depletion (6) or genetic deletion (7, 8) of neutrophils prevents arthritis development in this model. Arthritis development was also reduced in mast cell-deficient KitW/W-v mice (9) suggesting an important role of mast cells. In addition, platelets were proposed to be required for the development of K/BxN serum-transfer arthritis by releasing platelet-derived microparticles upon collagen-induced activation in the synovial tissue (10).

Syk is a nonreceptor tyrosine kinase primarily expressed in cells of the hematopoietic lineage (11). It mediates signaling by a number of cell surface receptors including B-cell-receptors (12, 13), Fcγ- and Fcε-receptors (14–18), β2 and β3 integrins (19–21), C-type lectins (11, 22), and other receptors coupled to immunoreceptor tyrosine-based activation motifs (ITAMs) (11, 23). Given its role in various hematopoietic lineages and signaling downstream of diverse cell surface receptors, Syk is indispensable for a number of in vivo processes including B-cell development (12, 13), various inflammatory disease processes (17, 24, 25), antifungal immunity (26), or lymph vessel development (27). Based on its central role in the immune system, Syk has been proposed as a therapeutic target in various autoimmune and inflammatory diseases (11, 28).

We have previously shown that Syk is critically involved in arthritis development in the autoantibody-induced K/BxN serum transfer model (25). Our additional studies indicated that Syk is involved in a pathway downstream of Fc-receptors and Src-family kinases (29) and activates further downstream processes through PLCγ2 (30) and CARD9 (31). However, it is at present incompletely understood in which lineage(s) Syk needs to be expressed for arthritis development in this model. Bone marrow chimeric experiments suggested the role for Syk in one or more hematopoietic lineages (25). Several lines of evidence suggest an important role for Syk in neutrophils (19, 31, 32). An important role for GpVI, an ITAM-coupled collagen receptor on platelets, for the development of K/BxN serum-transfer arthritis (10) suggested a role for Syk in platelets for disease development in this model (33). Finally, the proposed role of mast cells (9, 34) and the critical role for Syk in mast cell activation (14, 18) raised the possibility that Syk expression in mast cells contributes to development of K/BxN serum-transfer arthritis.

The above studies prompted us to perform lineage-specific deletion of Syk from neutrophils, platelets, and mast cells, and to test the effect of those mutations on the development of autoantibody-induced arthritis in the K/BxN serum-transfer model. Our results indicate an important role for Syk expression in neutrophils whereas, contrary to our expectations, Syk expression in platelets or mast cells appears to be dispensable for arthritis development in this model.

MATERIALS AND METHODS

Animals

Mice carrying a deleted Syk allele (Syktm1Tyb, referred to as Syk−) (12) were kept in heterozygous form and used to obtain Syk−/− and control fetuses for fetal liver transplantation (19, 25). Lineage-specific deletion of Syk was achieved by crossing MRP8-Cre (35), PF4-Cre (36), or Mcpt5-Cre transgenic mice (37) with animals carrying a floxed Syk allele (Syktm1.2Tara, referred to as Sykflox) (38) to obtain MRP8-Cre+Sykflox/flox, PF4-Cre+Sykflox/flox, and Mcpt5-Cre+Sykflox/flox mice, referred to as SykΔPMN, SykΔPLT, and SykΔMC animals, respectively. Mice carrying the KRN T-cell-receptor transgene (2) were maintained in heterozygous form by mating with C57BL/6 mice. All transgenic mice were backcrossed to the C57BL/6 genetic background for at least six generations. Genotyping was performed by allele-specific PCR.

Wild type (WT) control C57BL/6 mice were purchased from Charles River or the Hungarian National Institute of Oncology (Budapest, Hungary). NOD mice, as well as a congenic strain carrying the CD45.1 allele on the C57BL/6 genetic background (B6.SJL-Ptprca) were purchased from the Jackson Laboratory.

Mice were kept in individually sterile ventilated cages (Tecniplast) in a conventional facility. All animal experiments were approved by the Animal Experimentation Review Board of the Semmelweis University.

Bone marrow chimeras were generated by intravenous injection of unfractionated bone marrow or fetal liver cells into recipients carrying the CD45.1 allele on the C57BL/6 genetic background, which were lethally irradiated before by 11 Gy from a 137Cs source using a Gamma-Service Medical (Leipzig, Germany) D1 irradiator. 4 weeks after transplantation, peripheral blood samples were stained for Ly6G and CD45.2 (Clones 1A8 and 104, respectively; both from BD Biosciences) and analyzed by a BD Biosciences FACSCalibur flow cytometer as previously described (see Figure S1A in Supplementary Material) (29).

K/BxN Serum-Transfer Arthritis

Mice carrying the KRN T-cell receptor transgene on the C57BL/6 genetic background were mated with NOD mice to obtain transgene-positive (arthritic) K/BxN and transgene-negative (non-arthritic) BxN mice (2, 30). The presence of the transgene was determined by allele-specific PCR and confirmed by phenotypic assessment. Blood was taken by retroorbital bleeding and sera from arthritic and control mice were pooled separately.

Arthritis was induced by a single intraperitoneal injection of 300 μl K/BxN (arthritic) or BxN (control) serum into intact mice or bone marrow chimeras, followed by daily assessment of arthritis severity for 2 weeks as described (30, 31, 39). Visible clinical signs were scored on a 0–10 scale by two investigators blinded for the origin and treatment of the mice. Ankle thickness was measured by a spring-loaded caliper (Kroeplin).

Isolation and Activation of Neutrophils, Platelets, and Mast Cells

Mouse neutrophils were isolated from the bone marrow of the femurs and tibias of intact mice or chimeras by hypotonic lysis followed by Percoll (GE Healthcare) gradient centrifugation using sterile and endotoxin-free reagents as described (18, 31, 39). Cells were kept at room temperature in Ca2+- and Mg2+-free medium until use and prewarmed to 37°C prior to activation. Neutrophil assays were performed at 37°C in HBSS supplemented with 20 mM HEPES, pH 7.4. Adhesion-dependent superoxide release by neutrophils was followed by a cytochrome c reduction test from 100 μl aliquots of 4 × 106/ml cells plated on fibrinogen (Calbiochem) coated surfaces in the presence of 50 ng/ml murine TNF-α (PeproTech) as described (39).

Platelets were isolated from peripheral blood by mild centrifugation in the presence of heparin. For an in vitro aggregation assay (40), platelets were divided into two groups, one labeled with an anti-CD9-PE (Clone EM-04; Abcam) and the other one with an anti-CD9-APC (Clone eBioKMC8; eBioscience) antibody. The two differently labeled groups were mixed in equal volumes and were activated by 50 ng/ml Convulxin (Enzo Life Sciences) at 37°C while shaking at 700 rpm for 5 min. The reaction was stopped by BD FACS Lysing Solution (BD Biosciences). The samples were analyzed by flow cytometry, where platelets were identified according to their forward and side scatter characteristics. Aggregation was determined as the percentage of CD9-PE/CD9-APC double positive events (40).

Mast cells were cultured from the bone marrow in the presence of 5 ng/ml murine IL-3 and 20 ng/ml stem cell factor (both from PeproTech). The purity of the cultures was tested by an anti-FcεR antibody (Clone MAR-1; eBioscience) by flow cytometry. For in vitro activation, mast cells were first incubated with an anti-dinitrophenyl (DNP) IgE antibody (Clone SPE-7) at a final concentration of 0.5 μg/ml overnight at 37°C on fetal bovine serum (FBS)-coated plates, followed by the crosslinking of Fcε receptors by the addition of 100 ng/ml DNP-human serum albumin to the cell suspensions (both reagents from Sigma-Aldrich). After 30 min, the cells were washed and mast cells were kept in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich) overnight at 37°C on FBS-coated plates. The release of the inflammatory mediator MIP-1α was tested from the cell-free supernatants by a commercial ELISA kit (R&D Systems) according to the manufacturer’s instructions. The absence of Syk did not have a major effect on neutrophil, platelet, or mast cell development and numbers (data not shown).

Biochemical Studies

For analysis of protein contents, neutrophils, platelets, and mast cells were lysed in 100 mM NaCl, 30 mM Na-HEPES (pH 7.4), 20 mM NaF, 1 mM Na-EGTA, 1% Triton X-100, 1 mM benzamidine, freshly supplemented with 0.1 U/ml Aprotinin, 1:100 Mammalian Protease Inhibitor Cocktail, 1:100 Phosphatase Inhibitor Cocktail 2, 1 mM PMSF, and 1 mM Na3VO4 (all from Sigma-Aldrich). After removal of insoluble material, lysates were boiled in sample buffer. Whole cell lysates were run on SDS-PAGE and immunoblotted using antibodies against Syk (Clone N19; Santa Cruz) or β-actin (Clone AC-74; Sigma-Aldrich) followed by peroxidase-labeled secondary antibodies (GE Healthcare). The signal was then developed using the ECL system (GE Healthcare) and exposed to X-ray film.

Presentation of the Data and Statistical Analysis

Experiments were performed the indicated number of times. Quantitative graphs and kinetic curves show mean and SEM from all independent in vitro experiments or from all individual mice from the indicated number of experiments. Statistical analyses were carried out by the STATISTICA software using two-way (factorial) ANOVA, with treatment and genotype being the two independent variables. In case of kinetic assays, area under the curve was used for statistical analysis. P values below 0.05 were considered statistically significant.

RESULTS

K/BxN Serum-Transfer Arthritis in Syk−/− Bone Marrow Chimeras

To test the role of Syk within hematopoietic lineage cells, we generated bone marrow chimeric mice by transplanting Syk−/− or WT control fetal liver cells into lethally irradiated recipients. As shown in Figure 1A, injection of arthritogenic K/BxN serum into WT control chimeras triggered robust inflammation of the ankle joints whereas no such response could be observed in Syk−/− bone marrow chimeras which carry Syk-deficient hematopoietic tissues. Quantitative kinetic analysis of the clinical scoring of arthritis (Figure 1B) or the ankle thickness (Figure 1C) revealed that Syk−/− bone marrow chimeras were completely protected from arthritis development in this model (p = 3 × 10−6 and p = 1.3 × 10−3, respectively). Those results confirmed our prior studies showing critical role for Syk in the hematopoietic compartment in K/BxN serum-transfer arthritis (25).
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FIGURE 1 | Autoantibody-induced arthritis in Syk-deficient bone marrow chimeras. Wild type (WT) and Syk−/− bone marrow chimeras were injected with BxN (Control) or K/BxN (Arthritic) serum intraperitonally on day 0. Arthritis development was followed by photographing on day 7 (A), clinical scoring of the hind limbs (B), and ankle thickness measurement (C). Panel (D) shows the absence of the Syk tyrosine kinase from whole cell lysates of Syk−/− neutrophils, platelets, and mast cells. Photos are representative of, and quantitative data show mean and SEM from, four control and four to five arthritic serum-treated individual mice per group from two independent experiments. Western blot images are representative of two to three independent experiments. See the text for actual p values.



Syk Is Expressed in Neutrophils, Platelets, and Mast Cells

Prior studies suggested a role for neutrophils, platelets, and mast cells in K/BxN serum-transfer arthritis (6–10, 34), as well as the functional role for Syk in those cells (14, 16, 18–20). To confirm the presence of Syk in those lineages and its deletion from Syk−/− cells, we tested the expression of Syk in primary neutrophils and platelets, or bone marrow-derived mast cells, from WT and Syk−/− bone marrow chimeras. As shown in Figure 1D, Syk was present in all three cell types derived from WT but not Syk−/− bone marrow chimeras (see the entire blots in Figures S1B–D in Supplementary Material).

Efficacy and Specificity of Syk Deletion From Neutrophils, Platelets, and Mast Cells

To test the role of Syk in a linage-specific manner, we turned to Cre-lox-mediated lineage-specific conditional deletion of Syk. To this end, we generated mice carrying the Sykflox/flox mutation along with a neutrophil-specific MRP8-Cre (SykΔPMN), the platelet-specific PF4-Cre (SykΔPLT), or the mast cell-specific Mcpt5-Cre (SykΔMC) transgenes. We then isolated neutrophils or platelets, and cultured bone marrow-derived mast cells, from those animals. As shown in Figure 2A, Syk expression was strongly reduced in SykΔPMN, but was not affected in SykΔPLT or SykΔMC neutrophils. Similarly, Syk was absent from SykΔPLT but not from SykΔPMN or SykΔMC platelets (Figure 2B). Finally, Syk expression was abrogated in SykΔMC but not in SykΔPMN or SykΔPLT mast cells (Figure 2C; see the entire blots in Figure S2 in Supplementary Material). Those results confirm both the efficacy and the specificity of the SykΔPMN, SykΔPLT, and SykΔMC mutations.
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FIGURE 2 | The efficacy and specificity of lineage-specific Syk deletion from different cell types. The efficacy and specificity of lineage-specific deletion was tested by immunoblotting of whole cell lysates of neutrophils (A), platelets (B), and mast cells (C) derived from wild type (WT), SykΔPMN, SykΔPLT, or SykΔMC mice or from Syk−/− bone marrow chimeras. Blots are representative of three independent experiments.



Lineage-Specific Deletion of Syk Abrogates Functional Responses of Neutrophils, Platelets, and Mast Cells

To test the functional efficacy of lineage-specific Syk deletion, we also tested supposedly Syk-dependent functional responses of neutrophils, platelets, and mast cells. Superoxide release of neutrophils plated on a fibrinogen surface in the presence of a soluble TNF stimulus is mediated by β2 integrins in a supposedly Syk-dependent manner (19). As shown in Figure 3A, this response was nearly completely blocked in neutrophils from SykΔPMN animals (p = 0.02). Convulxin is a snake venom toxin activating the Fc-receptor-related collagen receptor GpVI on platelets in a Syk-dependent manner (40, 41). As shown in Figure 3B, convulxin induced aggregation of WT but not SykΔPLT platelets (p = 0.03). Crosslinking of IgE bound to the surface of mast cells triggers release of various proinflammatory mediators through Fcε-receptors in a Syk-dependent manner (14). As shown in Figure 3C, MIP-1α release induced by IgE crosslinking of mast cells was abrogated by the SykΔMC mutation (p = 1.3 × 10−4). Those results indicate that lineage-specific deletion of Syk from neutrophils, platelets, or mast cells leads to the expected functional consequences in those cells.
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FIGURE 3 | Syk is indispensable for immunoreceptor tyrosine-based activation motif-mediated in vitro cellular responses of neutrophils, platelets, and mast cells. (A) Wild type (WT) or SykΔPMN neutrophils were plated on fibrinogen-coated surfaces in the presence of TNF-α and their superoxide release was measured by a cytochrome c reduction test. Control data points were subtracted. (B) WT or SykΔPLT platelets were isolated from peripheral blood, labeled by two different fluorochrome-conjugated CD9 antibodies and were activated by convulxin (CVX) for 5 min. Aggregation was measured as the percentage of CD9-PE/CD9-APC double positive events. (C) WT or SykΔMC bone marrow-derived mast cells were incubated with anti-DNP IgE antibodies followed by an Fcε receptor crosslinking step with DNP-HSA. MIP-1α levels were determined from the cell-free supernatant by an ELISA assay. Kinetic curves and graphs represent mean and SEM from three (A,C) or six (B) samples from three (A) or two (B,C) independent experiments. See the text for actual p values. DNP, dinitrophenyl; HSA, human serum albumin, IC, immune complex.



Neutrophil-Specific Deletion of Syk Abrogates Autoantibody-Induced Arthritis

We next tested the consequence of neutrophil-specific deletion of Syk on the development of K/BxN serum-transfer arthritis. As shown in Figure 4A, arthritogenic K/BxN serum triggered visible arthritis development in WT animals. However, no signs of arthritis could be observed in SykΔPMN animals (Figure 4A). Quantitative kinetic analysis revealed that SykΔPMN mice were nearly completely protected from development of clinical signs of arthritis (Figure 4B; p = 1.5 × 10−5) and arthritis-induced ankle swelling (Figure 4C; p = 1.7 × 10−3). Similar results could be observed when testing a larger cohort of bone marrow chimeras generated by transplanting WT or SykΔPMN bone marrow cells into lethally irradiated WT recipients (Figures 4D,E; p = 6.2 × 10−7 and p = 3.2 × 10−6, respectively). Those results indicate a critical role for Syk expression within neutrophils for the development of autoantibody-induced arthritis in vivo.
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FIGURE 4 | Neutrophil-specific Syk deletion attenuates experimental arthritis. Wild type (WT) and SykΔPMN intact animals (A–C) or bone marrow chimeras (D,E) were injected with BxN (Control) or K/BxN (Arthritic) serum intraperitonally on day 0. Arthritis development was followed by photographing (A), clinical scoring of the hind limbs (B,D), and ankle thickness measurement (C,E). Quantitative data show mean and SEM from three control and five to six arthritic serum-treated individual mice per group from three independent experiments (B,C) or from five control and five to seven arthritic serum-treated mice per group from three independent experiments (D,E). See the text for actual p values.



Normal Arthritis Development Upon Platelet-Specific Deletion of Syk

Boilard et al. previously showed that genetic deletion of the Syk-coupled GpVI collagen receptor of platelets strongly reduced arthritis development in the K/BxN serum-transfer model (10), suggesting an important role for Syk expression in platelets in this model (33). To test this hypothesis experimentally, we tested K/BxN serum-transfer arthritis in SykΔPLT mice in which Syk was deleted in a platelet-specific manner. Contrary to our expectations, platelet-specific Syk deletion did not affect the development of visual signs of arthritis in our model (Figure 5A). Quantitative kinetic analysis did not reveal any effect of the SykΔPLT mutation on the clinical appearance (Figure 5B; p = 0.51) or on the ankle thickness increase (Figure 5C; p = 0.76) either. Similar results were obtained when using bone marrow chimeras generated by transplanting WT or SykΔPLT bone marrow cells into lethally irradiated WT recipients (Figures 5D,E; p = 0.49 and p = 0.9, respectively). Those results, together with the lack of Syk (Figure 2B) and the defective Syk-dependent functional activation (Figure 3B) of SykΔPLT platelets indicate that Syk expression in platelets is not required for the development of K/BxN serum-transfer arthritis.
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FIGURE 5 | Platelet-specific Syk deletion has no effect on autoantibody-induced arthritis. Wild type (WT) and SykΔPLT intact animals (A–C) or bone marrow chimeras (D,E) were injected with BxN (Control) or K/BxN (Arthritic) serum intraperitonally on day 0. Arthritis development was followed by photographing (A), clinical scoring of the hind limbs (B,D), and ankle thickness measurement (C,E). Quantitative data show mean and SEM from three control and five arthritic serum-treated individual mice per group from three independent experiments (B,C) or from six control and eight to nine arthritic serum-treated mice per group from three independent experiments (D,E). See the text for actual p values.



Mast Cell-Specific Syk Deletion Does Not Affect Autoantibody-Induced Arthritis

Mast cells are one of the major targets of Syk function (14, 18) and they have also been proposed to participate in the development of K/BxN serum-transfer arthritis (9, 34). Therefore, we hypothesized that Syk expression in mast cells may be required for arthritis development in this model. To this end, we tested the development of K/BxN serum-transfer arthritis in SykΔMC mice. As shown in Figure 6A, the SykΔMC mutation did not affect the development of visible signs of arthritis in our model. Quantitative kinetic analysis did not reveal any inhibition of arthritis development either when scoring clinical signs of arthritis (Figure 6B; p = 0.38) or when measuring arthritis-induced increase of ankle thickness (Figure 6C; p = 0.37). By contrast, there was even a tendency of earlier arthritis development in the SykΔMC animals (Figures 6B,C), raising the possibility of a negative role of Syk expressed in mast cells. Because of the radioresistance of mast cells, no bone marrow chimeras have been generated using SykΔMC mice. The lack of inhibition of arthritis in SykΔMC animals, together with the dramatic reduction of Syk expression (Figure 2C) and Syk-mediated functional responses (Figure 3C) in SykΔMC mast cells indicates that Syk expression within mast cells is dispensable for arthritis development in the K/BxN serum-transfer model.
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FIGURE 6 | Mast cell-specific Syk deletion does not affect the effector phase of experimental arthritis. Wild type (WT) and SykΔMC animals were injected with BxN (Control) or K/BxN (Arthritic) serum intraperitonally on day 0. Arthritis development was followed by photographing (A), clinical scoring of the hind limbs (B), and ankle thickness measurement (C). Quantitative data show mean and SEM from seven to nine control and twelve to thirteen arthritic serum-treated individual mice per group from four independent experiments. See the text for actual p values.



DISCUSSION

The Syk tyrosine kinase is critically involved in various inflammatory disease processes including the development of autoantibody-induced arthritis and dermatitis models (11, 17, 25). Given the wide expression of Syk in practically all hematopoietic lineages (11), understanding Syk function in a lineage-specific manner is of particular importance. Our results presented in this work indicate that of the three most prominent Syk-expressing lineages supposedly involved in the development of autoantibody-induced arthritis, Syk expression in neutrophils is critical, whereas that in platelets or mast cells is dispensable, for the development of K/BxN serum-transfer arthritis.

We and others have shown that Syk plays a critical role in various functional responses of neutrophils (16, 17, 19, 42, 43) without affecting neutrophil development (17, 19). Neutrophils have also been shown to be critical for the development of autoantibody-induced arthritis (6–8), likely at least in part through IgG IC-mediated activation of Fcγ-receptors expressed on the neutrophil cell surface (29), as well as by yet incompletely understood neutrophil-mediated initial vascular changes (8). Based on those studies, we hypothesized that Syk expression within neutrophils is critical for autoantibody-induced arthritis development. Our results confirmed that hypothesis, and they were also in line with prior studies from other groups (32) and our own analysis of neutrophil-specific deletion of the CARD9 adapter protein, a supposedly downstream effector of Syk (31). Though it is at present incompletely understood how Syk within neutrophils participates in autoantibody-induced arthritis development, our prior studies showing defective release of proinflammatory mediators by Syk-deficient neutrophils despite normal intrinsic migratory capacity of the cells (17, 19, 31) suggest that Syk, similar to Src-family kinases (29), participates in the amplification of neutrophil recruitment by neutrophil-derived proinflammatory mediators (44).

In contrast to our neutrophil-specific deletion studies, our platelet-specific deletion experiments did not support our hypothesis based on literature data. Though Syk is not required for platelet development (20), it plays a critical role in various platelet functions (11) including αIIbβ3 integrin-dependent platelet spreading (20), responses mediated by the hemITAM-coupled C-type lectin CLEC-2 (45), as well as signaling downstream of GpVI, an ITAM-coupled collagen-receptor of platelets (40, 41). GpVI is closely related to Fcα-receptors and it is directly associated with, and supposedly signals through, the ITAM-containing Fc-receptor γ-chain (FcRγ) (40, 41, 46–49). Platelets and, specifically, GpVI has been shown to play a critical role in the development of K/BxN serum-transfer arthritis (10), suggesting that Syk expression downstream of platelet GpVI is critically involved in arthritis development in this model (33). Our results of normal arthritis development upon platelet-specific deletion of Syk (Figure 5) despite practically complete lack of Syk from platelets (Figure 2) and completely defective GpVI-mediated in vitro platelet function (Figure 3) argues against that hypothesis. There are several possible explanations for those findings. Though GpVI is associated with the ITAM-containing FcRγ adapter, it may be able to bypass the ITAM-Syk pathway under certain conditions, using FcRγ as a chaperone required for cell surface expression but not as an ITAM-mediated signaling adaptor. Platelets have also been proposed to interact with fibroblast-like synoviocytes in a COX-1-dependent manner which is independent of platelet GpVI or FcRγ expression (50). This pathway may be able to compensate for the defective GpVI–FcRγ–Syk pathway upon platelet-specific Syk deletion. We also cannot exclude the possibility that GpVI needs to be expressed in a non-platelet lineage to support autoantibody-induced arthritis in mice. Finally, technical details such as a role for the small remaining Syk expression after Cre-mediated Syk deletion, or different experimental conditions may also account for the different conclusions drawn from our study and from those proposing a critical role for the platelet GpVI–FcRγ–Syk pathway in autoantibody-induced arthritis (10, 33). It should also be mentioned that our study focused on visible signs of arthritis and therefore we cannot exclude the possibility that Syk expression in platelets modulates the inflammation process by a mechanism not clearly visible by macroscopic inspection.

In the third part of our study, we tested the role of Syk in mast cells during autoantibody-induced arthritis. Syk has been shown to play a critical role in mast cell function without affecting mast cell survival (14, 18) and mast cells were proposed to be important players in autoantibody-induced arthritis development (9). Therefore, we hypothesized that Syk expression in mast cells may play a role in the development of K/BxN serum-transfer arthritis. Our results showing normal arthritis development in that model upon mast cell-specific Syk deletion (Figure 6) despite strongly reduced Syk expression (Figure 2) and defective Syk-mediated functional responses (Figure 3) in mast cells argue against that possibility. There are several possible explanations for those findings. Since the mechanism of how mast cells contribute to IgG autoantibody-induced disease pathogenesis is incompletely understood, it is possible that mast cells use a Syk-independent signal transduction pathway during K/BxN serum-transfer arthritis (e.g., when mast cells are not directly activated by the autoantibody-containing ICs, but rather indirectly through Syk-independent chemokine, cytokine, or PRR pathways). It should also be mentioned that follow-up studies have questioned the critical role of mast cells in autoantibody-induced arthritis development (51, 52), pointing to difficulties of the interpretation of data obtained with different mast cell-deficient mouse strains. Indeed, our limited preliminary studies also suggested that the role of mast cells is highly dependent on the experimental conditions used for triggering autoantibody-induced arthritis in mice (Z. Jakus and A. M., unpublished observations). Finally, given that our experiments focused on visible signs of inflammation, we cannot exclude the possibility that Syk expression in mast cells may modulate arthritis development or the overall inflammation process in a manner not clearly visible by macroscopic assessment.

Besides neutrophils, platelets, and mast cells, Syk is also expressed in other lineages possibly involved in arthritis development. B-cells are one of the most prominent lineages requiring Syk function (12, 13). However, it is unlikely that Syk expressed in B-cells contributes to K/BxN serum-transfer arthritis since that model mimics the post-immunization effector phase of autoimmune arthritis and it develops normally even in the absence of B-cells in μMT-deficient or Rag-deficient mice (3). Macrophages have been proposed to be important players in the development of K/BxN serum-transfer arthritis (53). Unfortunately, currently available techniques do not allow the proper analysis of the in vivo relevance of Syk expression within macrophages because of the limited spectrum/specificity of the available macrophage-specific Cre-expressing mouse strains (54). We have previously shown that Syk is critically involved in osteoclast development and function (23). Though understanding the role of Syk in arthritis-induced bone erosions would be of clear importance, this question is beyond the scope of the present study focusing on the inflammatory aspect of autoantibody-induced disease processes.

Taken together, our results provide understanding of the role of Syk in autoantibody-induced arthritis at the cellular lineage level. Our findings indicate a critical role for Syk expression in neutrophils, but refute prior assumptions for the role of Syk in platelets and argue against a role for Syk expression in mast cells. Those results will strongly contribute to the understanding of the pathomechanism of autoantibody-mediated disease processes at the cellular and molecular level.
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FIGURE S1 | Flow cytometric analysis of bone marrow chimeras and Western blot images with more details. (A) Flow cytometric analysis of CD45.2-positive donor-derived neutrophils in the peripheral blood of wild type (WT) and SykΔPMN bone marrow chimeras 4 weeks after bone marrow transplantation. (B–D) Detailed Western blot images showing the expression of Syk in neutrophil (B), platelet (C), or mast cell (D) lysates from Figure 1D.

FIGURE S2 | Detailed Western blot images showing the efficacy and specificity of lineage-specific Syk deletion in whole cell lysates of neutrophils (A), platelets (B), and mast cells (C) from Figure 2.
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The composition of the conserved N297 glycan in immunoglobulin G (IgG) has been shown to affect antibody effector functions via C1q of the complement system and Fc gamma receptors (FcγR) on immune cells. Changes in the general levels of IgG-glycoforms, such as lowered total IgG galactosylation observed in many autoimmune diseases have been associated with elevated disease severity. Agalactosyslated IgG has therefore been regarded and classified by many as pro-inflammatory. However, and somewhat counterintuitively, agalactosylation has been shown by several groups to decrease affinity for FcγRIII and decrease C1q binding and downstream activation, which seems at odds with this proposed pro-inflammatory nature. In this review, we discuss these circumstances where altered IgG galactosylation/glycosylation is found. We propose a novel model based on these observations and current biochemical evidence, where the levels of IgG galactosylation found in the total bulk IgG affect the threshold required to achieve immune activation by autoantibodies through either C1q or FcγR. Although this model needs experimental verification, it is supported by several clinical observations and reconciles apparent discrepancies in the literature, and suggests a general mechanism in IgG-mediated autoimmune diseases.
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INTRODUCTION

Antibodies are crucial sentinels of the immune system, generated by B cells that sense incoming foreign antigens by their membrane-bound immunoglobulins or B cell receptor (BCR). With each B cell carrying a unique BCR, collectively they are able to respond to virtually any invading substance, let alone a complex pathogen (1). Once recognizing their cognate antigen, each B cell becomes activated and can class switch from the initial IgM and IgD type of BCR, to immunoglobulin G (IgG), IgA, or IgE (2). After maturation to plasmablasts and plasma cells, the B cells start to secrete the acquired BCR in the form of soluble immunoglobulin where it can mount humoral immune responses from complement activation (IgM and IgG) or cellular responses through myeloid and NK cells via Fc-receptors (all immunoglobulin types). In plasma, IgG is the most abundant immunoglobulin type found and consists of four subclasses, IgG1, IgG2, IgG3, and IgG4 in order of decreasing abundance. Since the first structures of IgG were solved, it became apparent that these structures are glycoproteins, with a conserved N-linked Fc-glycan attached to the asparagine found at position 297, situated in the constant region of the heavy chain domains (3) (Figure 1). However, it remained enigmatic if, and then how, this rather flexible structure affects the function of IgG. In recent years, these aspects have become ever more clear, although fundamental discrepancies between clinical and experimental observations seem to prevail. These observations and possible resolutions will be discussed further below.
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FIGURE 1 | Schematic representation of immunoglobulin G (IgG) structure and glycan composition. (A) Schematic representation of antibody with heavy chains and light chains, respectively, in blue and red, with general Y shaped structure. The Fab, Fc, and hinge domains are indicated. Within the Fab domains, the antigen-binding domain is indicated in yellow and within the Fc, the region where the FcγRs and C1q bind is indicated in green. (B) Schematic representation of IgG-Fc-N297-glycan with the different sugar groups and their respective positions.



MECHANISM OF GLYCOSYLATION

Most membrane surface proteins and secreted proteins found in plasma are glycosylated. Glycan synthesis starts at the endoplasmic reticulum (ER) when a lipid-linked precursor oligosaccharide is synthesized (Figure 2) (4). In the ER lumen, this precursor is transferred to the Asn site of the protein at accessible residues containing the Asn-X-Ser/Thr motif, where X is any amino acid except proline. Further processing of the glycan then takes place in the ER and Golgi apparatus, which includes trimming and remodeling of the glycan. The cell type-specific spatial and temporal organization of glycosidases and glycosyltransferase expression in ER and Golgi apparatus regulate the final composition of the glycans (4–6). For IgG, assembly of heavy and light chains takes place early in the ER (6). After initial trimming of glucose and mannose groups by the glucosidases and ER mannosidase I in the ER, the whole complex is transported to the cis-Golgi (6). The diversity of the glycans derives from several factors; involvement of many different enzymes and substrates in different compartments, variable modification of glycan core structure to bi-, tri-, and tetra-antennary, competition between enzymes for substrates and acceptors, accessibility of the enzymes to the glycan, incomplete processing, and other posttranslational modifications on the same protein (6). For the IgG N-glycans, we know they assemble in a bi-antennary glycan with a core structure of mannose and N-acetylglucosamine groups and variable extension of galactose, sialic acid, fucose, and bisecting N-acetylglucosamine (bisection) (Figure 1B).
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FIGURE 2 | N-glycan biosynthesis. Overview of the N-glycan biosynthesis pathways in the cell and in circulation as also occurs for immunoglobulin G glycosylation (4). In the left panel, the different cell compartments are illustrated with the different steps of synthesis indicated: 1. synthesis of lipid-linked precursor oligosaccharide, 2. En Bloc transfer to protein, 3. processing; 3a. initial trimming of sugar residues, 3b. trimming and modification of branch structure, 3c. addition of terminal sugar residues. In the right panel, the different involved glycosidases and glycosyltransferases listed at the position in the endoplasmic reticulum and Golgi apparatus where they proposed to be expressed. Extracellularly, glycosyltransferases and glycosidases are present in circulation, mainly editing the terminal sialic acid groups on glycans.



Extracellularly, glycosyltransferases and glycosidases are present in circulation, mainly editing the terminal sialic acid groups on glycans (7). This has been proven to be a functional mechanism in the sialylation of IgG, found in a study where mice with ST6GalT1-deficient B-cells did contain sialylated IgG. This occurs through liver-derived ST6galT1 and platelet-derived CMP-sialic acid as sugar donor, which are present in the circulation (7). Although sialylation of IgG seems to be affected also in plasma, we have observed several immune responses against both red blood cell (RBC) and platelet antigens formed after transfusion or pregnancy, can have markedly different sialylation than total IgG in the same patient (8–11), suggesting that B cells can also have a significant influence on the IgG sialylation in humans. This is supported by mouse work, where they show in vivo that overexpression or knockout of sialyltransferase in B-cells attenuates IgG sialylation and disease activity in collagen-induced arthritis (12).

IgG-Fc GLYCOSYLATION IN HUMANS AND IN AUTOIMMUNITY

When analyzing normal IgG repertoire in normal human serum it is found that the overall total glycosylation pattern is, although heterogeneous, generally quite constant, with high fucosylation (96%), low bisection (8%), intermediate galactosylation (40%), and low sialylation (4%) (13). Age and gender are two factors that were found to be correlated with the overall IgG glycosylation patterns. The main variations consist of a decrease in average galactosylation and sialylation and slight increase in bisection associated with higher age (13). The degree of fucosylation is almost 100% shortly after birth (when maternal antibodies have dissipated), after which levels of IgG fucosylation gradually reach ~96% around 20 years of age (14). Infection status, BMI, and epigenetic influences also seem to alter total IgG glycosylation (15–17).

Glycosylation patterns of total IgG have also been observed to temporarily change during certain conditions. During pregnancy, in particular, the degree of galactosylation and sialylation increases, with additional minor decrease in bisection while fucosylation remains stable (18, 19). Furthermore, in autoimmune diseases, changes in total IgG have been detected in, for example, rheumatoid arthritis (RA) (20, 21), inflammatory bowel disease (22), multiple sclerosis (23), myasthenic gravis (24), ankylosing spondylitis, primary Sjögren’s syndrome, psoriatic arthritis (25), and systemic lupus erythematosus (SLE) (26). In all these diseases, a lower degree of total IgG galactosylation is associated with disease progression and flare (20–28). However, the relevance of galactosylation of total IgG, which by definition are not causing the disease, on the disease severity is unknown. In inflammatory autoimmune disorders, such as RA and SLE, IgG autoantibodies presumably play a role in initiating or perpetuating the inflammatory condition (29, 30). In particular in RA, several types of autoantibodies have been identified that target a range of subtle chemical modifications of autologous proteins, including anti-citrullinated protein antibodies (ACPA) and anti-carbamylated protein antibodies—which may be referred to collectively as anti-modified protein response (31). The exact role of the autoantibodies in these diseases has not been fully elucidated as yet, although certain passive transfer mouse models suggest a pathogenic role for ACPAs (32). To our knowledge, the IgG Fc glycosylation patterns have only been determined for disease-associated autoantibodies of a few antigen-specific IgG, including ACPAs and anti-RBC autoantibodies (11, 33–37). In all these diseases, fucosylation is not lowered, even increased for ACPA in RA (11, 33, 34). Several studies suggest similarly low, but variable, levels of galactosylation in the antigen-specific IgG as found in the total IgG (11, 34, 35, 38). However, in two studies, differential changes in glycosylation patterns have been observed between total IgG and specific IgG1 (11, 34), observed in PR3-ACPA and anti-RBC autoantibodies. In both these studies, the galactosylation was variable between the patients, with total IgG galactosylation often diverging from antigen-specific IgG galactosylation. The PR3-ANCA IgG1 antibodies also showed a particularly stable and relatively high galactosylation during relapse, while the total IgG galactosylation was lowered (34). Importantly, this may be a relevant phenomenon that may affect the disease outcome, most likely due to elevated FcγRIIIa and/or FcγRIIIb occupancy which is likely to affect effector functions, as will be discussed in detail in the following sections of this review.

THE IMPORTANCE OF IgG-Fc GLYCOSYLATION FOR FcγR-MEDIATED EFFECTOR FUNCTIONS

Immunoglobulin G binds with the Fc region to FcγRs. These immune receptors are expressed on myeloid and NK cells of the immune system. Humans express five different FcγR, which can occur in several allotypic variants (39) (Figure 3). Of these five variants, FcγRIa, FcγRIIa, and FcγRIIIa contain an immunoreceptor tyrosine activation motif (ITAM), FcγRIIb an immunoreceptor tyrosine inhibitory motif (ITIM), and FcγRIIIb which is GPI-linked, contains no intracellular signaling domain (40). Binding of IgG to these receptors followed by clustering of the intracellular domains induces an ITAM-mediated signal transduction which can be counteracted by inclusion of the ITIM-containing FcγRIIb, if present (41).
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FIGURE 3 | Human FcγR family. The family of human FcγR in with allotypes indicated. Green box: immunoreceptor tyrosine activation motif (ITAM), red box: immunoreceptor tyrosine inhibitory motif (ITIM).



Structurally, the glycan opens up the Fc-portion of IgG and keeps the two CH2 domains at a distance from each other, allowing for interactions with not only FcγR but also C1q that both require similar residues in the IgG for binding (42–44). In addition to the fact that the glycan has been found to show direct, but minor, interactions with the protein backbone of FcγR (43), the IgG Fc-glycan also interacts with a glycan found only in human FcγRIIIa and FcγRIIIb (45, 46) thereby affecting binding affinity of IgG to those receptors. If, and then how, the exact glycan composition—thus not only the mere presence of a glycan—affects binding to the other FcγR or C1q has remained unknown until recently, as discussed further below. The final secreted IgG eventually protects us by opsonizing incoming pathogens. These are then recognized by FcγR, the first component of the complement system (C1q), or both. This can trigger multiple effector functions, such as complement deposition and lysis (47), but also FcγR- and or complement-mediated phagocytosis by myeloid cells (monocytes, macrophages, or neutrophils), trogocytosis (where myeloid cells rupture the membrane of target cells), or FcγR-mediated antibody-dependent cellular cytotoxicity (ADCC) through NK or myeloid cells. These effector functions are currently utilized and have been improved upon by protein and glycan-engineering for many current and future therapeutic antibody approaches. However, these effector functions are also triggered in various allo- and autoimmune diseases (48).

In humans, we know FcγRIIIa is an important activating FcγR, and of all FcγRs, its affinity for IgG is most influenced by changes in IgG Fc glycosylation. It has been known for over a decade that afucosylation increases affinity of IgG1 to FcγRIIIa and FcγRIIIb (49, 50), and later confirmed for other IgG subclasses (51, 52). Earlier studies have hinted at the possibility that galactosylation may also affect binding to FcγRIIIa in a positive way (53–56), and sialylation in a negative fashion (56–59), but the effect of the other glycans had not been extensively studied. We have recently confirmed that for IgG1 additional galactosylation increases the affinity for FcγRIIIa and FcγRIIIb, but only for afucosylated IgG1 (60), which is found in 6% of IgG1 at the glycopeptide level (13, 61, 62). An overview of the effect of glycovariation on the affinity for FcγRs is displayed in Figure 4. The degree of galactosylation of IgG ranges roughly from 20 to 60% on total IgG and similarly for afucosylated IgG (13, 61, 62). The apparent affinity increases by approximately twofold between afucosylated IgG1 with either 20 vs 70% galactosylation, which corresponds to ~20× or 40× increased affinity compared to fucosylated IgG1, respectively (60).
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FIGURE 4 | The effect of IgG1 glycovariation and receptor affinity. Heat map displaying various glycoengineered IgG1 and their monomeric affinity in KD (nanomolar) for the FcγRs as determined by SPR and relative affinity for C1q as determined by ELISA, data adopted from Dekkers et al. (60). Heat map legends are displayed below. The degree of glycosylation of indicated glycan end groups is colored from white (low) to black (high), the affinity to FcγRs is colored from dark blue (high KD, low affinity) via white to dark red (low KD, high affinity), the relative affinity for C1q is colored from light blue (low affinity) via white to pink (high affinity). *Indicates the normally produced, unmodified IgG1 glycoform which is not glycoengineered.



For bisection and sialylation, we found only small effects on binding to FcγRIII. Additional sialylation of the galactosylated, afucosylated IgG1 caused a slight or no decrease in affinity (56–60). Variation in bisection did not appear to have any effect in the experiments conducted up until now, except for potentially strengthening the negative effect of sialylation on FcγRIIIa and FcγRIIIb-binding (60).

In recent years, it has become apparent that during viral infections of HIV and dengue fever, antigen-specific IgG may contain decreased levels of Fc fucosylation (63, 64). For HIV, this was observed especially for those patients who had a longer disease free survival, the so-called elite controllers, and this correlated with the degree of antibody-mediated cellular viral inhibition (ADCVI) of the patient’s serum. In dengue, a higher degree of afucosylation was more often found in patients with antibody-dependent enhancement of disease (64). For these infections, and possibly more viral infections, the enhanced affinity for FcγRIIIa of the afucosylated antigen-specific IgG indeed enhances ADCC and ADCVI of the virus and virus infected cells (65). For HIV, this rationalizes the better clinical outcome for the patients who have more antigen-specific antibodies with low fucose, but for dengue, the stronger side effects have negative side effects.

Interestingly, the changes in antibody fucosylation and galactosylation of antigen-specific IgGs are also found in alloimmune settings. Examples of this are after blood transfusion, fetal neonatal immune thrombocytopenia (FNAIT) and hemolytic disease of the fetus or newborn (HDFN) (8–10, 66, 67). Both these latter diseases are in a pregnancy setting where the fetus is positive while the mother herself is negative for a paternal antigen on platelets or RBCs, respectively, for FNAIT or HDFN, and thus makes antibodies against the blood cells of the child upon exposure. This can lead to complications and is dangerous for the health of the child and hence it is important to diagnose correctly and timely and also treat accordingly (68).

We have recently shown that glycosylation status of these antibodies matters for pathogenicity (8, 66, 69). The lower degree of fucosylation, in particular, and also increased galactosylation of these antibodies correlate with enhanced disease severity (8–10, 66, 69). The effector mechanism of these antibodies is thought to take place via FcγR-bearing cells in the liver and spleen of the fetus, which target the RBC or platelets (70). Previous work has already suggested that FcγRIIIa is the main receptor involved in both RBC and platelet clearance because patients are more likely to carry the high-affinity FcγRIIIa allele (70, 71), now further supported by the observation that IgG with glycosylation patterns that target them to FcγRIIIa with higher affinity also seem to correlate with enhanced disease severity in these diseases (8–10, 66).

As mentioned above, altered glycosylation has been detected and described for many autoimmune diseases (20, 26, 28). This can be either in the total IgG of a patient (i.e., all IgG specificities and not directly related to the disease entity itself) (20–26) or in the IgG specific for the disease (11, 33–37). Most often, a decrease in total IgG Fc-galactosylation has been found and associated with disease progression or severity (5, 20, 22, 26). By contrast, total IgG Fc galactosylation increases during pregnancy, which is clearly associated with disease remission in RA (18, 72–74). It has been shown that FcγRs are important for RA and other autoimmune diseases but axillary involvement of complement is very likely (75, 76). These associations have almost exclusively brought about the hypothesis that agalactosylated IgGs are pro-inflammatory, while highly galactosylated and sialylated IgGs are anti-inflammatory. This anti-inflammatory nature of IgG has been shown in mice not only to stem from binding of hypersialylated IgG to SIGN-R1 (in humans DC-SIGN) (77, 78) but also to the structural homolog and previously identified low affinity IgE-receptor CD23 (77–79). Structural changes in sialylated IgG do not seem to support this model (80–82), and work with sialic-acid enriched IVIg by other groups does not support this notion (83–87). Using detailed glycoengineered IgG (60), we also find no binding of any glycoform to the human receptors (Temming et al. manuscript in preparation). For galactosylation, the exact role of IgG galactosylation and its influence on disease activity also needs to be further elucidated. Importantly, recent affinity data seem at odds with the widespread notion that agalactosylated IgG are pro-inflammatory, given the weaker binding of agalactosylated and afucosylated IgG to FcγRIIIa in comparison to galactosylated, afucosylated IgG as described above. In addition, highly galactosylated IgG has also been associated with enhanced anti-inflammatory properties when present in immune complexes, as it apparently promotes the association of FcγRIIb with Dectin-1 (88).

However, an often overlooked aspect of FcγR binding and subsequent activation through IgG-containing immune complexes or IgG-opsonized cells, is the fact that this occurs in the presence of high concentrations of monomeric (total) IgG in circulation. At these high concentrations (around 10 mg/mL or 60–70 μM, or 7 mg/mL or 40–50 μM of IgG1), exceeding the KD for binding of the most common glycoforms of IgG1 to, e.g., FcγRIIa or FcγRIIIa by at least two orders of magnitude (39), most Fc receptors will be bound to monomeric IgG (i.e., a degree of saturation of ca. 98% or more). This is even higher for the high-affinity FcγRIa, which is saturated to an even higher degree, and with less displacement. Upon encounter of, e.g., an FcγR-bearing cell with an opsonized cell providing higher-avidity interactions, the monomeric IgG occupying the FcγR may quickly dissociate and binding of the opsonized cell will take place. How efficient this occurs will depend on the nature of the monomeric IgG (subclass and affinity); which will be strongly influenced by the relative levels of the different Fc glycovariants, but only for FcγRIIIa and FcγRIIIb.

The most important glycosylation changes affecting this are again fucosylation and galactosylation. As explained above, we and others have observed that afucosylated, highly galactosylated IgG has a higher affinity for FcγRIIIa and FcγRIIIb. These changes are reflected not only in the activity of NK cell to mediate ADCC via FcγRIIIa (53, 55, 60, 89) but also on how irrelevant antibodies, which may bind as monomeric entity to these FcγR, can inhibit the ADCC of specific antibodies (52). This may be relevant, e.g., in the context of RA, where during disease remission, the bulk of antibodies have a normal galactose percentage while during a flare the bulk of antibodies is lowered in galactose, including the afucosylated fraction. Of note, given the ca. 20-fold stronger binding of afucosylated IgG for FcγRIII (49, 60, 90), approximately 50% of IgGs bound to FcγRIII are expected to be afucosylated (given that the concentration of the latter is ca. 20-fold lower). Therefore, comparing a theoretical transition from a flare to remission, an elevated portion of receptor-bound monomeric IgG can be expected to consist of afucosylated, galactosylated IgG with a 2- to 3-fold higher affinity compared to afucosylated, agalactosylated IgG during remission. Under these conditions, immune complexes, in case of autoantibodies almost exclusively fucosylated judging from the current knowledge on ACPA and anti-RBC autoantibodies (11, 34, 38), are expected to have less capacity to displace these higher-affinity IgG from the FcγR. How strong this effect is, will particularly depend on the relative shifts in galactosylation profiles of the total IgG, although galactosylation changes in the autoantibodies themselves may also affect this balance (54–56). Theoretically, immune-complexes therefore have less tendency to cause crosslinking and immune activation if the bulk of IgG show relative elevated IgG-Fc galactosylation, and hence have diminished capacity to cause disease (Figure 5). Overall, the altered glycosylation profiles of autoantibodies may result in altered FcγR-binding and activation, but this may be attenuated by altered glycosylation profiles of non-specific total IgG. We should, of course, realize that all these autoimmune diseases are characterized by multifactorial components, ultimately resulting in disease onset and progression. For RA, this includes the acquirement of multiple disease factors, such as infiltration of immune cells into the joint, ACPA, anti-hinge antibodies, rheumatoid factor (IgM based), increased TNF levels, and complement discussed below (75, 91).
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FIGURE 5 | Galactosylation of total immunoglobulin G (IgG) affects IgG-occupation of FcγRIIIa, affecting activation thresholds and flares in autoimmunity. In autoimmune diseases, such as rheumatoid arthritis, disease severity is negatively correlated with the degree of galactosylation. Galactosylation of IgG is important for binding to FcγRIIIa, where—in combination with afucosylation—a higher degree of IgG-Fc galactosylation increases the affinity. Only ~6% of normal serum IgGs is afucosylated. During remission (left), the total IgG galactosylation is relatively high, which prevents autoantibodies to engage the FcγRs. During a flare of disease (right), the total IgG galactosylation is low, which reduces the overall binding affinity of total IgG to FcγRIII, and therefore lowers the threshold for FcγR-activation by allowing more easy access by pathogenic autoantibodies, causing immune activation (green lightning bolt).



THE IMPORTANCE OF IgG-Fc GLYCOSYLATION FOR COMPLEMENT-MEDIATED FUNCTIONS

Fc glycosylation—the presence of the Fc glycan—is important for classical complement activation, has been known already for a long time (42, 92). In RA, the complement system has been suggested to play an important part of the pathological features, and so have changes in IgG Fc glycosylation are in the galactose end groups (18, 20, 93). The same seems true for many other autoimmune disease where lowered IgG-Fc galactosylation of total IgG correlates with disease severity (5, 11, 20, 22, 26). One study proposed that activation of complement by these agalactosylated IgG species involves specific recognition by the mannose-binding lectin and activation through the lectin pathway of complement activation (94). However, to our knowledge, these results have never been verified. In contrary, we have recently found that IgG agalactosylation—irrespective of all other glycan end groups—does not induce activation of complement via the lectin pathway, confirming various other studies on this subject (60, 95, 96). This seems to leave the classical pathway as the main route for enhanced disease activity possibly affected by IgG-Fc glycan variations, by binding of antibody (complexes) to C1q, although deviations from this are likely to exist depending on the disease etiology.

Having established that low galactosylation of total IgG seems to correlate with enhanced disease activity in several autoimmune diseases where complement seem to play an important role (5, 11, 20, 22, 26), has led to the suggestion that agaloctosylated IgG is pro-inflammatory with enhanced complement activity. In contrary, several publications seem now to suggest the opposite to be true. While a few studies found that fucosylation does not affect complement-mediated activity (49, 51, 60), two recent studies suggest that galactosylation of human IgG positively affects C1q binding and downstream activation (60, 97, 98). In our recent study where we screened 20 different and highly defined IgG glycovariants for C1q binding and activation, we found that galactosylation primarily enhanced C1q binding and increased CDC and that additional sialylation increases this effect on the classical complement activation pathway. Bisection showed no affect in any combination with fucose, galactose, or sialylation (60) (Figure 4). Similarly, Quast et al. (97) showed that increased galactosylation enhances C1q binding and CDC in antibody models, where CDC is the main effector function. However, in their model, the addition of sialic acid hampered this enhanced effect (97). The difference in effector function might depend on the nature of the antigen, effector cells, and/or target cells. This is plausible as hexamerization of IgG on the surface of the target is likely needed for proper binding and activation of C1q, and the propensity of different antibodies/antigens to do this may vary as they take on different molecular configurations (99, 100). Much more research on this mechanism is, however, required as we do not know how the specificity of the IgG influences this effect or whether these changes are also relevant in a setting where IgG is already enhanced for CDC by protein engineering (101, 102).

It may seem counterintuitive that agalactosylated IgG has been associated with higher pathogenicity while new studies with glycoengineered IgG shows it to have lower potential to activate C1q compared to galactosylated IgG. A possible explanation may be similar to that what we propose for FcγRs (Figure 6). During remission, total IgG galactosylation is relatively high, while during a flare of the autoimmune disease the total IgG galactosylation is relatively low. In the latter case, the threshold for activation of C1q might be lowered due to lower steady-state occupancy by the low-galactosylated IgG. If so, then this could allow for relatively increase in activation of complement by pathogenic IgG complexed by its cognate autoantigen.
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FIGURE 6 | Galactosylation of total immunoglobulin G (IgG) affects C1q occupation and activation in autoimmune remission and flare. In autoimmune diseases, such as rheumatoid arthritis, disease severity is negatively correlated with the degree of galactosylation found in total IgG. Galactosylation of IgG is important for binding to C1q, where a higher degree of IgG Fc galactosylation—and sialylation—increases the affinity. Additionally, C1q requires multimerization/hexamers of IgG for proper activation. During remission (left), C1q-autoantibody engagement might be prevented by preferential interaction with aspecific highly galactosylated IgG, which is abundantly present. During a flare (right), the total IgG galactosylation is low, which reduces the overall threshold of C1q binding, allowing for relatively better binding of pathogenic IgG/immune complexes, allowing activation of the classical complement pathway (green lightning bolt).



Although the binding affinity of monomeric to IgG has been estimated to be very low, i.e., in the 20–100 μM range (103–106), we again have to take into account the exceptionally high concentration of IgG in serum, making this model plausible. Considering IgG1, present at concentrations around 40–50 μM, this translates to ca. 30–70% saturation of C1q. However, care should be taken as measurements of the affinity of monomeric IgG binding to C1q might have been influenced by the presence of trace amounts of aggregates, resulting in an overestimation of the deduced affinities.

Furthermore, we do not know how well these biochemical principles translate into the in vivo setting. This could be experimentally determined, but needs high concentrations of both IgG and C1q as the monomeric affinity is generally very low. However, it is important to keep in mind that we do not yet know whether the observed changes in IgG galactosylation in, for example, RA are truly causative of disease flares or a response to the flares. Efforts to investigate the causative association should be undertaken.

CONCLUSION

All in all, it was shown that glycan alterations found in IgG seem to be driven by the type of response and have functional consequences. The knowledge that afucosylation imposes better effector functions has already been put to use to enhance the function of therapeutic antibodies used in cancer treatment (107, 108). Additional glycoengineering of the galactose end groups could thus even further improve the functionality of these antibodies. These changes do occur naturally in humans as they are formed in certain immune reactions resulting in stronger humoral immune responses (9, 63, 64, 66, 69). For autoimmune mediated diseases, where changes in galactosylation in both the bulk and the pathogenic antibodies are frequently found, glycosylation changes effects both of binding to FcγR and C1q, which in turn affects their downstream activation. Based on the current evidence, the glycan changes in the bulk of endogenous IgG have the opposite effect on what is observed for antigen-specific IgG. Skewing toward lowered levels of galactose of the bulk IgG lowers its potential to efficiently block both FcγR, but also potentially C1q, giving more room for activation by existing pathogenic IgG-complexes. Eventually, it might be possible to monitor the glycosylation status, especially degree of galactosylation, of the total or disease-specific antibodies in autoimmune diseases. This could help to predict or detect an upcoming flare in autoimmune diseases, enabling intervention early after, or even before symptoms to set in.
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Epidermolysis bullosa acquisita (EBA) is an antibody-mediated blistering skin disease associated with tissue-bound and circulating autoantibodies to type VII collagen (COL7). Transfer of antibodies against COL7 into mice results in a subepidermal blistering phenotype, strictly depending on the complement component C5. Further, activation predominantly by the alternative pathway is required to induce experimental EBA, as blistering was delayed and significantly ameliorated only in factor B−/− mice. However, C5 deficiency not only blocked the activation of terminal complement components and assembly of the membrane attack complex (MAC) but also eliminated the formation of C5a. Therefore, in the present study, we first aimed to elucidate which molecules downstream of C5 are relevant for blister formation in this EBA model and could be subsequently pharmaceutically targeted. For this purpose, we injected mice deficient in C5a receptor 1 (C5aR1) or C6 with antibodies to murine COL7. Importantly, C5ar1−/− mice were significantly protected from experimental EBA, demonstrating that C5a–C5aR1 interactions are critical intermediates linking pathogenic antibodies to tissue damage in this experimental model of EBA. By contrast, C6−/− mice developed widespread blistering disease, suggesting that MAC is dispensable for blister formation in this model. In further experiments, we tested the therapeutic potential of inhibitors of complement components which were identified to play a key role in this experimental model. Complement components C5, factor B (fB), and C5aR1 were specifically targeted using complement inhibitors both prophylactically and in mice that had already developed disease. All complement inhibitors led to a significant improvement of the blistering phenotype when injected shortly before anti-COL7 antibodies. To simulate a therapeutic intervention, anti-fB treatment was first administered in full-blown EBA (day 5) and induced significant amelioration only in the final phase of disease evolution, suggesting that early intervention in disease development may be necessary to achieve higher efficacy. Anti-C5 treatment in incipient EBA (day 2) significantly ameliorated disease during the whole experiment. This finding is therapeutically relevant, since the humanized anti-C5 antibody eculizumab is already successfully used in patients. In conclusion, in this study, we have identified promising candidate molecules for complement-directed therapeutic intervention in EBA and similar autoantibody-mediated diseases.

Keywords: autoantibodies, complement, complement inhibition, immunotherapy, autoimmune diseases

INTRODUCTION

Pemphigoid diseases (PD), such as bullous pemphigoid (BP) and epidermolysis bullosa acquisita (EBA) are prototypical, antibody-mediated autoimmune diseases of the skin. They are clinically characterized by (muco)-cutaneous inflammation and blistering and caused by autoantibodies against structural proteins of the skin (1–3). Tissue-bound and circulating antibodies in EBA are directed against the noncollagenous domain 1 of type VII collagen (COL7). The pathogenic relevance of antibodies to COL7 was demonstrated through multiple lines of experimental evidence: (1) EBA autoantibodies recruit and activate leukocytes ex vivo and induce dermal–epidermal separation in cryosections of human skin (4, 5). (2) Passive transfer of antibodies to COL7 (6, 7) and immunization with recombinant COL7 (8) in mice results in a blistering phenotype closely resembling human EBA.

In recent years, use of animal models has significantly contributed to the understanding of PD pathogenesis. Three major checkpoints lead to PD: first, loss of tolerance to PD antigens leads to the CD4- and neutrophil-dependent generation of antigen-specific plasma cells. Second, autoantibodies are released into the circulation, where the half-life of IgG autoantibodies is controlled by the neonatal Fc receptor. Third, in the effector phase, autoantibodies bind to their target antigens located in the skin, which leads to the formation of a pro-inflammatory milieu allowing an ICAM-1- and CD18-dependent extravasation of myeloid effector cells into the skin. Within the skin, myeloid cells bind to the immune complexes via specific Fc gamma receptors (FcγRs), become activated, and release reactive oxygen species and proteases, which ultimately facilitate inflammation and blistering (9, 10).

Intriguingly, activation of the complement system has emerged as a key requirement to mediate inflammation and blistering in PD. Specifically, in antibody transfer models of BP and EBA, mice lacking the complement component C5 failed to develop clinically significant experimental PD (6, 11, 12). Upstream of C5, complement activation by both classical and alternative pathway is required to induce clinical manifestations. Interestingly, induction of experimental BP mainly depended on classical complement activation, whereas the alternative pathway predominantly drives inflammation in experimental EBA. Regarding the lectin-pathway, MBL-null mice developed a blistering phenotype similar to the wild-type control animals in experimental EBA, while no data has been published in this context relating to BP (13, 14).

C5 is cleaved by the C5 convertase into C5a and C5b fragments. “When C5b associates with C6 and C7, the complex inserts into cell membranes and interacts with C8, inducing the binding of several units of C9 to form a lytic pore, the terminal membrane complex (C5b-9, also known as the membrane attack complex, MAC). Many pathogens are protected from MAC-mediated lysis through their cell wall architecture or by employing evading strategies that interfere with MAC assembly. However, even sublytic amounts of MAC or partial complexes such as C5b-8 drive nonlethal signaling events. Pro-inflammatory signaling and phagocytosis are essential for complement-mediated defense. During activation and amplification, C5a is constantly released and triggers strong pro-inflammatory signaling mainly through its corresponding G-protein-coupled receptor C5a receptor 1 (C5aR1, CD88), guiding neutrophils, monocytes, and macrophages toward sites of complement activation” [reviewed in Ref. (15)]. C5a also binds to the more recently discovered seven transmembrane receptor C5aR2 (C5L2, GPR77), which is uncoupled from G proteins (16). However, the exact biologic function of this C5aR is not yet fully determined. Depending on the experimental setting it exerts either decoy, regulatory or even pro-inflammatory functions (15, 17). Its role on EBA development has not been explored. We recently showed that C5aR1-deficient mice are almost completely protected from inflammation and blistering in antibody transfer-induced EBA (18). It was, however, so far unclear whether the membrane attack complex (MAC) also contributes to skin blistering in EBA, and if pharmacological targeting of complement can ameliorate the EBA effector phase. Current evidence suggests that generation of C5a and the formation of MAC are both essential for triggering pro-inflammatory responses in disease models like collagen-antibody-induced arthritis (19) and renal ischemia/reperfusion injury (20, 21). This lack of clarity may be particularly relevant to the use of the C5 antibody eculizumab in PD (22). To address these knowledge gaps, we here systematically evaluated the contribution of complement components downstream of C5 and evaluated the therapeutic potential of targeting the implicated complement proteins in both preventive and therapeutic settings.

MATERIALS AND METHODS

Mice

C5ar1−/− mice (n = 10) backcrossed to BALB/c mice were acquired from The Jackson Laboratory. C6−/− mice (n = 6) backcrossed to C57BL/6J mice were kindly provided by Prof. B. Paul Morgan, Cardiff University, UK. The C6−/− C57BL/6J mice were derived from a C6−/− C3H/He mouse strain lacking functional C6 (23). Age-matched female BALB/c and C57BL/6J mice were purchased from Charles River (Sulzfeld, Germany). Female mice, at 6–8 weeks of age, on the BALB/c background (n = 4/group), obtained from Charles River (Sulzfeld, Germany) were used for all complement-blocking experiments. Anesthesia in mice was induced by inhalation of isoflurane or intraperitoneal administration of a mixture of ketamine (100 μg/g) and xylazine (15 μg/g). The experiments were approved by the local authorities of the Animal Care and Use Committee (6/v/08) and performed by certified personnel.

Affinity-Purification of Antibodies

Total IgG from rabbits immunized with murine COL7c was purified by affinity chromatography using protein G affinity as previously reported and reviewed (6, 24). Before use in preclinical models, reactivity of IgG fractions was analyzed by immunofluorescence (IF) microscopy on murine skin.

EBA Induction

Passive transfer studies followed published protocols with minor modifications (6). Briefly, mice received six injections of 10 mg rabbit IgG every second day, over a period of 12 days. Skin affected by blisters and/or erosions was quantified as a percentage of the total mouse body surface area, as extensively described in Ref. (24). The evaluation of the affected body area was not performed by blinded observers. At the end of the experiment (day 12), mice were sacrificed and skin biopsies were taken for examination by histopathology and IF microscopy (to detect tissue-bound IgG and complement C3 deposits), as described (6). Deposition of murine C5 was detected by incubation of cryosections of perilesional skin with a monoclonal antibody specific to murine C5 (BB5.1) (25) and, finally, with a FITC-labeled antibody specific to mouse IgG (DAKO, Glostrup, Denmark), as described (6).

Complement Inhibition

The alternative pathway of complement activation was inhibited by a monoclonal antibody to murine factor B (fB) (clone 1379) (26). For prophylactic application, mice were pre-injected intraperitoneally (ip) daily with 2 mg anti-fB or control mouse polyclonal IgG, and, subsequently, with 10 mg of purified anti-COL7 IgG, subcutaneously, every second day, for 12 days. For the therapeutic approach, mice were treated with six injections of 10 mg anti-COL7 IgG. Starting with day 5, when cutaneous lesions were clearly visible in both groups, mice were additionally injected ip daily with anti-fB or control mouse IgG. For C5-inhibition, a monoclonal antibody to murine C5 (clone BB5.1) was used (25). In a first approach, mice were pre-injected ip twice a week with 40 mg/kg of anti-C5 mAb or an isotype control (HFN7.1), and, subsequently, with 10 mg anti-COL7 IgG, every second day, for 12 days. For the therapeutic approach, mice were injected with six doses of pathogenic rabbit IgG. 24 h after the first anti-COL7 IgG injection and then twice a week (on days 4, 7, and 10) mice were additionally injected with anti-murine C5 or an isotype control. C5aR1 was pharmacologically targeted using a C5aR1/2 antagonist A8Δ71–73 (C5aRA) (27). Mice were injected subcutaneously with 10 mg anti-COL7 IgG, every second day, for 12 days. One group of mice was pretreated daily with 10−5M C5aRA, intravenously for the first 5 days and ip for the rest of the experiment.

Statistical Analysis

Differences in disease severity were calculated using the Mann–Whitney U-test. Means are presented ±SEM; p < 0.05 was considered statistically significant.

RESULTS

C5aR1-Deficient Mice Are Protected From Induction of Experimental EBA

The anaphylatoxin C5a is a powerful chemoattractant for neutrophils, mast cells, and monocytes, and it exerts many of its biologic functions exclusively by activation of C5aR1 (17). Leukocyte recruitment to the dermal–epidermal junction by antibodies and release of inflammatory mediators are prerequisites for blister induction in this animal model (28). To study the C5a–C5aR1 interactions, C5ar1−/− and control mice were injected with rabbit antibodies to murine COL7 to induce experimental EBA. C5aR1-deficient mice were significantly protected from blister induction (Figure 1), confirming that C5a–C5aR1 interactions are critical intermediates linking pathogenic antibodies to tissue damage in this experimental model of EBA.
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FIGURE 1 | C5a receptor 1 (C5aR1)-deficient mice are protected from blister induction in experimental epidermolysis bullosa acquisita. Representative day 12 clinical pictures showing extensive skin lesions, including blisters, erosions, partly covered by crusts on the ear and front leg, and alopecia of snout and around the eyes in a control mouse (A), in contrast to a C5aR1-deficient mouse receiving the same dose of anti-type VII collagen (COL7) IgG (B). Immunofluorescence analysis revealed linear deposition of rabbit IgG (C,D) at the dermal–epidermal junction in all mice injected with anti-COL7. Deposition of murine C5 was strong in the skin of the control mouse (E) and weak or absent in the skin of the C5aR1-deficient mouse (F). Histological analysis of lesional murine skin revealed subepidermal cleavage and a neutrophil-rich inflammatory infiltrate in the skin of the control mouse (G) and to a lesser extent, in the (H) skin of the C5aR1-deficient mouse defiecient mouse. Affected body area of C5aR1-deficient mice vs control mice is represented as mean ± SEM. *p < 0.05 represents significant difference of disease activity between the two groups (I). These data were obtained from two independent experiments (n = 5/group/experiment).



C6-Deficient Mice Are Susceptible to Induction of Experimental EBA

In the skin of EBA patients, deposition of different complement components, including MAC, are found with an incidence ranging from 40 to 100%. In addition, direct IF microscopy of perilesional skin showed linear deposits of MAC at the dermal–epidermal junction of mice injected with antibodies to murine COL7 (6). C6 is the first among terminal complement components that associates with C5b to initiate the assembly of MAC. To study the implication of complement in tissue destruction via C5b-9, mice deficient in C6 and wild-type mice were injected with rabbit antibodies to murine COL7. Both C6-deficient and control mice developed widespread blistering disease (Figure 2), to a similar extent, indicating that MAC is dispensable for blister formation in this model.
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FIGURE 2 | C6-deficient mice are susceptible to inflammation and blistering in experimental epidermolysis bullosa acquisita. Skin lesions, including blisters and erosions covered by crusts on the ear and front leg, and alopecia of the snout and around eyes developed in both (A) C6-sufficient and (B) C6-deficient mice (day 12). Immunofluorescence analysis of perilesional skin revealed deposition of rabbit IgG (C,D) and murine C3 (E,F) at the dermal–epidermal junction of both C6-sufficient and C6-deficient mice. Histological analysis of lesional skin revealed extensive dermal–epidermal separation in both C6-sufficient (G) and C6-deficient mice (H). Affected body area of C6-deficient mice vs control mice is represented as mean ± SEM (I). These data were obtained from a single experiment (n = 6/group).



Therapeutic Complement Inhibition in Experimental EBA

In further experiments, we aimed to evaluate the efficiency of novel therapeutic approaches using complement inhibitors. To test their prophylactic potential, mice were pretreated with complement inhibitors and, subsequently, injected with rabbit antibodies to murine COL7. To test for a potential therapeutic relevance of complement inhibition, mice were injected with complement inhibitors in incipient disease.

Mice Pretreated With a Monoclonal Antibody to Murine Factor B Develop Less Severe Blistering

We have previously demonstrated that fB-deficient mice are significantly protected from blistering when injected with pathogenic antibodies to murine COL7 (14). To pharmacologically inhibit the alternative pathway of complement activation in this model, we used a blocking mAb to murine fB (clone 1379). In previous studies, this antibody prevented antiphospholipid antibody-induced fetal loss in a murine model dependent upon activation of the alternative complement pathway (26). In a first set of experiments, BALB/c mice were pre-injected with anti-fB or control antibody, and, subsequently, with anti-COL7 IgG. Mice pretreated with anti-fB, in contrast to control mice, developed significantly less severe blistering throughout the whole experiment (Figure 3).
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FIGURE 3 | Mice pretreated with a monoclonal Ab to murine factor B (fB) develop a significantly less severe blistering phenotype. BALB/c mice were pretreated with anti-fB (left), followed by injection of anti-type VII collagen (COL7) IgG, and evaluated for skin lesions. To test for a potential therapeutic relevance, mice were injected with anti-fB in incipient disease (right). Erosions covered by crusts on the back and leg of a BALB/c mouse injected with rabbit IgG against murine COL7 (A,C). Less intensive lesions (alopecia) in a (B,D) BALB/c mouse challenged with the same dose of pathogenic IgG and a mAb to murine fB. Direct immunofluorescenc analysis of mouse skin revealed deposition of rabbit IgG in mice injected with pathogenic rabbit IgG and (E,G) control murine IgG or (F,H) anti-murine fB. Deposits of mouse C5 along the dermal–epidermal junction were strong in the skin of the (I,K) BALB/c mouse injected with pathogenic rabbit IgG and control murine IgG and absent in the skin of the (J,L) BALB/c mouse treated with antibodies to COL7and anti-murine fB. Histological analysis revealed extensive dermal–epidermal separation and inflammatory infiltrates, consisting mainly of neutrophils, in the skin of the control mice (M,O) and, to a lesser extent, in the skin of the treated mice (N,P). Affected body area of anti-fB treated vs control mice is represented as mean ± SEM. *p < 0.05 represents significant difference of disease activity between the two groups (Q,R). The arrow indicates the beginning of anti-fB treatment. These data were obtained from a single experiment (n = 4/group).



As the prophylactic application of anti-fB impaired induction of blistering, we next tested the potential therapeutic relevance of this antibody. To address this, experimental EBA was induced in BALB/c mice by repetitive applications of anti-COL7 IgG. On day 5 of the experiment, when cutaneous lesions were clearly visible, one group of mice was additionally injected with anti-fB, while the other group was injected with similar amounts of control mouse IgG. Anti-fB treatment in incipient EBA-induced significant amelioration of disease progression (Figure 3). This identifies fB as an additional target of therapy in inflammatory PD.

Anti-C5 Significantly Ameliorates Blister Formation in Mice

We previously showed that C5-deficient mice are (almost completely) resistant to blister induction by transfer of anti-COL7 IgG (6, 12). To test the prophylactic and therapeutic effects of C5-inhibition, we used a blocking mAb to murine C5 (clone BB5.1) (29). In a first approach, BALB/c mice were pre-injected with anti-C5 or an isotype control (HFN7.1), and, subsequently, with anti-COL7 IgG. In line with the experiments using C5-deficient mice (6), mice treated with anti-C5 developed significantly less blistering disease, during the whole observation period (Figure 4).
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FIGURE 4 | Anti-C5 treatment significantly ameliorates blistering in epidermolysis bullosa acquisita. BALB/c mice were pretreated with anti-C5 (left), followed by injection of anti-type VII collagen (COL7), and evaluated for skin lesions. Alternatively, to test for a potential therapeutic relevance, mice were injected with anti-C5 in incipient disease (right). Injection of rabbit anti-COL7 IgG resulted in extensive skin lesions, including blisters, erosions, partly covered by crusts on the ear and front leg, and alopecia around the eyes in a BALB/c mouse treated with the mock antibody (A,C). A BALB/c mouse receiving the same dose of pathogenic IgG and the anti-murine C5 mAb (B,D) showed less extensive lesions. Direct immunofluorescenc analysis revealed linear deposition of rabbit IgG (E, F, G, H) at the dermal–epidermal junction in all mice injected with antibodies to COL7. Deposition of murine C5 was strong in the skin of the control mouse (I,K) and weak or absent in the skin of the mouse treated with anti-murine C5 antibody (J,L). Histological analysis of lesional murine skin revealed subepidermal cleavage and a neutrophil-rich inflammatory infiltrate in skin of the (M,O) BALB/c mouse injected with the mock antibody, and to a lesser extent, in skin of the (N,P) BALB/c mouse receiving antibodies to COL7and the blocking anti-C5 antibody. Affected body area of anti-murine C5 treated vs control mice is represented as mean ± SEM. *p < 0.05 represents significant difference of disease activity between the two groups (Q, R). The arrow indicates the beginning of anti-C5 treatment. These data were obtained from a single experiment (n = 4/group).



In a next set of experiments, we evaluated the potential therapeutic relevance of C5-inhibition. Based on the results obtained with anti-fB, we here initiated treatment at day 2 to evaluate if early treatment may have a more pronounced effect on inflammation and blistering in experimental EBA. Anti-C5 treatment in incipient EBA successfully and significantly ameliorated disease during the entire observation period (Figure 4).

C5aR1 Inhibition Leads to a Significant Improvement of the Blistering Phenotype at the End of the Observation Period

As the experiments using C5aR1-deficient mice demonstrated that C5a–C5aR1 interactions are critical for blister formation in this model, we pharmacologically targeted the C5aR1 signaling using a C5aRA (27). BALB/c mice were injected with anti-COL7 IgG for EBA induction. One group of mice was pretreated with the C5aRA and showed a less severe blistering phenotype compared to control mice (Figure 5). These findings identify C5aR1 as a potential drug candidate for EBA treatment.
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FIGURE 5 | Mice pretreated with a C5a receptor (C5aR) antagonist develop less severe blistering. Skin lesions, including blisters and erosions covered by crusts on the ear, snout, front leg, and around eyes developed in a control mouse injected with pathogenic IgG (A). A BALB/c mouse pretreated with a C5aR antagonist and subsequently challenged with the same dose of antibodies to type VII collagen (COL7) showed less extensive skin lesions (B). Immunofluorescenc analysis of perilesional skin revealed deposition of rabbit IgG at the dermal–epidermal junction of both mice groups (C,D). Deposits of mouse C5 along the dermal–epidermal junction were weak in the skin of the pretreated (F) vs non-treated mouse (E). Subepidermal cleavage and neutrophil infiltration was extensive in the skin of control mice (G) and less present in the skin of treated mice (H), as revealed by histopathology. Affected body area of C5aRA treated vs control mice is represented as mean ± SEM. *p < 0.05 represents significant difference of disease activity between the two groups (I). These data were obtained from a single experiment (n = 4/group).



DISCUSSION

While the importance of C5 and mechanisms leading to C5 cleavage in driving blistering and inflammation in PD are well established, relatively little was known regarding which complement components downstream of C5 cleavage are involved in this process. We here close this knowledge gap, confirming a major role of the C5a/C5aR1 axis and excluding a significant contribution of the MAC in the effector phase of EBA. The insights into the contribution of complement components in EBA were then translated into assessment of treatment in pre-clinical disease models. Specifically, antibodies against fB or C5 prevented onset of blistering and ameliorated disease progression in already established EBA.

Our data also add to the understanding of the complex contribution of the complement system in the pathogenesis of blistering and inflammation in EBA. First, we highlight the predominant role of the C5a/C5aR1 axis, by demonstrating a pronounced amelioration of the blistering phenotype in antibody transfer-induced EBA in mice lacking the C5aR1. These insights into C5a/C5aR1 pathophysiology also shape out current understanding of EBA pathogenesis: the binding of the autoantibodies to COL7 initiates blistering in EBA; one of the immediate subsequent events is the activation of complement, which in antibody transfer-induced EBA occurs within 24 h after anti-COL7 IgG injection (30). Complement activation thus precedes the onset of blistering. Taking into account the effects of C5a on myeloid cells, i.e., induction of migration and activation (31), it is likely that C5a facilitates myeloid cell extravasation into the skin. Furthermore, “C5a can act as a general regulator of Fcgamma receptor (FcγR) expression and the C5aR1 signaling cascade seems to be important for this regulation, suggesting a hierarchical relationship between the two receptors: C5a attracts FcγR-bearing leucocytes, and C5aR transcriptionally regulates expression of inhibitory and activating FcγRs on macrophages to lower the threshold of immune complex activation. Recent studies also suggest the importance of direct cross-talk between C5aR1 and human FcγRs for progression of inflammatory disease, thus highlighting new aspects of this complex interaction” [reviewed in Ref. (32)]. Moreover, the recently discovered negative feedback loop in the C5aR-FcγR cross-talk via dectin-1 (18) and galactosylated IgG1 Abs (33) may have an impact on the development of glycoengineered intravenous immunoglobulins (IVIG) analogous to the IVIG preparations administered in autoimmune diseases as an anti-inflammatory therapy (34). However, complement activation significantly, but not exclusively contributes to the formation of this pro-inflammatory milieu and other pro-inflammatory mediators, such as GM-CSF (35) or IL-1β (36), could compensate for the lack of complement-mediated myeloid cell recruitment into the skin. This assumption is further supported by the observation of the occurrence of blistering in the absence of complement activation in (albeit few) outbred mice after immunization with COL7 for EBA induction (37).

Second, our data exclude a significant contribution of the MAC in the induction of inflammation and blistering in EBA. Previously, deposits of human IgG, murine C3, and the MAC were detected in the skin of mice injected with IgG antibodies purified from a patient with severe EBA (38). Furthermore, IgG antibodies from BP patients were able to fix all terminal complement components (C5–C9) resulting in MAC assembly in vitro (39). Hence, a contribution of the MAC to pathogenesis of blistering in PD may well have been assumed. Noteworthy, C6-deficient mice are unable to generate functional MAC but can still form C5a. Therefore, our data do not exclude the possibility that MAC might contribute to the skin damage, but support the critical role of the C5a/C5aR1 axis, suggesting that skin inflammation due to leukocyte recruitment and activation by C5a is sufficient to induce blistering.

Since a number of complement-targeting compounds are either in clinical trials or already licensed, our findings can be translated into clinical practice in a relatively timely fashion. More specifically, the humanized anti-C5 antibody (eculizumab) is widely used to treat atypical hemolytic uremic syndrome and paroxysmal nocturnal hemoglobinuria (22). In addition, eculizumab was shown to be safe and well-tolerated in a phase 1 trial in patients with systemic lupus erythematosus (40). These encouraging data suggest that anti-C5 therapy, as well as inhibition of the C5a–C5aR1-axis, could prevent complement-mediated injury in human EBA, and attenuate skin inflammation due to decreased leukocyte recruitment and activation by C5a. In support of this view, the C5aR1 antagonist CCX168 (ChemoCentryx) showed a significant therapeutic effect in a phase 2 study of anti-neutrophil cytoplasmatic antibody-associated renal vasculitis (34). Regarding inhibition of fB, a fragment of the anti-fB antibody 1379 (TA106) is currently available at Taligen Therapeutics/Alexion Pharmaceuticals, but no development intentions have been declared yet (34). Another inhibitor of the alternative pathway, an mAb against factor D, lampalizumab (Roche), has been very recently shown to reduce geographic atrophy progression secondary to age-related macular degeneration (41). Yet, based on our findings of a superior response to preventive vs therapeutic fB inhibition, we envision that complement-targeting treatments may be best employed to maintain the therapeutic response after achieving clinical remission. Furthermore, an alternative mode of drug application involving complement-targeting topical therapy could be potentially very appealing to prevent disease progression in PD. Hence, daily topical application of a purinergic P2X receptor antagonist inhibited complement deposition and choroidal neovascularization in experimental age-related macular degeneration (42).

A serious drawback of (prolonged) C5-directed treatment is the high risk of infections. Deficiency of the terminal complement proteins (C5–C9) is associated with meningococcal infections, and all patients treated with eculizumab are vaccinated against Neisseria meningitidis. The selective blockade of either fB or the C5a/C5aR1-axis, which may even be tailored to each individual patient’s needs, is likely to have less side effects than blockade of C5. In addition, especially in BP, where activation of C5 predominantly depends on the classical pathway (13), selective blockade of the classical pathway through C1s inhibition (43), might prove useful for PD treatment.

Different models of EBA are available to mimic the clinical situation in patients, explore disease progression and develop new therapeutic approaches. The use of the antibody transfer model closely resembles the clinical situation and enables the examination of the effector phase of EBA. Testing therapeutic drugs or investigating the pathogenesis of EBA is easily performed because the clinical symptoms are visible within days after the IgG transfer (24). However, antibody transfer models are not suitable for the evaluation of long-term therapeutic effects (24). Recent data brought evidence for a xenogeneic immune reaction to rabbit anti-mouse COL7 IgG, a confounding effect that may contribute to immune complex-driven inflammation and tissue damage in this model, especially at later time points. Therefore, evaluation of results within the first 2 weeks after pathogenic antibody injection is recommended (44). Complex immunization-induced models are more suitable for the investigation of all aspects of autoimmune blistering diseases, including long-term therapeutic intervention (24). In the immunization-induced model of EBA, injection of mice with the immunodominant NC1 domain of COL7 leads to anti-COL7 autoantibody-production in most mice strains, whereas development of subepidermal blistering is restricted to certain strains. Furthermore, comparison of the autoantibody response in EBA-susceptible and -resistant mice showed an association of clinical disease with formation of complement-fixing (IgG2) anti-COL7 antibodies (8). Hence, we emphasize that complement-blocking therapy may ameliorate disease progression in the EBA immunization-induced model. However, due to the dependency on complement-fixing antibodies, activation by the classical pathway might be more relevant in the immunization-model. Thus, selective blockade of the classical pathway might prove more useful than fB inhibition. Similar to the antibody transfer model, anti-C5 therapy, as well as inhibition of the C5a–C5aR1-axis, would probably efficiently ameliorate complement-mediated injury in immunization-induced EBA and attenuate skin inflammation due to decreased leukocyte recruitment and activation by C5a. However, overwhelming the natural tolerance against skin proteins remains challenging in immunization models. In addition, the effects of adjuvants during immunization remain largely unknown (24).

In conclusion, our study identified promising candidate molecules for complement-directed therapeutic concepts in EBA. Novel therapeutic agents are required in autoimmune disease, as treatment strategies of most antibody-mediated diseases, including EBA, are unspecific and resume to prolonged administration of systemic corticosteroids and additional immunosuppressants, being frequently associated with severe side effects, including death (45). At this point, the clinically available anti-C5 antibody eculizumab is the most promising candidate for clinical trials in EBA.
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Tissue Destruction in Bullous Pemphigoid Can Be Complement Independent and May Be Mitigated by C5aR2
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Bullous pemphigoid (BP), the most frequent autoimmune bullous disorder, is a paradigmatic autoantibody-mediated disease associated with autoantibodies against BP180 (type XVII collagen, Col17). Several animal models have been developed that reflect important clinical and immunological features of human BP. Complement activation has been described as a prerequisite for blister formation, however, the recent finding that skin lesions can be induced by anti-Col17 F(ab′)2 fragments indicates complement-independent mechanisms to contribute to blister formation in BP. Here, C5−/− mice injected with anti-Col17 IgG showed a reduction of skin lesions by about 50% associated with significantly less skin-infiltrating neutrophils compared to wild-type mice. Reduction of skin lesions and neutrophil infiltration was seen independently of the employed anti-Col17 IgG dose. Further, C5ar1−/− mice were protected from disease development, whereas the extent of skin lesions was increased in C5ar2−/− animals. Pharmacological inhibition of C5a receptor 1 (C5aR1) by PMX53 led to reduced disease activity when applied in a prophylactic setting. In contrast, PMX-53 treatment had no effect when first skin lesions had already developed. While C5aR1 was critically involved in neutrophil migration in vitro, its role for Col17-anti-Col17 IgG immune complex-mediated release of reactive oxygen species from neutrophils was less pronounced. Our data demonstrate that complement-dependent and -independent mechanisms coexist in anti-Col17-autoantibody-mediated tissue destruction. C5aR1 and C5aR2 seem to play opposing roles in this process with C5aR1 exerting its primary effect in recruiting inflammatory cells to the skin during the early phase of the disease. Further studies are required to fully understand the role of C5aR2 in autoantibody-mediated skin inflammation.
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INTRODUCTION

Type XVII collagen (Col17), also termed BP180, is a component of the dermal–epidermal junction (DEJ) and target antigen in various subepidermal blistering autoimmune disorders, the most frequent being bullous pemphigoid (BP) (1–4). The majority of BP sera reacts with epitopes clustered within the 16th non-collagenous (NC16A) domain of Col17 (5). Due to the relatively low homology between human NC16A and the corresponding murine NC15A domain, direct evidence for the functional relevance of antihuman (h)Col17 was only successful after Nishie et al. had expressed hCOL17 in mice (6, 7). Before, the passive transfer of rabbit antibodies generated against murine and hamster Col17 in neonatal animals had resulted in a subepidermal blistering phenotype mimicking important immunopathological signs of human BP (8, 9).

The neonatal mouse model based on the passive transfer of rabbit antimurine collagen type XVII (anti-mCol17) IgG has vigorously been explored by the group of Liu and Diaz that highlighted the pathogenic importance of, e.g., complement activation, inflammatory cells such as neutrophils, mast cells, and macrophages, and the release of proteolytic enzymes at the DEJ in this model [(8), reviewed in Ref. (10)]. Of note, complement activation appeared to be pivotal in this model as shown by several lines of evidence: C5- and C4-deficient (−/−) mice were completely protected against the pathogenic effect of anti-mCol17 IgG, and pharmacological inhibition of C1q as well as complement depletion by cobra venom prevented skin lesions in the neonatal mouse model of BP (11, 12). Furthermore, in this model, factor B (CFB)−/− mice developed delayed and less intense blistering and the C5a receptor 1 (C5aR1) on mast cells was shown to be critical for the formation of skin lesions (12, 13). In addition, mutated non-C1q-binding anti-hCol17 IgG1 was not capable to induce BP lesions in neonatal COL17-humanized mice (14). More recently, however, in neonatal mice, the injection of F(ab′)2 fragments of BP patients’ IgG and rabbit anti-hCOL17 IgG resulted in skin fragility questioning the impact of complement activation for lesion formation in BP (15).

To further clarify the role of complement activation in the pathogenesis of BP and to explore the potential therapeutic use of complement inhibitors that are increasingly being developed (16), we made use of a recently established passive transfer model of BP in adult mice (17). In this model, the injection of rabbit IgG generated against the murine homolog (amino acids 497–573) of the immunodominant human NC16A domain of BP180 in adult C57BL/6 or Balb/c mice on days 2, 4, 6, 8, and 10 triggered an inflammatory reaction that mimicked major characteristics of the human disease including (i) complement-fixing IgG along the DEJ, (ii) spontaneous erythema and erosions arising from day 4, (iii) subepidermal blisters by histopathology, and (iv) lesional infiltration of neutrophils and eosinophils. Furthermore, skin lesions develop over some days and thus, this model is suitable to study anti-inflammatory mediators in a quasitherapeutic setting, i.e., in mice with already established skin lesions (17).

Here, the extent of BP skin lesions was markedly reduced in C5−/− mice as compared to wild-type mice and pathogenicity was mediated by C5aR1, while C5aR2 was protective. Pharmacological inhibition of C5aR1 as well as in vitro analyses indicated that complement activation may exert its major pathophysiological impact in the early phase of the disease through the regulation of neutrophil accumulation in the skin.

MATERIALS AND METHODS

Mice

C57BL/6J, Balb/c, Fcer−/− mice (B6;129P2-Fcertm1Rav/J), C5ar1−/− (on C57BL/6 background), and C5ar2−/− mice (for in vivo experiments on Balb/c background, for in vitro experiments on C57BL/6 background) were bred and housed at 12 h light–dark cycle at the experimental animal facility in the University of Lübeck. C5−/− mice (B10.D2-Hc0H2dH2-T18c/oSnJ) and the corresponding wild-type controls (B10.D2-Hc1H2dH2-T18c/nSnJ) were obtained from Jackson Laboratories (Bar Harbor, ME, USA). All injections and bleedings were performed on eight to twelve-week old mice narcotized by intraperitoneal (i.p.) injection of a mixture of ketamine (100 μg/g) and xylazine (15 μg/g).

Animal experiments were approved by the Animal Care and Use Committee of Schleswig-Holstein (Kiel, Germany; 21-2/11, 40-3/15) and performed by certified personnel.

Generation and Characterization of Rabbit Antibodies to mCol17

The extracellular portion of the 15th non-collagenous domain (NC15A) of mCol17 covering the stretch directly adjacent to the transmembrane domain (amino acids 497–573) was expressed as glutathione-S-transferase (GST) fusion protein and purified by affinity chromatography as previously described (18). Pathogenic anti-mCol17 IgG was generated in New Zealand white rabbits as reported (17, 19). Normal rabbit serum was obtained from CCPro (Oberdorla, Germany).

EndoS Preparation and IgG Hydrolysis In Vitro

Pretreatment of rabbit IgG was performed as previously described (20, 21). One milligram of rabbit anti-mCOL17 IgG was incubated with 5 μg recombinant GST-EndoS in PBS for 16 h at 37°C followed by affinity removal of GST-EndoS by serial passages over Glutathione-Sepharose 4B columns (GE Healthcare, Uppsala, Sweden). IgG hydrolysis was verified by SDS-PAGE and lectin blot analyses as previously described (21).

Passive Transfer Mouse Model

Affinity-purified rabbit anti-mCol17 IgG and normal rabbit IgG, respectively, was injected subcutaneously into the neck of mice every second day over a period of 12 days at individual doses of 7.5 or 10 mg/ml IgG unless stated otherwise. At the time of IgG injections, mice were weighed and examined for their general condition and evidence of cutaneous lesions (i.e., erythema, blisters, erosions, and crusts). Cutaneous lesions were scored as involvement of the skin surface as previously described (17, 22). At day 12, all mice were sacrificed, blood was taken, and both lesional and perilesional biopsies were taken for histopathological analysis (stored in 4% buffered formalin) and direct IFM (stored at −80°C), respectively. C5a receptor antagonist PMX53 was provided by Dr. Trent Woodruff (University of Queensland, Brisbane, Australia). 20 μg of PMX53 per mouse were daily injected i.p. from days 0 to 11 and from days 4 to 11, respectively.

Immunofluorescence Microscopy and Histopathology

Tissue-bound autoantibodies and complement deposits were detected by direct IF microscopy of frozen sections using FITC-conjugated rabbit antimouse IgG (1:100; Dako, Hamburg, Germany), FITC-conjugated murine antimouse C3 (1:50; Cappel, MP Biomedicals, Solon, OH, USA), and murine antimouse C5 antibody (1:100; Cell Sciences, Canton, MA, USA) detected by FITC-labeled rabbit antimouse IgG (1:100; Dako). Staining was evaluated using a Keyence BZ-9000 microscope (Keyence, Neu-Isenburg, Germany) and quantified using ImageJ (http://rsbweb.nih.gov/ij/) software. Formalin-fixed skin samples were processed into paraffin blocks. Four micrometer sections were stained with hematoxylin and eosin according to standard protocols.

Neutrophil-Specific Myeloperoxidase (MPO) Activity

Myeloperoxidase activity, corresponding to the total granulocyte infiltration, was assessed in homogenized ear-specimens as described in previous protocols (23). MPO content was expressed as units of MPO activity per milligram of protein. Protein concentrations were determined by a dye binding assay (Thermo Scientific, Rockford, IL, USA) using bovine serum albumin as a standard.

Neutrophil Preparation

Mouse neutrophils were purified as previously described (24). Briefly, bone marrow cells from femurs and tibiae were flushed, red blood cells lysed with hypotonic NaCl and cells were separated by 62.5% Percoll® (GE Healthcare, Uppsala, Sweden) gradient. For higher purity of neutrophils, T- and B-cells were depleted by MACS separation with anti-CD3ε and anti-CD19 antibodies (Miltenyi Biotech, Bergisch Gladbach, Germany). Purity of neutrophils was consistently >90% as determined by FACS analysis.

Reactive Oxygen Species (ROS) Release Assay

In this assay, intra- and extracellular ROS of neutrophils was measured using luminol-amplified chemiluminescence after incubation with immune complexes and various controls, respectively, as described previously (25, 26). In brief, 96-well plates were coated with 20 mg/ml of mCol17 NC15A overnight. After blocking with PBS containing 1% BSA and 0.05% Tween-20 (PBS-T), 1 mg/ml rabbit anti-mCol17 IgG was incubated for 1 h at 37°C. After washing with PBS-T untreated or heat-inactivated (30 min, 56°C) mouse serum or recombinant C5a (R&D Systems Inc., Minneapolis, MN, USA) diluted in 100 μl of chemiluminescence medium were added to the immune complexes. 100 μl of cell suspension (2 × 106/ml) containing 60 μg/ml of luminol (5-amino-2,3-dihydro-1,4-phthalazindione; Sigma Aldrich, Hamburg, Germany) was given to each well and generation of ROS was determined in a microplate luminometer (Wallac 1420 VICTOR TM, Perkin Elmer, Waltham, MA, USA). Chemiluminescence data were expressed as relative light units. Data are derived from at least two independent experiments performed in quadruplicates.

Migration Assay

Chemotaxis of bone-marrow-derived cells was performed as described previously (27). Briefly, bone-marrow neutrophils were collected as described above and then resuspended in chemotaxis medium (HBSS containing 2% BSA) at a density of 5 × 106 cells/ml. As a chemoattractant, we used C5a (12.5 nM; Hycult, Uden, Netherlands), which was diluted in chemotaxis medium. The chemoattractant was placed in the bottom wells of a modified Boyden chamber (Neuro Probe, Gaithersburg, MD, USA) and overlaid with a 3 μm polycarbonate membrane. Then, 50 μl of the cell suspension were placed in the top wells of the assembled Boyden chamber and incubated at 37°C in 5% CO2 for 30 min. Subsequently, the membranes were removed and the cells on the bottom of the membrane stained with Diff-Quick (Merck, Darmstadt, Germany). The numbers of migrated cells for each well were counted in five different high-power fields and the number of cells per mm2 was calculated by computer-assisted light microscopy. Results are expressed as the mean value of triplicate samples of at least two independent set of experiments.

Statistical Analysis

Sigma plot 11.0 (Systat Software Inc., Chicago, IL, USA) and R version 3.4.0 (April 21, 2017) (http://www.r-project.org/) were used to perform statistical analyses. p-Values were determined by Mann–Whitney U-tests for comparisons between two independent groups, Kruskal–Wallis tests for comparisons between more than two independent groups, nd non-parametric analyses of variance for comparisons including different time points. For the latter, we employed the R package nparLD (28).

RESULTS

Complement Deposition at the DEJ Does Not Correlate with Disease Activity in Experimental BP

Adult mice lacking the activating γ-chain of the Fc receptor (Fcer−/−; n = 5), the FcγRIV (Fcgr4−/−, n = 5), and the FcγRIIB (Fcgr2−/−, n = 5), respectively, as well as wild-type C57BL/6J animals (n = 5) were injected with rabbit anti-Col17 IgG and EndoS-treated Col17-specific IgG (n = 5), respectively. EndoS, an endoglycosidase that specifically hydrolyzes the N-linked glycan on IgG heavy chains (20, 29), reduces the binding to activating FcγR, and increases the binding to the inhibiting FcγRIIB (20, 29). Disease activity was greatly reduced in Fcer−/− and Fcgr4−/− mice as well as in mice injected with EndoS-pretreated anti-Col17 IgG, whereas Fcgr2−/−mice showed significantly more skin lesions compared to wild-type animals as shown previously (17). MPO activity determined in extracts of an entire ear reflected disease activity and was significantly higher in Fcgr2−/− mice (p < 0.001) and significantly lower in Fcgr4−/− mice (p < 0.01) compared to wild-type animals (Figure 1). Of note, the intensity of bound anti-C3 and anti-C5 IgG at the DEJ as detected by direct IF microscopy of perilesional skin biopsies taken at day 12 was not different compared to wild-type animals (Fcer−/−, p = 0.69, p = 0.22; Fcgr4−/−, p = 0.73, p = 0.56; Fcgr2−/−, p = 0.90, p = 0.63; EndoS-pretreated IgG, p = 0.92, p = 0.26; Figure 1).
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FIGURE 1 | Complement activation at the dermal–epidermal junction (DEJ) is not related to the extent of clinical disease in experimental bullous pemphigoid. The intensity of C3 (E,I,M,Q) and C5 deposition (F,J,N,R) at the DEJ did not differ between wild-type (WT; A,B) mice, mice deficient of the FcRγ [Fcer−/−; (C,D)], FcγRIIB [Fcgr2b−/−; (G,H)], FcγRIV [Fcgr4−/−; (K,L)], and EndoS-treated animals (O,P) as quantified using Image J software. Furthermore, the amount of complement deposition was not reflected by the extent of skin lesions/disease score and the myeloperoxidase (MPO) activity determined in ear skin. Data for disease activity were assembled from different experiments with five mice in each group done at different time points (17). A and B are representative pictures selected from one of the experiments. For direct comparison, disease activity and MPO activity are indicated in arbitrary units related to the mean clinical score and MPO activity in WT animals in each experiment set to 10. n.t., not tested.



Complement Activation Is Important, but Not a Prerequisite for the Development of Skin Lesions

C5−/− and corresponding wild-type mice were injected six times with 5, 10, and 15 mg of pathogenic anti-Col17 IgG, respectively (each group, n = 5). All mice developed cutaneous BP lesions. Disease activity in C5−/− mice was reduced to between 36 and 54% compared to corresponding wild-type animals independent of the injected IgG concentration (30 mg IgG, p = 0.004; 60 mg IgG, p = 0.013; 90 mg IgG, p ≤ 0.001; Figure 2). While the disease activity was clearly dependent on the amount of injected anti-Col17 IgG (p = 0.025; Figures 2A,B), the extent of disease reduction in C5−/− mice in relation to wild-type animals was independent of the anti-Col17 IgG dose (Figures 2A,B). The MPO reactivity, corresponding to the magnitude of myeloid cell infiltration, in the ears was notably higher in wild-type compared to C5−/−mice (p < 0.001; Figure 2J). In contrast, no difference in the linear deposits of IgG at the DEJ by direct IF microscopy of perilesional biopsies taken at day 12 was seen between wild-type and C5−/− mice (p = 0.413; Figures 2G,I).
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FIGURE 2 | Anti-mCol17 IgG induces cutaneous disease in complement five-deficient (C5−/−) mice. C5−/− (n = 5) and wild-type (WT; n = 5) mice were injected with three different doses of anti-mCol17 IgG (six times 5 mg, six times 10 mg, and six times 15 mg) every second day. Disease activity was measured as percentage of affected body surface area on days 4, 8, and 12 (A). The overall clinical activity of all mice in each group was derived from the area under the curve of the affected body surface and expressed as cumulative score. The cumulative score of C5−/− was about half compared to WT mice independent of the injected amount of anti-Col17 IgG (B). Infiltration of neutrophils in lesional ear skin as reflected by myeloperoxidase activity (J) was significantly reduced in C5−/− compared to WT animals. In contrast, deposits of IgG at the dermal–epidermal junction did not differ between WT and C5−/− mice (I). Representative pictures of clinical lesions (C,D), lesional histopathology (E,F), and IgG deposits by direct immunofluorescence microscopy (G,H) are shown in WT (C,E,G) and C5−/− mice (D,F,H). *p < 0.05, 90 mg groups; § p < 0.05, 30 mg groups (A). *p < 0.05; **p < 0.01; ***p < 0.001 (B,J).



C5aR1 Mediates the Pathogenic Effect of Anti-Col17 IgG-Induced C5 while C5aR2 Is Protective

C5ar1−/− (n = 10) and C5ar2−/− mice (n = 15) as well as the corresponding wild-type animals (n = 10 and n = 18) were injected six times with 5 mg of pathogenic anti-Col17 IgG in two independent experiments. C5ar1−/− mice developed less disease compared to wild-type mice. Differences were detected between the two groups when the whole observation period was considered (p = 0.001) as well as individually on days 4 (p < 0.001) and 12 (p = 0.007; Figures 3A–E). The difference between the two groups increased over time (p for interaction = 0.005). In contrast, in C5ar2−/− mice, more skin lesions developed as compared to wild-type mice (whole observation period, p = 0.004) as well as on days 4 (p = 0.018), 8 (p = 0.033), and 12 (p = 0.046; Figures 3F–J). The difference between the two groups also increased over time (p for interaction = 0.017). The mean infiltration of neutrophils as determined by MPO activity in the right ears appeared to be lower in C5ar1−/− mice (although statistical significance was not reached with p = 0.052) but not in C5ar2−/−animals compared to wild-type mice (p = 0.178; Figures 3K,L).
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FIGURE 3 | C5a receptor 1 (C5aR1) mediates tissue destruction by anti-mCol17 IgG, while C5aR2 is protective. Injection of anti-mCol17 IgG in C5ar1-deficient (C5ar1−/−) mice (n = 10) resulted in significantly less bullous pemphigoid skin lesions compared to wild-type (WT) mice [n = 10; (A)]. In contrast, injection of anti-mCol17 IgG in C5ar2−/− mice (n = 15) led to a higher disease activity compared to WT mice [n = 18; (F)]. Representative pictures of clinical (B,C,G,H) and histopathological lesions (D,E,I,J) are shown in C5ar1−/− (C,E), C5ar2−/− (H,D), and WT mice (B,D,G,I). Infiltration of neutrophils in skin lesions, as reflected by myeoloperoxidase activity, was reduced in C5ar1−/− compared to WT animals [p = 0.052, (K)] and unchanged in C5ar2−/− mice (L). *p < 0.05; **p < 0.01; ***p < 0.001.



Pharmacological Inhibition of C5aR Reduces Skin Lesions in a Prophylactic but Not in a Therapeutic Approach

To assess the potential of C5aR1 as a new therapeutic target in BP, C57Bl/6 mice were injected six times with 5 mg of anti-Col17 IgG and received daily injections of 200 μg of the C5aR1 antagonist PMX53 (days 0–11; n = 11) and PBS (n = 13), respectively (prophylactic setting). In the PMX53-injected mice, skin lesions, disease and MPO activity in the right ears were less increased compared to control mice (although statistical significance was not reached with p = 0.082 and p = 0.068; Figures 4A,C). In a quasitherapeutic approach, daily injections of PMX53 at individual doses of 200 μg were given at day 4, when first skin lesions had already developed, and continued until day 11. In this setting, disease activity and neutrophil infiltration did not differ between PMX53-injected and control mice over time (p = 0.952, p = 0.720; Figures 4B,D).
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FIGURE 4 | Pharmacological inhibition of C5a receptor 1 (C5aR1) reduces clinical disease in experimental bullous pemphigoid (BP) only in a prophylactic approach but not when skin lesions have already developed. When C57BL/6 mice were injected daily with the C5aR1 inhibitor PMX53 (n = 11) and PBS (n = 13), respectively, in parallel with injection of anti-mCol17 IgG on days 0, 2, 4, 6, 8, and 10, less BP lesions were observed in PMX53-treated mice (A). In contrast, when PMX53 and PBS injections were started on day 4, the extent of clinical disease did not differ between the PMX53-injected and the control mice (B). Arrow heads indicate injections of PMX53 and PBS, respectively. Infiltration of neutrophils in skin lesions, as reflected by myeloperoxidase activity, was reduced in the prophylactic (C) but not in the therapeutic approach (D).



Complement Is Not a Main Driver of Immune Complex-Mediated ROS Release from Neutrophils

The role of complement as a mediator of ROS release from neutrophils in response to immune complexes of recombinant mCol17 NC15A and anti-mCol17 IgG was explored by the use of a previously described in vitro assay (25, 26). In the first set of experiments, immune complexes were incubated in the presence of normal mouse serum and heat inactivated mouse serum, respectively, before mouse neutrophils were added. While the ROS release increased in response to the addition of normal mouse serum at different dilutions (p < 0.001), no difference in ROS release was observed between incubation with normal mouse serum and heat inactivated serum (p = 0.229, p = 548, p = 0.345; Figure 5A).
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FIGURE 5 | While complement activation is not the main driver of immune complex-mediated release of reactive oxygen species (ROS) from mouse neutrophils, C5a is a strong chemoattractant for neutrophils. Neutrophils isolated from the bone marrow of C57Bl/6 mice were incubated with immune complexes of mCol17 and anti-mCol17 IgG. Addition of serum (S) and heat-inactivated serum (HS), respectively, led to significantly higher ROS releases compared to stimulation with immune complexes alone, while no difference between incubation with S and HS was seen (A). When neutrophils from C57BL/6 wild-type (WT), C5ar1−/−, and C5ar2−/− mice were incubated with immune complexes, a significantly higher ROS release was seen compared to incubation with the collagen alone. No differences were observed between the ROS release of wild-type, C5ar1−/−, and C5ar2−/− neutrophils in response to immune complexes (B). In contrast, in neutrophils that lack the activating γ-chain of the Fc receptor (Fcer−/−) the ROS release was greatly reduced compared to WT cells (C). Migration of bone marrow-derived neutrophils from C5ar1−/− mice toward recombinant C5a was significantly lower compared to neutrophils from both C57BL/6 WT and C5ar2−/− mice. No difference was seen between the migration of C5ar2−/− and WT neutrophils. Depicted is the number of migrated cells per mm2 as calculated from the evaluation of ten high-power fields. PBS-treated cells served as control (not shown). Means of triplicate samples are shown (D). n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001.



In the next set of experiments, we tested the involvement of C5aR1 and C5aR2 in driving the ROS release using neutrophils from wild-type, C5ar1−/−, and C5ar2−/− mice. While clear differences were seen between immune complexes and antigen alone using wild-type, C5ar1−/−, and C5ar2−/− neutrophils (p = 0.020, p = 0.005, and p = 0.008), no statistical difference was observed between the ROS release of wild-type neutrophils and neutrophils from C5ar1−/− and C5ar2−/− mice (p = 0.655, p = 0.554; Figure 5B). In contrast, when neutrophils from Fcer−/− mice that lack the activating γ-chain of the Fc receptor were used, the ROS release was nearly abrogated compared to the use of wild-type neutrophils (p < 0.001; Figure 5C).

The Migration of C5ar1−/− but Not C5ar2−/− Neutrophils Is Greatly Impaired

To test the hypothesis that neutrophil chemotaxis can be mediated by C5aRs in vitro, migration of wild-type neutrophils and neutrophils from C5ar1−/− and C5ar2−/− mice toward C5a was quantified using a modified Boyden chamber. C5ar1−/− neutrophils showed a significantly lower migration potential compared to wild-type cells (p < 0.001; Figure 5D). In contrast, no difference was seen between the migration of wild-type and C5ar2−/− neutrophils (p = 0.901; Figure 5D).

DISCUSSION

Complement can be activated by three pathways, the classical, the alternative, and the lectin pathway (30, 31). Activation of the complement system by any of the three pathways leads to activation of C3 and subsequently, to activation of C5 to form C5a and C5b. C5a is crucially involved in the host defense, immune surveillance, and tissue homeostasis (32, 33). However, C5a can also be the driver in autoimmune (34, 35) and other inflammatory diseases (36). Strong and prolonged activation of C5a leads to downregulation of immune responses in leukocytes, but has opposing effects in other cell types (37). This controversial function of C5a is often explained by the differential expression of the two C5aRs, C5aR1 and C5aR2. While signaling through C5aR1 is well characterized and reported to induce chemotaxis, mediate interaction with toll-like receptors, and regulate FcγR expression (30, 31, 38, 39), the functional properties of C5aR2 are still elusive, and both anti- and proinflammatory responses have been reported (37, 40–46).

In BP, like in various other autoantibody-mediated diseases including anti-neutrophil cytoplasmatic autoantibody-associated vasculitides, systemic lupus erythematosus, rheumatoid arthritis, antiglomerular basement membrane disease, epidermolysis bullosa acquisita, and antilaminin 332 mucous membrane pemphigoid, complement activation is regarded as pivotal for lesion formation (11–14, 19, 34, 47–51). The traditional view derived from the neonatal mouse model of BP that complement activation is required for lesion formation has recently been challenged by the observation that F(ab′)2 fragments of anti-hCol17 IgG also induced BP-like skin lesions in neonatal COL17-humanized mice (15). Complement-independent pathogenic effects of anti-Col17 antibodies have also been demonstrated in vitro when treatment of cultured keratinocytes with anti-Col17 antibodies led to the secretion of IL-6 and IL-8 as well as reduced cell surface expression of Col17 followed by weakened attachment of keratinocytes (52–54).

We have recently established a novel experimental model of BP in adult mice that overcame some of the shortcomings of the neonatal models, e.g., lesions develop spontaneously over some days without the application of friction (17). Importantly, in contrast to the neonatal mouse models, the novel adult mouse model was shown to be suitable to analyze the potential of anti-inflammatory agents in a quasi-therapeutic setting, i.e., in mice with already established skin lesions (17).

The two aims of the current study were therefore to clarify the pathophysiological role of complement activation by the use of the recently established BP model in adult mice and explore the therapeutic potential of complement inhibition for BP. The therapeutic potential of C5aR1 targeting is of particular relevance given the growing list of complement inhibitors that are in phase II and III clinical trials (16) and the urgent need for more specific and safe treatment options in BP. So far, long-term use of superpotent topical or oral corticosteroids is the therapeutic backbone of BP, often supplemented with potentially steroid-sparing agents such as azathioprine, methotrexate, dapsone, or doxycycline (55–58).

In previous experiments, we have shown that mice lacking the FcγR (Fcer−/−) were completely protected from the development of cutaneous disease after injection of anti-Col17, while skin lesions were significantly more extended in Fcgr2b−/− animals (17). Identical findings were also made in an adult antibody transfer-induced model of inflammatory epidermolysis bullosa acquisita (24). When wild-type mice were injected with anti-Col17 IgG pretreated with EndoS, an endoglycosidase that specifically hydrolyzes the N-linked glycan on IgG heavy chains, only few skin lesions occurred (21, 29). Hydrolysis of IgG glycan has previously been shown to reduce the binding to activating FcγRs and thus the proinflammatory effect of autoantibodies (21). When we here quantified the intensity of C3 and C5 deposition at the DEJ at the end of the experiment on day 12, no differences between wild-type animals and mice deficient for the FcγR, FcγRIV, and FcγRIIB, respectively, and mice injected with EndoS-pretreated anti-Col17 IgG were seen. In contrast, in the same mice, significant differences in both extent of skin lesions (17) and MPO activity in ear skin, which paralleled disease activity, were seen.

A somehow similar observation was made in pemphigus, an autoimmune blistering disease characterized by autoantibodies against structural components of the desmosome, desmoglein 1 and 3 (59, 60). In pemphigus, complement deposits in the skin/epithelium is found in almost all patients, however, complement activation is not required for lesion formation (61). Our observations that complement activation at the DEJ appeared to be unrelated to the extent of clinical disease prompted us to further explore the role of complement in this novel model of experimental BP.

We then asked the question whether complement activation is a prerequisite for the induction of clinical disease in this model. When C5−/− mice were injected with different amounts of anti-Col17 IgG, the extent of skin lesions decreased by about 50% compared to wild-type animals. Of note, the impact of C5 was independent of the anti-Col17 IgG dose. This finding is in contrast to previous findings in experimental neonatal BP in which C5−/− mice were completely resistant to the pathogenic effect of anti-Col17 IgG (11). In fact, with C4−/− and anti-C1q-antibody-injected mice being completely protected and factor B (CFB)−/− mice being partly protected, both the classical and, to a lesser extent, the alternative pathway were shown to be crucial in this model (12). The importance of the classical complement pathway was also elegantly demonstrated in the Col17-humanized neonatal mouse model. Neonatal Col17m−/−,h+ mice injected with a monoclonal anti-human Col17 IgG1 antibody that was mutated at the C1q binding site developed less pathogenic activity compared to the unmutated antihuman Col17 IgG1-injected animals (14).

More recently, similar to our model, complement-independent pathogenic effects of anti-Col17 IgG were shown in neonatal Col17-humanized mice when F(ab′)2 fragments of anti-hCol17 IgG and anti-hCol17 IgG4, which do not activate complement at the DEJ, induced skin blistering (15, 62). In line, BP patients with predominant IgG autoantibodies and no C3 deposition at the DEJ have been described, and in 15–20% of BP patients, no C3 deposits along the DEJ can be detected (63, 64).

In subsequent experiments, we dissected the role of the two C5aRs downstream of C5 in the pathogenesis of BP and addressed the question at what stage of the disease complement activation may be important. Using knock-out mice and a specific inhibitor, we found that C5aR1 mediated the pathogenic effect of C5a, while C5aR2 appeared to protect from BP skin lesions. This is line with previous reports suggesting an anti-inflammatory role for C5aR2 counter-regulating pro-inflammatory properties of C5aR1 (42, 43). Given that the effect of C5-deficiency was more pronounced than that of C5R1-deciciency may suggest that in addition to C5aR1 and C5aR2, the membrane attack complex may exert pro-inflammatory effects. Indeed, sublytic amounts can activate the NLRP3 inflammasome (65), a mechanism that may also apply to the activation of effector cells in BP.

When we addressed the second aim of our study, i.e., the pharmacological inhibition of C5aR1, we observed reduced skin lesions after the prophylactic application of the C5aR1 inhibitor PMX53. However, this effect was weaker than that obtained with C5ar1−/− mice. This discrepancy may be explained by an insufficient dosing or an incomplete silencing of C5aR1 by PMX. When PMX was applied in a quasi-therapeutic setting, i.e., when first skin lesions had already developed, no effect on both skin lesions and neutrophil infiltration in the dermis was seen. Combined with our results in the first set of experiments that had revealed strong complement activation along the DEJ during the course of the disease (at day 12) irrespective of the disease severity, we hypothesized that complement activation in the skin may be relevant in the early disease phase, while in established disease, complement-mediated tissue destruction may be redundant.

This hypothesis was addressed applying neutrophils, the main effector cell of tissue destruction in experimental murine BP, in two in vitro models. The migration assay toward C5a reflects an early disease time point when C5a is released in close vicinity of the DEJ following the attachment of anti-Col17 IgG to Col17. The ROS release assay mimics a later time point when leukocytes have already attached along the DEJ. While migration was drastically reduced in C5ar1−/− neutrophils, no difference in the ROS release of wild-type leukocytes between stimulation with serum and heat-inactivated serum was seen. Furthermore, no significant differences in the ROS release of wild-type and C5ar1−/− and C5ar2−/− neutrophils were observed. In contrast, the ROS release was nearly abrogated in neutrophils from mice that lack the activating γ-chain of the Fc receptor compared to wild-type neutrophils. These results suggest that complement activation may be of particular importance in the early phase of the disease when neutrophils are attracted to the DEJ. In fact, C5a may lead to an increased expression of adhesion molecules on endothelial cells and neutrophils and can delay apoptosis (31, 66). Due to logistical constrains, cells from C5ar2−/− mice on a C57BL/6 background were used for the in vitro studies. Since in previous experiments with the antibody transfer-induced mouse model of BP both wild-type and Fcgr1−/− mice on a Balb/c background developed the same extent of clinical disease compared to animals on a C57BL/6 background (17), we believe that no principle differences between C5ar2−/− mice on a C57BL/6 and Balb/c background in our in vitro studies could be expected.

Neutrophils have been identified as drivers of tissue destruction in the different mouse models of BP (6–8, 11, 18). The view that C5aR1 is important during the early phase of the disease is supported by the observation that C5aR expression on mast cells, a cell resident in the dermis, is essential for blister formation (13). Once the skin inflammation has fully developed, release of ROS and proteases from neutrophils and macrophages may become independent of complement and may be mainly mediated via FcγRs. This hypothesis is corroborated by previous findings in C4−/− neonatal mice, that, although completely resistant against the pathogenic effect of anti-Col17 IgG, developed clinical blisters after injection of the neutrophil attractant IL-8 or neutrophils in the skin (12). The mechanism underlying the C5aR2-mediated anti-inflammatory effect in experimental BP requires further investigations. Two peptides with C5aR2-agonistic effect have recently been identified (37) and will facilitate this endeavor.
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Systemic lupus erythematosus (SLE) is a severe and heterogeneous autoimmune disease with a complex genetic etiology, characterized by the production of various pathogenic autoantibodies, which participate in end-organ damages. The majority of human SLE occurs in adults as a polygenic disease, and clinical flares interspersed with silent phases of various lengths characterize the usual evolution of the disease in time. Trying to understand the mechanism of the different phenotypic traits of the disease, and considering the central role of B cells in SLE, we previously performed a detailed wide analysis of gene expression variation in B cells from quiescent SLE patients. This analysis pointed out an overexpression of TRIB1. TRIB1 is a pseudokinase that has been implicated in the development of leukemia and also metabolic disorders. It is hypothesized that Trib1 plays an adapter or scaffold function in signaling pathways, notably in MAPK pathways. Therefore, we planned to understand the functional significance of TRIB1 overexpression in B cells in SLE. We produced a new knock-in model with B-cell-specific overexpression of Trib1. We showed that overexpression of Trib1 specifically in B cells does not impact B cell development nor induce any development of SLE symptoms in the mice. By contrast, Trib1 has a negative regulatory function on the production of immunoglobulins, notably IgG1, but also on the production of autoantibodies in an induced model. We observed a decrease of Erk activation in BCR-stimulated Trib1 overexpressing B cells. Finally, we searched for Trib1 partners in B cells by proteomic analysis in order to explore the regulatory function of Trib1 in B cells. Interestingly, we find an interaction between Trib1 and CD72, a negative regulator of B cells whose deficiency in mice leads to the development of autoimmunity. In conclusion, the overexpression of Trib1 could be one of the molecular pathways implicated in the negative regulation of B cells during SLE.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a severe and heterogeneous systemic autoimmune disease, mostly affecting women. Patients produce various pathogenic autoantibodies such as antinuclear antibodies (anti double-stranded DNA, anti-chromatin…), which participate in end-organ damages by a variety of mechanisms, notably via immune complex-mediated inflammation leading to glomerulonephritis and vasculitis, for example. The majority of human SLE occurs in adult and the usual evolution of the disease in time is characterized by clinical flares interspersed with silent phases of various lengths (1, 2). To date, we have no molecular explanation to the establishment and the maintenance of these clinically silent phases.

Several lines of evidence indicate that B cells are essential to the disease process and could present intrinsic abnormalities (3, 4): (1) B cells produce the autoantibodies; (2) in murine spontaneous models of SLE, B cells are activated before the disease onset, and in humans, autoantibodies are detectable long before the first symptoms (5); (3) murine models of SLE mice devoid of mature B cells no longer develop lupus phenotype (6); (4) it seems that the important role of B cells in lupus could also implicate their function of antigen presentation to CD4 T cells, and/or cytokine secretion (7). Intrinsic B cell abnormalities are illustrated by the fact that (NZBXNZW)F1 B-lineage cells present an enhanced in vitro responsiveness to accessory cell-derived signals (8). Most importantly, the disease can be transferred in mice by B cells: immunodeficient SCID mice populated with pre-B cells from (NZBXNZW)F1 mice, but not those populated with pre-B cells from non-autoimmune mice, develop many of the autoimmune symptoms present in (NZBXNZW)F1 mice, suggesting that genetic defects responsible for the development of SLE disease in (NZBXNZW)F1 mice are intrinsic to their B cells (9).

Considering the central role of B cells in SLE, in a previous work, we performed a genome-wide transcriptome analysis of B cells in lupus patients using microarrays, focusing on the remission phase of the disease, in order to avoid gene expression variations linked to B cell activation which accompanies lupus flares (10). We notably identified an underexpression of CARABIN, and then defined Carabin as a new regulator of B cell function by functional genomics in new transgenic mouse models (11). In addition, we described an overexpression of FKBP11, which leads in mice to B cell tolerance breakdown and initiates plasma cell differentiation, two features of lupus B cells (12).

Our transcriptome analysis also pointed out an overexpression of TRIB1 in B cells in quiescent SLE patients. Trib1 belongs to the tribbles family of proteins. The tribbles gene was first identified in Drosophila (13). In mammals, tribbles family of proteins is composed of three members: Trib1, Trib2, and Trib3, all pseudokina-ses, whose amino acids sequence is very highly conserved between human and mice. Despite high degrees of similarity between human tribbles protein sequences, Trib1, Trib2, and Trib3 show distinct patterns of expression in human tissues and cellular functions, and are linked to different diseases. Trib1 has been notably linked to the development of human myeloid leukemia and to the negative regulation of lipid metabolism and the development of metabolic disorders (14, 15). It is hypothesized that tribbles play an adapter or scaffold function in signaling pathways, notably in MAPKs pathways (13, 16). Indeed, Trib1 interacts with MEK-1 (upstream activator of ERK) and MKK4 (upstream activator of JNK). Overexpression of Trib1 in HeLa and in murine bone marrow (BM) cells enhances the extent and rate of ERK phosphorylation (17, 18) and inhibits AP1 activity, leading notably to a repression of IL8 promoter (17). But it seems that the expression of tribbles is regulated in a cell-dependent manner, thus contributing to the cell-type specificity of MAPK responses (14). Trib1, as the other tribbles proteins, targets protein substrates to the proteasome and controls their E3 ligase-dependent ubiquitination (16). Trib1 is a serine/threonine pseudokinase containing a N-terminal PEST domain, and a central pseudokinase domain, which could position and regulate potential substrates targeting for ubiquitination. The C-terminal domain of Trib1 contains a MAPKK/MEK regulatory motif, which was shown to bind to MEK1 in some cell types, and an ubiquitin E3 ligase-targeting motif, which binds to COP1 (16). Trib1 is highly expressed in BM, peripheral blood leukocytes (with the highest expression in the myeloid compartment), thyroid gland, and pancreas (16, 17). In immune system, Trib1 is known to be critical for the development of M2 macrophages (19) and to interact with Foxp3 in regulatory T cells (20). However, its role in B cells is totally unknown.

After having confirmed TRIB1 overexpression in B cells in an additional cohort group of quiescent SLE patients, we planned to understand the functional significance of TRIB1 overexpression in B cells in human SLE. For this purpose, we generated a new knock-in (KI) model with B-cell-specific overexpression of Trib1. We showed that overexpression of Trib1 specifically in B cells does not impact B cell development nor induce any development of SLE symptoms in the mice. By contrast, Trib1 has a negative regulatory function on production of immunoglobulins, notably IgG1, but also on the production of autoantibodies. Finally, we searched for Trib1 partners in B cells by proteomic analysis in order to decipher the mechanisms of regulatory function of Trib1 in B cells. We notably described for the first time in B cells the interaction between Trib1 and COP1, and with CD72, a negative regulator of B cells whose deficiency in mice leads to the development of autoimmunity. In conclusion, the overexpression of Trib1 could be one of the molecular pathways implicated in the negative regulation of B cells during SLE.

MATERIALS AND METHODS

Patients

The first cohort comprised 17 patients and 9 age- and sex-matched healthy controls. SLE patients fulfilling at least four diagnostic criteria according to the American College of Rheumatology (21) were prospectively included, provided that they were in a quiescent phase of the disease (with a SLEDAI score less than 4) and were receiving minimal treatment [no immunosuppressive drugs and less than 10 mg of prednisone per day if they needed steroids (4 patients)]. 10 patients were treated with hydroxychloroquine. Purified CD19+ B cells from 17 patients blood sample (“cohort 1”) and 9 age- and sex-matched controls were subjected to a pangenomic transcriptome analysis (Affymetrix GeneChip human genome U133 plus 2.0) (10). For the second cohort of patients (“cohort 2”), 4 quiescent patients (3 females and 1 male) aging from 25 to 32 years old with the diagnosis of SLE were selected. Only patients with no treatment, or hydroxychloroquine, or steroids less than 20 mg per day and without immunosuppressive treatments in the previous 6 months, at the time of diagnosis, were included. Patients were compared to healthy age- and sex-matched individuals. Mature naive B cells (CD3−CD19+CD27−IgM+CD24lowCD38low) were sorted (FACSAria II, BD Biosciences) and cell viability was assessed with DAPI (Sigma-Aldrich), before extraction of RNA for quantitative real-time RT-PCR analysis.

This study was approved by the ethics committee of the “Hôpitaux Universitaires de Strasbourg” and patients gave their written informed consent.

Mice

Total RNA was extracted from C57BL/6 total splenocytes using RNeasy Kit (Qiagen). cDNA synthesis was done using High Capacity Reverse Transcription Kit (Applied Biosystems). The coding sequence of mTrib1 (1118 pb, NM144549.4) was amplified from cDNA using the following primers: Forward 5′-ATGCGGGTCGGTCCCGTGCG-3′ and Reverse 5′-CTAGCAGAAGAAGGAACTTATGTCACTG-3′. The PCR conditions were as follows: 94°C for 5 min; 35 cycles at 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min. The PCR product was firstly cloned in the pCR2.1 TA cloning vector (Invitrogen) then two Asc1 restriction sites were added by PCR using the following primers: Forward 5′AAGGCGCGCCGCGCAGATCCAGGGATTTACAAAGCCGGGGCCGCTCCGGCCAGGGCCGCGATGCGGGTCGGTCCC-3′ and Reverse 5′-AAAGGCGCGCCCTAGCAGAAGAAGGA-3′. The PCR conditions were as follows: 94°C for 5 min; 30 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 45 s. After a digestion step with AscI (Biolabs), the PCR product was cloned into the CTV Vector (Addgene) (22, 23). The Trib1-ROSA KI mutant mouse line was established at the MCI/ICS (Mouse Clinical Institute—Institut Clinique de la Souris, Illkirch, France1). The linearized construct was electroporated in C57BL/6N mouse embryonic stem (ES) cells (ICS proprietary line). After G418 selection, targeted clones were identified by long-range PCR and further confirmed by Southern blot with an internal (Neo) probe and a 5′ external probe. Two positive ES clones were validated by karyotype spreading and microinjected into BALB/C blastocysts. Resulting male chimeras were bred with wild-type C57BL/6N females. Germline transmission was achieved in the first litter. The presence of the transgene in the mice was assessed by a PCR performed on tail DNA, using the following primers: Forward 5′-ACGACCAAGTGACAGCAATG-3′ and Reverse 5′-CTCGACCAGTTTAGTTACCC-3′. Trib1-ROSA Mb1Cre mice were obtained by crossing Trib1-ROSA KI mice with Mb1Cre Mice (24) that will allow Trib1 overexpression specifically in B cells from the pro-B cell stage. The presence of the Mb1Cre transgene was assessed by a PCR performed on tail DNA, using the following primers: Forward 5′ ACCTCTGATGAAGTCAGGAAGAAC-3′ and Reverse 5′-GCAGATGTCCTTCACTCTGATTCT-3′. All animal experiments were performed with the approval of the “Direction départementale des services vétérinaires” (Strasbourg, France) and protocols were approved by the ethics committee (“Comité d’éthique en matière d’Experimentation Animale de Strasbourg,” CREMEAS, approval number AL/02/15/09/11 and AL/31/38/02/13).

Quantitative Real-time RT-PCR Analysis

RNA was prepared with RNeasy Kit (Qiagen) and cDNA was obtained with High Capacity Reverse Transcription Kit (Applied Biosystems). For RNA isolated from patients’ cells, a preamplification of 10 ng of cDNA was performed, with TaqMan® PreAmp Master Mix Kit (Applied Biosystems) on a T100™ Thermal cycler (Biorad). Quantitative real-time PCR was performed on 10 ng cDNA using Taqman Universal Mastermix (Applied Biosystems) and Assays-on-Demand probes (Applied Biosystems) (Hprt1: Mm01318743_m1, Trib1: Mm00457875_m1, Pax5: Mm00435501_m1, Blimp1: Mm01187285_m1, total Xbp1: Mm00457357_m1, Bach2: Mm00464379_m1, Bcl-6: Mm00477633_m1, Irf4: Mm00516431_m1, Aicda: Mm00507771_m1, HPRT1: Hs01003267_m1, ACTB: Hs99999903_m1, GAPDH: Hs99999905_m1, TRIB1: Hs00179769_m1). Each sample was amplified in triplicate in a StepOnePlus real-time PCR machine (Applied Biosystems). Relative expression levels were calculated with the StepOne v2.1 software (Applied Biosystems), using the comparative cycle threshold method, and normalized to the endogenous control Hprt1, Gapdh and/or Beta-actin.

Flow Cytometry Analysis

Analyses of GFP expression, of cell phenotype, and class-switch recombination were performed on splenic, lymph nodes (LNs), thymic, and BM lymphoid populations by four-color fluorescence analysis according to standard protocols. The following antibodies were used: PE, PerCP, Cy5 or APC anti-mouse B220, CD3, CD4, CD8, CD19, CD21, CD23, CD5, CD86, I-A/I-E, CD44, IgM, IgG1, IgG3, and CD138 (all from BD Biosciences). Propidium iodide was used for discrimination of live and dead cells. For proliferation analysis, cells were permeabilized after extracellular staining and fixed with the cytofix/cytoperm permeabilization kit (BD Biosciences), then stained with the PerCP Cy5.5 anti-Ki67 antibody (BD Biosciences). For intracellular IgG1 staining, membrane B220 staining was performed along with a saturation step using goat anti-mouse IgG (5 μg/mL, Jackson Immunoresearch) for 30 min at 4°C. After a washing step, cells were fixed with 100 μL of fixation buffer from Fixation/Permeabilization kit (eBioscience) during 20 min at room temperature, in the dark. Cells were then permeabilized with the permeabilization buffer from Fixation/Permeabilization kit (eBioscience) and incubated for 30 min at room temperature in the dark with anti-mouse IgG1 (PE, Southern Biotech) and washed before acquisition by a cytometer. For all stainings, cells were analyzed using the FACS Calibur (BD Biosciences). The data were analyzed with FlowJo software (Treestar).

Mice Immunization

3-month-old mice were injected intraperitoneally at days 0, 7, and 14 with, respectively, 50, 25, and 25 μg of LPS from S. typhimurium (Sigma) diluted in PBS; at days 0, 10, and 20 with 100 μg of Ovalbumin (OVA) (Sigma) associated with 250 μg of alum hydroxide; or at days 0 and 23 with, respectively, 100 and 10 μg of NP-KLH (Biosearch technology) associated with 250 μg of alum hydroxide.

Antibody Detection by ELISA

Total IgG, IgG1, IgG2b, IgG3, or IgM levels were measured in serum from 3- or 6-month-old mice, and in supernatant after 3 days of stimulation, as previously described (12). Anti-dsDNA autoantibodies were measured as previously described (12). Anti-OVA and anti-NP-specific antibodies were measured as previously described (11).

Cell Preparation and Culture

To evaluate Trib1 overexpression within the different cell compartments, splenic mature CD43− B cells, CD43+ splenocytes and splenic T cells were purified, using B-cell isolation kit (anti-CD43 (Ly-48) microbeads, Miltenyi Biotech) and Dynabeads Untouched Mouse T cells kit (Invitrogen) according to the supplier’s protocols. To study the activation of splenic mature B cells in vitro, total splenocytes were plated at 1.106 cells/ml in a culture medium composed of RPMI-1640 (Lonza) containing 10% (v/v) FCS (PAN), 50 mM β-Mercaptoethanol (Gibco), 1% Penicillin/Streptomycin (Gibco), 10 mM HEPES (Lonza), and 1 mM Sodium Pyruvate (Lonza). Cells were stimulated with a combination of LPS (10 μg/mL, Sigma) and IL-4 (10 ng/mL, Sigma), or a combination of IL-4 (5 ng/mL, Sigma), IL-21 (10 ng/mL, Sigma), and anti-CD40 (10 μg/mL, BD Biosciences), or with agonists of TLR1/2 (250 ng/mL, PAM3CSK4, Invivogen), or TLR7 (1 μg/mL, Imiquimod, Invivogen) or TLR9 (5 μM, ODN2395, Invivogen). In some experiments, purified splenic mature B cells (CD43−) were plated at 1.106 cells/ml and were stimulated for 3 or 4 days with a combination of LPS (10 μg/mL, Sigma) and IL-4 (10 ng/mL, Sigma) or with LPS only (10 μg/mL, Sigma) using the same culture medium described above for total splenic cells. For the analysis of IgG secretion after blockade of protein transport, GolgiStop™ (BD Biosciences), containing monensin, was added in the appropriate wells directly into the medium (final dilution of GolgiStop™: 1:1,000), 8 h before the acquisition with the cytometer.

To evaluate the activation of signaling pathways by immunoblot analysis, splenic sorted mature B cells were stimulated with F(ab′)2 goat anti-mouse IgM antibody at 10 μg/mL (Jackson Immunoresearch).

Trib1-Flag Expression

Flag-tagged Trib1 and Flag-tagged GFP (negative control) were cloned using standard molecular biology into the pMX-PIE and the pQCXIP retroviral vectors respectively, then were used to establish stably expressing CH12F3 (CH12) cell lines (25) as described previously (26, 27).

Immunoblot Analysis

Immunoprecipitation (IP) products or protein extracts were loaded on a bisacrylamide gel. Primary antibodies and dilutions were as follows: rabbit anti-phospho Erk (Cell signaling, 1:1,000), rabbit anti-Total Erk (Cell signaling, 1:1,000), anti-phospho Syk (Cell signaling, 1:500), anti-Total Syk (Cell signaling, 1:1,000), mouse anti-phospho IkB (Cell signaling, 1:1,000), rabbit anti-Total IkB (Cell signaling, 1:1,000), mouse anti-Flag-M2 (Sigma, 1/1,000 or 1:20,000), anti-COP1 (Bethyl, 1:1,000), anti-CD72 (Santa Cruz Biotechnology, 1:1,000). The secondary antibodies and dilution were as follows: donkey anti-rabbit IgG (GE Healthcare, 1:10,000), mouse anti-rabbit light chain (Abcam, 1:20,000). The ratio phospho-p42/Total-p42 for one sample corresponds with the ratio between the values of phospho-Erk and total-Erk band density for that sample. The density of each band was measured with ImageJ software.

Anti-Flag IP and Mass Spectrometry Analysis

Cytoplasmic extracts from CH12-Trib1 and control cell lines were prepared using standard techniques. 20 mg of clarified extracts was taken into IP buffer [IP-300: 20 mM Tris, pH 7.9, 20% glycerol, 300 mM KCl, 0.125 mM EGTA, 0.25 mM EDTA, 1 mM DTT, 0.5 mM PMSF, 1× protease inhibitor cocktail (Roche), 100 U/ml Benzonase (EMD), 0.025% NP-40], and precleared with protein G-agarose beads and mouse IgG (GE Healthcare) for 1 h at 4°C. 40 μL of Flag M2 agarose beads were added (50% slurry; Sigma-Aldrich) and incubated overnight at 4°C. Proteins were eluted three times with 40 μL of Flag peptide (0.2 mg/mL; 30 min at 4°C). Eluted proteins were submitted to identification by mass spectrometry as previously described (27). Proteomics data are available in Table S2 in Supplementary Material.

Statistical Analysis

Statistical significance was calculated with a two-tailed Mann and Whitney test using Prism software (GraphPad). All data were presented as mean ± SD.

RESULTS

Overexpression of TRIB1 in B Cells in SLE Patients

We previously analyzed a pangenomic transcriptome of purified CD19+ peripheral B cells in patients with inactive SLE in comparison to B cells from age- and sex-matched controls (10). We pointed out a 2.8-times overexpression of TRIB1 in all patients (p = 0.049) (Figure 1A). The overexpression of TRIB1 was much higher (mean of 5.6-fold over healthy controls) in a subgroup of five patients (Figure 1A) displaying a similar and distinct gene expression pattern with many genes implicated in the unfolded protein response. This subgroup of five patients was not different from the other patients of the same cohort (cohort 1), considering their clinical or phenotypical characteristics (10). TRIB1 overexpression was validated by quantitative real-time RT-PCR in a second cohort of SLE patients versus controls (Figure 1B).
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FIGURE 1 | TRIB1 is overexpressed in B cells from quiescent systemic lupus erythematosus (SLE) patients. (A) TRIB1 mRNA expression levels in transcriptome analysis of purified mature B cells from 17 SLE quiescent patients (light gray) and from a subgroup of 5 patients (dark gray) compared to 9 age- and sex-matched healthy donors (HD). X-fold represents the 2exp(Pi-Tmean) value for the patients, where Pi is the value of the TRIB1 probe set signal for a given patient, and T mean the mean value of signals for the same probe set for the HD (Tmean = 8.005). (B) Quantitative real-time RT-PCR analysis of TRIB1 mRNA expression performed on purified B cells from HDs (n = 4) and quiescent SLE patients (n = 4). Relative expression levels were calculated with the comparative Ct method using the mean of the Ct between HPRT1, ACTB, and GAPDH for normalization. Each bar represents the level of TRIB1 mRNA relative to HD controls (Error bars, SD; *p < 0.05, ***p < 0.001, Mann and Whitney test).



Generation of B Cell-Specific Trib1 KI Conditional Mice

As the role of Trib1 in B cells and in autoimmunity has never been described, we decided to investigate in detail the possible role of TRIB1 overexpression in B cell function and in the promotion of SLE. Therefore, we developed a functional genomic study in mice, by the generation of B cell-specific Trib1 KI conditional mice. We inserted the coding sequence for murine trib1, preceded by the synthetic CAG promoter and a loxP-flanked Neo-STOP cassette, into the ubiquitously expressed ROSA26 locus in the genome of C57BL/6 mice. We used the CTV vector designed by Xiao et al. in Rajewsky’s lab (22). A frt-flanked IRES-EGFP cassette, which is placed between the cloning site for trib1 insertion and the polyadenylation signal (pA), allows the detection of cells in which excision of Neo-STOP cassette has been efficient and, therefore, constitutes a good reporter for Trib1 overexpression (Figure 2A). The mice obtained by this strategy were named Trib1-ROSA mice. These Trib1-ROSA mice were used as controls in all experiments. Then, we developed a B cell-specific Trib1 KI model, by crossing Trib1-ROSA mice with Mb1 Cre animals. The mb-1 gene encodes the BCR Ig-α subunit (CD79a), and is expressed from the very early pro-B cell stage in BM (24). The mice, overexpressing Trib1 specifically in B cell lineage, will be thereafter named Trib1-ROSA Mb1Cre.
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FIGURE 2 | Generation of Trib1-ROSA mice and validation of Trib1 overexpression and GFP expression in Trib1-ROSA Mb1Cre mice. (A) Simplified representation of Trib1-ROSA construct. (B) Quantitative real-time RT-PCR analysis of Trib1 mRNA expression performed on sorted splenic CD43− mature B cells (n = 9), splenic CD43+ cells (n = 9) and splenic T cells (n = 3), from 3-month-old Trib1-ROSA and Trib1-ROSA Mb1Cre mice. Each sample was normalized to the endogenous control Hprt1. Each bar represents the level of Trib1 mRNA relative to control mice. (C) Percentages of GFP+ cells analyzed by flow cytometry (D) within B cell or T cell compartment from spleen [B220+IgM+ B cells (n = 9), CD3+ T cells (n = 4)], LN [B220+IgM+ B cells (n = 9)], and BM [B220+ B cells (n = 9)] of Trib1-ROSA and Trib1-ROSA Mb1Cre mice (Error bars, SD; ***p < 0.001, Mann and Whitney test).



We first evaluated the specificity of trib1 overexpression in B cells in Trib1-ROSA Mb1Cre mice. We detected a six-times overexpression of Trib1 mRNA in sorted splenic mature B cells in Trib1-ROSA Mb1Cre mice, compared to control mice, by quantitative real-time RT-PCR. The overexpression was not seen in the rest of splenic cells, neither in sorted splenic T cells (Figure 2B). We also analyzed the expression of GFP, reporter for Trib1 overexpression, in different lymphoid organs by flow cytometry. The average percentage of GFP+ cells was very high in B220+IgM+ B cells in spleen and LNs of Trib1-ROSA Mb1Cre mice (98.0 and 95.0%, respectively), compared to control mice (1.4 and 2.3%, respectively), with almost no GFP expression in splenic CD3+ T cells (5.8 and 3.5% in Trib1-ROSA Mb1Cre and control mice, respectively) (Figures 2C,D). These results show that the deletion of the STOP cassette was very efficient and specific of the B cell lineage in Trib1-ROSA Mb1Cre mice. Finally, about 70% of BM B220+ cells express GFP, compared to about 1% in control mice (Figures 2C,D). This could be explained in part by the fact that, during B cell development in BM, B220 is expressed earlier (at Hardy’s fraction A, i.e., pre-proB stage) than Ig-α (Hardy’s fraction B, i.e., proB cell stage) (28). In conclusion, as expected with the Mb1Cre model, Trib1 is specifically overexpressed in B cell lineage in Trib1-ROSA Mb1Cre mice.

B Cell Phenotype in Mice Overexpressing Trib1 in B Cells

We next assessed the development of B cells in primary and secondary lymphoid organs in Trib1-ROSA Mb1Cre mice, by flow cytometry analysis. The proportions of the different subsets of B cells in BM, spleen, and LNs were not different between Trib1-ROSA Mb1Cre and Trib1-ROSA control mice, showing that Trib1 overexpression in B cells does not have any impact on their development (Table 1). We detected in the spleen and LNs two distinct populations of GFP positive B cells in Trib1-ROSA Mb1Cre mice (Figure 2D). However, the proportions of MZ, T1, T2, and follicular B cells were not different between splenic GFP+ and GFPhigh populations. Of note, as expected, Trib1 overexpression in B cells did not impact neither T cell development (Table S1 in Supplementary Material), nor the expression of activation markers CD44 and CD69 after stimulation with anti-CD3 and anti-CD28 antibodies for 72 h in vitro (data not shown). Because SLE is often associated with B cell hyper-activity (2), we analyzed the expression of activation markers (CD86, MHC II, CD44) on B cells in spleen and LNs. The results showed that Trib1 overexpression in B cells does not increase basal activation of B cells in secondary lymphoid organs (Figure S1 in Supplementary Material). In addition, the expression of CD86 expression on splenic B cells was not different between Trib1-ROSA Mb1Cre and Trib1-ROSA mice, after in vitro stimulation with various TLR agonists (Figure S2 in Supplementary Material).

TABLE 1 | Flow cytometry analysis of B cell subsets from bone marrow (BM), spleen, and lymph nodes (LN) does not show any defect in B-cell development and differentiation in Trib1-ROSA Mb1Cre mice.
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A majority of SLE patients and lupus murine models develop a hypergammaglobulinemia (2, 29). The level of serum IgM was comparable between the two groups of mice, and the levels of IgG was even decreased in Trib1-ROSA Mb1Cre mice compared to Trib1-ROSA mice, although the difference was not statistically significant (Figure 3A). When IgG subclasses were quantified in serum, we noticed that the most decreased IgG subclass was IgG1 (186 μg/mL in Trib1-ROSA Mb1Cre versus 263.5 μg/mL in control mice) (Figure 3A). The production of antigen-specific antibodies was decreased after immunization with a T-dependent antigen (OVA) in Trib1-ROSA Mb1Cre mice compared to control mice, at day 20 for IgM and at day 30 for IgM and IgG, and the decrease was statistically significant for IgM (Figure 3B).
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FIGURE 3 | Ig production in Trib1-ROSA Mb1Cre compared to Trib1-ROSA control mice, at basal level and after immunization with a T-dependent antigen. (A) Sera from 6-month-old Trib1-ROSA and Trib1-ROSA Mb1Cre mice were collected and total IgM and IgG, IgG1, IgG2b, and IgG3 concentrations were determined by ELISA. Each dot represents the result for one animal. (B) Trib1-ROSA mice (n = 7) and Trib1-ROSA Mb1Cre mice (n = 6) were immunized with ovalbumin (OVA) associated with alum hydroxide at days 0, 10, and 20. Serum was collected at days 20 and 30, then anti-OVA IgM, IgG, and IgG1 titers were measured by ELISA (*p < 0.05, **p < 0.001, Mann and Whitney test).



In conclusion, Trib1 overexpression in B cells does not have any impact on the development of B cells, nor on their activation status, but seems to have a slight negative impact on immunoglobulin production.

B-Cell-Specific Trib1 Overexpressing Mice Do Not Develop Any Sign of Lupus

Trib1-ROSA Mb1Cre mice were analyzed to evaluate the development of lupus symptoms. They do not develop any proteinuria, even at old age (18 months) (data not shown). We quantified the basal level of serum anti-dsDNA IgM autoantibodies, one of the hallmarks of SLE disease, by ELISA. At a young age (3-month-old), Trib1-ROSA Mb1Cre and Trib1-ROSA produce the same amount of anti-dsDNA IgM, whereas at 6 months, Trib1-ROSA Mb1Cre mice produce even less autoantibodies than control mice (Figure 4A). At 3 months, as mice from C57BL/6 genetic background do not produce high titers of autoantibodies, we boosted the production of anti-dsDNA autoantibodies by an injection of LPS. The injection of LPS mimics a bacterial infection and induces a polyclonal activation of B cells, including autoreactive B cells producing natural autoantibodies. LPS from Salmonella typhimurium was chosen because it was shown to induce a high production of anti-DNA antibodies in young C57BL/6 and in (NZB × NZW)F1 mice (30). Mice were injected at days 0, 14, and 28, and the production of anti-dsDNA IgM was quantified at day 28 by ELISA. The injection of LPS induced an increase of anti-dsDNA IgM production both in Trib1-ROSA Mb1Cre and in Trib1-ROSA control mice compared to PBS-injected mice (Figure 4B). However, B-cell-specific Trib1 overexpressing mice produce less anti-dsDNA IgM than control mice, and the difference was statistically significant. In conclusion, the overexpression of Trib1 in B cells does not induce the development of SLE. On the contrary, it could have a regulatory function on anti-dsDNA antibody production, considering the results obtained in vivo in an induced model of autoantibody production.
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FIGURE 4 | Trib1 overexpression in B cells induces a decrease of autoantibody production in a LPS-induced lupus mouse model. (A) Sera from 3-month-old and 6-month-old Trib1-ROSA and Trib1-ROSA Mb1Cre mice were collected and basal anti-dsDNA IgM autoantibody titers were determined by ELISA. (B) 3-month-old Trib1-ROSA and Trib1-ROSA Mb1Cre mice were injected with PBS or LPS (at days 0, 7, and 14) and bleeded every week until day 28. The titers of anti-dsDNA IgM at day 28 were measured by ELISA. Because results were not different between PBS-injected Trib1-ROSA and Trib1-ROSA Mb1Cre mice, these mice were pooled on the PBS-injected control group. Each dot represents the result for one animal (*p < 0.05, Mann and Whitney test).



Trib1 Overexpression in B Cells Negatively Regulates Ig Production

In order to better understand the impact of Trib1 overexpression on Ig (and notably IgG1) production, we stimulated total splenocytes and splenic sorted B cells with various stimuli, including a combination of LPS and IL-4, known to induce the class-switching of B cells into IgG1-producing cells, and with several TLR agonists (TLR7, TLR9, and TLR1/2) known to play a role in lupus physiopathology in both lupus mouse models and patients (31). We stimulated total splenocytes from Trib1-ROSA Mb1Cre and Trib1-ROSA control mice during 72 h with TLR agonists or with a combination of LPS and IL-4 and quantified the production of total IgG and IgG1 in supernatants by ELISA. All tested stimuli induced a decrease of IgG and IgG1 secretion in culture supernatants from Trib1-ROSA Mb1Cre splenocytes, compared to Trib1-ROSA splenocytes. The decrease in IgG production was notably statistically significant after TLR1/2 and TLR7 agonists stimulation (Figures 5A,B). The stimulation of total splenocytes with LPS (TLR4 agonist) alone led to a non-statistically significant decrease of IgG secretion in Trib1-ROSA Mb1Cre mice, compared to Trib1-ROSA mice (data not shown), however, LPS in combination with IL-4 induced a statistically significant decrease of both IgG and IgG1 secretion (Figures 5A,B). In both cases, IgM secretion was not affected (data not shown). Importantly, this defect of IgG/IgG1 secretion was intrinsic to B cells, because the stimulation of sorted splenic mature B cells only, with LPS and IL-4, led also to a decrease of IgG1 production (Figure 5C). We also tested a stimulation protocol that better mimics T cell help: the stimulation of total splenocytes with anti-CD40, IL-4, and IL-21 induced a non-statistically significant decrease of IgG secretion in Trib1-ROSA Mb1Cre mice, compared to Trib1-ROSA mice (Figure 5D), and IgM secretion was marginally affected (data not shown).
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FIGURE 5 | Trib1 overexpression in B cells negatively regulates Ig production in vitro. (A,B) Total splenocytes were collected from Trib1-ROSA and Trib1-ROSA Mb1Cre mice and stimulated with TLR ligands or a combination of LPS (TLR4 ligand) and IL-4 during 72 h in vitro. The concentration of total IgG (A) and IgG1 (B) in the supernatant was measured by ELISA. (C) Splenic mature B cells were purified from Trib1-ROSA and Trib1-ROSA Mb1Cre mice and stimulated in vitro with a combination of LPS and IL-4. The concentration of total IgG and IgG1 in the supernatant was measured by ELISA. (D) Total splenocytes from Trib1-ROSA and Trib1-ROSA Mb1Cre mice were stimulated with anti-CD40, IL-4, and IL-21 during 72 h in vitro. The concentration of total IgG in the supernatant was measured by ELISA. Each dot represents the result for one animal (US: unstimulated) (*p < 0.05, **p < 0.001, Mann and Whitney test).



Then we analyzed the potential mechanisms leading to Ig production defect in Trib1 overexpressing B cells. As mentioned earlier, this deficiency could not be attributed to a defect in B cell activation process, considering the equal/similar expression of activation markers after stimulation in vitro (Figure S2 in Supplementary Material). An increase of B cell mortality or a decrease of B cell proliferation could be responsible for the phenotype. However, there was no difference between the two groups of mice in the percentages of dead cells (Figures S3A,B in Supplementary Material) nor in the percentage of proliferating (B220+Ki67+) B cells after stimulation in vitro (Figures S3C,D in Supplementary Material). We also analyzed the plasma cell (PC) differentiation process. We tested two known models of in vitro plasmablast differentiation, i.e., stimulation of B cells with LPS and with LPS/IL-4, then we quantified the percentage of B220lowCD138+ plasmablasts by flow cytometry. Our results showed no difference between the two groups of mice (Figures S4A,B in Supplementary Material). In addition, we analyzed the expression of plasma cell differentiation program genes (repressed genes, such as Pax5, Bach2, Bcl-6, Aicda; induced genes, such as Blimp1, Xbp1, and Irf4) by quantitative real-time RT-PCR analysis. Considering the results, Trib1 overexpression does not interfere with PC differentiation genetic program (Figures S4C,D in Supplementary Material). Finally, a defect of class-switching could lead to a decrease of Ig secretion by Trib1 overexpressing B cells. We stimulated total splenocytes with LPS and IL-4 (for IgG1 class-switching) and with LPS (for IgG3) and quantified the MFI for surface Ig expression and the percentages of IgG1+ or IgG3+B220+ cells by flow cytometry. We did not detect any difference between Trib1 overexpressing and control B cells (Figures S5A–C in Supplementary Material). The blockade of protein transport with GolgiStop™, containing monensin, in the culture of splenocytes with LPS and IL-4, showed a decrease of intracellular IgG1 positive B cells and of intracellular IgG1 MFI in B cells, in Trib1-ROSA Mb1Cre compared to control mice (Figure 6). In conclusion, Trib1 overexpression in B cells negatively regulates the Ig secretory capacity.
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FIGURE 6 | Trib1 overexpression in B cells induces a reduction in the production of secreted form of IgG1. Total splenocytes from Trib1-ROSA and Trib1-ROSA Mb1Cre mice were stimulated with LPS/IL-4 for 72 h in vitro [with (+) or without (Ø) the addition of a protein transport inhibitor “GolgiStop™” for the last 8 h of culture], then stained for intracytoplasmic IgG1 after a step of membrane Ig blocking using an anti-murine IgG antibody, a step of fixation and permeabilization, and finally were analyzed by flow cytometry. (A) Percentage of B220+ B cells stained for intracellular IgG1. (B) MFI of intracellular IgG1 staining on B220+ B cells. (C) A representative sample of each condition is shown. Each dot represents the result for one animal.



Trib1 Interacts with CD72 and Its Overexpression Affects Erk Signaling

In order to find hypotheses on the mechanisms of B cell phenotype due to Trib1 overexpression, and considering the role of Trib1 in MAPK signaling (13, 16), we analyzed Erk signaling in splenic sorted mature B cells from Trib1-ROSA-Mb1 and control mice, after stimulation with anti-IgM antibody, by Western Blot. In-deed, Erk-dependent pathway is one of the major MAPK pathways activated in B cells after BCR engagement. The phosphorylation of Erk was decreased in B cells from Trib1-ROSA-Mb1 mice, compared to control mice, and the difference was statistically significant at 2 min of stimulation (Figure 7). Proximal BCR signaling Syk pathway was not affected (data not shown). The defect in Erk pathway in Trib1 overexpressing B cells probably does not explain the phenotype of these cells on its own. Therefore, we determined the partners of Trib1 in B cells in order to have a better insight of Trib1 function in these cells. We transduced a murine B cell line (CH12) with a retrovirus encoding a Flag-mTrib1 and IRES-GFP reporter (CH12-Trib1) or only a Flag-GFP as a control (CH12-GFP). To identify cytoplasmic partners of Trib1, we performed Flag IP followed by SDS-PAGE and mass spectrometry identification.
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FIGURE 7 | Trib1 overexpression in B cells induces a decrease of Erk phosphorylation after BCR engagement. Purified mature splenic B cells (CD43−) from Trib1-ROSA and Trib1-ROSA Mb1Cre mice were stimulated with anti-IgM (10 μg/mL) for the indicated time. Cell lysates were analyzed by western blot using anti-phospho Erk antibody (P-Erk). Total Erk was used as a loading control. The ratio of phospho-p42/Total p42 was calculated for each condition and represented in (A). Each dot is representative of one mouse. Representative immunoblots of the indicated stimulation timepoints are presented in (B). (US: unstimulated) (*p < 0.05, Mann and Whitney test).



Mass spectrometry analysis of 5 independent experiments revealed a list of 236 proteins specifically enriched in CH12-TRIB1 cells. Proteins were ranked according to the number of experiments in which they were identified, and their confidence score. We kept those proteins identified in at least three out of the five experiments (Table 2). These proteins were classified into the following groups: proteins implicated in ubiquitination process, regulators of signal transduction, regulators of protein production, and secretion and chaperone proteins (Table 2). Among the previously identified and best characterized partner of Trib1, COP1 (13, 32), we found additional proteins, including notably CD72 (Table 2). CD72 is a very interesting candidate because it is a well-known negative B cell regulator. The association between Trib1, COP1, and CD72 was verified by co-IP and Western Blot (Figure 8). Several partners of Trib1 are linked to the regulation of signal transduction (for example Spre1, Stk40, and Ppm1b) (Table 2; Figure S6 in Supplementary Material). Interestingly, Spre1 has been described as a negative regulator of Erk pathway (33, 34). Further experiments will be needed to understand the potential implication of these partners in the negative regulatory function of Trib1 in B cells.

TABLE 2 | Proteins implicated in protein ubiquitination, signal transduction, protein production secretion are found as Trib1 partners in CH12 B cell line.
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FIGURE 8 | Trib1 interacts with COP1 and CD72 in B cells. CH12 cells were transfected with pMX-PIE/Flag-tagged Trib1 or GFP. The samples were immunoprecipitated with an anti-Flag antibody to precipitate both Flag-tagged proteins from cell cytoplasmic lysates (IP anti-Flag) or with total mouse serum (Control). The result is representative of at least three independent experiments. Note: considering the differences in Flag protein expression in CH12-Trib1 and CH12-GFP cells, two different dilutions of anti-Flag antibody were used for the bottom left part (1:1,000) and the bottom right part (1:20,000). (Input, total protein lysate; -, empty well).



DISCUSSION

We identified an overexpression of TRIB1 in human SLE B cells during clinically inactive disease by transcriptome analysis (10). This overexpression was confirmed in a second cohort of SLE quiescent patients, by real-time qRT-PCR. This led us to study the consequences of Trib1 overexpression on B cell phenotype and on the development of SLE in a new murine transgenic model. For this purpose, we developed a B-cell-specific Trib1 KI conditional model, by an insertion of murine Trib1 coding sequence, preceded by a floxed STOP cassette, into ROSA locus. We detected a six-times overexpression of Trib1 in splenic mature B cells in this model, thanks to an efficient deletion of the STOP cassette by the Cre recombinase under the control of Mb1 promoter. Therefore, the level of Trib1 overexpression in this model was close to the one detected in B cells from quiescent SLE patients in our transcriptome analysis or in the second cohort of patients. Because the overexpression of Trib1 begins at very early stage in B cell lineage in BM, we checked if Trib1 overexpression in our model could have an impact on B cell development. Our results showed that this was not the case. Altogether, these characteristics made this new mouse model suitable for this study.

Trib1-ROSA-Mb1 mice did not display any symptom of lupus disease: activation status of B cells is normal, and we did not detect any feature of renal disease. On the contrary, we showed that Trib1 overexpression specifically in B cells had a negative impact on autoantibody production, notably after induction of anti-dsDNA antibody production with injection of LPS, mimicking an infectious event. Moreover, Trib1 overexpression in B cells negatively regulated Ig production, in vivo at basal level or after immunization notably with a T-dependent antigen, and also after in vitro stimulation. The most impacted Ig subtype was IgG1. However, the effect does not seem to be specific of IgG1. Because class switching into IgG subclasses is notably guided by specific stimuli (as LPS and IL-4 in murine B cells, for IgG1) (35), one could hypothesize that the degree of engagement of Trib1 in this negative regulation depends on the signaling pathways activated in B cells and, therefore, on the receptor engaged at the surface of the cells. Our results showed that the defect in Ig production was neither the consequence of an activation defect of B cells, nor an increase of mortality or a decrease of viability, nor a defect in class switching and plasma cell differentiation program. However, we detected a decrease of the percentage of intracellular IgG1 positive B cells and of intracellular IgG1 MFI in B cells in Trib1-ROSA Mb1Cre compared to control mice after stimulation with LPS and IL-4. In conclusion, it seems that the decrease in Ig levels was mostly the consequence of a defect in Ig secretory capacity. Interestingly, the analysis of Trib1 expression in the different B cell subpopulations has been done in C57BL/6 mice (corresponding to background of our Trib1 transgenic model),2 and in humans notably for B cells and plasma cells3 and shows that Trib1 is highly expressed in plasmablasts and in plasma cells, thereby arguing for an important function of Trib1 in Ig production.

We searched for Trib1 partners in murine B cells, in order to understand the immunosuppressive role of Trib1. After IP of Trib1 in CH12 B cell line and mass spectrometry identification, we selected a short list of Trib1 partners that could potentially be implicated in signal transduction and protein production and secretion. Among these partners, COP1 E3 ubiquitin ligase was already identified as a partner of Trib1 in different cell types (13, 19, 32), but never in B cells. It was notably shown in myeloid cells that COP1, via Trib1, targets C/EBPα for degradation by the proteasome (32). In mammals, C/EBPα is an important transcription factor controlling myeloid differentiation (13). According to this function, it is almost exclusively expressed in myeloid cells4; therefore, this could explain why we did not identify it as a partner of Trib1 in B cells. We confirmed the association of COP1 with Trib1 in CH12 cells by IP and Western-Blot analysis. It is known that COP1 binding to Trib1 is essential to target protein substrates for degradation (13). Further experiments should explore in details the role of COP1 in the degradation of proteins implicated in Ig synthesis and secretion in B cells. Moreover, we pointed out JAK3 as a Trib1 partner in B cells. JAK3 is a kinase associated with different cytokine receptors, notably IL-4 receptor, therefore giving one explanation for the phenotype of Trib1 overexpressing B cells after stimulation with LPS and IL-4.

The regulation of several signaling pathways was a frequent characteristic of the partners we identified for Trib1 in B cells (Table 2). Trib1 has been mostly described in the literature as a regulator of MAPK signaling, in different cell types. In HeLa cells, BM and myeloid leukemia cells, Trib1 was shown to interact, via its C-terminus domain, with MEK-1, and to be responsible for a hyperphosphorylation of Erk (13, 17). In other cell types, as muscular cells, Trib1 overexpression does not have any impact on Erk phosphorylation (36). Generally speaking, Tribbles proteins seem to act either as activators or inhibitors of MAPK pathways (17). We showed here that, in murine B cells, Trib1 overexpression seems to decrease Erk phosphorylation. This could be linked to the defect in Ig production and secretion observed in Trib1-ROSA-Mb1 mice. Among the partners, we identified for Trib1 in B cells, Spred1 is a suppressor of Ras signaling, notably in innate lymphoid cells (34). Therefore, Trib1, via the recruitment of Spred1, could negatively regulate Erk signaling in B cells. The immunosuppressive role of Trib1 in B cells probably also implicate other partners. We identified CD72 as another cofactor of Trib1 in B cells. CD72 is a negative regulator of B cells (37). It is a very interesting candidate because the production of immunoglobulin is increased in CD72-deficient mice (38), and a decreased expression of CD72 was associated with an increased surface IgG on B cells and to a severe disease in patients with lupus nephritis (39), arguing for a negative role of CD72 on immunoglobulin production. Moreover, the expression of the “b” isoform of CD72 which is the one expressed in C57BL/6 mice (and, therefore, in the mice analyzed in our study) and in CH12 cells (40), in MRL.CD72b/lpr congenic mice, is protective against the development of the lupus disease (41, 42). In addition, CD72 downregulates BCR signaling, and notably NF-κB and Erk (43–45). Our preliminary experiments showed that NF-κB signaling was not affected in Trib1 overexpressing B cells after stimulation of the BCR pathway (with anti-IgM antibody). However, it could be interesting to see if it is also the case when CD72 and BCR pathways are synergistically activated.

In conclusion, we described a new role of Trib1 as a negative regulator of B cells. Despite the polygenic nature of lupus disease in humans, one feature of B cells from quiescent SLE patients, i.e., Trib1 overexpression, in mice, is sufficient on its own to have an immunosuppressive effect on B cells. It would be interesting to see the effect of B cell-specific Trib1 overexpression on the development of the disease in an SLE murine model. Moreover, there is no molecular explanation for the phenotype of SLE patients during silent phases of the disease, or for the maintenance of the clinically silent phases (46). As such, the overexpression of TRIB1 in B cells could constitute one of these protective molecular pathways. It would be interesting in the future to analyze the overexpression of TRIB1 in B cells in a prospective way, in order to study the correlation between TRIB1 expression and the quiescent or active nature of the disease in the same patient.
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Mucosal Involvement in Bullous Pemphigoid Is Mostly Associated with Disease Severity and to Absence of Anti-BP230 Autoantibody
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Bullous pemphigoid (BP) is the most common autoimmune bullous disease and typically affects the elderly. Binding of specific autoantibodies to BP180/230 hemidesmosomal components induces an inflammatory response leading to skin blister formation. Unusual manifestations of BP include additional mucous membrane involvement, without pathophysiological knowledge associated to the formation of these lesions. We here performed a prospective study on series of consecutive BP patients with (n = 77) and without (n = 18) mucosal involvements at baseline to further investigate why some BP patients display mucosal lesion and other not. Analysis of disease activity showed that BP patients with mucosal involvement displayed a higher total BP Disease Area Index (BPDAI) score (P = 0.008), but also higher skin and blister/erosion BPDAI scores (P = 0.02 and P = 0.001, respectively). By contrast, the erythema/urticaria BPDAI score was identical between the two groups of patients. The erythema/urticaria BPDAI score, but not the blister/erosion BPDAI score, was correlated with the serum concentration of anti-BP180 NC16A autoantibodies in patients with mucosal involvement. In multivariate analysis, the absence of anti-BP230 autoantibody was the only factor independently associated with mucosal involvement (OR 7.8; 95% CI, 3.1–19.6) (P < 0.0001). Analysis of the distribution of BP patients according to BPDAI scores revealed a shift toward higher blister/erosion BPDAI scores for BP patients with mucosal involvement. This study indicates that mucosal lesions are clinically mainly related to disease severity and immunologically to the absence of anti-BP230 antibodies.
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INTRODUCTION

Bullous pemphigoid (BP) is an autoimmune skin disease characterized by the binding of autoantibodies directed against two hemidesmosal proteins of the dermal–epidermal junction, namely BP180 and BP230 (1–6). The disease typically presents in the elderly with a generalized pruritic blistering eruption (7–9), which results from an inflammatory associated disruption of the dermal–epidermal junction induced by the binding of autoantibodies onto their targets. Clinical criteria for typical skin eruption of BP include the absence of associated external mucous membrane (almost exclusively oral) involvement, the absence of skin atrophy, and the absence of head and neck predominant involvement (10). However, clinical presentation of BP can be polymorphic, notably during the early, pre-bullous stage of the disease or in atypical variants, in which full-blown bullous lesions may be absent (11, 12). Beside, blisters and erosions arising on mucosal membranes, mainly within the oral cavity, may be observed in up to 20% of BP patients (6, 11–13), without identified pathophysiologic mechanism(s) associated with their development.

Despite the interest of the research community in always better understanding BP pathophysiology, no study demonstrated whether mucosal involvement occurred as a consequence of BP extent and severity or whether skin and mucosal lesions occurred concomitantly. Recently a clinical activity score named BP Disease Area Index (BPDAI) was proposed as an international consensus to evaluate both the disease extent and the location and type of skin lesions (9). The BPDAI also has the advantage to measure separate scores for skin and mucous membrane activity. Besides, the skin BPDAI score also evaluates separately the ultimate skin lesions, i.e., blisters/erosions, and the early, pre-bullous inflammatory skin lesions, i.e., urticaria/erythema, and their extent as well as the residual damages. Thus, such specific clinical score may be useful to better characterize those BP patients with associated mucosal involvement and improve their monitoring.

Immunological and biological investigations in BP brought strong evidence that autoantibodies to BP180 are pathogenic and play a key role in subepidermal blister formation (14–20). Biopsy specimens from BP lesional skin exhibit dense inflammatory infiltration of eosinophils, basophils, neutrophils, lymphocytes, and mast cells in the dermis (1, 11, 13, 21, 22). Inflammatory cells infiltration and activation release cytokines and proteases that may create an auto-amplification loop reported to induce dermal–epidermal separation (23–27). However, variations in this pathophysiological process are still missing to explain why some BP patients will exhibit mucosal involvement and other not. In this matter, a more precise clinical characterization of BP patients with mucosal involvement may help to point out variations in the autoimmune and inflammatory responses in this particular BP subset.

We here performed a prospective study on series of consecutive BP patients with and without mucosal involvement. To further understand why some BP patients display mucosal blisters or erosions and other not, we compared the total BPDAI and its different components with other clinical and immunological parameters of disease activity at baseline, including the number of daily new blisters and the anti-BP180 and anti-BP230 autoantibody titers.

MATERIALS AND METHODS

Study Patients and Design

A prospective, single-center study was conducted in the Dermatology Department of the Reims University Hospital (French Referral Center for Autoimmune Bullous Diseases) between September 2013 and July 2017. 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. Consecutive patients with newly diagnosed BP were included in this prospective study. Patients were diagnosed as having BP using the following criteria: clinical features typical of BP with the presence of at least three of four well-established criteria according to Vaillant et al. (10); subepidermal blister on skin biopsy, and deposits of IgG and/or C3 in a linear pattern along the epidermal basement membrane zone by direct immunofluorescence. Non-inclusion criteria were administration of a specific BP treatment for more than 2 days, pregnancy and expected survival after BP diagnosis shorter than 3 months.

Clinical Data Collection

Clinical data recorded at baseline were gender, age, number of daily new blisters (determined over a 3-day period), and BPDAI. BPDAI was calculated according to the International Pemphigoid Committee recommendations (9). At baseline, BPDAI was recorded. The total BPDAI computes two scores: total BPDAI activity and total BPDAI damage. The total BPDAI activity score is the arithmetic sum of the three subcomponents—cutaneous blisters/erosions, cutaneous urticaria/erythema, and mucosal blisters/erosions. The total BPDAI damage score is the arithmetic sum of the items rated regionally for damage caused by more permanent features such as post-inflammatory hyperpigmentation, scarring, and other. BPDAI also takes into account lesion number and size thresholds and skin lesions are rated based on the regions affected. Scores can range from 0 to 360 for BPDAI total activity (maximum 240 for total skin activity and 120 for mucosal activity) and 0 to 12 for BPDAI damage, with higher scores indicating greater disease activity or damage. On the basis of previous literature (28), severe BP at baseline was defined as a total BPDAI score ≥56. BP patients who did not fulfill these criteria were classified as having moderate BP.

Anti-BP180 and Anti-BP230 Autoantibody Detection

Anti-BP180 and anti-BP230 autoantibodies were detected in serum and in blister fluids (BFs) using specific commercially available enzyme-linked immunosorbent assays (ELISAs) following the manufacturer’s instructions (MBL, Nagoya, Japan). Anti-BP180 and anti-BP230 antibodies’ detection was routinely performed on classically used dilution with no further dilution when titers were high. ELISA values were expressed as units per milliliters of serum (U/mL), and the 9 U/mL cut-off value recommended by the manufacturer was used in both anti-BP180 and anti-BP230 ELISAs (29–32).

Statistical Analysis

Quantitative variables were described as mean ± SD and qualitative data as number and percentage. Kolmogorov–Smirnov test was performed to compare BP population distribution. The Kolmogorov–Smirnov test works by comparing the cumulative distribution of the two data sets and computes a P value that depends on the largest discrepancy between distributions. In contrast to Mann–Whitney test that is mostly sensitive to changes in the median, the Kolmogorov–Smirnov test is sensitive to changes in the shape, spread, or median of the two distributions. Chi2 tests were used for comparison between qualitative variables and nonparametric, Mann–Whitney tests for comparison between quantitative values. Owing to absence of normal distribution, comparisons between groups were performed using Spearman’s correlation coefficient to explore the relationship between continuous variables (BPDAI with immunological parameters, immunological parameters in serum with those in BF). A P value <0.05 was considered statistically significant. Multivariate analyses were then performed using stepwise logistic regressions, with enter and removal limits set at 0.20 and factors significant at P = 0.20 included.

RESULTS

Patient Characteristics

A total of 97 patients with newly diagnosed BP were included in this study, 79 had typical clinical manifestations of BP and 18 presented with mucosal lesions in additional to skin blisters or erosions. In those BP patients with mucosal involvement, indirect immunofluorescence on salt-split skin was either positive with labeling of the epidermal side of the cleavage or negative. Using the same technique, two patients with positive immunolabeling on the dermal side only were subsequently excluded from the group with typical clinical BP presentation.

The clinical characteristics of those 77 patients with typical BP features (81%, 51 women and 26 men) and of the 18 BP patients with mucosal involvement (19%, 11 women and 7 men) are shown in Table 1. In the 18 BP patients with unconventional mucosal involvement, oral mucosal lesions were observed in 17 cases and anogenital mucosae lesions in 1 case. Among the 17 patients with oral lesions, 1 patient also displayed anogenital mucosae involvement, and another 1 had concomitant pharyngeal mucosa lesions. In those 18 BP patients, neither conjunctival nor nasal mucosa involvement was observed. Occurrence of mucosal lesions was correlated neither with the gender (P = 0.78) nor with the age (P = 0.24) of patients.

TABLE 1 | Clinical characteristics of patients with BP according to mucosal involvement.
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Skin Disease Activity and Mucosal Involvement

At the time of diagnosis, the number of patients with at least 10 daily new blisters was significantly higher in BP patients with mucosal involvement (P = 0.02) compared with patients with typical BP (Table 1), whereas the number of daily new blisters only tended to be higher in BP patients with mucosal involvement (P = 0.07).

Total BPDAI mean score was 39.6 ± 27 at baseline in the whole BP population (Table 1). Based on a cut-off BPDAI value of 56 (see Materials and Methods), the percentage of BP patients with a severe disease was significantly lower in BP patients without mucosal involvement (20.8%) as compared to those with mucosal involvement (44.4%) (Table 1; P = 0.04). Deeper analysis showed that compared with BP patients with a typical disease, BP patients with mucosal involvement displayed a higher total BPDAI score (Table 1; P = 0.008), but also higher skin BPDAI and blister/erosion BPDAI scores (Table 1; P = 0.021 and P = 0.001, respectively). By contrast, the erythema/urticaria BPDAI score was not different between those two groups of patients (Table 1; P = 0.91).

Analysis of the whole BP population distribution according to BPDAI score revealed that most patients had a mild to moderate disease and that the higher the BPDAI was, the lower the number of BP patients was (Figure 1A). Such a distribution was also observed for BP patients without mucosal involvement (Figure 1B), but was significantly different in BP patients with mucosal involvement (D = 0.6154; P = 0.008). Indeed, BP patients with mucosal involvement were evenly distributed from moderate to severe disease (Figure 1C). To further understand these discrepancies, the same analysis was then performed using the separate skin activity. The relative distribution according to the erythema/urticaria BPDAI score of BP patients without mucosal involvement superposed with the one of BP patients with mucosal involvement (D = 0.1667; P = 0.991) (Figure 2A). Analysis of the distribution according to the blisters/erosions BPDAI revealed a high percentage of patients with mucosal involvement when the BPDAI values increased and a low percentage of those patients when the BPDAI values were low (D = 0.33; P = 0.433) (Figure 2B).
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FIGURE 1 | Distribution of the whole bullous pemphigoid (BP) patients (n = 95) (A) and of BP patients without (n = 77) (B) and with (n = 18) (C) mucosal involvement according to total BP Disease Area Index (BPDAI) values at the time of diagnosis. In the whole BP group and in the subgroup of BP without mucosal involvement, the number of BP included decrease when the values of the BPDAI increased, whereas BP patients with mucosal involvement were evenly distributed. Comparison of the cumulative distribution by the Kolmogorov–Smirnov test showed significant difference between BP patients with (C) and without (B) mucosal involvement (D = 0.6154; P = 0.008).
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FIGURE 2 | Distribution of both bullous pemphigoid (BP) patients with (white column) and without (gray column) mucosal involvement according to erythema/urticaria BP Disease Area Index (BPDAI) values (A) and blisters/erosions BPDAI values (B) at the time of diagnosis. No statistical differences were observed between the distributions of these two BP groups according to the Kolmogorov–Smirnov test, although a clear different distribution could be visualized within the low (0–19) and within the high (50–79) values of the blisters/erosions BPDAI values (B).



Immunological Profiles and Mucosal Involvement

In the aim to analyze the clinical features through the BPDAI scores with regards to the autoimmune response, we first measured anti-BP180 and anti-BP230 autoantibody concentrations in the BF of patients with BP. Anti-BP180 and anti-BP230 antibodies were detected in the BF of 32 (86.5%) and 16 (43.2%) patients with a mean titer of 79.4 ± 51.2 and 31.2 ± 40.3 U/mL, respectively (Table 2A). Subgroup analysis of BP patients with and without mucosal involvement showed no significant difference both within the number of BP patients who produced these antibodies and within the mean BF titer related to each antibody. We then investigated whether serum autoantibody concentrations reflected those measured in the BF of the same patients to seek a relationship between BPDAI scores and autoantibody production in the whole BP patients included. Anti-BP180 and anti-BP230 antibodies titers within the BF were highly and significantly correlated with those measured in the serum (r = 0.78 and r = 0.73; P < 0.0001, respectively) (Table 2B). Such a correlation was also found for the anti-BP180 antibody titers within the two subsets of patients with or without mucosal involvement (r = 0.74 and r = 0.89; P < 0.0001 and P = 0.01, respectively) (Table 2B). Anti-BP230 antibody titers in BF from typical BP patients were highly and significantly correlated with those measured in the serum of these patients (r = 0.74; P < 0.0001), whereas only a high tendency was found for BP patients with mucosal involvement (r = 0.75; P = 0.07) (Table 2B).

TABLE 2 | Blister fluid (BF) immunological characteristics (A) and correlation between serum and BF autoantibody titers (B) in patients with BP according to mucosal involvement.
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Anti-BP180 antibodies were found in the serum of 77 patients (81.9%) with a mean titer of 63.9 ± 50.8 U/mL (Table 3). Subgroup analysis of BP patients with and without mucosal involvement showed no significant difference both within the number of BP patients who produced anti-BP180 antibodies and within the mean serum titer for this autoantibody (Table 3). In BP patients without mucosal involvement at baseline, serum anti-BP180 ELISA values were significantly correlated with all BPDAI scores except mucosal BPDAI, i.e., total, skin, blister/erosion, and erythema/urticaria BPDAI scores (P < 0.0001, Figures 3A–D, Table 4A).

TABLE 3 | Serum immunological characteristics of patients with BP according to mucosal involvement.
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FIGURE 3 | Correlation of serum anti-BP180 NC16A titers with total BP Disease Area Index (BPDAI) (A,E), total skin BPDAI (B,F), blister/erosion BPDAI (C,G), and erythema/urticaria BPDAI (D,H) scores in bullous pemphigoid patients without (A–D) or with (E–H) mucosal involvement. The correlation coefficients and statistical significances were calculated according to Spearman’s correlation test and are summarized in Table 4.



TABLE 4 | Correlation between BPDAI scores and serum anti-BP180 (A) or anti-BP230 (B) antibody titers in BP patients according to mucosal involvement.
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In BP patients with mucosal involvement at baseline, anti-BP180 ELISA values were only correlated with the erythema/urticaria BPDAI score (P = 0.03). Within this subgroup of BP patients, only a correlation tendency was observed with the total BPDAI score (P = 0.09) and the skin BPDAI score (P = 0.06), whereas no correlation could be drawn with the blister/erosion BPDAI score (P = 0.30) (Figures 3E–H, Table 4A). Finally, no correlation was found between the mucous membrane part of BPDAI score and the anti-BP180-NC16A ELISA values.

Anti-BP230 antibodies were found in the serum of 44 BP patients (47.3%) with a mean titer of 29.1 ± 37 U/mL (Table 3). Interestingly, 39 BP patients without mucosal involvement (52%) but only 5 among BP patients with mucosal involvement (27.8%) had a positive anti-BP230 ELISA value (P = 0.06). Such a difference tendency was also observed when analyzing the anti-BP230 mean titer (32.2 ± 37.8 and 16.2 ± 30.9 U/mL; P = 0.07, respectively) (Table 3). At baseline, anti-BP230 antibody serum concentrations were correlated with none of the BPDAI scores within these two groups (Table 4B).

Factors Associated with Mucosal Involvement in BP

In univariate analysis, clinical features associated with mucosal involvement at baseline were a number of daily new blisters >10 (P = 0.02), a higher total, skin and blister/erosion BPDAI (P = 0.004, P = 0.02, P = 0.001, respectively), and a severe disease according BPDAI (P = 0.04). The absence of anti-BP230 autoantibody also showed a tendency of association with a mucosal involvement (P = 0.08). By contrast, univariate analysis revealed no relationship between anti-BP180 autoantibody serum concentration and mucosal involvement. In multivariate analysis, the absence of serum anti-BP230 autoantibody was the only factor independently associated with mucosal involvement (OR 7.8; 95% CI, 3.1–19.6) (P < 0.0001).

DISCUSSION

This study is the first one to compare at baseline the clinical characteristics by means of the BPDAI score along with the concentrations of anti-BP180 and anti-BP230 antibodies in BP patients with and without mucosal involvement. Analysis of separate and independent BPDAI sub-scores highlighted that skin lesions, more specifically blisters, and erosions were more substantial in patients with mucosal involvement than in typical BP. Such clinical characteristics were associated with the absence of anti-BP230 autoantibody in the serum of BP patients with mucosal involvement. Furthermore, we showed that mucosal lesions are clinically mainly related to disease severity, but not only. Altogether, our results suggest that compared to the classical pathophysiological processes previously defined in BP (12, 16, 17, 24, 33–36), specific immunological mechanisms should be triggered to end with mucosal lesions.

In BP patients with mucosal involvement, skin and mucosal lesions are likely to concomitantly occur during the disease process. Although our results showed that mucosal involvement in BP was associated with disease severity, we also observed mucosal involvement in BP patient with mild disease. Actually, there was a broad distribution of total BPDAI score among BP patients with mucosal involvement, but the percentage of patients with mucosal involvement increased along with the BPDAI values (Figure 1C). This suggests that mucous membrane involvement in patients with mild BP is not just a consequence of the extent or severity of the disease, and therefore that some BP patients are more prone to develop mucosal lesions than others. Thus, we can speculate that specific biological/immunological mechanisms responsible for these lesions are activated in those BP patients. This further raised the question of the event on which a break of tolerance outside of the skin tissue could originate. Occurrence of mucosal lesions in some patients with BP recalls the variation in the number of sites involved in patients with mucous membrane pemphigoid (37). Previous study suggested that regulatory T (Treg) cells play an indispensable role in maintaining self-tolerance in BP leading to an increase in autoreactive Th2, Th1, and B cells that can recognize different domains of BP180 (38–40). The role of Treg cells in pemphigoid diseases was further demonstrated by mean of mice models (41). Although Treg cells account for less than 10% of peripheral CD4+ T cells, recent studies have reported that tissue resident Treg cells can even control non-immunological processes. Both Treg types demonstrated plasticity and can convert to Th17 cells according to the cytokine environment (42). In this line, we and other groups demonstrated the presence of cytokines such as IL-1, IL-6, IL-23, TGFβ, etc, in BP skin lesions. We also demonstrated that the cytokines panel more likely originated from BP epiphenomenon that still remained to be elucidated (26). Such variations could account for variations in a deficit in Treg cells and favor the development of tissue damages. In turn, skin remodeling could impact on both the number and the Treg homing at different levels of the skin compartments. Although aging has been associated with a loss of central immune tolerance in elderly patients as in BP (43), further investigations are now required to determine the events specifically responsible for the mucosal involvement in patients with BP, especially of the oral cavity.

Although the analysis of skin BPDAI highlighted an increase in the blisters/erosions activity in BP patients with mucosal involvement, serum titers of autoantibodies directed against BP180-NC16A, the dominant autoantigen in BP, were not different between patients with and without mucosal involvement. Of note, Hofmann et al. showed that the presence of autoantibodies against both the BP180 N- and C-terminal of the ectodomain was associated with the presence of mucosal lesions (44). Then, Di Zenzo et al. (21) and Mariotti et al. (45) found that autoantibody reactivity against three extracellular epitopes of BP180 (NC16A, AA 1,080–1,107 and AA 1,331–1,404) appeared to be related to the presence of both skin and mucosal involvement in BP patients. By contrast, in our study, the uni- and multivariate analysis highlighted that the absence of anti-BP230 antibody was the only factor independently associated with mucosal involvement in BP. This unconventional result could imply that the immune response may be shifted toward other autoantibodies in those BP patients with mucosal involvement which could be related to a lower threshold of tolerance breakdown in line with a reduced level of Treg cells or of Treg homing as mentioned above. Based on a recent publication (20), we can hypothesize that the loss of immune tolerance curbs both the innate and the adaptive immune responses, which leads to the release of a specific panel of proteases associated with blister formation and tissue remodeling, and subsequently to a shift of the epitope targeted as compared with the classical pathophysiological mechanisms associated with BP. Altogether, this could be reflected by a reduced activity of the adaptive immune response toward the hemidesmosomal proteins of the basal keratinocyte layer and an increased activity toward the antigenic cryptic domains of molecules involved in the anchoring of those basal keratinocyte to the basal membrane structure. To address those mechanisms, it would be relevant to compare in future prospective studies the number and the activity of Treg in biopsy specimens from either skin or mucosa BP lesions with others samples collected from patients with inflammatory non-autoimmune diseases.

The presence of other autoantibodies may interfere with the classical pathophysiological process of BP (12, 16, 17, 24, 33–36, 46). In BP patients without mucosal involvement, the serum concentration of anti-BP180 NC16A autoantibodies was well correlated with both the skin erythema/urticaria and the blisters/erosions BPDAI scores, which is in line with the fact that anti-BP180 autoantibody binding onto their target induced an inflammatory response leading to blister formation (14–18). By contrast, the correlation between anti-BP180 autoantibody titer and the skin blisters/erosions BPDAI score was not evidenced for BP patients with mucosal involvement. Of note, the BPDAI investigated the presence of both blisters and erosions. Thus, considering that the number of daily new blisters only displayed a higher tendency in BP patients with mucosal involvement, the highly significant difference in the BPDAI scores associated to blisters and erosions lesions may be related to the presence of erosions rather than to new blisters. This implies that the mechanisms leading to skin blisters/erosions and maybe to mucosal involvement too, rely on either different or additional trigger than anti-BP180-NC16A autoantibodies in BP patients with mucosal lesion. It was proposed that differential epitope recognition of BP180 could be associated with distinct clinical severity (5). However, additional studies are necessary to define the panel of autoantibodies associated with BP with mucosal lesions, to decipher the pathogenic role of these autoantibodies as well the immunologic mechanisms associated to their production.

Several limitations of the study are to be acknowledged, mainly its relatively limited number of BP patients with mucosal involvement. However, the prospective collection of clinical data including BPDAI assessment allowed a good evaluation of the percentage of BP patients with mucosal involvement, which was very close to results from previous large series of BP patients (5, 6, 21, 32, 44, 45) and from a recent retrospective study performed in our dermatology department (manuscript under consideration). Another weakness is the lack of investigations regarding biopsy specimens or BFs from oral mucous membrane for pathophysiological purpose. Unfortunately, recent intact oral blisters were rare and too transient for an effective, systematic sampling. To avoid biases, our present results were based on clinical or biological data which could systematically be collected in all consecutive patients. Although we observed that mucosal involvement also occurred in patients with mild or moderate disease, we here showed that mucosal involvement was more frequent in patients with severe BP according to the BPDAI score. Actually, in those severe BP patients, mucosal involvement could represent a severity criterion but not a clinical atypia. Considering all elements discussed above, further investigations should help defining the pathophysiological particularities of severe BP patients with mucosal involvement. Finally, in patients with moderate or minimal BP disease, other diagnoses could be considered, including anti-P200 pemphigoid and epidermolysis bullosa acquisita, which was very unlikely in our present series since indirect immunofluorescence on salt-split skin was either positive with labeling of the epidermal side of the cleavage or negative. The latter BP patients may represent an interesting subset of patients to identify in future studies the specific mechanisms responsible for mucous membrane lesions with the ultimate goal to propose innovative targeted therapy to preserve the quality of life for those elderly fragile patients.
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Consequential differences exist between the male and female immune systems’ ability to respond to pathogens, environmental insults or self-antigens, and subsequent effects on immunoregulation. In general, females when compared with their male counterparts, respond to pathogenic stimuli and vaccines more robustly, with heightened production of antibodies, pro-inflammatory cytokines, and chemokines. While the precise reasons for sex differences in immune response to different stimuli are not yet well understood, females are more resistant to infectious diseases and much more likely to develop autoimmune diseases. Intrinsic (i.e., sex hormones, sex chromosomes, etc.) and extrinsic (microbiome composition, external triggers, and immune modulators) factors appear to impact the overall outcome of immune responses between sexes. Evidence suggests that interactions between environmental contaminants [e.g., endocrine disrupting chemicals (EDCs)] and host leukocytes affect the ability of the immune system to mount a response to exogenous and endogenous insults, and/or return to normal activity following clearance of the threat. Inherently, males and females have differential immune response to external triggers. In this review, we describe how environmental chemicals, including EDCs, may have sex differential influence on the outcome of immune responses through alterations in epigenetic status (such as modulation of microRNA expression, gene methylation, or histone modification status), direct and indirect activation of the estrogen receptors to drive hormonal effects, and differential modulation of microbial sensing and composition of host microbiota. Taken together, an intriguing question develops as to how an individual’s environment directly and indirectly contributes to an altered immune response, dysregulation of autoantibody production, and influence autoimmune disease development. Few studies exist utilizing well-controlled cohorts of both sexes to explore the sex differences in response to EDC exposure and the effects on autoimmune disease development. Translational studies incorporating multiple environmental factors in animal models of autoimmune disease are necessary to determine the interrelationships that occur between potential etiopathological factors. The presence or absence of autoantibodies is not a reliable predictor of disease. Therefore, future studies should incorporate all the susceptibility/influencing factors, coupled with individual genomics, epigenomics, and proteomics, to develop a model that better predicts, diagnoses, and treats autoimmune diseases in a personalized-medicine fashion.
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INTRODUCTION

The incidence of autoimmune and allergic diseases has been increasing for multiple decades (1, 2). Despite intensive studies in many laboratories, the etiology of autoimmune diseases is not well understood. It is nevertheless clear that there is no single genetic factor that solely determines the susceptibility to autoimmune diseases. Rather, susceptibility to autoimmune diseases appears to involve complex interactions of genetic, epigenetic, hormonal, and environmental factors. Many (but not all) autoimmune diseases preferentially demonstrate a female dominant susceptibility bias. The high female to male incidence ratios in autoimmune diseases such as autoimmune thyroiditis, systemic lupus erythematosus (SLE), and Sjögren’s syndrome in both humans and relevant animal models have been widely reported (3–8). Interestingly, even those diseases that did not show a strong female bias of susceptibility in the past, such as multiple sclerosis (MS), now appear to tilt toward female predisposition. Patients diagnosed with MS were initially reported to have close to a 1:1 female:male ratio in the 1950s (9). This ratio increased to 2:1 in the 1980s (10), and further to 3:1 in recent reports (11). While the precise reasons for sex differences are not known, the potential contribution of changes in environmental factors remains an intriguing possibility. The implication of non-genetic factors (e.g., epigenetic and environmental factors) is also evident in studies that reported the concordance rate of monozygotic twins manifesting autoimmune diseases is only between 20 and 35% (12–15). Further evidence for an environmental component driving autoimmune pathology exists with the Gullah population in South Carolina who are genetically very similar to members of their ancestral home of Sierra Leone. In a recent report, while the SLE disease prevalence (as measured by serum antinuclear antibodies) in the Gullah population is similar to their African counterparts, notably, the African cohort had higher levels of circulating anti-Smith and anti-cardiolipin autoantibodies, as well as increased numbers of seropositive individuals to multiple viral infections (16). This suggests that in genetically very similar populations, environmental factors can promote autoantibody production. The potential contribution of differences in exposure to environmental chemicals between these two population groups cannot be discounted. Interestingly, human SLE patients with pet dogs are more likely to have dogs that also suffer from SLE (17). This finding supports the claim that a transmissible or common environmental agent, or agents, may be present that increased the risk for SLE development within the human and canine populations. Even in genetically susceptible inbred mice that spontaneously develop autoimmune diseases, such as lupus, differences in the outcome or severity of the diseases has been noted among various laboratories (18–24). This supports non-genetic environmental factors influence on autoimmune disease.

It is now recognized that sex differences in the immune system cannot be solely attributable to differences in sex chromosomes and sex hormones (6, 7, 25). Direct comparisons among various studies exploring the specific mechanisms underlying the observed female bias in many autoimmune disorders are difficult due to differences in study methodology, population cohorts, and various extrinsic factors unable to be controlled for in human populations. Nevertheless, when the data are explored as a whole, the consequence of these variations can be mitigated and trends can be identified regarding sex-based differences in multiple systems.

In general, normal healthy males are thought to have immune systems that maintain tolerance, while the female immune system is susceptible to break in immune tolerance as evidenced by higher production of autoantibodies (26–28). Sex chromosomes contribute genetic differences, with multiple genes involved in immune system responses present on the X-chromosome, including genes for FoxP3 and toll-like receptors (TLRs) 7 and 8. These genes can be differentially expressed in males and females due to incomplete X-chromosome inactivation in the females, leading to potentially increased gene expression in females (29). Steroidal sex hormone levels vary between sexes, with female predominant estrogens promoting B cell survival and contributing to exacerbation of multiple autoimmune diseases, and androgens exerting immune regulatory effects to prevent, suppress, or delay autoimmunity (30, 31). Endocrine disrupting chemicals (EDCs) act through multiple mechanisms, displaying both estrogenic and anti-estrogenic properties, reducing androgen production, and influencing epigenetic regulation (28, 32). It is now prudent to incorporate environmental influences (e.g., EDCs) in studying the development of autoimmune diseases, which will provide a more comprehensive understanding of mechanisms of autoimmune diseases (33). Assessed individually, these various factors may not be able to induce autoimmunity sufficiently. However, when multiple internal and environmental factors interact, these may cause the loss of tolerance, the production of autoantibodies, and drive autoimmune disease pathogenesis (Figure 1). This review will focus on how sex differences identified in genetics, epigenetics, hormonal responses, and response to microbial stimuli influence immune tolerance dysregulation and autoantibody production, with an emphasis on the contributing effects of EDCs on immunological functions.
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FIGURE 1 | Interactions of multiple factors are required for the development of autoimmunity. Genetic susceptibility, sex chromosomes, sex hormones, infections and microbial stimuli, and environmental factors are all thought to contribute to autoimmune pathogenesis and lead to autoantibody production. There is little evidence that any one particular factor is able to initiate autoimmunity without input from another factor. The specific relationships and interplay among each of the various factors, such as the relative importance of one factor compared with the others, age at, or duration of, exposure, is not yet understood.



SEX DIFFERENCES IN GENETICS AND AUTOIMMUNITY

Female cells are genetically the same as male cells in all chromosomes except the sex-specific X and Y chromosomes. To compensate for gene copy differences, female cells, other than egg cells, undergo X-chromosome inactivation, thereby permanently silencing one copy of the X chromosome. This process may be incomplete in some individuals, leading to overexpression of genes present on the X-chromosome. Abnormalities in chromosome numbers may exist, such as in Klinefelter syndrome, where males have one or more extra X chromosomes. Notably, men with Klinefelter syndrome are predicted to have a similar risk of SLE to that of females, and a 14-fold increase in SLE risk compared with healthy males (34). It is conceivable that in the context of incomplete X-chromosome inactivation, females could have alterations in the expression of X-chromosome linked genes that promote inflammation and subsequent autoimmunity, such as TLR7/8.

Many autosomal genes are differentially expressed in males and females. The transcription factor vestigial-like family 3 (VGLL3) was recently found to be upregulated in female tissues, such as ovaries, the uterus, adipose tissue, and smooth muscle. VGLL3 is located on chromosome 3, and it is unknown at this time what contributes to this sexual differential expression pattern. This transcription factor contributes to the differential expression of hundreds of genes between sexes. Genes of interest regulated by VGLL3 include BAFF, ITGAM, IL-7, ICAM-1, MMP9, and ETS1. These female biased genes are associated with known autoimmunity susceptibility loci and inflammatory processes, and the increased expression of these genes appears independent of sex hormone regulation (35). Furthermore, it is also possible that other newly identified and unknown transcription factors are contributing to the sex bias gene expression and autoimmune disease susceptibility.

SEX HORMONES AND ENVIRONMENTAL EDC REGULATION OF IMMUNITY AND AUTOIMMUNITY

Sex differences in sex steroid hormone levels and regulation on the immune system of normal and autoimmune individuals have been extensively studied (7, 36–40). While the sex differential effects on immunity and autoimmunity cannot be solely attributable to sex hormone profiles, sex steroid hormones do have a major impact on various aspects of the immune system, including their contribution to cell differentiation, cytokine profiles, epigenetic alterations, and autoimmune disease (36, 38–44). The case for the role of sex hormones in autoimmune diseases can be further made by the fact that a majority of autoimmune diseases are manifested after sexual maturity, at a time when sex hormone levels are elevated and differential biological responses of sex-hormone regulated genes are evident (Figure 2). Interestingly, it is not yet understood why women are at a higher risk of developing autoimmune diseases such as SLE, rheumatoid arthritis, Graves’ disease, and thyroiditis following menopause (45). EDCs are able to exert agonistic or antagonistic roles on normal physiological sex hormone actions, enhancing or mitigating hormonal effects on immune cells (25, 46–48). As with many endocrine components, sex hormones and EDCs exert differential effects, not only due to dosage but also in temporally dependent and context-specific manners.
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FIGURE 2 | Autoimmune disease prevalence in relation to life stage. Autoimmune diseases can develop during childhood, but most autoimmune diseases develop following the onset of puberty and in later life.



Exposure to EDCs is nearly impossible to avoid in current societies. These compounds can be present in drinking water, cosmetic products, paper products, food and beverage containers, many forms of plastics, and the food we eat (32). The route and dosage of exposure are important considerations when determining the effect EDCs will have on various aspects of health and physiology. Many EDCs have been determined to be able to elicit bi-phasic dose responses, with evidence that very low EDC concentrations can exert a positive effect, while at higher concentrations they may have opposite effects, and vice versa. Currently, controversy exists regarding evaluation of internal concentrations, metabolites, and daily exposure levels of EDCs (49).

Little consensus has been reached regarding when, where, and how EDCs disrupt endocrine homeostasis in exposed individuals. One vital issue that impairs our understanding of the mechanisms and overall influence of EDCs on health is the potential lag between exposure and development of clinical signs, such as reproductive disorders. In humans, the lag period may be years or decades before sexual maturity and fertility can be tested (50). Much of the current data on EDC functions and effects are targeting alterations in reproductive systems. Due to the wide variety of compounds and exposure routes, this review will only address how well-studied models of EDCs, such as bisphenol-A (BPA) and phytoestrogens, may affect the immune system.

Estrogen, Natural, and Environmental

The effects of estrogen on immune cell populations and functions have been extensively studied and reviewed (6, 36–40). We will highlight the important aspects of estrogen’s actions that promote or inhibit autoantibody production. Estrogens are able to exert effects on multiple immune cell phenotypes through activating either estrogen receptors (ERs)-mediated genomic signaling or G protein-coupled estrogen receptor 1 (GPR30/GPER1)-coupled non-genomic signaling pathways (30). Following ligand binding, ERα and/or ERβ binds to the estrogen response element (ERE), which drives transcriptional regulation, particularly Pax5, BSAP, HOXC4/HoxC4, and activation-induced cytidine deaminase (AID) genes in B cells, promoting B cell maturation and survival. Estrogen activated GPR30 signals through P38/ERK MAPK and PI3 kinase pathways, driving B cell activation and rearrangement of the Ig heavy and light chain, as well as activating NF-κB (30). Furthermore, sex hormones and hormone metabolites can also induce their effects on target cells (such as cells of the immune system) in sex-hormone receptor independent mechanisms (51, 52). Activated ERs can bind to other transcription factors (such as NF-κB) to mediate cell signaling for regulating gene expression. In addition, ERs can be activated independent of ligand binding (53, 54). Therefore, it is conceivable that, in females, direct and indirect activation of ERs by external triggers, such as endocrine disruptors, can potentially have differential effects compared with males.

In most instances, estrogen enhances both cell-mediated and humoral immunity. Studies in peroxisome proliferator-activated receptor (PPAR) knockout mice show that T follicular helper cell responses, important for antibody production, were upregulated in female but not in male CD4-PPARγKO mice, in part due to estrogen (55). In regards to B cells and antibody production, estrogen drives B cell maturation, immunoglobulin class switch recombination, and somatic hypermutation in germinal centers, promotes B cell survival, and enhances antibody production (30, 56, 57). Directly, estrogen regulates gene transcription through ERs binding to ERE sites. Indirectly, estrogen promotes B cell survival through increased B-cell-activating factor (BAFF) production. In mouse models, BAFF gene expression is upregulated by estrogens and interferon (IFN) stimulation both at the mRNA and protein levels through a mechanism involving ERα, IRF5, or STAT1. Treatment of the mouse macrophage cell line RAW264.7 with IFNα, IFNγ, or estrogen induced p202, which correlated with increased BAFF production, contributing to sex differences (58). In humans, under normal physiological conditions, no detectable differences are found between male and female BAFF levels. However, following estradiol treatment, both sexes had an increase in BAFF production, with the increase in females being much more profound (59). Thus, in the presence of estrogen, B cell survival, and maturation is enhanced through multiple mechanisms, potentially increasing the ability of autoreactive B cells to break tolerance and drive autoantibody production (Figure 3).
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FIGURE 3 | Possible mechanism for estrogens to influence immunity and autoimmune disease development. The exact mechanism for estrogenic influence on autoimmune disease development is likely disease- and context-dependent, and research is ongoing to identify distinct pathways in which estrogen is able to exert its effects. The figure illustrates potential molecular mechanisms of estrogen regulation. AIRE, autoimmune regulator.



BALB/c transgenic mice treated with estrogen had increased Bcl-2 production that allowed naïve B cells to break tolerance induction and drive anti-dsDNA autoantibody production (60). Anti-cardiolipin autoantibody was shown to be enhanced in orchiectomized male and normal female B6 mice treated with 17β-estradiol, but replacement of dihydrotestosterone (DHT) in castrated males had no effect, and intact males had lower levels of circulating autoantibodies than females (43). Autoreactive B cell pools are created predominantly in females, and ER signal-mediated activation of DCs was found to modulate T and B cell responses (61–63). Enhanced B cell survival through estrogen’s various actions promotes self-reactive B cell escape from negative selection in the bone marrow, and progression of autoantibody production (64, 65). Therefore, it is conceivable that the lower levels of circulating E2 in males, in combination with higher levels of androgens, allows for better regulation and removal of autoreactive B cell populations before autoimmunity onset.

Evolutionarily, the female immune system is biologically equipped to robustly respond to infectious threats to protect the young dependent offspring and in the larger sense aiding in the survival of species. With the passage of time in the relatively recent era, introduction of new chemicals and emerging and re-emerging infections now pose unique challenges to the primed female immune system. It can be argued that initially the female immune system had biologically been exposed to natural estrogens. With the advent of, and exposure to, EDCs, the female immune system may be exposed to “surges or overloads” of endocrine compounds with competing endocrine effects, thus increasing the chance for deviation of immune modulation by hormones. Whether these new threats have contributed to increased autoimmune diseases is an open question that warrants investigation.

The ability of EDCs to influence the immune system subsets and alter disease susceptibility is poorly understood at this time. BPA has multiple estrogenic-like functions that alter T cell subset, B cell function, and dendritic cell activity, inducing abnormal immune signaling and disrupting ER and PPAR signaling, thus, altering target gene transcription. In mice, BPA induced splenocyte proliferation and shifted the cytokine profile from Th2- to Th1-mediated cytokines, enhancing autoimmunity (32). For example, BPA has been associated with the development of type 1 diabetes mellitus (T1DM) in non-obese diabetic (NOD) mice, a mouse model of insulitis and leukocytic infiltration of pancreatic islets leading to type 1 diabetes mellitus (66–68). Human studies have also associated EDCs with the development of organ-specific autoimmune diseases mediated by autoreactive T cells. For example, serum BPA levels correlated with increased antithyroperoxidase in human patients of Hashimoto’s thyroiditis, and estrogens regulate miR-21, which may drive inflammation in polymyositis (69, 70). Exaggerated T cell activation and polar Th1/Th2 shifts are due in part to increased antigen-specific IFNγ following BPA exposure (71). In this way, BPA shows an antagonistic effect to physiological estrogen responses. BPA can affect the MAPK and STAT pathways, disrupting the normal prevention of autoreactive T cell proliferation and survival (72). IFN-associated mechanisms modulated by BPA have been shown to influence SLE pathogenesis (73). Interestingly, prenatally BPA exposed mice showed an increase in IL-4 and IFNγ. However, mice exposed after reaching adulthood showed increases in IL-4, IL-10, and IL-13, but not IFNγ. In both cases, Tregs were reduced (74). This disparity shows that the effects of EDCs are strongly dependent on age at exposure.

Bisphenol-A has been shown repeatedly to increase immunoglobulin production in B cells. B1 cells have been associated with Sjögren’s syndrome and rheumatoid arthritis patients (75–77), and in mouse models of SLE have been shown to be more sensitive to EDC’s modulatory effects than B2 cells (78). B1 cells increased production of anti-dsDNA autoantibody, enhanced IgG deposition and glomerulonephritis and overall worsened SLE signs following BPA implantation (79). MRL/lpr mice fed diets that contained phytoestrogen compounds diadzin and genistin had higher levels of IgG and complement component C3 deposition in glomeruli, along with altered immune cell infiltration into glomeruli compared with mice fed a diet devoid of estrogenic components (23). The majority of evidence supports that exposure to EDCs enhances autoantibody production and autoimmunity in mouse models of disease.

The complex immunological effects of EDCs can also display immune-suppressive effects. In people under 18 years of age, circulating BPA levels were negatively associated with anti-cytomegalovirus (CMV) antibody titers, suggesting that some EDCs may attenuate antiviral immunity (80). Short-term BPA exposure in New Zealand Black/White F1 progeny (NZB/WF1) mice suppressed autoimmunity, reduced albuminuria, and exten-ded the disease-free period, through modulation of IFNγ (81). Thus, when determining the impact of EDC exposure on disease states, it is vital to view data in the context of dosage, exposure length, age, and infection status, due to the wide range of effects that may be altered by EDC exposure.

To date, less is known regarding the role EDC exposure has on androgens, and androgen receptors (ARs) compared with EDC effects on ERs. EDCs may act in a manner that primarily disrupts the balance between androgen and estrogenic signals, altering the endogenous ratio of testosterone, DHT, and 17β-estradiol synthesis (28). Urinary BPA concentration was inversely correlated to free androgen index in males (82) with evidence that BPA can potentially interfere with androgen production and function (83–85). EDCs did not affect functions of normal ARs, though it is possible that in certain disease states, such as prostate cancer, EDCs could influence patient therapy through mutant ARs (86, 87). Much work needs to be done to evaluate the differential effects that EDCs have on the various immune pathways important in disease management, tolerance, and autoantibody production in a sex-dependent context. It is possible that the actions exerted by various EDCs on androgens may reduce the immunoregulatory efficacy and tip the delicate balance toward promotion of autoimmunity.

Nevertheless, much work needs to be done to definitively understand the effects of endocrine disruptors on autoimmunity. Distinct sex-based responses to EDC exposure may contribute to dysregulation of the immune system to varying degrees in a disease-specific manner (Figure 4). Significant effort is still required to identify and molecularly characterize the impact of various environmental triggers, especially ubiquitous environmental contaminants, on the regulatory mechanisms of host immune systems.
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FIGURE 4 | Possible mechanism for sex differences in environmental EDC exposure on immune function. The exact mechanism for immune system alterations due to EDC exposure in each sex is not yet well understood. Here, we propose possible mechanisms in which EDCs may exert sex-specific influence on immune cell functions.



Androgens

The effects of DHT and testosterone in mammalian species have been shown to be primarily immunosuppressive (31, 88–91). ARs are expressed in lymphoid and non-lymphoid cells of the thymus and bone marrow. However, they have not been found in peripheral lymphocytes (92). This suggests that while androgens may not have a direct effect on lymphocyte function, they are important in developmental stages of T and B lymphocytes. Thymic epithelial cells and bone marrow stromal cells also act as mediators of androgen’s effects on immature lymphocytes (92). AR levels were not altered in the thymus following castration and were present on CD3+CD4+ and CD3+CD8+ thymic cells, with the highest level found on CD3loCD8+ immature lymphocytes. ARs were also present in both cortical and medullary regions of the thymus following castration (92). The effects of castration extend to B cell development, leading to increased immature B cell populations in the bone marrow, as well as increased splenic B cells and enhanced antibody and autoantibody production in mice. Androgen replacement reversed the changes in the bone marrow, but did not affect splenic B cells (93).

In general, there is good evidence that androgens downregulate immune system response in both normal and autoimmune individuals (Figure 5). Gonadectomized male mice, compared with intact females, had increased responses to, and reduced infection by, protozoans and fungi (31, 88–90). Androgens have been shown to suppress various autoimmune disorders including lupus and autoimmune thyroiditis (94, 95). Androgen deprivation led to increased T cell numbers (96). Inhibition of IL-12-induced STAT4 phosphorylation occurs through the AR binding to Ptpn1 conserved region, inhibiting IL-12 signaling in CD4+ T cells, and suppressing Th1 differentiation (97). Androgens reduce IFNγ production through decreased PPARγ (98). Suppressive effects are also exerted on B cell antibody production by androgens (99). In psoriatic arthritis patients, testosterone appears to exert a protective effect. Higher serum BAFF concentrations are associated with increased disease activity, while serum BAFF concentrations negatively correlate with circulating levels of testosterone (100). Therefore, it is possible that androgens can regulate the immune responses of a genetically autoimmune susceptible individual to favor the maintenance of homeostasis (Figure 5).
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FIGURE 5 | Possible mechanism for androgens to influence immunity and autoimmune disease development. The exact mechanism for androgenic influence on autoimmune disease development is likely disease and context dependent. Potential mechanisms of androgen regulation are depicted. Research is ongoing to identify distinct pathways in which androgens are able to exert effects on immune system regulation.



SEX DIFFERENCE IN STRESS RESPONSE AND AUTOIMMUNITY

Associations have long been suspected between stressor events in a patient’s past and development of autoimmune diseases, such as SLE, MS, RA, and T1DM. Lack of evidence-based and prospective studies contribute to the skepticism that stressful life events are major etiopathological factors to consider in autoimmune disease development. Nevertheless, these events cannot be discounted, as stress responses can directly and indirectly influence immune responses. Sexual dimorphism exists in the hypothalamus–pituitary–adrenal (HPA) axis, a major component of the physiological stress response (101). Stress primarily acts upon the immune system through release of glucocorticoids, leading to alterations in cytokine production. In general, glucocorticoids inhibit the production of pro-inflammatory cytokines, such as IL-6, TNFα, and IFNα, whereas IL-4 and IL-10 are unaffected (102). Glucocorticoids are also able to inhibit the activation, proliferation, and differentiation of many cell types (103–106).

Fetal exposure to glucocorticoids can potentially impact a person’s HPA axis, either directly or indirectly; an effect to which female offspring are particularly vulnerable. Females exposed to a “prenatal stressor” had higher HPA reactivity than similarly exposed male offspring (107). Sex differences in cortisol response have been found in multiple life stages. Boys younger than 8 years of age had higher cortisol response than females of the same age. From 8 to 18 years of age, females have higher cortisol reactivity than males, an effect that is reversed in adulthood (107–112). Men have a more robust acute HPA response when compared with women, as determined by cortisol levels and sympathetic nervous system evaluation (113, 114). Men had higher glucocorticoid sensitivity and reduction in lipopolysaccharide (LPS)-stimulated cytokine production, whereas women had a decreased glucocorticoid sensitivity and increased LPS-stimulated cytokine production following a stress challenge (115). The type of stressor is also important when evaluating sexual dimorphism, as women had greater levels of cortisol in response to a social rejection challenge, while males had higher levels of cortisol in response to an achievement stimulus (116). Stress is able to alter plasma estradiol levels (117, 118) and estrogens have been shown to dampen the HPA and sympathetic nervous system response in certain studies (113, 119). However, other studies report a higher female HPA response independent of circulating gonadal hormone levels, suggesting either an innate difference in HPA mechanisms of action or an early developmental difference in response to sex hormone exposure (120).

A recent meta-analysis of 14 retrospective case–control studies supports major psychosocial stress as a risk factor for autoimmune disease development (121). This associated risk remained independent of the autoimmune disease reported. Appropriate controls in human studies exploring the role of stressors on autoimmune disease are difficult to determine, as the etiology of autoimmune diseases are still not well characterized. Most human retrospective studies rely on patient recall of stressful events that occur relatively close to disease diagnosis. It is possible that immune dysregulation and autoantibody production occur many years before the appearance of clinical signs. This would suggest that a stressor event that happens temporally close to the time of diagnosis would be a disease exacerbator, rather than an etiological factor. Consideration must also be given to the potential that the recrudescence of a latent virus or alteration in microbiota composition induced by a stressful event may be a driving factor in autoimmune disease development. Due to experimental limitations on human subjects, and the species differences in HPA axis response, these questions remain difficult to address, though the use of humanized rodent models may help to mitigate these limitations.

SEX DIFFERENCES IN EPIGENETIC REGULATION AND AUTOIMMUNITY

Recent studies highlight the importance of epigenetic regulation in biological systems development and function. Abnormal epigenetic regulation, such as microRNA (miRNA) dysregulation and DNA hypomethylation, has been implicated in autoimmune diseases (122–128). Epigenetic mechanisms are important contributors to the balance between functional gene expression and regulation. These pathways, such as those that drive specific gene DNA methylation status, are dynamic processes and may potentially be altered in response to environmental cues and contaminants.

Hormones Influence Epigenetic Regulation

Recent studies have suggested that sex hormones regulate immu-nity and autoimmunity through epigenetic mechanisms (Figures 3 and 5). miRNAs is a class of small non-coding RNAs that has emerged as a key epigenetic regulator of immune system functions in the last two decades (129). We have reported that estrogen regulated a set of miRNA in the splenic cells of normal B6 mice, of which, miR-146a and miR-223 were further validated to contribute to enhanced inflammation in splenocytes from estrogen-treated mice (130). Many estrogen-regulated miRNAs, such as miR-17-92, miR-125, miR-181a, miR-155, and miR-150, have been implicated in the regulation of B cell development and antibody production by targeting different genes such as Bim, C-Myc, Lin28, Pu.1, and AID (129, 131, 132). This suggests that estrogen may regulate B cell functions and antibody production via miRNA regulation. We recently reported that select lupus-associated miRNAs were differentially expressed in male and female NZB/WF1 mice and that estrogen promoted the expression of these lupus-associated miRNAs in orchidectomized male NZB/WF1 mice. Estrogen conferred a female expression pattern of miRNAs on the male NZB/WF1 mice, contributing to the female bias of lupus (36). Estrogen regulation of miRNA expression and the underlying mechanism has been further reviewed in more detail in our previous publication (5).

Increasing evidence indicates that sex influences the DNA methylome, which contributes to the sex differences in organ development, function, and susceptibility to specific diseases. Estrogen regulation of DNA methylation is suggested by the finding of the positive correlation between ER-positive status and promoter hypermethylation in breast tumors (133, 134). Estrogen has been reported to upregulate DNA methyltransferase (DNMT)3b expression in Ishikawa endometrial adenocarcinoma cells to facilitate malignant transformation of endometrial cancer cells (135). However, the inhibitory effect of estrogen on DNA methylation has also been observed in prostate cancer cell lines, which was mediated by the activation of ERβ, suggesting the importance of context on estrogen’s actions (136). There are limited data with regard to estrogen regulation of DNA methylation in immune cells. Autoimmune regulator (AIRE) is a negative regulator of autoimmunity, which is differentially expressed in the male and female thymus and contributes to the gender difference of autoimmune diseases (39). A recent study revealed that estrogen downregulated AIRE expression by inducing DNA methylation at the promoter, contributing to the female bias of autoimmune diseases (39). Nevertheless, the detailed mechanism of estrogen-mediated promotion of DNA methylation at the AIRE promoter remains to be clarified in future studies.

DNA methylation plays an essential role in regulation of sexual dimorphism of brain function during early development. It has been shown that females display higher DNMTs activity and hypermethylation in the highly sexually dimorphic preoptic area at postnatal day 1. Treatment with the testosterone metabolite estradiol significantly reduced global methylation at the preoptic area, leading to brain masculinization (137). Yolk testosterone was positively correlated with methylation levels of the ERα promoter in the diencephalon (138). The AR can both prevent DNA methylation through binding of the AR to the promoter of a gene of interest and promote DNA methylation through interaction of the AR with a suppressor, silencing expression of the gene of interest and eventual DNA methylation. AR function is associated with distinct DNA methylation patterns in genital tissues (139). Interestingly, the DNA methylation analysis of human blood revealed that there was a tendency of higher methylation levels in healthy males when compared with healthy females (140). Although the mechanism was unknown, we observed a reduction of global DNA methylation in splenocytes from estrogen-treated B6 mice when compared with placebo-controls. Given that DNA hypomethylation plays an important role in autoimmune diseases, such as lupus, it is significant to understand whether the gender difference in DNA methylation in immune cells contributes to the female bias of autoimmune disease directly and whether estrogen plays a role in the sexual dimorphism of DNA methylation in immune cells. It is noteworthy that sex hormones may regulate DNA methylation differentially in the context of different tissues, developmental stages, and pathological conditions. It should also be considered that the effect of estrogen on the global methylation level and the methylation of specific gene loci in defined subsets of cells of the immune system may be different.

EDCs Influence Epigenetic Regulation

An individual’s ability to respond to an immunological stimulus can be modified generations before that individual is even conceived, primarily through the trans-generational effect of EDC exposure on epigenetic regulation of immune system development (141–143). After conception, maternal exposure to EDCs can also lead to alterations in the fetal epigenome, potentially leading to aberrant development of multiple body systems in the developing fetus (49). Following birth, that individual will continue to encounter EDCs through various sources and routes of exposure including, but not limited to, drinking water, cosmetics and personal hygiene products, handling of food containers and consumption of the stored contaminated food, medications, and pesticides (144–146). Exposure to these myriad EDCs can potentially alter an individual’s epigenome throughout all stages of life, influencing the body’s development and overall response to stimuli.

Endocrine disrupting chemicals have been shown to be involved in the three known forms of epigenetic regulation: miRNA production, DNA methylation, and histone modification. BPA is commonly used as a model EDC to investigate mechanisms by which estrogenic EDCs are able to modulate cellular functions. To date, most studies have focused on BPA’s ability to alter non-lymphoid tissue epigenetics. Dose and sex-specific changes were noted in ER gene expression, DNMT1 and DNMT3a expression, and DNA methylation status of the ERα gene Esr1 in various areas of the brains of BALB/c mice exposed in utero to BPA. Male mice had increased Esr1, Esr2, Esrrg, DNMT1, and DNMT3a expression in the hypothalamus at low- and mid-range doses of BPA, but reduced expression at high doses, while the females showed the reverse effect. Female mice showed hypomethylation on multiple exons of the Esr1 gene when exposed in utero (141). BPA exposure by pre-pubescent girls in Egypt led to evidence of hypomethylation of CpG-islands on the X-chromosome and reduced methylation levels in multiple genes associated with immune function (147). Overall, exposure to estrogenic EDCs, such as BPA, is associated with hypomethylation. CD4+ T cells have been shown to be hypomethylated in human SLE patients compared with healthy control (148). Therefore, it is possible that the reduced methylation associated with exposure to EDCs contributes to the hypomethylation of CD4+ T cells seen in SLE and systemic sclerosis patients, promoting aberrant gene expression in these cells, contributing to disease pathology.

Estrogenic environmental agent exposure can lead to aberrant miRNA expression profiles. BPA and DDT are able to alter the miRNA expression in a similar manner to estrogen. Increases have been seen in miR-21 and miR-146a. BPA was shown to decrease miR-134 (149–152). Lupus-prone MRL/lpr mice fed a chow-based diet containing phytoestrogens had increased expression of multiple miRNA and higher levels of global DNA methylation following LPS stimulation in splenic leukocytes along with increased DNMT1 expression (23). While the precise mechanism for this paradoxical finding is not yet known, it is possible that in select immune cell subsets, DNA methylation was reduced, or that the increased DNA methylation status suppressed immunoregulatory pathways, contributing to the enhanced disease phenotype seen in these mice. We are further investigating these findings. Long-term BPA exposure enhanced the expression and function of histone deacetylase 2 in adult mice, specifically in the hippocampus (153). Currently, there are no known effects of epigenetic regulation by BPA specifically on immune cell subsets. Further investigation is warranted into mechanisms by which estrogenic EDCs can alter the epigenome in immune cell subsets and promote tolerance dysregulation and antibody production.

AUTOIMMUNITY AND MICROBIAL AGENTS

Observational relationships between infections and autoimmune diseases have long been recognized. Infections have been reported in a number of autoimmune diseases that either preceded overt expression of autoimmune disease or noted concurrently. Associations have been made between human CMV and Epstein–Barr virus (EBV) and autoantibody production in SLE patients, EBV and Mycoplasma arthritidis in RA patients, and multiple viruses, including hepatitis E virus, in type I diabetes mellitus (154–158). In most associations, antigenic mimicry is thought to be the mechanism that drives autoantibody production. It is evident that for the majority of vaccinations and viral pathogens, females mount a much stronger antibody response, suggesting that if subsets of female B cells were to break central and peripheral tolerance, that these abnormal B cells would drive higher autoantibody production than male autoreactive B cells. In the same manner as gene associations, it is very difficult to link a single infection, or multiple infections, with causation of autoimmune diseases. Alterations in commensal gut microbiota composition have been found in multiple mouse models of SLE as well as human SLE patients (22, 159). Breaks in the mucosal barrier during stressful events or during the female reproductive cycle may expose the immune system to both infectious and commensal microbes (160). As the role of infectious agents potentially contributing to autoimmunity has been well documented to date, this review will focus on recent evidence linking sex differences in response to microbial stimulation, commensal microbiota, and environmental factors that may influence autoantibody production in susceptible individuals.

Sex Differences and Microbiota

The host microbiota, which has repeatedly been shown to influence immune phenotype, is dependent on multiple host factors, including age, diet, sex hormones, antibiotic usage, host genetics, obesity status, and various lifestyle choices. Early host–microbe interactions during childhood development can have long term and profound consequences on adult health through immune system “training” and induction of tolerance (161). Males and females have distinct microbial profiles, seen both in humans and mouse models of disease (162, 163). Gnotobiotic male and female C57BL/6 mice were administered the colonic contents of a human male. Upon analysis, the female mice had higher diversity as assessed by Shannon Diversity index, and a separate profile, whereas the male mice more closely resembled the donor profile. Forty-six distinct operational taxonomic units (OTUs) were different between the sexes, with 33 OTUs being overrepresented in the female fecal microbiota (162). Sex differences in microbial profiles were observed in multiple strains of mice. Gonadectomy with or without hormone replacement revealed further evidence of hormone effects on sex differences in mouse gut microbiota (164). In humans, the microbiota of males had reduced representation of Bacteroides at a BMI > 33, and the level of these microbes was reduced with increasing BMI. Post-menopausal females did not show an alteration in Bacteroides associated with BMI (165). An early critical window for microbial alteration of disease was shown for T1DM development in non-obese diabetic mice (NOD mice). Genetically similar mice housed in separate facilities eventually led to differing rates of T1DM development resulting in NODlow and NODhigh communities. Co-housing or oral gavage of fecal contents from the NODhigh mice to NODlow weanlings did not alter T1DM incidence. However, the offspring of the co-housed NODlow mice did have increased T1DM incidence, suggesting that a window exists either in utero or before weaning where alterations of the microbiota result in disease development later in life (24). The importance of differing environmental, housing, and laboratory conditions on animal models of disease phenotypes is evident in this study. It is plausible that male and female epithelial and immune cells respond in a differential manner to microbial recognition during the formative periods in infancy and early childhood, and this differential response contributes to the distinct differences found in microbial composition in adulthood. It follows that if male and female cells inherently respond differently to microbial recognition during development, then exposure to EDCs during this important time period could drastically alter the microbial composition, thereby exerting long-term consequences on adult health from childhood exposures. Further investigation is vital to determine the role EDCs play in the development of microbial composition and resultant functional alterations in childhood and adulthood.

Communication between the host and commensal microbes occurs through multiple pathways, which are not yet well understood. Recognition of microbial-associated molecular patterns (MAMPs), production of soluble mediators, and interactions within the microbiota–gut–brain axis are thought to be the predominant methods of host–microbe communication. Resident immune cells at mucosal sites are able to recognize MAMPs and promote inflammation or induce regulation through Foxp3-positive T cell populations (166–168). Cytokines, metabolites, hormones, mucus, and anti-microbial peptides are all mediators produced by the host in response to the presence of microbes, while microbes release short chain fatty acids, polysaccharide A, formyl peptides, and D-glyceo-β-D-mannoheptose-1,7-bisphosphate (HBP), all of which can modulate the host response and microenvironment (169). It is currently understood that a two-way communication channel exists between the gut microbiota and the central nervous system. Microbes exert effects on the vagal afferents and enteric nervous system, and resultant stress responses act through the HPA axis to drive or dampen cortisol secretion. Cortisol acts both locally and systemically on immune cells, promoting the secretion of various cytokines and chemokines, which in turn alters gut permeability and intestinal barrier function. These actions alter the microbial composition within the gut (170, 171). Thus, complex mechanisms of communication between the host and microbiota, which is dependent on specific microbial composition, may promote either tolerance or inflammation, both locally and systemically in a context-dependent manner.

In the context of autoimmune disease, Markle et al. investigated the sex differences in microbiota in a mouse model of autoimmune T1DM. Transfer of the male microbiota to female mice led to systemic alterations in sex hormone levels and protection of female mice against development of T1DM (163). This protective effect conferred by the transfer of male microbiota to female mice was dependent on AR activity. Blockage of AR activity by the AR antagonist flutamide, attenuated the protection from insulitis, autoantibody production, metabolome changes, and the capacity of T cell transfer to confer autoimmune disease in NOD SCID mice. Bacteria are able to metabolize sex hormones, thereby regulating the balance between active and inactive hormones, and potentially modulating hormone function (172). Probiotics were shown to enhance antibody response to vaccines, potentially affecting the efficacy of oral vaccinations due to gut microbiota (173, 174). We and colleagues showed that in a mouse model of SLE, Lactobacillus spp. was inversely associated with disease severity. Supplementation with Lactobacillus spp. led to reduced IL-6 production, suppression of IgG2a production and glomerular deposition, and increased IL-10 in circulation along with increased Treg populations and decreased Th17 subsets. Lactobacillus was also associated with reduced renal pathology. These protective effects were seen in female and castrated male MRL/lpr mice, but not in intact MRL/lpr mice, suggesting that some microbial effects act in a sex-hormone dependent manner (22). Sex-based differences in microbiota and effects on disease development or progression in the context of sex-biased autoimmune diseases are summarized in Table 1.

TABLE 1 | Sex-based differences in microbiota and autoimmune disease development.
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Sex Differences, Pathogen Sensing, and TLR7/8/9

Microbial signals are recognized through multiple pattern-recognition receptors, including TLRs, NOD-like receptors, C-type lectin receptors, and RIG-I-like receptors that are present in varying levels between cell subsets. Males and females tend to be exposed to the same pathogens and inflammatory triggers. However, the responses and outcomes to these exposures can be vastly different between sexes. One key sex difference in pathogen and inflammatory trigger sensing comes from the different levels of receptor expression. There are multiple immune-related genes, including TLR7, TLR8, FOXP3, CD40L, and CD13 that are present on the X-chromosome (177). It is possible that incomplete X chromosome inactivation can lead to increased numbers of FoxP3+ cells. Interestingly, while the number of FoxP3+ cells increased, the mean fluorescent intensity of FoxP3 was decreased and functional ability of these cells to regulate immune responses was suppressed (178). There is a potential for increased levels of TLR7 and 8 expression due to incomplete inactivation of the X-chromosome in females. The balance among TLR7, 8, and 9 has been shown to be vital to disease development in mouse models of SLE. TLR7 and 8 sense single-stranded RNA, and TLR9 binds to specific unmethylated CpG DNA motifs. Mice with increased levels of TLR7, or loss of TLR9, had enhanced autoantibody production and diseases severity, with TLR9 suppressing the autoantibody production induced by TLR7 (179). Male mice had higher levels of TLR4, circulating LPS-binding protein, and increased expression of CD14 on macrophages than female mice following LPS stimulation in vivo. These changes were seen at the protein level, while mRNA expression was unchanged between sexes (180, 181). Therefore, the potential differences in ability of male and female cells to recognize microbial or self stimuli may contribute to the observed differential responses.

Sex differences are also observed in how immune cells respond internally following ligand binding to receptors. Female Kuppfer cells produce IL-6 in a MyD88-dependent pathway, while male cells produce IL-6 in a MyD88-independent pathway (182). The ligation of CD200–CD200R is important in the suppression of TLR7 response to pathogens and control of IFNα production (183). Release of this inhibition through the knockout of the CD200 gene in mice enhanced sex differences in TLR7 and outcomes of viral infection. In HIV-1 infection, female plasmacytoid dendritic cells produced higher levels of IFNα after TLR7 stimulation than males and also had enhanced expression levels of all 13 IFNα subtypes and IFNβ following stimulation of TLR7 on peripheral blood mononuclear cells (PBMCs) (183). Caution must be taken when evaluating changes in expression levels and correlating that to immune responses, as PBMCs from human SLE patients showed increased expression of TLR9 mRNA and proteins compared with healthy controls. However, the function of TLR9 was impaired in SLE PBMCs leading to reduced IFNα following stimulation (184). Therefore, it is plausible that female cells may be more sensitive to PAMPs, and following receptor binding, internal signaling differences may enhance inflammatory responses compared with male cells.

CONCLUSION AND FUTURE DIRECTIONS

Biological differences exist in immunological responses to stimuli between males and females, and this likely contributes to the sex difference in the loss of immunological tolerance and production of autoantibodies. These differences manifest in a complex network of intrinsic differences in the ability of immune cells to recognize a stimulus, respond, and return to homeostasis. Female and male cells could have differential cell signaling and outcomes to environmental contaminants exposure, concurrent disease or pathogen exposure, commensal populations, age, sex hormone fluctuations, and other environmental influences. While this biological end point generally protects females from infectious diseases, it predisposes genetically susceptible individuals to chronic inflammatory conditions and development of autoimmunity compared with their male counterparts. Our understanding of environmental interactions with sex-specific characteristics remains incomplete, with evidence that sex-specific therapies or preventive measures may exist. Sex-based differences have been seen in response to treatment with methylprednisolone and rituximab (a monoclonal antibody against CD20) (185, 186). Sex disparities in clinical presentation, progression, and outcome of autoimmune diseases exist, suggesting that separation of sex-based groups in the evaluation of treatment strategies may help to appropriately tailor multiple treatment modalities in the future (187, 188). Environmental exposures may also influence an individual’s response to medication, highlighting the importance of considering a patient’s environment when determining the best possible treatment regimen. Further investigation into the precise mechanism of how environmental chemical exposure alters distinct ligand–receptor signaling cascades in specific immune cell subsets is vital for better understanding the extent to which these ubiquitous chemicals can modify human and animal physiology. The exploration into associations between commensal microbial dysregulation and host disease susceptibility, or severity, must also take into account, to the best extent possible, the environment to which that particular individual has been exposed. Microbial metabolism of EDCs may exert protection or promote exacerbation of certain disease processes depending on resultant metabolites and bioavailability.

Given that multi-factors are likely required for the induction of autoimmune diseases, a different approach is needed to understand sex differences in susceptibility to these chronic conditions. Biologically, male and female cells of the immune system are differentially exposed to sex hormones and sex hormone-regulated proteins (other unidentified internal regulators) and manifest inherent genetic differences in sex chromosomes. Thus, the cells of the innate and adaptive immune system could be molecularly primed differently between sexes. It is therefore conceivable that male and female cells will differently perceive the binding of their receptor to the same ligand. In females, exposure to these triggers may have adverse effects. Following external triggers, the female immune system may be more prone to dysregulation (e.g., break in immune tolerance) and have augmented induction of autoantibodies and cytokines/chemokines that have been associated with autoimmune diseases. We further postulate that in genetically susceptible individuals, sex differences, both intrinsic and in response to environmental contaminants, such as estrogenic EDCs, contribute to female bias of immune tolerance dysregulation and drive autoantibody production and subsequent pathology (Figure 6). Understanding the complex interactions among differences in sex hormones, a wide range of chemicals, genetic variations, infections, and environmental triggers and deriving conclusions about impacts on pathogenesis will likely require the utilization of complex computational models. With the progression of individualized medicine, these environmental exposures will likely prove unique to various lifestyles and geographical locations.
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FIGURE 6 | Overview of the responses by male and female B cells to external stimuli and subsequent production of autoantibodies. Before conception, the maternal systems are augmented in various ways, including exposure to endocrine disrupting chemicals (EDCs). Following conception, the fetus is subjected to EDC exposure through continued maternal exposure. Fetal and maternal hormones contribute to immune system development. Following parturition, an infant becomes exposed to microbial organisms and the establishment of commensal microbial population begins, being influenced by both endogenous and exogenous factors before stabilization. The microbiota composition will influence the developing immune system and promote recognition of pathogens and support the development of tolerance mechanisms. Juveniles continue to be exposed to EDCs and pathogenic microbes will be encountered, further stimulating the immune system. At puberty, cells become exposed to higher levels of female or male sex hormones, altering immune cell function and signaling pathways. During adulthood, immune cells continue to be exposed to EDCs and microbial stimuli, both commensal and pathogenic. Sex differential levels of cytokines, chemokines, hormones, and other soluble factors make up the microenvironment that the immune cells are exposed to, further promoting or inhibiting immune cell activation and response. The female cells, which may be primed due to sex differences and environmental contributing factors, generally respond more robustly to the same immunological stimulus compared with male cells. This more robust response likely contributes to the female biased dominance in many autoimmune diseases.
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B cells possess a predominant role in adaptive immune responses via antibody-dependent and -independent functions. The microbiome of the gastrointestinal tract is currently being intensively investigated due to its profound impact on various immune responses, including B cell maturation, activation, and IgA antibody responses. Recent findings have demonstrated the interplay between dietary components, gut microbiome, and autoantibody production. “Western” dietary patterns, such as high fat and high salt diets, can induce alterations in the gut microbiome that in turn affects IgA responses and the production of autoantibodies. This could contribute to multiple pathologies including autoimmune and inflammatory diseases. Here, we summarize current knowledge on the influence of various dietary components on B cell function and (auto)antibody production in relation to the gut microbiota, with a particular focus on the gut–brain axis in the pathogenesis of multiple sclerosis.
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INTRODUCTION

B cells are involved in humoral and cell-mediated immunity. They secrete antibodies following differentiation into plasma cells, produce cytokines, and regulate T cell responses via antigen presentation and costimulation (1–3). B cells develop in the bone marrow from hematopoietic stem cells to immature B cells that further mature in the periphery into transitional and mature naïve B cells (4). Following activation, short-lived plasma cells are generated that produce low-affinity immunoglobulin (Ig)M antibodies for a few days (4). A fraction of the responding B cells undergoes a germinal center response, which results in the generation of memory B cells and long-lived Ig class-switched plasma cells that produce high-affinity IgG, IgA, or IgE antibodies.

Autoantibodies can originate from autoreactive B cells that escape tolerance mechanisms following molecular mimicry of infectious antigens with autoantigens, bystander activation, novel autoantigen presentation, or recognition of circulating autoantigens. They can clear target cells via antibody-dependent cell-mediated cytotoxicity or complement activation (5, 6). In addition, B cells are highly effective antigen-presenting cells, effectively activating antigen-specific CD4+ T helper (Th) cells (2, 7). Depending on the cytokine profile, B cells can stimulate pro- and anti-inflammatory immune responses (8–10).

The humoral immune response in the gastrointestinal tract is mediated by IgA+ memory B cells and IgA-producing plasma cells in the gut-associated lymphoid tissue (GALT). The protective and nutrient-rich environment of the gastrointestinal tract accommodates an extremely dense and diverse bacterial community (11) that in turn provides metabolic advantages and serves as a natural defense against colonization with pathogens (12, 13). Commensal bacteria act as critical stimuli, playing an important role for the maturation of the GALT and further induce IgA production by B cells (14). Class switching to IgA-producing plasma cells occurs in the Peyer’s patches and lamina propria, following T cell-dependent or -independent mechanisms (15). The secreted IgA (SIgA) into the gut provides a first-line defense against pathogens mainly by blocking toxins and pathogens from adhering to the intestinal epithelium at the earliest steps of the infection process (16).

In this review, we describe the interrelation of dietary components, microbiome and B cell function with a focus on the production of (auto)antibodies. Special emphasis is placed on multiple sclerosis (MS) and its animal model experimental autoimmune encephalomyelitis (EAE).

DIETARY INFLUENCES ON B CELL HOMEOSTASIS AND FUNCTION

Modern nutritional patterns, collectively termed “Western-diet,” are characterized by high energy density, animal protein, total and saturated fats, sugars and salt but low levels of plant-derived fibers. This “Western-diet” has a profound influence on the prevalence of autoantibodies, although changes in antibody-independent B cell functions have been reported as well. Additionally, a “Western-diet” may influence the balanced composition of the gut microbiome leading to perturbed immune responses, including effects on B cell production, activity, and maturation (17, 18) (Figure 1).
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FIGURE 1 | Interrelation among B cells, microbiome, and diet in disease progression. Western type nutritional patterns influence the composition of the intestinal microbiome (green line). Alterations of the gut microbiome induced by nutrient components impact homeostasis and the onset of various diseases (red arrow). Western diet dietary components influence B cell function and production of autoantibodies (black arrow), which are involved in disease progression (gray arrows). The connection between B cells and microbiome is bidirectional (dashed gray arrow). B cell-derived antibodies modulate the intestinal microbiome and vice versa.



Effects of a high-fat diet (HFD) on B cell function have mostly been studied in diet-induced obesity models. Here, B cells contribute to pro-inflammatory reactions in the adipose tissue mediating insulin insensitivity and diminished glucose clearance. More specifically, B cells secrete pathogenic IgG antibodies and pro-inflammatory cytokines, which could interfere with macrophage polarization, CD4+ T cell function, such as regulatory T cell inhibition or Th17 cell polarization, and CD8+ T cell activation (19, 20). Reduced systemic antibody production has been demonstrated following influenza infection and/or ex vivo stimulation in a HFD-induced obesity mouse model and in obese individuals (21–23). Underlying mechanisms could involve effects on the responding plasma cells and molecular deregulation. Yet, autoreactive and pro-inflammatory antibodies were increased in obese humans and HFD-fed mice (20, 24, 25), probably through CD40 ligand (CD40L) signaling. CD40L has been shown to induce inflammatory cytokine production in adipose cells in vitro and in vivo (26, 27). The increased natural autoreactive IgM antibodies under HFD formed an immune complex with apoptosis inhibitor of macrophage, which promoted IgG autoantibody production (28). Increased B cell frequencies and IgG levels were found in mouse obese white adipose tissue and obese humans, who additionally demonstrated a positive correlation between IgM levels and body mass index (21). Furthermore, obese humans displayed reduced IL-10+ regulatory B cell levels in subcutaneous adipose tissue, which could contribute to the occurrence of autoantibodies (29). Mouse models further indicated diverse roles for different B cell subtypes in obesity-associated pro-inflammatory responses (20, 29–31). Thus, B cells might play a crucial role in secondary inflammation following obesity and constitute a potential therapeutic target in diet-induced obesity.

High-fat diet also induces changes in the gut microbiota that are related to the development of obesity and diabetes. Obesity is associated with a decreased intestinal abundance of Bacteroidetes and an increased proportion of Firmicutes, both in mice and humans (32–34). It has been shown that germ-free (GF) mice may be protected against diet-induced obesity and the mechanism possibly involves the fasting-induced adipose factor (Fiaf) in the intestinal epithelium and the AMP-activated protein kinase in skeletal muscle and liver (35). In addition, colonization of GF mice with microbiota harvested from conventionally raised animals resulted in a 60% increase in body fat content and insulin resistance (36). However, more research is necessary to unravel the link between HFD-mediated alterations of gut microbiota and B cell function or autoantibody production.

Another factor associated with “Western-diet” is the high salt content in processed foods and so-called “fast foods.” High salt diets have been shown to exert profound effects on animal models of autoimmunity by affecting Th cell populations and macrophages promoting a pro-inflammatory environment (37, 38). However, if high salt also affects B cells is less well understood. Hybridoma cells under hyperosmotic stress exert suppressed cell growth but enhanced specific antibody production (39–41). Increased differentiation of Th17 and follicular helper T (Tfh) cells was demonstrated following a high salt diet in EAE and a lupus mouse model (42, 43). Tfh cells are involved in the selection of high-affinity B cells during the germinal center response. The mechanism involved in the high salt-mediated Th17 activation is dependent on nuclear factor of activated T cells 5 (NFAT5), p38/MAPK, and the serum/glucocorticoid-regulated kinase 1 (SGK1). SGK1 expression is induced upon salt treatment and its activation depends on p38/MAPK. Silencing of SGK1 reverts the effect of salt on IL-17 levels. To exclude the possibility that high osmolarity mediates the enhanced Th17 pro-inflammatory profile, mannitol and MgCl2 were tested along and proved to have only a slight effect (42). Furthermore, high salt conditions result in cellular osmotic stress that is regulated via the guanine nucleotide exchange factor Brx-induced expression of NFAT5 (44). Interestingly, Brx was shown to be necessary for B cell differentiation in high salt conditions via NFAT5-mediated production of B cell activating factor (BAFF) that regulates splenic B cell differentiation and Ig production. A recent study described the correlation between salt intake and gut microbiome changes in EAE. More specifically, salt intake decreased the population of Lactobacillus murinus, while supplementation of L. murinus reduced the salt-induced EAE clinical scores and Th17 cell frequencies (45).

By contrast, dietary supplementation with n − 3 polyunsaturated fatty acids (PUFAs) derived from fish oils could impact B cell function and suppress pro-inflammatory responses (46). Results from mouse models for obesity, colitis, peritonitis, and systemic lupus erythematosus indicated that dietary administration of fish oil containing n-3 PUFAs elevated splenic B cell numbers, increased B cell cytokine and IgM production while reducing autoantibodies (47–51). Monthly consumption of fish oil by postpartum women led to lower levels of anti-thyroid autoantibodies (52). In individuals at risk for rheumatoid arthritis, the use of n-3 PUFA food supplements and n-3 PUFA levels in red blood cell membranes were inversely associated with anti-cyclic citrullinated peptide and rheumatoid factor positivity (53, 54). Specialized pro-resolving lipid mediators (SPMs) that are endogenously synthesized from n-3 and n-6 PUFAs play a role in suppressing adipose tissue inflammation. In obese humans, selected SPMs were declined in adipose tissue (55). 17-hydroxydosahexaenoic acid (17-HDHA), DHA and resolving D1 stimulated increased Ig production in humans or mice with diet-induced obesity (21, 56). Furthermore, DHA and eicosapentaenoic acid (EPA) induced differential effects on B cell cytokine production and on distinct B cell subtypes that correlated with increased natural serum IgM and cecal IgA in murine obesity (57). Opposed to this, lipoxin A4 decreased (antigen-specific) IgM and IgG production and inhibited memory B cell function in an ovalbumin immunized mouse model (58). Thus, n − 3 PUFAs and their derived SPMs can have profound effects on B cell function. More research is needed to clarify the differential effects associated with different types of PUFAs and to mechanistically link the effects to inflammation in obesity. Of note, in MS, EPA and DHA had no beneficial effects on disease activity (OFAMS study) (59).

Furthermore, a diet rich in short-chain fatty acids (SCFAs) could positively impact gut microbiota and inflammatory processes (37). The microbiome converts non-digestible carbohydrates (dietary fibers) to SCFAs, including acetate, butyrate, and propionate, which reduce the risk of inflammatory diseases, type 2 diabetes, obesity, heart disease, and other conditions (60). Non-obese diabetic mice on a diet rich in acetate were characterized by decreased IL-12-producing marginal zone B cells, a B cell subtype linked to the disruption of immune tolerance, in the spleen and the Payer’s patches that additionally showed decreased expression of major histocompatibility complex I and CD86 (61). At the transcriptional level, changes were detected in genes associated with B cell costimulation, antigen presentation, proliferation, and differentiation. Thus, SCFAs and in particular acetate could affect the ability of B cells to expand autoreactive T cells in vivo and the development of type 1 diabetes. Butyrate was also suggested to protect against the development of anti-islet cell autoantibodies involved in type 1 diabetes (62). Early introduction of a non-milk diet in infants increased the risk for autoantibody production by reduced butyrate production and was associated with high Bacteroides levels. A milk-based diet resulted in a competitive advantage of acetogens compared to sulfate reducing bacteria, thereby leading to increased butyrate production via co-fermentation of acetate.

Dietary components such as gluten (63, 64), selenium (65), and iodine [reviewed in Ref. (66)] have been shown to increase autoantibody production. Additionally, impaired protein intake alters IgA responses, attenuating the protective efficacy of vaccination against cholera and Salmonella enterica serovar Typhimurium in mice (67). On the contrary, a cocoa-rich diet decreases autoantibody production and confers beneficial immune function (68–72).

CROSS-TALK BETWEEN MICROBIOME AND B CELLS

Studies in various animal models of impaired microbial control [including GF, antibiotic-treated mice, mice with restricted flora and activation-induced cytidine deaminase knockout (AID−/−) mice], but also in humans, have demonstrated that gastrointestinal bacteria participate in B cell differentiation, maturation, and activation (73–76). A proof-of-principle study in Pakistani infants living in impoverished areas showed an accelerated maturation of the salivary IgA system compared with healthy Swedish infants (77). In contrast, in Swedish infants, the gut microbiota took longer to establish and was characterized by a lower diversity (78–80). B cell maturation in Swedish infants was shaped by the intestinal bacterial colonization pattern, mainly by Escherichia coli and Bifidobacteria (74).

On the other hand, intestinal IgA can influence the gut microbiota composition. Natural and specific IgA antibodies in breast milk were capable of binding commensal bacteria and might be involved in establishing the newborn’s microbiome (81). High-affinity IgA, generated via T cell-dependent mechanisms, was essential in mice for the protection from invasive commensal species, such as segmented filamentous bacteria (SFB), and from true pathogens, such as Salmonella typhimurium and Enterobacter cloacae (82). Of note, SFB increased IgA+ B cells in vivo (83, 84). Moreover, SIgA promoted the establishment of host–microbial relationships by modulating bacterial epitopes and modifying bacterial metabolism, as demonstrated by the downregulation of bacterial genes involved in the metabolism of oxidative products, i.e., Bacteroides thetaiotaomicron (85). An alternative mechanism proposed a mouse monoclonal IgA which was reactive against multiple commensal but not beneficial bacteria by specific recognition of an epitope in serine hydroxymethyltransferase, a bacterial metabolic enzyme (86). Oral administration of this IgA antibody in vivo effectively prevented the development of colitis in several mouse models (86, 87).

Probiotics, live microbial food ingredients, have been demonstrated to affect B cell function by stimulating systemic and mucosal IgA production in humans (88, 89). More specifically, probiotic strains such as Bifidobacterium lactis and Saccharomyces boulardii enhanced IgA production through alteration of the gut mucosa cytokine milieu in preterm infants and mice, respectively (90, 91). Probiotic bacteria can induce TGF-β, IL-10, and IL-6 expression by epithelial cells, which potentiate IgA production through B cell maturation and class switching to IgA (92, 93). Finally, probiotics augment the expression of polymeric Ig receptors on the basolateral surface of intestinal epithelial cells enhancing IgA transcytosis into the gut lumen (94). Not only supplementation of preterm infants with B. lactis but also administration of Lactobacillus casei in mice resulted in increased IgA-producing cells (95, 96). Pretreatment of mice with the Bifidobacterium species B. bifidum and B. infantis increased gut mucosal pathogen-specific IgA antibody titers and reduced illness after challenge with rotavirus (97, 98). Similar results were described in infant rabbits and gnotobiotic pigs, pinpointing the effects of several commensals on IgA production (99, 100). Dietary components, shown to directly affect microbiome composition with subsequent influence on human’s immunity and health, include proteins, fats, carbohydrates, and polyphenols. Data from clinical studies prove that plant-derived proteins, non-digestible carbohydrates (prebiotics), and restricted fat consumption and polyphenols increase the intestinal numbers of beneficial bacteria such as Bifodobacterium and Lactobacillus. Interestingly, contrary to animal-derived proteins that can lead to inflammatory bowel disease and cardiovascular diseases, plant-derived proteins increase SCFAs and regulatory T cells, counteracting inflammatory responses (101).

Therefore, a “Western-diet” lacking components of high nutrient value such as probiotics may negatively modulate immune responses, thereby leading to decreased immune tolerance as well as disease and infection progression.

INTERPLAY OF B CELLS AND MICROBIOME IN MS

B cells are important players in MS pathogenesis via antibody-dependent and -independent mechanisms (1). Bidirectional trafficking of B cells has been demonstrated between the periphery and CNS, where they could locally produce (auto)antibodies (102). IgA antibodies, that mediate humoral immunity in the gastrointestinal tract, have been described to play a role in MS as well. Increased serum IgA antibodies directed against myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG), plant and human aquaporins, and S100B have been described in MS (103, 104). Anti-MBP IgA antibodies were able to catalyze MBP hydrolysis, which could contribute to demyelination (105). Intrathecal IgG, IgA, and IgM synthesis correlated with the presence of anti-MBP or anti-proteolipid protein-secreting cells (106). Interestingly, IgA antibodies were found to be associated with a progressive disease course (103). More specifically, cerebrospinal fluid (CSF) IgA synthesis was correlated with the yearly disease progression rate in primary progressive MS (107). In addition, IgA antibodies directed against gliadin, gluten, and casein were increased in MS patients (108). In the CNS, IgA was reported as a major component of immune responses in MS with IgA+ plasma cells showing signs of clonal expansion, intraclonal diversification, and anti-axonal reactivity (109–111). An important correlation was found between CSF levels of chemokine C-X-C motif ligand (CXCL)13 and the extent of intrathecal IgA synthesis (112).

In addition, mounting evidence highlights the implication of the gut environment in MS onset and progression. Recently, microbiome analysis indicated altered levels of several commensals in MS patients (113–115). Possible mechanisms employed by microbiota to induce MS could potentially include low-grade microbial translocation such as peptidoglycan, a bacterial cell wall component, from the gut to the CNS (115, 116). Additionally, gut microbiota can lead to disruption of the blood–brain barrier (117), microglia activation (118), limited astrocyte pathogenicity (119), and expression of myelinating genes (120). Interestingly, microbiota transplantation of MS patients to GF mice resulted in more severe EAE symptoms and reduced IL-10+ regulatory T cells compared to mice transplanted with selected healthy human microbiomes (113, 121). Commensal microbiota is necessary for disease development in spontaneous and actively induced EAE models (122, 123). MOG-immunized GF mice showed reduced anti-MOG antibodies that could be increased by colonization with microbiota from MS-affected twins. Furthermore, GF housing conditions resulted in impaired B cell recruitment to brain-draining lymph nodes and reduced MOG-specific IgG2a antibodies in spontaneously developing EAE (121). In line with this, an antibiotic mixture orally administered before EAE induction impaired EAE development due to increased regulatory T cells in the mesenteric and cervical lymph nodes and increased IL-10-producing CD5+ B cells in cervical lymph nodes (124). The induced B cells were able to reduce EAE severity when adoptively transferred into naïve recipient mice by causing a shift from a Th1/Th17 toward a Th2 cytokine profile (125). Thus, antibiotic treatment stimulated both regulatory T and B cells, which both contributed to the protection against EAE.

In addition, dietary interventions have been tested in EAE models. A prophylactic diet of 66% caloric restriction protected Lewis rats from developing EAE as evident by reduced splenic CD8+ T cells and B cells, lymphoid and thymic CD4+ T cells and B cells, and IFN-γ production (126). Other dietary interventions that demonstrated efficacy in reducing EAE symptoms are SCFAs, low fat diets, and zinc aspartate (127). However, currently no information is available on the effects of these dietary components on B cell function or autoantibody production. Moreover, some vitamins, i.e., A, E, and D are important immune regulators and have been shown to limit EAE progression (116). Of note, vitamin D, which is mainly produced by sun exposure but is also contained in food such as salmon, beef meet, and egg yolks, has been shown to decrease EAE manifestations in vivo. Administration of 1,25-dihydroxyvitamin D3 to mice, the active form of vitamin D, prevented EAE development and significantly reduced serum anti-MBP antibody production (128). In MS patients, different dietary interventions have been studied although mostly unsuccessful or causality could not be demonstrated (116). However, preliminary data from a recent study indicated that a fasting mimicking diet or chronic ketogenic diet could be safe, feasible, and potentially effective in MS treatment (129).

CONCLUSION

Increasing evidence is being gathered for the interplay between diet, microbiome, and autoantibody production. Deregulation of this system could contribute to different pathologies, including MS. A “Western-diet” consisting among others of high fat and high salt content has been associated with increased autoantibody production, obesity, inflammatory disorders, and autoimmune diseases. Gut bacteria have been shown to modulate B cell differentiation, maturation, and activation with a profound influence on IgA responses (Figure 1). Dietary interventions and the use of probiotics could restore immune deregulation that is seen in case of diet-induced microbiome alterations. They thus may represent valuable tools for improving the treatment of inflammatory and autoimmune disorders. However, more research is needed to clarify the mechanisms underlying the effects of dietary components on autoantibody production and its relation to disease development in order to obtain a more efficient and preventive treatment line. In MS patients, IgA antibodies against several autoantigens have been described. Additionally, a disturbed microbiome has been observed in MS patients and animal studies have supported a possible link between the microbiome and the disease. However, the exact role of diet and the microbiome in B cell-mediated pathology in MS, along with the respective mechanisms, remain to be determined.
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Plasma cells (PCs) are responsible for the production of protective antibodies against infectious agents but they also produce pathogenic antibodies in autoimmune diseases, such as systemic lupus erythematosus (SLE). Traditionally, high affinity IgG autoantibodies are thought to arise through germinal center (GC) responses. However, class switching and somatic hypermutation can occur in extrafollicular (EF) locations, and this pathway has also been implicated in SLE. The pathway from which PCs originate may determine several characteristics, such as PC lifespan and sensitivity to therapeutics. Although both GC and EF responses have been implicated in SLE, we hypothesize that one of these pathways dominates in each individual patient and genetic risk factors may drive this predominance. While it will be important to distinguish polymorphisms that contribute to a GC-driven or EF B cell response to develop targeted treatments, the challenge will be not only to identify the differentiation pathway but the molecular mechanisms involved. In B cells, this task is complicated by the cross-talk between the B cell receptor, toll-like receptors (TLR), and cytokine signaling molecules, which contribute to both GC and EF responses. While risk variants that affect the function of dendritic cells and T follicular helper cells are likely to primarily influence GC responses, it will be important to discover whether some risk variants in the interferon and TLR pathways preferentially influence EF responses. Identifying the pathways of autoreactive PC differentiation in SLE may help us to understand patient heterogeneity and thereby guide precision therapy.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease characterized by the production of pathogenic autoantibodies that target a variety of nuclear self-antigens, some of which cross-react with tissue antigens. These autoantibodies cause tissue inflammation and lead to organ damage in the kidneys, skin, and more. Presence of IgG ANA is a diagnostic feature for SLE and other systemic autoimmune diseases, and these antibodies have an important role in disease pathogenesis (1, 2). In contrast, IgM ANA are considered to be protective against autoimmunity. They can be present in healthy individuals and assist in the non-inflammatory clearance of cellular debris and inhibit responses induced by IgG ANA (3–5). Other isotypes include IgA and IgE, but the pathogenicity of these isotypes has been less well studied.

Antibodies are secreted by plasma cells (PCs), which arise as a terminal differentiation step from B cells. Most of our knowledge of immune tolerance to nuclear antigens, and the break of tolerance in SLE patients, is derived from studies with B cell receptor (BCR)-transgenic mice and single cell studies in humans, where self-reactivity is usually censored in developing B cells prior to their achieving immunocompetence (6, 7). Autoreactive cells that escape these mechanisms often become anergic (8–10), a process that mitigates against these cells giving rise to high affinity IgG autoantibody-producing PCs.

Plasma cells can arise through two pathways: through activation of B cells and direct differentiation in extrafollicular (EF) foci or through a germinal center (GC) response. Although traditionally pathogenic high affinity autoantibodies have been associated with the GC response, recent insights have implicated the EF pathway in SLE as well. We hypothesize that both pathways can contribute to production of SLE autoantibodies. Understanding the regulation of each pathway and how genetic risk alleles may preferentially target one or the other of these pathways will be the focus of this review.

Different subtypes of PCs have been described, including plasmablasts (PB), pre-PC, early PC, short-lived PC, and long-lived PC. These terms are sometimes used interchangeably or not clearly defined. The confusion in part derives from the original paradigm that the EF pathway only results in short-lived proliferating PBs, whereas the GC pathway was thought to result only in long-lived quiescent PCs (11). However, lifespan and proliferation can operate independently from each other, such that there are short-lived PCs which are not proliferating, and long-lived PCs from GC origin can proliferate prior to becoming quiescent (12–14). In addition, PC differentiation is a continuum where expression of canonical B cell markers [B220, CD19, major histocompatibility complex (MHC) class II] is gradually lost and PC markers (such as Blimp-1, CD138, secreted Ig) are gradually upregulated (14). It is therefore difficult to define specific PC subsets based on the expression of these markers. Here, we define PCs as antibody secreting cells and we will only mention specific PC subsets if these have been clearly verified. Definitions used in this review are PBs, if proliferation has been verified; short-lived plasma cells, if a short lifespan of <7 days has been shown; or long-lived PC, if a long lifespan of >28 days has been demonstrated.

T-INDEPENDENT B CELL ACTIVATION AND PC DIFFERENTIATION

The B cell lineage consists of several subsets and cells diverge early in development. Each of these naive cell subsets can give rise to PCs, but they each preferentially respond to specific types of antigen. Antigens can activate B cells in a T-independent or T-dependent manner. T-independent responses do not require cognate T cell help. T-independent activation therefore leads to plasma cell differentiation in the absence of GCs. There are two types of T-independent antigens that can induce activation of B cells; TI-1 antigens can activate B cells through coengagement of Toll-like receptors (TLR), such as LPS or other bacterial polysaccharides, whereas TI-2 antigens lead to extensive crosslinking of the BCR, such as polymeric protein antigens or repeated structural motifs (15). In TI-2 responses, competition for antigen enhances the activation and expansion of high-affinity cells, while antigen affinity is less important in TI-1 responses (16).

Although TI-1 and TI-2 antigens have been considered to induce T cell-independent responses, it is now clear that this distinction is not absolute: TI-2 and possibly TI-1 antigens can induce a transient GC (17), and the TI-2 serum antibody responses, in particular IgG, can still be T cell-dependent, even if the antigen cannot directly trigger T cells through MHC class II (18). It has therefore been proposed that the characteristics of the antigen is not the leading determinant of the response, but rather the B cell subset and the ancillary cell types involved determine the nature of the response (19).

In addition to the strength of the initial stimulus through the BCR and cognate and non-cognate T cell interactions, B cell activation is also modified by the presence of other potent stimuli. Pattern recognition receptors, such as TLRs, interact with damage-associated molecular patterns or highly conserved microbial structures present in bacteria or virus. Included among these are both dsDNA (CpG enriched) and RNA. Many TLRs signal through MyD88, and MyD88-deficient mice have diminished antibody responses, both early and late after immunization (20–23). Simultaneous engagement of the BCR and TLRs has a synergistic effect on signaling and subsequent B cell activation (24).

Cytokines, such as type I interferon (IFN), IL-6, and BAFF, can activate B cells and enhance both T-independent and T-dependent activation (25–27). BAFF has three recognized receptors, and one of them, TACI, signals through MyD88 (28), the same adaptor used by TLR7 and TLR9. Antigen-presenting cells, such as dendritic cell (DC) and macrophages, induce CD40-independent PC differentiation through secretion of cytokines such as BAFF and APRIL (26).

Two processes that alter the antibody response are somatic hypermutation (SHM) and class switch recombination (CSR), both of which are mediated by the enzyme activation-induced cytidine deaminase (AID) (29). These processes can change antigen recognition by the BCR (SHM) or change the isotype that is expressed (CSR), and are usually associated with GC responses (discussed below). Although T-independent responses are usually associated with the IgM isotype, CSR can occur in certain infections and does not require cognate T–B interactions (30). CSR can be driven by MyD88 signaling or cytokines such as BAFF, APRIL, IFN-gamma, and IL-21 (20, 23, 31, 32).

B-1 Cells

B-1 cells represent a distinct population of B cells that arises during fetal development (33, 34). They are mainly found in the peritoneal and pleural cavities of mice and are rare in lymphoid organs and blood (Figure 1) (35). B-1 cells generally express germline-encoded, polyreactive IgM and IgA antibodies with limited V-gene segment usage, and are activated by T-independent antigens, such as LPS (TI-1) or multivalent antigens (TI-2) (36–38). In mice, B-1 cells can be further divided into B-1a and B-1b according to the expression of CD5 (CD5+ or CD5−, respectively). B-1a cells have been proposed as a major source of natural autoantibodies (37–40). These low-affinity polyreactive antibodies can be secreted spontaneously and are important in the clearance of apoptotic debris. They also contribute to protection against pathogens such as Streptococcus pneumoniae and influenza (41, 42). B-1b cells respond primarily to T-independent antigens (TI-1 and TI-2) and generate IgM memory cells, which contribute to protection against reinfection with Borrelia hermsii, S. pneumoniae, and Salmonella (19, 41, 43–45).
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FIGURE 1 | B cell subsets in T-independent plasma cell development. B-1 cells in the peritoneal and pleural cavities can produce antibodies of the IgM and IgA isotype, either spontaneously (B-1a) or in response to T-independent antigens (B-1a and B-1b). Marginal zone B cells produce mostly IgM in response to T-independent antigens.



B-1 cells are poor at forming GCs (46); however, class-switched, somatically mutated B-1 antibodies showing evidence of antigen selection have been isolated from humans (47). Although elevated numbers of B-1 cells are present in some lupus-prone mouse strains (36, 48), there is not a clear association with SLE (49, 50).

Marginal Zone (MZ) B Cells

Marginal zone and follicular (FO) B cells differentiate from transitional B cells and both can participate in T-dependent and T-independent immune responses. MZ B cells are located in the MZ of the spleen, where they can serve as a first line of defense to T-independent and blood-borne antigens, such as lipopolysaccharide from bacteria (51). They are characterized by high responsiveness to TLR activation, as well as a preactivated state with high expression of complement receptors and costimulatory molecules. Due to these characteristics, they are known for their ability to quickly differentiate into PCs in response to T-independent antigens (51–53). MZ B cells do not require cognate T cell help, as soluble factors such as cytokines and costimulation derived from DCs, neutrophils, iNKT cells, and T cells, can also lead to their activation, CSR, and differentiation into PCs (28, 31, 54, 55).

FO B Cells

Follicular B cells are migratory cells that move between lymph nodes, splenic follicles and the circulation until they interact with antigen. While MZ B cells are specialized in the response to T-independent antigen, they can also transport these antigens to the follicles and transfer such antigens to FO B cells (56, 57). However, compared to MZ B cells which become blasts within 24 h of mitogen activation, FO B cells do not show blast formation in response to mitogen, due to their requirement for cognate T cell help, and therefore the contribution of FO B cells in T-independent responses is probably limited (51).

T-CELL-DEPENDENT ACTIVATION OF B CELLS

Although there are models where T-independent responses can contribute to lupus in mice (58, 59), the majority of studies in lupus-prone mice and SLE patients suggest that T-dependent responses are the main driver of the disease. Therefore, we will focus on T cell-dependent responses for the remainder of this review. Here, we will first discuss the initial activation of B cells in a T-dependent response, including the cell fate decisions into either the EF or the GC pathway, followed by a discussion of the PC differentiation pathways after they diverge.

T-dependent responses are thought to be dominated by FO B cells, although MZ B cells can migrate to the T–B border, activate T cells, and enter a GC (60–63). Although it is unclear how much they contribute to class-switched GC-derived antibody responses, MZ B cells can certainly contribute to T-dependent EF responses (Figure 2) (64, 65). MZ B cells can also capture and deliver blood borne antigens to the follicles, thereby enhancing T-dependent FO responses (66). This indicates that although MZ B cells do not require cognate T cell interactions for their differentiation into PCs, they can still participate in T-dependent responses (Figure 2).
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FIGURE 2 | B cell subsets in T-dependent plasma cell (PC) development. Both marginal zone B cells and follicular (FO) B cells can contribute to the extrafollicular (EF) PC response, whereas the germinal center (GC) response and subsequent PC differentiation is predominantly driven by FO B cells.



Recirculating FO B cells are activated by antigen in peripheral tissues or in lymphoid tissue where they encounter soluble antigen or antigen arrayed on follicular dendritic cells (FDCs). Activated B cells upregulate chemotactic factors (CCR7, EBI2) that favor their migration to the B–T border in the lymph nodes or spleen (67, 68). At the same time, CD4+ T cells are activated by DCs in the T cell zone, and these activated T cells will also migrate to the B–T cell border. The differentiation of Th cells [Th1, Th2, Th17, T follicular helper cells (Tfh)] is determined by T cell–DC interactions and is driven by the engagement of pattern recognition receptors by pathogens- or damage-associated molecules (69). At the T–B border, cognate interactions between antigen-specific B and T cells drives initial proliferation, and some B cells will undergo immunoglobulin CSR under the influence of T cell-derived cytokines (60, 70–73).

After activation, B cells can diverge into EF PCs and GC B cells. While it is well known which transcription factors drive the differentiation into GC B cells versus EF PCs, whether there is direct competition between EF and GC differentiation has not been fully demonstrated. Since B cells can proliferate at the T–B border prior to making cell-fate decisions, it is possible that the distinction between cells with the same high affinity that enter an EF or a GC pathway is partly stochastic and that the same B cell clone can be found in both pathways (74, 75).

Under non-competitive conditions, low-, medium-, or high-affinity B cells can all seed a GC, whereas the low-affinity cells are unable to generate an EF antibody response (76), due to failure to expand low-affinity EF PCs rather than a lack of initiation of PC differentiation (75). In contrast, under competitive conditions, low-affinity cells compete with high affinity cells and are unable to expand or enter a GC response (77). The advantage of high affinity B cells in each response can be at least partly explained by the degree of T cell help that is received, as high affinity B cells stimulated with antigen express higher amounts of MHC class II in the membrane, and are able to present more peptide to T cells, establishing a more effective immunological synapse (77), which can affect both EF and GC responses.

Although TLR activation during T-independent responses clearly increases the magnitude of the EF response, TLR ligation in T-dependent responses can enhance both the GC response and the EF response (22), in a B cell-extrinsic or -intrinsic manner (78).

PC DIFFERENTIATION

PC Differentiation in EF Responses

As EF PCs can provide an initial wave of secreted antibodies during the first week of an infection, these cells are an important part of the initial antibody response against pathogens (11). During expansion at the T–B border, those cells destined to become EF PCs will upregulate Blimp-1, CD138, and CXCR4 (79). Differentiation of EF PCs is driven by T–B interactions with a specific subset of Th cells that resembles Tfh cells but is located in EF areas. These Th cells are dependent on Bcl-6 and Stat3, and their interaction with B cells is mediated through CD40-CD40L and inducible T-cell costimulator (ICOS)–ICOSL interactions as well as cytokines, such as IL-21 (75, 79, 80). These interactions lead to heavy chain CSR as well as initiation of PC differentiation (Figure 4).

Under the influence of CXCR4, EF PCs migrate to the red pulp, where they can further proliferate and differentiate in EF foci. Proliferation is driven by BCR signaling, as cells with high affinity BCRs have increased proliferation and decreased apoptosis compared to cells with low affinity BCRs (75). Cofactors, such as CD19 and other molecules that enhance BCR signaling, can enhance EF proliferation. Lyn, an inhibitory molecule in the BCR signaling pathway, can diminish proliferation while in fact driving terminal PC differentiation (16). After the proliferative stage, PBs will differentiate further into PCs, characterized by higher expression of Blimp-1, further loss of MHC class II and costimulatory molecules. However, as discussed below, many EF PBs are short-lived and die prior to full differentiation into PCs (75). Some, however, complete their PC differentiation, after which they can survive in specialized niches in the spleen or bone marrow (BM) (12, 14).

Recent evidence suggests that several characteristics previously attributed to GC responses can also occur in EF responses. This includes the formation of memory B cells, CSR, SHM, and induction of long-lived PCs (discussed below). Whereas the previous understanding was that memory B cells are generated only in the GC, memory cells initially appear in blood before GC formation (81), and Bcl-6-deficient mice, which are unable to form GCs, generate memory cells (82). Most of these are non-mutated and IgM + memory cells, suggesting an EF origin at least for some memory cells. Although CSR and a low degree of SHM occur during early B–T interactions at the T–B border, continued AID expression and affinity maturation in EF sites has been observed (83).

GC Responses

Germinal centers are areas of T-dependent B cell development in spleen, tonsils, lymph nodes, and Peyers’ patches. FDCs are important for normal splenic architecture and B cell development, as well as for maintaining the structure and function of the GC (84). Importantly, they capture antigen in immune complexes and retain the antigen in native form. Antigens are presented by FDCs on the cell surface (85). Several sequential events are involved in the formation of the GC. At the T–B border, B cell and T cell encounter with antigen stimulates formation of a GC (86), and migration from the T–B border into the follicle is mediated by CXCR5 (87). B cells receiving more T-help are more prone to differentiate into GC B cells (88, 89), and T cells differentiate into Tfh under the influence of B cell costimulatory molecules, including OX40L and CD80, which are essential for the maturation of Tfh cells (90, 91). The transcription factor Bcl-6 is required for the development of both GC B cells and Tfh cells (92). Tfh cells are specialized T helper cells that are involved in the selection and survival of B cells in the GC. The canonical costimulatory signal involved in the B–T cell interaction in the GC is CD40–CD40L (93, 94), but other signals such as ICOS–ICOSL, and IL-21 produced by Tfh cells are also required (95, 96).

The structure of the GC, with a light zone and a dark zone, aligns with the processes of SHM, affinity maturation, and selection (Figure 5). B cells in the light zone are referred to as centrocytes. They interact with FDCs through antigen and with Tfh cells through MHC–peptide interactions (97). Those B cells which make stronger interactions with Tfh cells, due to an increased T cell receptor peptide–MHC interaction, are positively selected and enter the dark zone where their proliferation is greater (98, 99). As more antigen is added, the population of B cells with BCRs that bind antigen sufficiently to induce positive selection increases (99). Positive selection in the light zone is important as it leads to GC B cells with the greatest affinity for antigen. Interactions between Tfh cells, antigen, and B cells in the light zone determine the extent of proliferation in the dark zone (99). Fewer cells move from the light zone to the dark zone than from the dark zone to the light zone indicating that selection occurs in the light zone (99, 100).

The dark zone is the location where the most active proliferation of GC B cells takes place, as all GC B cells that are in G2 or M phase are in the dark zone; however, S phase cells are present in both the light zone and dark zone (100). Proliferation can occur under the influence of mTORC1 kinase, which activates the metabolic program that permits proliferation of B cells in the dark zone (98). After positive selection in the light zone and while undergoing proliferation in the dark zone, SHM occurs to effect a process called affinity maturation. During this process, point mutations occur in the BCR which affect its affinity for antigen. When the B cell returns to the light zone, the B cells that have undergone mutations to enhance affinity for the antigen are preferentially selected (101). A stronger interaction with Tfh cells in the light zone allows the B cell to undergo more rounds of proliferation in the dark zone. Therefore, each time the cell divides and more mutations are acquired, more affinity maturation can occur for B cells that were most positively selected for in the light zone (99).

Negative selection also occurs in the GC. B cells with weak affinity for antigens in the GC, or autoreactive B cells recognizing ubiquitously expressed self-antigens are eliminated (102, 103). Proposed mechanisms for the negative selection of these B cells are Fas-mediated apoptosis of cells that fail to bind antigen, failure to receive continuing T cell help, or the activity of T follicular regulatory cells (Tfr) (102). A recent study, however, suggests that negative selection primarily occurs in cells with an unproductive BCR as a consequence of SHM rather than in cells with lower affinity (104).

PC Differentiation in the GC

Both memory B cells and PCs arise from the GC, and many studies have examined the factors that determine if a given B cell will become a memory B cell or a PC. High affinity GC B cells become PCs, while lower affinity GC B cells become memory B cells (105–107). The initiation of PC differentiation in the light zone requires strong affinity for antigen; further differentiation in the dark zone requires help from Tfh cells (108). Light zone B cells become memory B cells early in the GC reaction, while PCs are formed later (105, 109). Preventing apoptosis in the GC allows for lower affinity B cells to become memory B cells but does not change the development of PCs, further suggesting that selection of B cells into the PC population is dependent on high affinity for antigen (106).

Certain cytokines favor the development of PCs. Among them, IL-21 is the most potent inducer of PC differentiation from memory and naive B cells (110, 111). This cytokine is produced by Tfh cells in the GC and activates the JAK1/3 STAT3 pathway. IL-21-deficient mice are unable to generate fully functional GCs. Without IL-21 or Tfh cells, PC formation is disrupted, affinity maturation does not occur, and the population of memory B cells is expanded (91, 96, 110).

Toll-like receptor ligands also enhance GC responses through both DCs and B cells (21, 78, 112). Whereas soluble TLR ligands can enhance GC responses through an effect on DCs, an antigen that can trigger both endosomal TLRs and BCRs can enhance the IgG antibody response in a B cell-intrinsic manner (21). This probably reflects the requirement for BCR-mediated uptake of ligands for endosomal TLRs in this process, and explains why some studies reported no effect of TLR signaling on GC responses induced with LPS (113, 114). B cell-intrinsic MyD88 signaling specifically enhances the formation of GC B cells, affinity maturation, and CSR in response to the TLR-9 ligand CpG coupled to the hapten NP, without affecting the number of PCs. In contrast, MyD88 signaling in DCs contributes to PC differentiation without affecting affinity maturation (78).

Different transcription factors are involved in the differentiation of PCs and memory B cells. Bach2 is reported to be important for selection of GC B cells into memory B cells; in the light zone, B cells with lower affinity for antigen have higher expression of Bach2, probably due to a lower degree of T cell help in those cells (105, 115). In addition to Bach2, ABF-1 leads to memory B cell differentiation and prevents PC differentiation (116). The transcription factors Blimp-1, XBP-1, and IRF4 are all involved in PC differentiation (117–119). Blimp-1 leads to decreased expression of genes involved in B cell signaling pathways including Pax5, which in turn leads to increased expression of Blimp-1 and XBP-1. This feed-forward mechanism is needed for PC differentiation (120, 121). Whereas Blimp-1 is required for PC differentiation, XBP-1 is more specifically needed for the unfolded protein response that is required for the production of high amounts of immunoglobulin in PCs (122).

It has been recently reported that PC differentiation is initiated in light zone B cells after which they migrate to the dark zone to further differentiate (108). Together with simulation data, this suggests that PCs exit the GC through the dark zone (123). Similar to the EF response, GC-derived PCs are characterized by a proliferative PB stage. Proliferating PBs have been reported in the dark zone of the GC, as well as the T–B border directly adjacent to the GC (123, 124), and their proliferation decreases as they migrate further from the GC, and is completely lost as they reach the medulla of the lymph node or the splenic red pulp (124). This suggests that proliferation of GC-derived PBs occurs during their transit out of the GC, at distinct locations from EF PBs, which proliferate in EF foci mainly in the red pulp of the spleen or the medulla of the LN. Some GC-derived PCs migrate to the red pulp in the spleen or the medullary cords in the lymph nodes, and others migrate through the blood to the BM (14, 81). Their exit out of the secondary lymphoid organs occurs prior to completion of their differentiation, as circulating PBs that arise in GC responses in humans show signs of recent proliferation such as expression of Ki67 (14, 125).

PC Survival

Two studies in the late 1990s showed the existence of long-lived PCs, disputing previous thinking that PCs were short-lived (126, 127). A more recent study showed that 10 years after vaccination, long-lived PCs were still present in the BM, despite memory B cell depletion (128). Another study shows the survival of these long lived PCs despite CD19 directed CAR T cell therapy (129). These PCs have become a challenge in treatment of SLE, as they are often not eliminated by traditional therapies (130, 131). Although most evidence suggests that selection of PCs into the long-lived PC pool is dependent on extrinsic factors (132, 133), there is some evidence that B cell-intrinsic factors are also involved (134, 135). Identification of intrinsic factors leading to long-lived PC survival could represent therapeutic targets for SLE and other autoimmune diseases.

Plasma cell survival depends on cytokines secreted by stromal cells and eosinophils in the BM (136, 137), but they can also survive in the spleen or other organs, particularly under inflammatory conditions. PCs can survive anywhere as long as sufficient survival factors are present (138), but niches have the capacity to support only a limited number of PCs (132). Two related factors important for survival of PCs are BAFF and APRIL, which act through binding to TACI and BCMA (139–141). Both cytokines are anti-apoptotic and increase PC survival (140). A study in autoimmune thrombocytopenia suggests that an increase in BAFF caused by B cell depletion promotes differentiation of short-lived PCs into long lived PCs in the spleen (142, 143). Other molecules which can enhance survival of PCs are IL-6, VCAM-1, CXCR4, and CD28 (11, 136, 144).

CD93, a C1q receptor on B cells, is needed for the survival of PCs in the BM and is expressed only by a subset of PCs in mice (145). Induction of CD93 expression may, therefore, be an example of a B cell-intrinsic factor that contributes to PC survival.

Despite the traditional paradigm mentioned above, there are descriptions of long-lived PCs in T-independent responses, T cell-deficient, and GC-deficient mice, with survival up to at least 100 days (12, 132, 146, 147). In addition, PCs exit the GC as PBs, and require a survival niche for full differentiation. As many of them fail to find the appropriate niche, not all GC-derived PCs are long-lived (12). As far as we know now, transcription factors that drive PC differentiation in each response are similar, and it is not clear if all PCs have the potential to become long-lived or whether some are selected, preferentially in the GC, to become long-lived, and whether this is accompanied by altered expression of key survival molecules and transcription factors that drive this distinction.

TOLERANCE

Tolerance in EF Responses

As autoimmunity has been traditionally thought to arise through the GC, tolerance checkpoints in EF responses have not been extensively studied. Whereas the fast rate of the EF response is needed for adequate responses against pathogens, it also limits the time window for tolerance checkpoints. Therefore, it is likely that autoreactive B cells can be activated during EF responses, either through direct activation by self-antigen in an inflammatory milieu, cross-reactivity with foreign antigen, or through TLR ligands or cytokines (148). However, even if autoreactive PCs are generated in EF responses, they are mostly short-lived limiting the inflammation and tissue damage that is induced by autoantibodies. Therefore, the transient nature of the EF response may itself be a tolerance mechanism.

In addition to the short-lived nature of the response, tolerance in EF responses can be maintained through the balance between IgM and other (more pathogenic) isotypes. As most EF PBs secrete IgM, even though some CSR can occur, the balance between IgG and IgM that is generated in EF responses may result in prevention of autoimmunity, through downregulating myeloid cell activation in a LAIR-1 dependent fashion and minimizing local inflammation (3, 5, 149). In addition, sialylation of IgG antibodies, which occurs in T-independent responses can also contribute to tolerance, as these antibodies have lower pathogenicity, at least in the context of rheumatoid arthritis [(150), p. 296; (151), p. 429].

T cell help during initial activation might play a role in tolerance in EF foci, where class-switched EF responses can occur through cytokines secreted by bystander T cells or non-T cells. Since there is no requirement for cognate T cell help, the T cell repertoire is unlikely to restrict autoreactivity in the EF response.

Tolerance in GC Responses

Although the mechanisms of central tolerance preclude many autoreactive B cells from entering GCs, self-reactive B cells developing in the BM can bypass tolerance mechanisms. This may occur if they are reactive to monovalent antigen, if their affinity for antigen is below a certain threshold, or if they are present in an inflammatory milieu (152, 153). Therefore, it is normal to have circulating autoreactive mature (naive) B cells (154).

Importantly, however, mechanisms of peripheral tolerance are also in place to further eliminate autoreactivity. Mature self-reactive B cells can be thwarted from entering the follicle and be induced to become anergic (155). Still, some self-reactive B cells are able to enter the follicle. Evidence also suggests that autoreactive B cells that were initially excluded from the follicle can later be recruited into the GC, at which point these cells undergo SHM which may remove autoreactivity (156, 157), but can also lead to enhanced self-reactivity (153, 158). One important tolerance mechanism is the short lifespan of these B cells without mitogenic stimulation. Thus, only in an inflammatory milieu are these cells likely to access a GC response.

B cells that acquire autoreactivity in the GC must be eliminated or prevented from becoming PCs. In the GC itself, several tolerance mechanisms have been described, including apoptosis and receptor editing. However, a recent study showed that autoreactive GC B cells are not strongly selected to undergo apoptosis, perhaps because so many autoreactive B cells are cross-reactive with an eliciting antigen (104, 159–163). It is conceivable that these tolerance mechanisms are initiated by lack of cognate T cell help. As described, T-cell help is needed for positive selection of B cells into PCs in the GC, and without this help, self-reactive PCs will not develop (100, 102, 152, 153). Thus, although self-reactive memory B cells can develop, the requirement for Tfh cells and FDCs that recognize or present the autoantigen makes it more difficult for non-cross-reactive autoreactive PCs to develop. T cells recognizing foreign antigen may be able to stimulate autoreactive GC B cells, if the BCR crossreacts with the eliciting antigen or an antigen present in a multimolecular complex with the eliciting antigen.

As IgG + memory B cells in healthy individuals have a much higher frequency of self-reactivity than IgG + PCs (164), an additional tolerance checkpoint must exist that prevents the differentiation of autoreactive PCs in addition to a tolerance checkpoint in GC B cells (Figure 3). Interestingly, switched PCs maintain expression of MHC class II and the antigen presentation machinery required for cognate T cell interactions at least until they are no longer proliferating, suggesting that this stage of PC differentiation may represent a T cell-dependent tolerance checkpoint (165). Although this has not been extensively studied, Th cells are required for the completion of GC-derived PC differentiation (103), and PCs can undergo cognate T cell interactions after their migration out of the GC at the T–B border (165). This suggests that a lack of T cell help may prevent the terminal differentiation of autoreactive PCs or that autoreactive B cells committed to becoming PCs are more susceptible to apoptosis or receptor editing than B cells committed to a memory pathway.
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FIGURE 3 | Tolerance in mature cell subsets in healthy individuals. B-1 cells are not shown in this figure as their relative autoreactivity compared to the other subsets is not exactly known. Marginal zone (MZ) B cells are enriched for autoreactive B cell receptors (BCRs) (polyreactive or antinuclear) compared to follicular B cells. IgG + memory B cells have a lower frequency of autoreactivity compared to naive B cells, suggesting a tolerance checkpoint in the germinal center. The autoreactivity in IgM plasma cells (PCs) has not been directly reported, but the fact that IgM autoantibodies are commonly found in healthy individuals and have an anti-inflammatory role, suggests that some autoreactive IgM + PCs are present and more common than autoreactive IgG + PCs. The low frequency of autoreactive BCRs in IgG + PCs compared to IgG + memory B cells suggests an additional strong tolerance checkpoint that prevents the development of serum IgG autoantibodies.



PC DIFFERENTIATION IN SLE

EF PC Differentiation in SLE

Because there are no definite markers that discriminate PCs based on their pathway of differentiation, it is hard to establish the pathway through which they were derived, especially in humans where access to lymphoid organs is limited. In addition, most studies discriminating EF responses from GC responses use acute immunization models, and it is not clear if all the paradigms that have been proposed for the distinction between EF and GC responses apply in the chronic immune activation present in autoimmune conditions. Although EF PC differentiation in autoimmunity has not been emphasized, recent studies indicate this pathway may have a specific role in autoimmunity (125, 166, 167). MRL/lpr mice exhibit EF PC generation, although they have increased formation of spontaneous GCs as well (166, 168, 169). In humans, recent research supports that a large proportion of the PCs in some SLE patients are clonally related to naive cells, suggesting an EF origin (125). Here, we propose mechanisms which can lead to enhanced EF responses in SLE (Figure 4).
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FIGURE 4 | The extrafollicular (EF) pathway for the generation of autoreactive plasma cells (PCs) in systemic lupus erythematosus. Shown here are the potential mechanisms that can contribute to enhanced extrafollicular PC responses. These include (1) expansion of marginal zone (MZ) B cells, which often exhibit autoreactive receptors; (2) increased Toll-like receptor (TLR) signaling, which can directly activate B cells (B cell-intrinsic) or can enhance Th responses through their effect on dendritic cells (B cell-extrinsic); (3) B cell hyperresponsiveness, which can affect the activation of follicular B cells; (4) increased class switch recombination which can lead to more pathogenic IgG autoantibodies; (5) somatic hypermutation which can lead to affinity maturation of autoreactive PCs; and (6) increased PC survival.



Expansion of MZ B Cells

Marginal zone B cells are expanded in several lupus-prone mouse strains. In humans, the characterization of MZ B cells is much more complicated [reviewed in Ref. (13)], and it is unclear if SLE patients also have an expansion of this population. However, the high BAFF levels often present in SLE patients would support MZ expansion. Mice overexpressing BAFF develop an SLE-like phenotype that is characterized by a high titer of class-switched autoantibodies and PCs, in a T cell-independent manner (59). A preference for autoreactive B cells to differentiate into MZ B cells compared to FO B cells has been described in mice (170–173), and MZ B cells can differentiate directly into IgG + PCs in EF responses (174, 175). Therefore, development of serum autoantibodies in some lupus-prone mice has been attributed to MZ expansion and activation, although some studies have challenged this paradigm (176–180).

Enhanced TLR Signaling

Another mechanism by which EF PC responses in SLE may be altered is through enhanced TLR signaling. MyD88-deficient MRL/lpr mice develop lower autoantibody titers and are protected from disease (181, 182), suggesting a role for TLRs in EF responses in MRL/lpr mice. Although TLR-7 or -9 deficiency each diminished the production of specific types of autoantibodies in MRL/lpr mice, only TLR-7 deficiency diminished lymphocyte activation, IgG production, and kidney disease (183, 184). This suggests that although each receptor can enhance EF responses, only TLR-7 induces the production of pathogenic antibodies, or permits the inflammatory response needed to cause disease.

Besides a B cell-intrinsic role of TLR signaling, B cell extrinsic TLR signaling can also enhance T–B interactions through the increased activation of DCs (185). Enhanced T–B interactions in this situation have the potential to enhance T-dependent PC differentiation in both EF and GC pathways. B cells as well as myeloid cells from SLE patients have increased expression of TLRs, and SLE patients may have increased proinflammatory responses to TLR ligands (186), which can contribute to stronger T-independent and T-dependent EF responses.

B Cell Hyperresponsiveness

A well-known feature of SLE is B cell hyperresponsiveness, which causes increased signaling upon BCR ligation by antigen (187, 188). The increased signaling can derive from increased activity of signaling molecules in the BCR pathway (many of which are genetic risk factors for SLE; discussed below) (189), or through a synergy between BCR triggering and other signaling pathways, such as TLR, BAFF, and type I IFN, which can each lower the threshold for B cell activation through the BCR and contribute to the activation of B cells (59, 190, 191). Type I IFN is necessary for a complete response after BCR/TLR7 stimulation, and increments in type I IFN can overcome tolerance that normally occurs after repetitive stimulation of TLRs (192). The fact that high affinity B cells are more prone to expansion at the EF PB stage (75, 76) suggests that the increased BCR signaling that occurs in SLE may preferentially stimulate EF responses.

Increased CSR

Increased CSR in EF responses is another feature of SLE that may contribute to enhanced pathogenicity of EF PCs, in particular if the balance between protective IgM and pathogenic IgG is altered. Increased CSR has been described both in lupus-prone mouse models as well as SLE patients (193). In particular, a special subset of EF T cells in the MRL/lpr mice has been described to contribute to the expansion of class switched IgG + EF PCs. These EF T cells are dependent on Bcl-6, Stat3, and ICOS, and they mediate IgG CSR through CD40–CD40L interactions and IL-21 (167, 168). A similar subset of T cells has been described in EF responses in non-autoimmune mice, although there they localized at the T–B border, and it is not clear if they migrate to EF foci as well (80). EF Th cells express CXCR4, as opposed to Tfh cells which express CXCR5 (or both) (194, 195). While the EF Th cell subset is present in MRL/lpr mice which have a dominant EF phenotype, mice with a more pronounced GC pathway, such as NZB/W, have a more mixed T cell phenotype (168). IgG CSR in MRL/lpr mice, as well as in graft versus host-mediated autoimmunity, is almost completely dependent on ICOS, as ICOS-deficiency leads to lower expression of CXCR4, as well as diminished secretion of IL-21 (167, 168). T-independent factors can also increase EF CSR in SLE. In AM14 rheumatoid factor transgenic MRL/lpr mice, T cells are required for the spontaneous production of rheumatoid factor, but not when B cells are exposed to chromatin immune complexes which will trigger both the BCR and TLR (196).

Increased CSR has been described in circulating PBs of SLE patients, and at least some of these have low mutation rates, suggestive of an EF origin (125). However, all EF-derived PBs need not have low mutation rates. Factors that increase CSR in EF PCs in mice, such as IL-21, are increased in SLE patients (197), and factors that mediate T-independent CSR, such as TLR signaling and the myeloid-derived cytokine BAFF, are also increased in SLE (198). It is therefore conceivable that SLE patients can exhibit increased CSR in EF responses.

Increased SHM

Besides the increased CSR in EF PCs in MRL/lpr mice, SHM has also been shown to occur in EF foci, probably under the influence of EF Th cells. However, SHM can also occur in response to chromatin immune complexes in a T-independent manner (166, 168, 196, 199). This SHM potentially leads to affinity maturation (although probably to a lesser extent than in the GC) in autoreactive EF PCs, but no mechanism has been described for antigen selection and affinity maturation in EF responses.

GC Responses in SLE

Germinal center responses are well known to be increased in lupus-prone mice, and SLE patients have increased numbers of circulating pre-GC B cells, switched memory B cells and Tfh cells, suggestive of enhanced GC responses (169, 200, 201). Given that IgG anti-DNA autoantibodies which are considered to be pathogenic in SLE show evidence of SHM (202), the production of autoreactive PCs by SHM of nonautoreactive naive B cells within the GC has been considered an important contributor to the development of SLE in both mice (203) and humans (204). The following mechanisms can contribute to GC-derived autoreactive PCs (Figure 5).
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FIGURE 5 | The germinal center (GC) pathway for the generation of autoreactive plasma cells (PCs) in systemic lupus erythematosus. Shown here are the potential mechanisms that can contribute to enhanced PC differentiation during GC responses. These include (1) loss of follicular exclusion, which can lead to recruitment of autoreactive B cells into GC responses; (2) B cell hyperresponsiveness which can affect the activation of follicular B cells; (3) increased Toll-like receptor (TLR) signaling, which can affect initial activation of B cells as well as the GC response itself; (4) de novo autoreactivity, generated through somatic hypermutation (SHM) and leading to the generation of autoreactive GC B cells from non-autoreactive precursors; (5) aberrant selection and survival, which can diminish tolerance mechanisms; (6) increased T follicular helper (Tfh) activity, which can increase the extent of GC responses as well as PC differentiation; (7) cell fate decisions that increase PC differentiation; and (8) increased PC survival.



Loss of FO Exclusion

In normal conditions, autoreactive naive B cells undergo anergy that leads to FO exclusion and prevents their recruitment into GC responses. However, in SLE, these B cells are able to enter the GC, and continue their differentiation into PCs (155, 205).

B Cell Hyperresponsiveness

As discussed above, B cell hyperresponsiveness can enhance EF responses and may also potentiate GC responses (206). Hyperresponsiveness could lead to increased positive selection in the light zone and subsequent proliferation in the dark zone, thereby amplifying GC responses (207).

Increased TLR Responses

Toll-like receptors, which are involved in the EF pathway, also have a role in the GC response. Loss of MyD88 causes a loss of GC formation; interestingly, this alteration may be attributed to the function of TLR-7 and not TLR-9 (208, 209). Increased function of TLR-7 causes an increment in spontaneous GC formation and an autoimmunity phenotype (208). B cell-intrinsic MyD88 signaling specifically enhances GC responses when antigen and TLR ligand are coupled; self-antigen that can trigger both TLRs and the BCR will presumably have the same ability. It was recently demonstrated that FDCs, which are crucial for the maintenance of GCs and FO architecture, express type I IFN through a TLR-7 pathway upon internalizing complement-opsonized self-immune complexes through the complement receptor CD21 in the 564Igi RNP-specific lupus mouse model; this pathway is important for spontaneous GC formation and production of isotype-switched autoantibodies (210). 564Igi BM chimeras in which the recipient FDCs were TLR-7-deficient exhibited less autoimmunity. As many SLE antigens can activate TLRs (1, 190, 191), these represent potent pathways to amplify GC responses.

De Novo Autoreactivity

Although loss of FO exclusion can lead to recruitment of autoreactive naive cells into GC reactions, SHM of nonautoreactive B cells can lead to de novo autoreactivity in GC B cells (202, 211). Whether these cells are able to differentiate into PCs has not been reported, but most pathogenic antibodies in SLE show signs of SHM, and de novo autoreactivity explains a large fraction of the autoreactive IgG + memory cells in SLE patients (204, 212). These studies suggest that GC B cells retain autoreactivity generated through SHM.

Aberrant Selection and Survival of GC B Cells

Another mechanism for the generation of autoreactive PCs in the GC is increased survival of GC B cells. It has been shown that SLE patients have increased levels of BAFF (213). While BAFF has a large role in the EF pathway of differentiation of PCs, it also expands the Tfh cell population and promotes formation of GC and survival of B cells. This could be a contributing factor in allowing the breach of B cell tolerance seen in SLE patients (214, 215). As a result of increased BAFF, naive B cells with moderate affinity that would normally undergo apoptosis, may be rescued and enter a GC response.

Increased Tfh Activity

Another mechanism that leads to the development of autoreactive PCs in the GC is increased Tfh activity (216). One cytokine important for the development of autoreactive PCs is IL-21, a cytokine produced by Tfh cells (72). The number of Tfh cells as well as the level of IL-21 has been shown to be increased in lupus-prone mice and SLE patients (217, 218). IL-21 increases IgG PC number (72, 217), and Tfh cells can alter selection and allow the differentiation of autoreactive B cells into autoreactive antibody secreting PCs (219). In lupus-prone mice, OX40L expression by B cells contributes to the autoimmune phenotype, presumably through its effect on Tfh cells (90, 220).

Increased PC Differentiation

B cell hyperresponsiveness may also increase the generation of PCs in SLE by directing more B cells to undergo PC differentiation. SLE patients often have increased numbers of circulating PBs; in one study this inversely correlates with the number of CD27 + memory cells, suggesting a preferred differentiation pathway (221). Lupus-prone mice, including the ones that have a GC phenotype, have vast increases in their PC numbers, which exceeds the expansion of the memory compartment. This suggests that there may be preferential output of PCs from the GC in SLE.

Increased Survival of PCs

Another possible mechanism for increased autoantibody titers is increased survival of PCs (Figures 2 and 3), which might occur if excess survival factors are present. Increased expression of the cytokines BAFF, APRIL, and IL-6 is present in lupus-prone mice (222, 223), suggesting that these cytokines can support enhanced PC survival. Although in healthy mice a limited number of PCs can survive in BM and spleen, these organs in lupus-prone mice gain additional capacity and exhibit an increased number of PCs (224). Both lupus-prone mice and SLE patients often exhibit hypergammaglobulinemia (225, 226), which may also be caused by an increased capacity to support PC survival in SLE patients. As both EF and GC-derived PCs can either stay in the spleen or stay in the lymph nodes or migrate to the BM, these factors will probably affect both types of PCs. In addition, several lupus-prone mouse strains have increased levels of CXCL12 in their inflamed kidneys, which may allow recruitment of PCs to this organ (226–228).

GENETIC RISK ALLELES

Whereas both EF and GC pathways can lead to autoantibody production, we propose that genetic factors may cause a dominance of either of these pathways in individual patients. Approximately one hundred risk loci have been associated with SLE, and genes within these loci have been broadly cast into categories involving DNA degradation and clearance of apoptotic/cellular debris, innate immunity, including TLR and IFN signaling, and adaptive immunity (229). Some overlap or fall outside these categories, and others are undefined. Most variants are in non-coding regions that may alter expression levels that can determine the magnitude of a response in a cell-lineage and stage-specific manner. Several risk genes have been described to alter B cell selection, activation, differentiation and/or survival in a B cell-intrinsic fashion, including LYN, BLK, BANK1, PTPN22, TNFAIP3, TNIP1, CSK, and FCGR2B (189, 230). Although it is known that these risk alleles alter B cell signaling, their effect on PC differentiation has not been extensively investigated, and most of our understanding of the role of these genes in EF and GC responses derives from mouse models. Other risk alleles are involved in B–T cell interactions, memory or PC differentiation, and IFN/TLR signaling. For many of these, the functional consequence of the risk allele has not been determined. However, it is reasonable to ask whether these risk alleles may alter EF or GC responses.

Table 1 shows risk alleles that can alter B cell responses and subsequently PC differentiation. These risk alleles can function in a B cell-intrinsic or -extrinsic manner. We propose that some risk alleles, such as TLR7, FAS, IRF5, TNFAIP3, and TNIP1, can modify both EF and GC responses.

TABLE 1 | The role of genes with risk alleles in EF and GC responses.

[image: image1]

[image: image1]

[image: image1]

Certain risk alleles, such as HLA class II genes, FCGR2B, STAT4, CD80, IRF8, and PRDM1, most likely drive GC responses, whereas other risk alleles, such as ETS1, LYN, BACH2, and BLK, may preferentially drive EF responses in SLE, although this pathway has not been extensively explored. Further understanding of the exact role of each risk allele in plasma cell differentiation pathways may enhance our insight into patient heterogeneity.

CONCLUSION

In this review, we have described the PC differentiation pathways which can contribute to the development of autoantibody production in SLE. Whereas both EF and GC pathways may be active in the same patient, we propose that certain genetic risk alleles contribute to the dominance of one of these pathways. The dominant PC differentiation pathway, determined by the composite of risk alleles, may contribute to patient heterogeneity and to response to therapy. Although it is likely that different therapeutics alter each pathway to a different extent, there is to our knowledge not enough understanding of the molecular pathways in each response nor is there clear evidence which therapeutics target which pathway. These pathways are not as distinct as we thought, nor can the pathway taken by a PC be easily distinguished with current knowledge. A more thorough analysis of these pathways, their role in SLE, and the contribution of genetic risk alleles to each pathway may provide us with distinct targets to allow precision therapy.
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Endothelial cells are thought to play a central role in the pathogenesis of antiphospholipid syndrome (APS). Omega-3 polyunsaturated fatty acid (n-3 PUFA) supplementation has been shown to improve endothelial function in a number of diseases; thus, it could be of high clinical relevance in APS. The aim of this study was to evaluate the efficacy of n-3 PUFA supplementation on endothelial function (primary outcome) of patients with primary APS (PAPS). A 16-week randomized clinical trial was conducted with 22 adult women with PAPS. Patients were randomly assigned (1:1) to receive placebo (PL, n = 11) or n-3 PUFA (ω-3, n = 11) supplementation. Before (pre) and after (post) 16 weeks of the intervention, patients were assessed for endothelial function (peripheral artery tonometry) (primary outcome). Patients were also assessed for systemic markers of endothelial cell activation, inflammatory markers, dietary intake, international normalized ratio (INR), and adverse effects. At post, ω-3 group presented significant increases in endothelial function estimates reactive hyperemia index (RHI) and logarithmic transformation of RHI (LnRHI) when compared with PL (+13 vs. −12%, p = 0.06, ES = 0.9; and +23 vs. −22%, p = 0.02, ES = 1.0). No changes were observed for e-selectin, vascular adhesion molecule-1, and fibrinogen levels (p > 0.05). In addition, ω-3 group showed decreased circulating levels of interleukin-10 (−4 vs. +45%, p = 0.04, ES = −0.9) and tumor necrosis factor (−13 vs. +0.3%, p = 0.04, ES = −0.95) and a tendency toward a lower intercellular adhesion molecule-1 response (+3 vs. +48%, p = 0.1, ES = −0.7) at post when compared with PL. No changes in dietary intake, INR, or self-reported adverse effects were observed. In conclusion, 16 weeks of n-3 PUFA supplementation improved endothelial function in patients with well-controlled PAPS. These results support a role of n-3 PUFA supplementation as an adjuvant therapy in APS. Registered at http://ClinicalTrials.gov as NCT01956188.
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INTRODUCTION

Antiphospholipid syndrome (APS) is a systemic autoimmune disease characterized by recurrent thrombotic episodes and/or obstetric morbidities and persistent serum antiphospholipid antibodies (aPL). APS can be classified as primary or secondary if concurrent with another autoimmune disease, tumor, or hematologic disorder (1). Despite adequate anticoagulant treatment, primary APS (PAPS) is significantly associated with high morbidity and mortality from vascular thrombotic events (2) and an increased risk of cardiovascular diseases (CVDs) (3).

Previous studies propose that endothelial cells play a central role in the pathogenesis of APS (4). aPLs have been shown to bind to endothelial cell beta-2 glycoprotein I (β2GPI) receptors leading to endothelial malfunction and formation of thrombosis (5). Evidence exists that patients with APS show an impaired endothelial function when compared with their healthy peers (6, 7). Although not fully elucidated, potential underlying mechanisms include aPL-mediated endothelial cell activation due to increases in the production and release of adhesion-cell molecules and pro-inflammatory cytokines (4, 8), particularly tumor necrosis factor (TNF) and interleukin (IL)-1β (8, 9). Endothelial dysfunction is the earliest detectable stage predisposing to the formation of atherosclerotic lesions and cardiovascular events (10). Thus, strategies capable of minimizing endothelial dysfunction may be of high clinical relevance in APS.

Supplementation of marine-derived omega-3 polyunsaturated fatty acids (n-3 PUFA), eicosapentaenoic acid (EPA), and docosahexanoic acid (DHA) (≥2.0 g/day) has been shown to have antiatherogenic and antithrombotic properties via improvements in endothelial function in type 2 diabetes mellitus (T2D) and dyslipidemia (11–14), which are conditions associated with accelerated atherosclerosis and an increased CVD risk (15, 16). Supplementation of marine n-3 PUFA may also be beneficial in autoimmune rheumatic diseases, since the intake of 3 g/day of EPA and DHA has been shown to improve clinical features, disease activity, and endothelial function in systemic lupus erythematosus (SLE) patients (17). However, no studies have assessed the potential beneficial effects of n-3 PUFA supplementation in APS.

The aim of the present study was to evaluate the efficacy of n-3 PUFA supplementation on endothelial function (primary outcome) in patients with PAPS. Secondary outcomes were systemic inflammation and lipid profile.

METHODS

Experimental Design

A 16-week randomized clinical trial was conducted between May 2014 and November 2016 in São Paulo, SP, Brazil (registered at http://ClinicalTrials.gov as NCT01956188). This manuscript is reported according to the CONSORT guidelines and approved by the Ethics Committee for Analysis of Research Projects of the General Hospital, School of Medicine, University of São Paulo, affiliated to the National Committee for Ethics in Research of Brazil. Patients were randomly assigned (1:1) to receive either placebo (PL, n = 11) or n-3 PUFA (ω-3, n = 11) supplementation according to a computer-generated treatment sequence in a double-blind design. Before (pre) and after (post) 16 weeks of intervention, patients were assessed for endothelial function using peripheral artery tonometry (primary outcome). Patients were also assessed for systemic markers of endothelial cell activation [intercellular adhesion molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1), e-selectin, and fibrinogen], systemic inflammatory markers [C-reactive protein (CRP), IL-6, IL-10, TNF, IL-1ra, and IL-1β], lipid profile, dietary intake, international normalized ratio (INR), and self-reported adverse effects. At pre, patients were also assessed for physical activity level (using the short version of the International Physical Activity Questionnaire) for characterization purposes (18). Blood collection and endothelial function assessments were performed on the same day. Patients were instructed to maintain habitual physical activity and food intake throughout the study.

Patients

Patients were recruited from the outpatient APS clinic of the Rheumatology Division, School of Medicine, University of São Paulo. Sample consisted of 22 adult women (aged 27–45 years) diagnosed with PAPS according to the international criteria (1). Exclusion criteria were as follows: age >45 years; body mass index (BMI) ≥35 kg/m2; secondary APS; menopause or amenorrhea; pregnancy or lactation; prednisone current use or in the 3 months before entering the study; previous n-3 PUFA supplementation; chronic use of anti-inflammatory drugs; hemorrhagic or thrombotic episode in the 6 months before entering the study; untreated thyroid dysfunction; uncontrolled hypertension; T2DM; treatment with statins, fibrate, insulin, or insulin sensitizers; tobacco use; acute renal failure, hepatic, cardiac, and pulmonary involvement. This study was approved by the Ethics Committee for Analysis of Research Projects of the General Hospital, School of Medicine, University of São Paulo, affiliated to the National Committee for Ethics in Research of Brazil. All subjects signed the informed consent prior to participation.

Supplementation Protocol and Blinding Procedure

The ω-3 group received 1.8 g of EPA and 1.3 g of DHA as re-esterified triglycerides contained in five capsules (three capsules of HiOmega-3 + two capsules of Omega-3 DHA 500, Naturalis®, São Paulo, SP, Brazil) which were consumed once per day. EPA and DHA contained in the capsules were extracted from whole fish oil. The same dose and proportion of EPA and DHA has been shown to beneficially impact endothelial function in patients with T2D (11), chronic heart failure (19), and SLE patients (17). PL group received the exact same amount of capsules per day, similar in size, shape, and color, containing soy oil. Supplement packages were coded so that neither patients nor investigators were aware of the content until completion of analyses. Compliance to supplementation was monitored weekly.

Endothelial Function Estimates

Endothelial function was assessed via peripheral artery tonometry using the EndoPAT-2000 device (Caesarea, Israel). This is a reactive hyperemia peripheral arterial plethysmography which measures the vascular endothelial response to temporary vascular deprivation in the arm by measuring blood volume in the finger. To that end, a probe was applied to a finger in each hand, whereas an inflatable blood pressure cuff was applied to one upper arm. A baseline measurement of finger volumes was recorded for 5 min. Then, the arm cuff was inflated to either 60 mm Hg above systemic systolic blood pressure or 200 mm Hg (whichever was higher) for 5 min. When the cuff was deflated, changes in finger blood volume were recorded from each finger for another 4 min. In healthy subjects, the period of circulatory deprivation in an arm is followed by a marked vasodilatation in the ipsilateral finger 90–120 s after cuff deflation which is due to a local release of NO and prostaglandins as a response to shear stress and/or tissue hypoxia. Differences between the pre- and post-occlusion finger blood volume in each hand are used to calculate the reactive hyperemia index (RHI), which is a measure of the endothelial response to occlusion and reactive hyperemia corrected for systemic effects on the basis of volume changes in the contralateral finger. The augmentation index (AI), an estimate of vascular stiffness, is also automatically calculated, as well as the logarithmic transformation of RHI (LnRHI). Patients were instructed to refrain from physical exercise, alcohol, and caffeine intake 24 h prior to the test. Moreover, they consumed a standardized meal 1 h prior to testing.

Blood Analysis

Blood samples were collected after a 10-h overnight fast. Endothelial function markers (ICAM-1, VCAM-1, and e-selectin) and inflammatory cytokines (IL-10, IL-6, IL-1-β, IL-1-ra, and TNF) were measured via immunoassays using multiplex human panels according to the manufacturer’s procedures (Milliplex®, USA). Serum levels of fibrinogen were determined using the Clauss method, whereas serum levels of CRP were measured using the immunoturbidimetry method (Cobas 8000). Plasma levels of blood cholesterol, high-density lipoprotein (HDL)-cholesterol, and triglycerides were assessed via colorimetric enzymatic methods (CELM, Brazil). From these, very-low lipoprotein-cholesterol (VLDL-cholesterol) (VLDL-cholesterol = triglycerides/5) and low-density lipoprotein (LDL) cholesterol [LDL-cholesterol = total cholesterol − (HDL-cholesterol + VLDL-cholesterol)] levels were calculated. Prothrombin time was measured in an automated coagulometer (3000 IL) with the use of bovine thromboplastin and was expressed as INR.

Dietary Intake

Dietary intake was assessed using three 24-h dietary recalls undertaken on separate days (2 weekdays and 1 weekend day) using a visual aid photo album of real foods. Energy and macronutrient intake were analyzed by Avanutri software (Rio de Janeiro, Brazil). n-3 PUFA intake was estimated based on the content of DHA, EPA, and α-linoleic acid (ALA) of foods according to the United States Department of Agriculture National Nutrient Database for Standard Reference available at https://ndb.nal.usda.gov/ndb/search/list.

Statistical Analysis

To minimize the impact of inter-individual variability, all values were converted into delta scores (i.e., post–pre-values) and thereafter tested by a mixed model, having pre-values from all dependent variables as covariates. Tukey post hoc was used for multiple comparisons. Baseline data were compared using Fisher’s exact tests and unpaired Student’s t-tests. Fisher’s exact tests were also used to compare adherence to supplementation, whereas McNemar’s test and Fisher’s exact tests were used to compare within- and between-group proportion changes in lipid profile. Cohen’s d was used to determine between-group effect sizes (ES) for dependent variables (20). Data are presented as mean (standard deviation), difference between delta changes, and 95% confidence interval (95% CI) unless otherwise stated. The significance level was set at p ≤ 0.05, with a trend toward significance being accepted at p ≤ 0.1.

Post hoc power analyses were performed with the assistance of the G-Power® software (version 3.1.2), which demonstrated a power of 65 and 73% at an alpha level of 5% to detect significant differences in RHI and LnRHI between PL and ω-3 with ES of 0.9 and 1.0.

RESULTS

Patients and Adherence to the Supplementation Protocol

Two-hundred and thirty-six patients were screened for participation and 71 met the inclusion criteria. Thirty-five agreed to take part in the study and were randomly assigned to either the ω-3 (n = 18) or PL (n = 17) group. Five patients withdrew from the study for personal reasons, three patients became pregnant, one patient entered menopause, one patient was diagnosed with another autoimmune disease, and three patients experienced disease complications not related to APS. Thus, the 22 patients who completed the study were analyzed (ω-3 = 11, PL = 11) (Figure 1). We chose a “per protocol” approach instead of an intention-to-treat (ITT) protocol as the primary research goal of our study was to determine the potential efficacy of n-3 PUFA supplementation and not its effectiveness (21). In this context, ITT analysis has been regarded as more susceptible to type II error (22, 23), as the treatment effect may be diluted due to dropouts (23). Importantly, baseline comparisons using Fisher’s exact tests and unpaired t-tests analyses of those lost to follow-up and those retained in each group did not show any dropout bias (data not shown).
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FIGURE 1 | Flow diagram of patients. Symbol abbreviation: APS, antiphospholipid syndrome.



Due to technical issues, two patients (one from each group) were not assessed for endothelial function. Table 1 shows the demographic characteristics at baseline. No between-group differences were observed at baseline for any of the parameters. Adherence to supplementation protocol was 83% in ω-3 and 88% in PL (p = 0.2, between-group comparison).

TABLE 1 | Demographic and current clinical and treatment data in ω-3 and PL.
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Endothelial Function

Following the intervention, ω-3 presented significant increases in LnRHI (+23 vs. −22%, p = 0.02, ES = 1.0) and a tendency toward increases in RHI (+13 vs. −12%, p = 0.06, ES = 0.9) when compared with PL. Previous studies have shown between- and within-day coefficient variation (CV) ranging from 11 to 22% in PAT-derived measures of endothelial function (24–26). Thus, it is noteworthy that out of the 10 patients in ω-3, 6 patients showed increases and 2 patients showed decreases in endothelial function estimates above the previously reported CVs (> + 30% in RHI and > + 50% in LnRHI), whereas two patients showed no change. By contrast, out of the 10 patients in PL, 5 patients showed decreases in endothelial function estimates above the previously reported CVs (>25% in RHI and >30% in LnRHI), whereas 5 showed no change (Table 2; Figure 2). By contrast, no significant differences between ω-3 and PL were observed in AI (+27 vs. +16%, p = 0.5, ES = 0.2) (Figure 2; Table 2) and circulating levels of fibrinogen (−23 vs. −13%, p = 0.7, ES = −0.1), e-selectin (−6 vs. −5%, p = 0.7, ES = −0.03), and VCAM-1 (+8 vs. +20%, p = 0.3, ES = −0.3). ω-3 showed a tendency toward reduced ICAM-1 levels (+3 vs. +48%, p = 0.1, ES = −0.7) when compared with PL (Table 2).

TABLE 2 | Endothelial function, inflammatory parameters, and lipid profile before and after the intervention in ω-3 and PL.
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FIGURE 2 | Individual data at pre and post and absolute change (data expressed as mean and standard deviation) in endothelial function estimates RHI, LnRHI, and AI in ω-3 and PL. Differences between delta changes were calculated using a mixed model adjusted by pre-values. *means p < 0.05, ω-3 vs. PL; #means p = 0.06, ω-3 vs. PL. Symbol abbreviation: RHI, reactive hyperemia index; LnRHI, reactive hyperemia index after natural log transformation; AI, augmentation index.



Inflammatory Profile

After the intervention, no significant differences between ω-3 and PL were observed in circulating levels of CRP (−51 vs. −45%, p = 0.9, ES = −0.3), IL-6 (−23 vs. −13%, p = 0.9, ES = −0.4), IL-1ra (−33 vs. −58%, p = 0.5, ES = 0.04), and IL-1β (−22 vs. +12%, p = 0.2, ES = −0.7). By contrast, ω-3 showed decreased circulating levels of IL-10 (−4 vs. +45%, p = 0.001, ES = −0.9) and TNF (−14 vs. +0.3%, p = 0.04, ES = −0.95) when compared with PL (Table 2).

Lipid Profile

Following the intervention, ω-3, when compared with PL, showed increases in total cholesterol (+6 vs. −2%, p = 0.07, ES = 0.7) and LDL-cholesterol (+11 vs. −0.3%, p = 0.02, ES = 0.8). It is notable that before the intervention, only one patient in PL and three patients in ω-3 presented borderline levels of total cholesterol (>200 and <239 mg/dl), whereas one patient in PL and two patients in ω-3 presented borderline levels of LDL-cholesterol (>120 and <159 mg/dl). After the intervention, two patients in PL and four patients in ω-3 presented borderline levels of total cholesterol, whereas two patients in PL and four patients in ω-3 presented borderline levels of LDL-cholesterol. Importantly, these changes were not different within or between groups (p > 0.05). None of the patients presented high levels of total cholesterol (>240 mg/dl) or LDL-cholesterol (>159 mg/dl) (27) at any time. Moreover, no significant differences were observed between ω-3 and PL in HDL-cholesterol (+7 vs. −2%, p = 0.3, ES = 0.5), LDL-cholesterol/HDL-cholesterol ratio (+7 vs. +1%, p = 0.4, ES = 0.3), and triglycerides (−20 vs. −18%, p = 0.5, ES = −0.06).

Dietary Intake

There were no significant differences for total energy, macronutrient, EPA, DHA, and ALA intake (without accounting for supplementation) between groups (p > 0.05 for all variables, Table 3).

TABLE 3 | Dietary intake before and after the intervention in ω-3 and PL.
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Adverse Effects

There were no differences between ω-3 and PL in INR (−13.5 vs. −11.5%, p = 0.7, ES = 0.17) (Table 2). Importantly, all patients were within targeted INR before and after the intervention. There were no self-reported adverse events throughout the trial.

DISCUSSION

To the best of our knowledge, this is the first study to assess the safety and efficacy of n-3 PUFA supplementation in APS. Our main findings are that 16 weeks of n-3 PUFA supplementation was safe and improved endothelial function of patients with well-controlled PAPS.

Endothelial dysfunction mediated by aPLs has been associa-ted with an increased risk of thrombosis, accelerated atherosclerosis, myocardial infarction, and stroke in patients with APS (5). Thus, strategies capable of minimizing this burden may be valuable in the management of this disease.

In this study, we showed that 16 weeks of n-3 PUFA supplementation (3 g of EPA and DHA/day) led to improvements in endothelial function estimates in PAPS patients. Although mean improvements may be considered modest, half of the patients in ω-3 showed improvements in endothelial function estimates above the previously reported CVs (>30% change in RHI), whereas half of the patients in PL showed decreases in endothelial function estimates above the previously reported CVs (>25% change in RHI) (Figure 2). Importantly, this was observed in patients with similar physical activity levels and no changes in food intake, including n-3 PUFA intake, throughout the intervention, which are important confounding factors. It is worth noting that increases in RHI similar to those observed in the present study have been reported in response to pharmacological (anti-inflammatory drugs) (28) and nonpharmacological treatments (antioxidant-rich foods and physical exercise) (29–32) in previous studies. Thus, the beneficial effects of n-3 PUFA supplementation on endothelial function in our APS patients may be considered clinically relevant.

Our results corroborate the beneficial effects of marine-derived n-3 PUFA supplementation on endothelial function in patients with conditions associated with accelerated atherosclerosis, such as T2D, dyslipidemia, and obesity (11, 12, 14, 33). The exact mechanisms underlying this effect remain elusive. Nonetheless, the incorporation of n-3 PUFAS into cell membrane phospholipids seems to play a fundamental role as it modulates a number of cellular functions, including signal transduction, protein and membrane trafficking, and ion channel kinetics, which could beneficially impact endothelial function (34).

In this regard, marine n-3 PUFA supplementation has been shown to increase endothelial nitric oxide synthesis (eNOS) via increased translocation of eNOS from cell membrane caveolin to the cytosol, leading to eNOS system activation and vasodilation (35, 36). Another possibility is that the anti-inflammatory effect of marine n-3 PUFA could positively affect endothelial function (37). This may occur via a lower incorporation of n-6 PUFA on cell membranes (due to a higher n-3 PUFA incorporation) (38, 39), ensuing a lower production of pro-inflammatory eicosanoids (e.g., two-series prostaglandins and four-series leukotrienes) (40). Moreover, EPA and DHA are precursors for not only less potent pro-inflammatory eicosanoids but also to anti-inflammatory and inflammation-resolving lipid mediators, namely resolvins, protectins, and maresins (the latter two being derived from DHA only) (41). These lipid mediators have been shown to reduce the infiltration of neutrophils to inflamed sites, activate macrophage phagocytosis of apoptotic cells, and reduce the production of the classic pro-inflammatory cytokines TNF and IL-1β (42–44). Finally, n-3 PUFA may also exert its anti-inflammatory effect via binding to the G-protein coupled cell membrane receptor 120 (GPR120) on macrophages, which inhibits the activation of nuclear factor kappa B (NFκB), a well-known transcription factor involved in the upregulation of genes encoding pro-inflammatory cytokines (45). These anti-inflammatory effects of n-3 PUFA supplementation are thought to lead to a lower production of endothelial adhesion molecules and leukocyte–endothelial interaction (46), which are critical to the initiation of vascular inflammation, thus positively affecting endothelial function.

We observed a tendency toward a reduced ICAM-1 response to n-3 PUFA supplementation when compared with placebo controls. This is in concert with a meta-analysis showing that n-3 PUFA supplementation reduces ICAM-1, but not VCAM-1 or e-selectin, in healthy and dyslipidemic individuals (47). VCAM-1 and e-selectin are expressed in endothelial cells upon cytokine activation, whereas ICAM-1 is expressed also in a number of immune cells (monocytes, macrophages, and lymphocytes). Based on this, the authors have suggested that n-3 PUFA selectively suppresses monocytes, rather than endothelial cells, leading to lower circulating levels of ICAM-1, but not the other markers of endothelial activation, which is corroborated by our data.

The selective suppression of monocytes, which leads to the downregulation of inflammatory cytokine secretion from these cells, may also explain the well-known anti-inflammatory effects of n-3 PUFA supplementation (48). Supplementation of ≥3 g/day of EPA and DHA has been shown to lead to reductions in TNF-circulating levels in T2D (49) and decreased TNF and IL-1β production by endotoxin-stimulated mononuclear cells of healthy individuals (50). This is in line with our current results of decreased levels of TNF in response to n-3 PUFA supplementation when compared with placebo. Notably, we also observed significant reductions in IL-10 levels in response to n-3 PUFA supplementation. Because IL-10 is a classic anti-inflammatory cytokine (51), this could be interpreted as detrimental. However, it is likely that the modest decrease in the pro-inflammatory cytokine TNF may have led to a downregulation of IL-10 secretion in a homeostatic manner, which may have contributed to the improvements in endothelial function in response to n-3 PUFA supplementation when compared with placebo.

Similar to previous findings (52), we observed modestly increased levels of total cholesterol and LDL-cholesterol in ω-3 after the intervention when compared with those in PL. However, the proportion of patients moving from desirable to borderline levels of total cholesterol and LDL-cholesterol was the same between groups. Moreover, the nonsignificant increase in HDL in response to n-3 PUFA supplementation led to an unchanged LDL-cholesterol/HDL-cholesterol ratio, a superior predictor of CVD risk than total cholesterol and LDL-cholesterol levels (53), which argues against a harmful effect. Finally, previous studies have demonstrated that n-3 PUFA-induced increase in LDL-cholesterol derives from an increase in large buoyant non-atherogenic LDL particles rather than that in small dense atherogenic LDL particles (54) due to a reduction in VLDL-cholesterol production which enhances the rate of conversion of VLDL-cholesterol to LDL-cholesterol particles (52).

Another safety concern was that n-3 PUFA supplementation could impair prothrombin time in APS patients. However, we did not observe any changes in INR in ω-3 in response to supplementation, and all patients remained within their targeted INR throughout the study, which suggests that n-3 PUFA supplementation in these patients does not seem to predispose to hemorrhagic episodes. Moreover, there were no self-reported adverse effects throughout the intervention. Altogether, these results attest to the safety of up to 4 months n-3 PUFA supplementation (3 g/day) in patients with well-controlled PAPS.

This study was not without limitations. This was a relatively small-scale study, likely with limited power to detect modest albeit potentially clinically relevant changes in secondary outcomes. Moreover, we cannot generalize our findings to APS patients with different disease severity, drug regimens, and comorbidities. In fact, our patients had well-controlled disease, as none of them had presented with hemorrhagic or thrombotic episodes in the year before entering nor during the study, and none of the patients had T2D, a condition associated with endothelial dysfunction and accelerated atherosclerosis (15). This rigid internal control to eliminate potential confoundable conditions, which could introduce interpretation bias, may partially explain the modest improvements in endothelial function observed in this study, as a ceiling effect may have occurred. In this regard, we cannot rule out the possibility that patients with a more severe disease or associated metabolic diseases might respond differently to the supplementation of n-3 PUFA, with greater improvements in systemic inflammatory markers and in endothelial function. Finally, this was a short-term study whose primary end point is a surrogate marker for endothelial function and, thus, CVD risk. Long-term follow-up studies with higher sample sizes and statistical power are warranted in order to evaluate if the observed changes in endothelial function will effectively lead to significant improvements in CVD morbidity and mortality and clinical features of the disease and to attest the safety of n-3 PUFA in APS.

In conclusion, our findings suggest that 16 weeks of n-3 PUFA supplementation was safe and led to improvements in endothelial function in patients with well-controlled PAPS. These results support the role of n-3 PUFA supplementation as an adjuvant therapy in APS focused on reducing an important cardiovascular risk factor.
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Bullous pemphigoid (BP) is an autoimmune and inflammatory skin disease associated with subepidermal blistering and autoantibodies directed against the hemidesmosomal components BP180 and BP230. Animal models of BP were developed by passively transferring anti-BP180 IgG into mice, which recapitulates the key features of human BP. By using these in vivo model systems, key cellular and molecular events leading to the BP disease phenotype are identified, including binding of pathogenic IgG to its target, complement activation of the classical pathway, mast cell degranulation, and infiltration and activation of neutrophils. Proteinases released by infiltrating neutrophils cleave BP180 and other hemidesmosome-associated proteins, causing DEJ separation. Mast cells and mast cell-derived mediators including inflammatory cytokines and proteases are increased in lesional skin and blister fluids of BP. BP animal model evidence also implicates mast cells in the pathogenesis of BP. However, recent studies questioned the pathogenic role of mast cells in autoimmune diseases such as multiple sclerosis, rheumatoid arthritis, and epidermolysis bullosa acquisita. This review highlights the current knowledge on BP pathophysiology with a focus on a potential role for mast cells in BP and mast cell-related critical issues needing to be addressed in the future.
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MAST CELLS (MCs) AND MC RECEPTORS

Mast cells are derived from hematopoietic progenitor cells and have been considered as a central player in functional interaction between innate and adaptive immunity. MCs are initially located in the blood vessel and the lymphatic system before homing to tissues, where they acquire their final effector characteristics (1). There are at least two subpopulations of murine MCs based on the composition of chymases and tryptases within their granules. While MCT cells are the prominent MC type within the mucosa of the respiratory and gastrointestinal tracts, MCTC cells are localized within connective tissues including the dermis, submucosa of the conjunctivae, gastrointestinal tract, heart, and perivascular tissues (2). The maturation of MCs in the tissue mainly relies on stem cell factor (SCF) expressed on the homing tissue, which is the ligand of KIT (1).

Mast cells express KIT (CD117) and FcεRI on their surface, which are the receptors of SCF and IgE, respectively. MCs also express other cell surface receptors, including IgG receptors (FcγRIII, FcγRIIa, and FcγRI), C3a and C5a receptors (C5aRs), Toll-like receptors, and receptors for many cytokines/chemokines (3). These receptors mediate activation of MCs. Upon activation, MCs release their mediators to the homing sites, which act in host defense and various pathological conditions (4). Mediators produced by MCs are divided into two categories: preformed and newly synthesized (5). Many mediators are preformed and stored in granules, such as histamine, serine proteases (tryptase and chymase), and TNF-α (6). Upon activation of MCs, these preformed mediators are released into the extracellular environment within minutes (7–9).

After the initial activation, the synthesized bioactive metabolites of arachidonic acid, prostaglandins, leukotrienes (LTs), and cytokines/chemokines will be released into the affected tissue sites rapidly. The second release of granules will amplify the immediate hypersensitivity reaction through the interaction with local cells and infiltrating immune cells (4).

MCs IN NON-SKIN AUTOIMMUNE DISEASES MULTIPLE SCLEROSIS (MS) AND RHEUMATOID ARTHRITIS

Mast cells have been considered as key effector cells in many immune activities, especially IgE-associated immune responses, including host defense to parasites, allergic diseases, chronic inflammatory disorders (10, 11), and cancer (12, 13). MCs have also been implicated in autoimmune diseases (14–19), such as MS, rheumatoid arthritis (RA), and the autoimmune skin blistering diseases bullous pemphigoid (BP) and epidermolysis bullosa acquisita (EBA).

Multiple sclerosis is an autoimmune disease of the central nervous system characterized by chronic inflammation and progressive demyelination (20). MCs and activated MCs are present in the target tissues of MS patients and correlated with disease severity (21–24). The animal model of MS, experimental autoimmune encephalomyelitis (EAE), can be induced by active immunization of susceptible mouse strains with myelin components such as myelin basic protein and myelin oligodendrocyte glycoprotein (MOG) (25). RA is an autoimmune disease of the joints characterized by chronic inflammation and cartilage destruction (26). Increased MCs and MC-derived inflammatory mediators are found in the inflamed joints of RA patients (27–29). K/BxN mouse serum contains autoantibodies against the glucose-6-phosphate isomerase and, when passively transferred to mice, induces experimental RA (30).

ROLE OF MCs IN EXPERIMENTAL MS AND RHEUMATOID ARTHRITIS

Mast cell-deficient mice have been widely used to determine the role of MCs in various physiological and pathological conditions, including autoimmune diseases. Whether MCs actively participate in the pathogenesis of MS and RA has been extensively debated recently due to controversial results obtained from different MC-deficient mouse strains. For a more comprehensive and in-depth review, please refer to the studies by Yu et al. and Rivellese et al. (15, 31). In MOG-induced EAE, MC-deficient KitW/W-v mice (caused by Kit mutations) developed a significantly reduced disease, and reconstitution of MC-deficient KitW/W-v mice with wild-type bone marrow-derived MCs restored the disease (32). Similarly, MC-deficient KitW/W-v mice were protected from K/BxN serum-induced RA (33). K/BxN serum also failed to induce RA in MgfSl/Sl-d mice, another MC-deficient strain caused by mutations in the gene encoding the Kit ligand SCF (33). Since MC deficiency by Kit or SCF mutations also caused a variety of immunological abnormalities, new Kit-independent MC-specific deletion mouse strains were developed recently. It turned out that MCs were not required in the development of EAE and serum-induced RA (34).

BP: CLINICAL AND IMMUNOHISTOLOGICAL FEATURES

Bullous pemphigoid is an autoimmune subepidermal blistering disease induced by autoantibodies against the two components of the hemidesmosome, BP180 and BP230. BP is the most common autoimmune blistering disease and most prevalent in the elderly. BP typically presents with tense, mostly clear blisters, and erythema, frequently in conjunction with urticarial plaques (35). Blisters occur on either a normal or a erythematous base, containing serous or serosanguinous fluid (36). The disease has a symmetric distribution, and the predilection sites include the lower abdomen, flexor surfaces of the limbs, groin, and axillae (37). In almost all patients, severe pruritus is present. About 10–20% of patients show mucosal involvement, with the oral mucosa being the most common mucosal site (38, 39). Two prospective studies showed that up to 20% of patients with BP have no obvious blistering at the time of diagnosis (38–40).

Histopathologically, hematoxylin and eosin staining of early bulla in BP reveals subepidermal blistering with dense inflammatory infiltrate consisting predominantly of eosinophils, but also lymphocytes, neutrophils, and MCs. Eosinophils are seen within the blister and in the edematous papillary dermis (41). In the early non-bullous phase, subepidermal clefts and eosinophilic spongiosis (epidermal spongiosis with eosinophils within the epidermis) can be found (41). Therefore, BP is an autoimmune and inflammatory disease (Figure 1). Direct immunofluorescence staining exhibits linear deposition of IgG and/or complement components (C3 and/or C5) at the dermal–epidermal junction. IgG deposition sometimes is combined with weaker linear IgA or IgE staining. To identify circulating autoantibodies to the DEJ, indirect immunofluorescence (IIF) with normal human skin as the substrate is usually examined. Artificial blisters can be induced by incubating the skin specimen with 1 M NaCl solution. Since BP180 and BP230 are on the epidermal side of the artificial blisters, autoantibodies from BP patients are known to react with the epidermal side of the blisters (42). In contrast, autoantibodies from other autoimmune blistering diseases, including EBA and anti-laminin γ1 pemphigoid, react with the dermal side of the artificial blisters (35). Thus, IIF with the salt-split skin as a substrate is helpful in distinguishing BP from other autoimmune blistering disorders.
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FIGURE 1 | Human bullous pemphigoid (BP). (A) Large, tense bullae, and erythematous patches seen in BP patient. (B) Histology reveals dermal–epidermal junction separation with inflammatory cell infiltration. Immunofluorescence shows linear deposition of IgG (C) and complement C3 (D) at the basement membrane zone (BMZ). d, dermis; e, epidermis. Arrow, the BMZ. Original magnification, 100× for panels (B–D).



BP AUTOANTIGENS

Bullous pemphigoid autoantibodies target two hemidesmosomal components BP180 (BPAG2) and BP230 (BPAG1), which are involved in dermal–epidermal cohesion (43–45). BP180 is a type II transmembrane glycoprotein with a globular cytoplasmic domain and a large extracellular region containing 15 collagenous and 16 non-collagenous (NC1-16) domains. The 16th non-collagenous (NC16A) domain is the immunodominant region in BP (46). Anti-NC16A IgG autoantibodies are detected in more than 90% of BP patients (47) and have been shown to be pathogenic in skin organ culture system and in animal models of BP (48–50) (see below). BP230 is a 230-kDa intracellular component of the hemidesmosomal plaque and belongs to the plakin family of proteins. Anti-BP230 autoantibodies are detected in nearly 60% of BP patients (51). In addition to IgG reactivity, anti-BP180/BP230 IgE autoantibodies are present in serum samples from most patients (47, 52, 53).

GENETICS OF BP

Genetic, environmental, and stochastic factors contribute to susceptibility to most autoimmune diseases. The human MHC encodes many glycoproteins that include the HLA class I and class II molecules, which provide a pivotal role in the recognition of antigenic peptides by T cells. A lot of polymorphisms of HLA-II class alleles have been identified in several populations of patients with BP (54–58). These polymorphisms HLA class II alleles occur likely due to changes in the charge of the active binding site on the HLA molecules for binding of autoantigenic peptides. A common HLA class II allele, HLA-DQB1*03:01, is positively associated with BP in multiple populations (54, 55, 58) and also appears to be associated with distinct clinical pemphigoid variants (59–61). 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 (55).

T CELL RESPONSE IN BP

CD4+ T helper (Th) cells are thought to participate in early disease development and perpetuation of autoantibody-mediated autoimmune blistering diseases. Th cells, upon proper costimulation, are activated and produce and secrete distinct cytokines that stimulate B cells. This Th–B cell interaction thus fosters plasma cell development and autoantibody production (62). In BP, autoreactive CD4+ T lymphocytes recognize unique epitopes within the extracellular region of BP180 (63). The majority of BP patients examined have both Th1 and Th2 responses against the BP180 ectodomain (55, 64). BP180-reactive Th cells and IgG autoantibodies recognized similar or identical epitopes clustered in distinct regions of the BP180 ectodomain and BP230 (49, 62, 65). Li et al. found that follicular T helper (Tfh) cells and IL-21 were crucial for the secretion of antibodies against BP180NC16A domain in T cell/B cell co-culture system, indicating that these Tfh cells may be involved in the pathogenesis of BP (66).

MCs IN HUMAN BP

In 1978, Wintroub et al. found that increased MCs and increased degranulation of MCs at the BP lesional sites are the earliest events in BP lesion formation (67). The evolution of clinical BP lesions is associated with a sequence of histopathologic events, starting with MC alternation and proceeding to immune cell infiltration first with lymphocytes followed by eosinophils and basophils. Electron and light microscopy revealed that MCs are mainly present in the papillary dermis adjacent to the dermal–epidermal junction and demonstrate a unique, focal, irregular loss of granule contents (68).

Various inflammatory mediators have been found in lesional/perilesional skin, blister fluids, and/or blood of patients with BP, including C5a, histamine, LTs, and many cytokines/chemokines (e.g., IL-1, IL-2, IL-5, IL-6, IL-8, TNF-α, eotaxins, and IFN-γ) (69–75). These mediators can recruit and directly activate MCs and leukocytes. Moreover, MCs can influence biological responses through the production of multifunctional cytokines and enzymes (76–78). Evidence suggests that metalloproteinase (MMP9 in particular), leukotrienes (LT), heparin and platelet activating factor (PAF) derived from MCs also play a role in the inflammatory process during blister formation (67). Tryptase is a specific proteolytic enzyme synthesized and stored in MCs and released by MCs when activated by various stimulating factors. Tryptase, therefore, is considered a reliable marker for the presence of MCs (79). A previous study showed that tryptase levels in BP blister fluid were increased compared with the respective sera and significantly correlated with several cytokines/chemokines (IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, and RANTES), VEGF, and sICAM-1. Most importantly, the blister fluid tryptase levels were also positively correlated with titers of autoantibodies against basement membrane zone antigens (80), which relates to the severity of the disease. Increased levels of cytokines (including IL-1β, IL-5, IL-6, IL-10, IL-15, and TNF-α) and chemokines (such as CCL2, CCL5, CCL11, CCL13, and CCL18, and IL-8) were identified in serum samples and blister fluids of patients with BP, and some of these mediators parallel disease activity (81). Bieber et al. investigated serum parameters related to activation of different inflammatory cells and found higher serum concentrations of MCs tryptase during ongoing disease. The serum levels of MCs tryptase significantly decreased at the time of clinical remission of the patients. In addition, serum concentrations of MCs tryptase were significantly associated with levels of circulating anti-BP180 autoantibodies (82). These data suggested that increased concentrations of MCs tryptase in BP blister fluids and/or serum partly correlate with cytokines, autoantibodies, and clinical disease severity in BP patients.

BP180-specific IgG autoantibodies are the most abundant immunoglobulin isotype; however, IgE autoantibodies with the same or similar epitope specificity are also present in about 70–90% of BP patients (83, 84). It has been speculated that IgE autoantibody–mediated activation of MCs in the skin may be involved in the development of certain clinical symptoms typical of BP, such as urticarial plaques, dermal edema, and eosinophilic inflammation. Dimson et al. found IgE-coated MCs in the perilesional skin of the BP patients, and BP180 peptides were co-localized on these MCs, suggesting that BP180-specific IgE that bind to the surface of MCs through IgE receptors, when interacting with BP180 peptides, result in MC degranulation. Moreover, basophils obtained from untreated BP patients stimulated with recombinant BP180NC16A released significantly higher histamine compared to NC16-stimulated basophils from normal control or from treated BP patients (83). In addition, Freire et al. reported that IgE co-localized with MCs in the perilesional skin of BP patients, and IgE-BP180 complexes could activate MCs via the high-affinity IgE receptor (FcεRI), conceivably triggering MC degranulation-mediated events resulting in tissue inflammation (85).

Omalizumab is a recombinant humanized monoclonal antibody that inhibits the binding of IgE to FcεRI on the surface of MCs and basophils. Patients with BP treated with omalizumab showed reduced disease severity including decreased itching and blister count, reduced urticarial plaques, and reduced eosinophilic inflammation (86, 87). Together, these clinical research and clinical trial data suggest that IgE autoantibodies in BP patients are involved in BP development likely through FcεRI-induced degranulation of MCs and basophils. However, pathogenic anti-BP180 IgE autoantibodies could also act on eosinophils in BP tissue injury since eosinophils express IgE receptors and are predominant infiltrating immune cells in BP (41).

ANIMAL MODELS OF BP

Bullous pemphigoid autoantibodies were thought to be responsible for blister formation in BP; however, passive transfer of IgG autoantibodies from BP patients could not induce a BP-like disease in animals (88, 89). It turned out that BP autoantibodies reacting with NC16A domain that harbors immunodominant and potentially pathogenic epitopes fail to cross-react with mouse BP180; therefore, BP IgG autoantibodies cannot be tested for pathogenicity in a conventional passive transfer mouse model. In 1993, Liu et al. (90) subcloned a segment of the murine BP180 protein homologous with the human BP180 NC16A (mBP180 NC14A), generated rabbit polyclonal antibodies against mBP180 NC14A, and administrated the purified rabbit anti-mBP180 IgG intradermally or intraperitoneally into neonatal BALB/c mice. This experimental BP model reproduced all of the key clinical, histological, and immunopathological features of BP, including deposition of rabbit anti-mBP180 IgG and mouse complement C3 at dermal–epidermal junction, infiltration of inflammatory cells, and subepidermal blistering (90) (Figure 2). Anti-BP180 IgG-induced BP blistering required complement activation and neutrophil recruitment (91, 92). Subsequently, BP serum-purified IgG autoantibodies against BP180 or NC16A domain were also demonstrated to be pathogenic in BP180 humanized mouse models (93, 94).
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FIGURE 2 | Mouse bullous pemphigoid. The anti-BP180 IgG induce extensive blistering disease in neonatal B6 mice clinically (A) and histologically (B). The skin of these animals shows linear deposition of anti-BP180 IgG (C) and murine C3 (D) at the BMZ, as determined by direct IF. Toluidine blue staining shows resting and degranulating mast cells in the dermis (E). d, dermis; e, epidermis; v, vesicle; arrow, the BMZ. Original magnification, 200× for panels (B–D), 400× for panel (E). (E) Arrows for degranulating mast cells, and arrow heads for normal resting mast cells.



BP180-specific IgE autoantibodies purified from serum of BP patients when passively transferred into human skin grafted onto athymic nude mice induced skin lesions that recapitulated the initial phase of disease. The features of the early phase of the disease are characterized by increased plaques and MC degranulation in comparison with injection of normal control human IgE (95). Lesional skin of the anti-BP180 IgE-injected mice also exhibited infiltration of neutrophils and eosinophils (95). However, it remains to be determined whether the pathogenic activity of anti-BP180 IgE depends on eosinophils, MCs, or both.

ROLE OF MCs IN EXPERIMENTAL BP

To determine whether MCs were involved in experimental BP, Chen et al. (19) demonstrated that wild-type MC-sufficient mice administrated intradermally with pathogenic anti-mBP180 IgG developed BP disease with extensive MC degranulation in the upper dermis, which preceded infiltration of neutrophils and subsequent dermal–epidermal separation. In contrast, MC-deficient KitW/W-v and MgfSl/Sl-d mice failed to develop BP (19). Moreover, these MC-deficient mice reconstituted with wild-type bone marrow-derived MCs, and polymorphonuclear leukocytes from these MC-deficient mice or by intradermal injection of IL-8 (a neutrophil chemoattractant) became susceptible to experimental BP (19). Blocking MC degranulation by treating MC-sufficient mice with an MC degranulation inhibitor also significantly reduced disease phenotype (19).

To determine the functional relationship between MCs and neutrophils, Chen et al. found that anti-BP180 antibody-induced neutrophil infiltration depends mainly on MCs in experimental BP (19). Without MCs, KitW/W-v and MgfSl/Sl-d mice injected with pathogenic IgG show about 70% reduction of infiltrating neutrophils in the skin (96). Further examination of the experimental BP model also implicated macrophages in anti-BP180 IgG-triggered neutrophil infiltration in mice, and that macrophage-mediated neutrophil infiltration depends on MC activation (96). The findings that neutrophil recruitment is not completely impaired in MC-deficient mice in experimental BP suggest that at least two neutrophil recruitment pathways could exist: MC-dependent and MC-independent (96). Nevertheless, these data suggest a major role of MCs in infiltration of neutrophils into the dermis in this animal model setting.

Mast cells express surface receptors that directly bind the cleaved products of the activated complement cascade (97). Skin MCs express the C5aR (98), and upon the molecular interaction of C5a and C5aR, MCs degranulate, releasing several pro-inflammatory cytokines including TNF-α, IL-1, IL-6, and GM-CSF (99). Moreover, human C3a and C5a could degranulate MCs in vitro to release histamine and tryptase. Heimbach et al. (100) demonstrated that interaction of C5a–C5aR on MCs activated the p38 MAPK pathway that trigger MC degranulation and subsequent tissue injury and blister formation.

Mast cells store proteases in large quantities in the secretory granules, and these fully functional enzymes are a major class of inflammatory mediators (101, 102). Human cutaneous MCs contain a single chymase, and mouse MC protease-4 (mMCP-4) has been generally recognized as the likely homolog of the human chymase (103–105). Importantly, mMCP-4 can activate MMP-9, a key proteolytic enzyme for tissue injury in experimental BP (106). Interestingly, mMCP-4−/− mice are resistant to anti-BP180 IgG-induced experimental BP (107). In experimental BP, mMCP-4 activates MMP-9 and directly cleaves BP180. mMCP-4, MMP-9, and other proteolytic enzymes work together to degrade BP180 and other hemidesmosomal proteins and proteins in extracellular matrix of the BMZ (107), leading to clinical and histological BP-like blistering.

Taken together, results of these studies using MC-deficient and C5aR and mMCP-4 knockout mice implicate a pathogenic role of MCs in BP (Figure 3). However, since the studies on the role of MCs in anti-BP180 IgG-induced experimental BP have been performed only in MC-deficient KitW/W-v and MgfSl/Sl-d mice, KIT-independent MC-specific deletion mouse strains need to be tested to confirm or clarify the involvement of MCs in experimental BP.
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FIGURE 3 | Proposed role of mast cells (MCs) in bullous pemphigoid (BP). Anti-BP180 IgG binding to BP180 on the surface of basal keratinocytes activates the complement (C), generating C5a. C5a acts on C5a receptor (C5aR) to cause MCs to degranulate and release pro-inflammatory cytokines/chemokines (e.g., TNFα) and proteolytic enzymes including mouse MC protease-4 (mMCP-4). Anti-BP180 IgE could also activate MCs. The released pro-inflammatory mediators interact with local cells to recruit neutrophils (PMN) and eosinophils (Eos). Infiltrating PMN and Eos, upon activation through interactions between immobilized anti-BP180 IgG/IgE and FcγR/FcεR, release neutrophil elastase (NE), MMP-9, and other proteolytic enzymes. mMCP-4 activates MMP-9 and also directly cleaves BP180 and other BP180-associated proteins in concert with MMP-9 and NE, resulting in subepidermal blistering.



ROLE OF MCs IN EPIDERMAL BULLOSA ACQUISITA (EBA)

Epidermal bullosa acquisita is another autoimmune subepidermal blistering skin disease caused by autoantibodies against collagen VII (108). Experimental EBA can be induced by passive transfer of anticollagen VII IgG (109, 110). Immunopathogenically, experimental EBA shares many key features with experimental BP such as their dependency on complement, C5a-C5aR signaling, and neutrophils (109, 111). However, anticollagen VII IgG causes similar disease severity in both wild-type control and MC-deficient KitW/W-v mice (112). KIT-independent MC-specific deletion mice are also not protected from experimental EBA (112). These studies demonstrate that MCs do not contribute to experimental EBA, further emphasizing a need to revisit the role of MCs in experimental BP using KIT-independent MC-specific deletion strains.

CONCLUDING REMARKS

We presented several lines of BP animal model evidence, together with clinical observations, implicating that MCs are likely to be involved in the immunopathogenesis of BP. The role of MCs in experimental BP, however, was investigated exclusively in KIT-dependent MC-deficient mice. Based on the observed discrepancies in different MC-deficient models of EAE, RA, and EBA, it is necessary to perform anti-BP180 IgG-induced BP studies in KIT-independent MC-specific deletion strains to clarify whether MCs play a role in BP.

Bullous pemphigoid patients also have anti-BP180 IgE autoantibodies, which are involved in tissue injury (95); therefore, a potential role of MCs in anti-BP180 IgE-induced BP should be determined in both KIT-dependent and KIT-independent MC-deficient strains. Future studies could also investigate whether and how MCs interact with anti-BP180 IgG, anti-BP180 IgE, and eosinophils during disease development. Giving the fact that MCs have a variety of immunomodulatory activities (14), MC contribution to BP could be multifaceted. Advanced tools need to be developed to clarify and fully appreciate the contribution of MCs to BP and help uncover new therapeutic targets for this potentially fatal skin autoimmune disease.
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Skin mast cells (MCs), a resident immune cell type with broad regulatory capacity, play an important role in sensing danger signals as well as in the control of the local immune response. It is conceivable to expect that skin MCs regulate autoimmune response and are thus involved in autoimmune diseases in the skin, e.g., autoimmune bullous dermatoses (AIBD). Therefore, exploring the role of MCs in AIBD will improve our understanding of the disease pathogenesis and the search for novel therapeutic targets. Previously, in clinical studies with AIBD, particularly bullous pemphigoid, patients’ samples have demonstrated that MCs are likely involved in the development of the diseases. However, using MC-deficient mice, studies with mouse models of AIBD have obtained inconclusive or even discrepant results. Therefore, it is necessary to clarify the observed discrepancies and to elucidate the role of MCs in AIBD. Here, in this review, we aim to clarify discrepant findings and finally elucidate the role of MCs in AIBD by summarizing and discussing the findings in both clinical and experimental studies.
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INTRODUCTION

Autoimmune bullous dermatoses (AIBD) are a group of autoimmune disorder affecting structure proteins in the skin which either mediate cell–cell or cell–matrix adhesion (1). Autoantibodies directed against these proteins impair the adhesion resulting in skin split formation and thus in a loss of the barrier integrity (1). Based on the location of split formation, AIBD can be categorized into two subgroups, pemphigus and pemphigoid disorders. Pemphigus diseases are intraepidermal blistering diseases caused by autoantibodies against adhesion molecules of the epidermis, such as desmoglein 1, desmoglein 3, envoplakin, and periplakin (1). In contrast to pemphigus, pemphigoid diseases are featured by subepidermal split formation (2).

Mast cells (MCs) originate from precursors of the hematopoietic lineage in the bone marrow (3). After homing to their target tissues, the precursors develop into mature MCs, a process regulated by various factors, including adhesion molecules and several cytokines. Among these, stem cell factor (SCF), a ligand of KIT, represents the most important one (4). MCs are distributed throughout almost all tissues and reside in proximity to nerves, blood, and lymphatic vessels (5). Besides the most prominent high-affinity receptor for IgE (FcεRI), MCs also express a plethora of other receptors, e.g., complement receptors, FcγR, and toll-like receptors enabling a response toward diverse stimuli (5, 6). Upon activation, MCs release a wide spectrum of products, including immediately secreted mediators like histamine and proteases, rapidly synthesized bioactive metabolites derived from arachidonic acid, such as prostaglandins and leukotrienes, and newly synthesized molecules via upregulated gene expression in response to stimulation, including most cytokines and chemokines (5). Their wide tissue distribution and broad activating capacity designates MCs as major immune cells at the body interface regulating both innate and adaptive immunity (7, 8). These properties give rise to the question whether MCs have the ability to regulate immune responses against autoantigens and in skin autoimmune diseases like AIBD. This idea has been substantiated by clinical observations in which MC activation has been shown in some AIBD, and experimentally by employing MC-deficient mice in animal models of AIBD. In this mini-review article, we summarize and discuss clinical and experimental findings to clarify the role of MCs in these diseases.

MCs IN HUMAN AIBD

The first evidence indicating a role of MCs in AIBD can be traced back to 1978, when Wintroub et al. investigated bullous pemphigoid (BP) (9), the most common autoimmune blistering disease characterized by autoantibodies against the autoantigens BP180 (also named type XVII collagen, COL17) and BP230 (10). Besides autoantibodies and complement deposition at the basement-membrane zone, they observed a progressive MC degranulation and subsequent eosinophil infiltration in affected skin of BP patients (9). This MC degranulation was associated with elevated levels of MC-derived mediators and proteases, including eosinophil chemotactic factor, in bullous fluid suggesting for the first time a role of MCs in the pathogenesis of BP (9). Later, Dvorak et al. confirmed this hypothesis by investigating histological changes of clinical lesions in a BP patient during pathogenesis (11). They found that the clinical lesions were featured by a sequence of histopathologic events starting with MC degranulation and proceeding to infiltration of lymphocytes and later on eosinophils and basophils. The notion of a role of MC in BP was further strengthened when Delaporte et al. discovered that most patients express IgE autoantibodies which specifically activate MCs and eosinophils (12). In 2007, Fairley transferred total IgE isolated from BP patients or healthy controls into immune-deficient mice engrafted with human skin. Twenty-four hours after IgE injection, mice receiving BP IgE, but not control IgE, showed erythematous elevated plaques, MC activation, and dermal infiltrates of inflammatory cells. Furthermore, dermal-epidermal separation, a key clinical feature of BP, was also observed in recipient mice when a high dose of patient-derived IgE was transferred (13). This evidence from humanized mice demonstrates that IgE autoantibodies in BP patients are able to promote disease manifestation, further supporting a potential role of MCs in the pathogenesis of BP.

Besides BP, an involvement of MCs was also suggested in a range of other AIBD. For example, increased numbers of MCs have been detected in the skin of pemphigus vulgaris (PV) patients (14), in the conjunctiva of patients with ocular cicatricial pemphigoid (a subtype of MMP) (15), and in the lesional bullous skin of patients with linear IgA disease (LAD) (16). Moreover, activation of MCs has also been observed in some AIBD, including LAD (16), epidermolysis bullosa acquisita (EBA) (17), and PV (18). In addition, the presence of high concentrations of Dgs3-reactive IgE and intercellular IgE deposits in PV patients in the acute onset of the disease also indicates an involvement of MCs in PV (19).

MCs IN MOUSE MODELS OF AIBD

Experimental Models of Autoimmune Blistering Diseases

Animal models have been established for different AIBD, such as BP, EBA, and PV via diverse strategies namely immunization with autoantigen, transfer of autoantibodies or autoreactive lymphocytes, and genetic modification (20). These animal models have been extensively used for investigation of disease pathogenesis (20), including the role of MCs. Here, we highlight those animal models which have been used for studying the role of MCs in AIBD (17, 21).

In 1993, Liu and his colleagues for the first time established an antibody transfer-induced mouse model for BP. By immunizing rabbits with a segment of murine COL17A homologous to the human COL17A autoantibody reactive domain, the authors generated rabbit anti-murine COL17A IgG antibodies and injected them intradermally into neonatal mice. The recipient mice developed an inflammatory blistering disease at the injection site in 2 days, providing an acute and local antibody transfer-induced model of BP. Similarly, a local antibody transfer-induced mouse model of EBA can be established, when the rabbit anti-murine COL7 IgG are transferred into mice via intradermal injection. In this experimental setting, IgG are injected intradermally into the base of the ear of adult mice, and the mice develop skin symptoms at the injection site within 48 h after the antibody application (17, 22). Thus, these experimental settings present acute and local antibody transfer-induced mouse models of BP and EBA.

A systemic and more chronic type of EBA can be induced in mice by repeated subcutaneous injection of rabbit anti-murine COL7 IgG directed against the pathogenic epitope of the disease (23). 4 days after the antibody injection, first disease symptoms manifest in the skin of susceptible mice, including inflammatory cell infiltration and dermal–epidermal separation. Using a similar approach, Schulze et al. established a chronic and systemic antibody transfer-induced mouse model of BP by transfer of rabbit anti-murine COL17 IgG (24).

All antibody transfer-induced mouse models for BP and EBA are characterized by infiltration of inflammatory cells into the skin, antibody, and complement deposition, and dermal–epidermal separation, representing the hallmarks of the inflammatory type of human AIBDs and make these models ideal tools to investigate the role of MCs in these diseases.

MC-Deficient Mouse Strains

MC-deficient mouse strains are indispensable tools for investigating the role of MCs. So far, many MC-deficient strains have been reported, and those strains can be categorized into two groups according to the principle of the MC deficiency. The first group comprises KIT-dependent MC-deficient mice like WBB6F1-KitW/W-v, WCB6F1-MgfSl/Sl-d, and C57BL/6-KitW-sh mice. These mouse strains with an impaired Kit signaling due to genetic mutations affecting Kit signaling pathway. The KIT pathway is essential for the maturation and survival of MCs (4, 25). As a consequence, functional mutation within genes involved in the KIT receptor signaling could lead to the deficiency of MCs (26). However, since KIT is also expressed on many other cell types, the KIT receptor signaling deficient strains demonstrate diverse abnormalities depending on the type of genetic defects (26). The second group contains KIT-independent MC-deficient mice which are selectively deficient in MCs independent of Kit mutations, and thus without altering other parts of the immune system, such as Cpa3Cre/+ knock-in mice, Mcpt5Cre transgenic mice, and Mas-TRECK mice. Among those MC-deficient mouse strains, WBB6F1-KitW/W-v, WCB6F1-MgfSl/Sl-d, C57BL/6-KitW-sh, and Mcpt5Cre transgenic mice have been used for examining the involvement of MCs in the development and progression of AIBD. An overview on the four MC-deficient mouse lines and their phenotypes are summarized in Table 1.

TABLE 1 | Summary of mast cell (MC)-deficient mouse strains investigated in animal models of autoimmune bullous dermatoses (AIBD).
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WBB6F1-KitW/W-v Mice

The “white spotting” (W) locus is named after the pigment deficiency which is a result of mutations in the Kit gene affecting the function of melanocytes. The WBB6F1-KitW/W-v mice are the hybrid form of WB/Re and C57BL/6 strains and carry two different types of mutations in the W locus, namely W and W-v. The W mutation, a point mutation altering a splicing site in the transcript, causes a loss of the transmembrane domain and thus hinders/impairs the cell surface expression of KIT (27). In contrast, W-v, a missense mutation within the KIT tyrosine kinase domain, considerably reduces the kinase activity (28). Consequently, the development of MCs in WBB6F1-KitW/W-v mice is dramatically impaired resulting in less than 1% MCs compared to the MC-sufficient littermate controls (29). However, KIT-deficiency impairs many cell types and results e.g., in decreased numbers of neutrophils, basophils, platelets, intraepithelial TcRγδ lymphocytes, and some other KIT-associated abnormalities (29).

WCB6F1-MgfSl/Sl-d Mice

WCB6F1-MgfSl/Sl-d mice carry two loss of function mutations, Steel (Sl) and Steel-Dicke (Sl-d) in the Scf gene encoding the ligand of KIT (30). The Sl mutation contains DNA rearrangements which lead to dysregulation of expression of the Scf gene (31), while the Sl-d mutation encodes the SCF molecule lacking the transmembrane and cytoplasmic domain (32). Combination of the two mutations dramatically impairs the production or function of SCF, and thus leading to the deficiency in the KIT signaling. As a consequence, WCB6F1-MgfSl/Sl-d mice show a similar pattern of abnormalities to that of WBB6F1-KitW/W-v mice (30–32) (Table 1).

C57BL/6-KitW-sh Mice

The W-sh mutation leading to MC deficiency is an inversion located in the regulatory region upstream of the transcription start site of the W locus (26), affecting the expression but not changing the function of the protein. Different to KitW/W-v mice, KitW-sh mice are fertile and do not develop anemia, but are characterized by a proinflammatory phenotype including splenomegaly, thrombocytosis, and increased numbers of neutrophils and basophils.

Mcpt5Cre iDTR Mice

Mast cell protease 5 (MCPT5) is a protease exclusively expressed in connective tissue MCs (CTMCs), such as peritoneal and skin MCs. In 2008, Scholten et al. generated a Mcpt5Cre transgenic mouse line expressing Cre under the control of the Mcpt5 promoter (33). Mating this transgenic strain to other mouse lines carrying loxP-flanked genes, allows the creation of mouse lines with gene deficiency in a CTMC-specific manner. By taking this advantage, Dudeck and colleagues generated Mcpt5Cre iDTR mice by crossing Mcpt5Cre with iDTR mice (34), which express a simian diphtheria toxin receptor (DTR) in loxP-flanked stop element deleted cells. In this manner, generated Mcpt5Cre iDTR mice express the DTR exclusively on CTMCs, namely peritoneal and skin MCs, which are selectively ablated by the injection of diphtheria toxin (34). This inducible MC-deficient strain develops no abnormalities in the cellular composition of spleen, blood, skin, and bone marrow (34), presenting a selective MC-deficient mouse model.

Disease Development of Experimental AIBD in MC-Deficient Mice

Initial findings in experimental AIBD like the induction of MC degranulation after local transfer of antibodies in BP and EBA or the blockade of disease symptoms by the MC stabilizer cromolyn (17, 21) draw a high interest on the role of MC in autoantibody-mediated diseases. Consequently, pathogenesis of antibody transfer-induced AIBDs was evaluated in four different MC-deficient mouse strains. Major results were summarized in Table 2.

TABLE 2 | Summary of development of experimental autoimmune bullous dermatoses (AIBD) in mast cell (MC)-deficient mouse strains.

[image: image1]

Antibody Transfer-Induced BP in MC-Deficient Mice

In 2001, Chen et al. investigated for the first time MC-deficient mice in a local antibody transfer-induced mouse model of BP (21). In this study, rabbit anti-murine COL17 IgG was injected intradermally into neonatal KitW/W-v and MgfSl/Sl-d mice as well as their MC-sufficient littermate controls. As expected, the MC-sufficient littermate controls developed an inflammatory skin-blistering disease, while both, KitW/W-v and MgfSl/Sl-d mice, were entirely protected against the disease suggesting an indispensable role of MCs in this experimental system. Due to the numerous KIT-dependent side-effects, MC-specific effects have to be proven by further experiments, e.g., MC reconstitution in MC-deficient strains (35). Chen and colleagues could show that reconstitution of KitW/W-v mice with bone marrow-derived MCs restored the disease confirming the essential role of MCs in this model (21). Furthermore, they found that MC activation is essential for the recruitment of neutrophils which themselves are the final executors of tissue damage (21, 36). In subsequent work, the same group could provide some information concerning the molecular mechanisms involved in MC activation in experimental BP. In 2011, they reported that KitW/W-v mice reconstituted with C5a receptor (C5aR)-sufficient, but not C5aR-deficient MCs were susceptible to experimental BP suggesting the C5aR on MCs is critical for the development of the disease (37). Using a similar approach, they demonstrated that the role of MCs in experimental BP is also critically dependent on the MC-derived chymase MCPT4 which activates MMP9 and cleaves COL17 (38).

Taken together, the above studies employing the neonatal mouse model of antibody transfer induced BP suggesting that C5a-mediated MC activation and consequent release of MCPT4 from MCs is critical for recruitment of neutrophils from blood to the skin, and thus indicating that MCs are indispensable for the development of BP.

Antibody Transfer-Induced EBA in MC-Deficient Mice

Antibody transfer-induced models of BP and EBA share many clinical and histological features. Moreover, they are also comparable in pathogenesis, in terms of essential role of Fc receptors, C5a-C5aR signaling, and neutrophils (23, 39). Therefore, it is reasonable to hypothesize that MCs play an essential role in experimental EBA.

To verify this hypothesis, our group employed three different MC-deficient mouse strains to study the role of MCs in experimental EBA induced by transfer of rabbit anti-murine COL7 IgG (17). Surprisingly, when KitW/W-v mice were used, a strain which has also been studied in BP, MC-deficient mice developed disease symptoms comparable to MC-sufficient littermate controls (17). This suggests that MCs are not required for antibody transfer-induced EBA which is in sharp contrast to their essential role in experimental BP. Moreover, repetition of this experiment in KitW-sh mice, a further KIT-dependent MC knockout, revealed that disease developed in this strain with significant increased severity as compared to the MC-sufficient littermate controls (17). Although this increased susceptibility of KitW-sh mice might not be due to a protective effect of MC, but more to a general proinflammatory abnormality present in this strain, these results suggest that MCs are not required for the disease manifestation in experimental EBA. Consequently, to avoid the interference from KIT signaling deficiency related other abnormalities, we investigated experimental EBA in Mcpt5Cre iDTR mice, where MC ablation was induced by treatment with diphtheria toxin. In this KIT-independent model, MC-deficient mice were susceptible to experimental disease and developed symptoms indistinguishable from those in the corresponding MC-sufficient controls. These findings derived from systemic antibody transfer-induced EBA could be reproduced in a local model induced by injection of rabbit anti-murine COL7 IgG into the base of the ear. Mcpt5Cre iDTR mice pretreated with DT also developed skin lesion at the injection site comparable to those of the MC-sufficient controls.

Taken together, these results provide strong evidence that in contrast to experimental BP, MCs are dispensable for antibody transfer-induced EBA (17).

CONCLUSION AND PERSPECTIVES

So far, investigations on the role of MCs have been limited to mouse models of BP and EBA and data on other AIBD are still missing. Given the similarities in clinical and pathological features between antibody transfer-induced BP and EBA, the discrepancy in the role of MCs between the two models is unexpected, but of high interest. In the last section, we will try to discuss this discrepancy and attempt to clarify the role of MCs in AIBD.

The discrepancy in the role of MCs between experimental BP and EBA may have many reasons. First of all, mice investigated in the two experimental AIBD were different; while the local model of BP was induced in neonatal mice, both local and systemic models of EBA were established in adult animals (17, 21). Since, neonatal and adult mice are different in their immune system (40, 41), this difference could also affect the role of MCs in the models. To verify this possibility, models of antibody transfer-induced BP in which adult mice are used should be employed. Second, since the role of MCs in experimental BP has been only investigated in KitW/W-v and MgfSl/Sl-d mice, two strains characterized by a decreased expression of neutrophils, neutropenia, might contribute to the disease resistance as indicated for models of antibody-induced arthritis (42). This problem can be solved by investigating KIT-independent MC-deficient mice in antibody transfer-induced BP. Finally, the differences between COL17 and COL7, autoantigens of BP and EBA, respectively, might also contribute to diverging roles of MCs in both diseases.

Results derived from the different mouse models of AIBD do not provide a conclusive result on the role of MCs, more experiments need to be performed to address this issue. While it appears to be quite clear that antibody-induced EBA proceeds independently of MC, the role of these cells in corresponding models of BP needs to be reevaluated in adult KIT-independent MC-deficient mice. However, it is important to notice that each mouse model reflects only parts of the complicate entire pathogenesis of human autoimmune disease. Thus, antibody transfer-induced models mimic specifically the effector phase of inflammatory BP and EBA, and are unable to evaluate the role of MCs in the proceeding afferent phase of diseases. Since, there is evidence that MCs play a role in regulating adaptive immune responses (43), animal models mimicking both, the afferent and effector phases of AIBD, need to be used for such investigation. Furthermore, the transferred antibodies in the experimental models of BP and EBA belong to the class of IgG, and, therefore, can represent only IgG-mediated disease manifestation. Since, there is evidence that IgE autoantibodies might play a pathogenic role in BP, an animal model in which pathogenic IgE alone or in combination with IgG is transferred could address this potential key aspect in the difference between BP and EBA.
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Soluble Fas Ligand Is Essential for Blister Formation in Pemphigus
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Pemphigus is a blistering disease characterized by pemphigus autoantibodies (PVIgG) directed mostly against desmogleins (Dsgs), resulting in the loss of keratinocyte adhesion (acantholysis). Yet, the mechanisms underlying blister formation remain to be clarified. We have shown previously that anti-Fas ligand (FasL) antibody (Ab) prevents PVIgG-induced caspase-8 activation and Dsg cleavage in human keratinocytes, and that sera from pemphigus patients contain abnormally increased levels of FasL. Here, we demonstrate that recombinant FasL induces the activation of caspases prior to Dsg degradation, and anti-FasL Ab prevents acantholysis in cultured keratinocytes. Moreover, the silencing of FasL reduces PVIgG-induced caspase-8 activation and Dsg3 cleavage. Following injection of PVIgG into mice, FasL is upregulated at 1–3 h and is followed by caspase-8-mediated keratinocyte apoptosis, before blister formation. The administration of anti-FasL Ab after PVIgG injection blocks blister formation in mice. Furthermore, we injected PVIgG into two different gene-targeted mutant mice that selectively lack either secreted soluble FasL (sFasL), FasLΔs/Δs mice, or the membrane-bound form of FasL (mFasL), FasLΔm/Δm mice. After PVIgG treatment, blisters are only visible in FasLΔm/Δm animals, lacking mFasL, but still producing sFasL, similar to wild-type (C57BL/6) animals. By contrast, a significant decrease in the relative acantholytic area is observed in the FasLΔs/Δs animals. These results demonstrate that soluble FasL plays a crucial role in the mechanisms of blister formation, and blockade of FasL could be an effective therapeutic approach for pemphigus.
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INTRODUCTION

Pemphigus is a rare and potentially lethal autoimmune skin disease, characterized by the loss of keratinocyte adhesion at the level of desmosomes, a phenomenon known as acantholysis. This results in the formation of flaccid blisters and/or erosions in both skin and mucous membranes (1). Pathogenic autoantibodies [pemphigus autoantibodies (PVIgG)] in sera from pemphigus patients target predominantly molecular components of the desmosomes, such as desmoglein (Dsg)3 [pemphigus vulgaris (PV)] and Dsg1 [pemphigus foliaceous (PF)] [reviewed by Stanley and Amagai (2)]. Although autoantibodies play an essential role in the pathogenesis of pemphigus (3), the mechanisms leading to the formation of the blisters remain largely unknown (4, 5). Several lines of evidence indicate that apoptosis is involved in the pathological mechanisms of pemphigus [reviewed by Grando et al., (6)]. In particular, cleaved caspase-8 and -3 are detected in pemphigus lesions, and caspase-8-positive cells express Fas ligand (FasL)/Fas binding (7, 8).

Fas Ligand is a transmembrane protein (mFasL) that can be proteolytically cleaved to generate its soluble form of 26 kDa (sFasL) (9). Both forms of FasL can bind to their receptor, Fas, also known as CD95 or Apo1. The membrane-bound form triggers the extrinsic apoptotic pathway through the activation of caspase-8 (10), while the soluble form appears to have both apoptotic and pro-inflammatory activities in immune cells (11, 12). In healthy skin, FasL is localized in the basal layer and in the first suprabasal layers of the epidermis, homogeneously distributed within the cytoplasm, in association with intermediate filaments (13). PVIgG upregulate FasL at the mRNA and protein level in human keratinocytes (14). We have shown previously that anti-FasL antibodies (Ab) prevent PVIgG-induced caspase-8 activation and Dsg cleavage in human keratinocytes (6) and that sera from pemphigus patients contain abnormally increased levels of FasL (15).

In this study, we demonstrate that the inhibition of FasL prevents apoptosis and acantholysis in vitro, and anti-FasL Ab blocks blister formation in vivo. Finally, using two mutant mice selectively lacking the sFasL or mFasL, we provide evidence that sFasL plays a critical role in blister formation in pemphigus.

MATERIALS AND METHODS

Pemphigus Samples

Biopsies (4-mm punch) from lesional and perilesional pemphigus skin as well as from normal skin of healthy volunteers were obtained from the Institute of Dermatology, at the University of Modena and Reggio Emilia. Samples were embedded in OCT and frozen at −20°C. In all patients, diagnosis was based on (1) typical skin and/or mucous membrane lesions, (2) detection of circulating autoantibodies by indirect immunofluorescence on monkey esophagus (a titer of 1:320), and (3) reactivity to Dsgs in patients’ sera by ELISA (MBL International Corp., Nagoya, Japan). Sera were collected from patients with PV, mucocutaneous pemphigus, and PF and pooled for IgG purification (Dsg1: 106.2 U/ml; Dsg3: 158.2 U/ml). Sera were also collected from healthy volunteers (Dsg1: 2.6 U/ml; Dsg3: 3.2 U/ml).

IgG Purification

Pemphigus autoantibodies and normal human IgG (NIgG) were purified by affinity binding on a HiTrapProtein G HP column (GE Healthcare Bio-Science, Piscataway, NJ, USA). Sera were pooled and diluted (1:10) in 20 mM phosphate buffer (pH 7) and loaded on the column. Bound IgG was eluted with 0.1 M glycine/HCl (pH 2.7) and immediately neutralized by Tris 1 M (pH 9). Purified IgGs were dialyzed extensively against phosphate-buffered saline (PBS) (pH 7.4), concentrated by ultrafiltration (Amicon, Beverly, MA, USA), filter-sterilized, and stored at +4°C until use. Protein concentration was determined by Bradford assay using protein Standard I (BioRad, Hercules, CA, USA).

Cell Cultures

Normal human keratinocytes were obtained from foreskin and cultured as described previously (16). Briefly, normal human keratinocytes were amplified on mitomycin C (Sigma-Aldrich, St Louis, MO, USA)-treated 3T3 cells and cultivated in Dulbecco’s modified Eagle’s medium and Ham’s F12 medium. Subconfluent secondary cultures for experiments were plated in a defined serum-free medium (KGM, Lonza Walkersville Inc., Walkersville, MD, USA). When cells were confluent, Ca2+ concentration was increased to 1.8 mM for 24 h, to induce keratinocyte differentiation, before the addition of any stimulus. Either human recombinant soluble FasL (rFasL) (0.1, 10, or 50 ng/ml, Sigma) or PVIgG and NIgG (1.5 mg/ml) were diluted in keratinocyte basal medium (Lonza) plus 1.8 mM Ca2+ and cycloheximide (Sigma) 1 μg/ml, and incubated for a further 72 h. For in vitro inhibitory experiments, keratinocyte cultures were pretreated with either 1 or 15 μg/ml of purified mouse anti-human FasL monoclonal Ab (NOK-2; BD Biosciences Pharmingen, San Diego, CA, USA) for 1 h, which was also added when medium was provided with NIgG, PVIgG, or rFasL.

Passive Transfer Pemphigus Mouse Model

Neonatal C57BL/6NCrl mice (1–2 days old with body weight of approximately 1.3 g) were used for IgG passive transfer experiments [modified from Ref. (17)]. C57BL/6NCrl adult mice were obtained from Charles River (Calco, Italy) and maintained at the Laboratory Animal Facility, University of Modena and Reggio Emilia (Modena). Briefly, 5 mg/g/bw of purified PVIgG or NIgG in a total volume of maximum 50 μl was administered to neonatal mice by a single subcutaneous (s.c.) injection in the dorsal area. Twenty hours after IgG injection, animals were sacrificed and samples were collected. FasLΔm/Δm and FasLΔs/Δs animals were generated as described by O’Reilly et al. (12) and maintained at the Walter and Eliza Hall Institute of Medical Research (Melbourne) Animal Facility. FasL-mutant mice and their WT littermates were treated as described above. Direct immunofluorescence with anti-human IgG (Dako, Glostrup, Denmark) was used to demonstrate PVIgG deposition at the skin level. For time course studies, animals (n = 5) were sacrificed at various time points post IgG injection (0, 1, 3, 6, 9, 12, 18, and 24 h). Skin samples of each animal were harvested for hematoxylin and eosin (H&E) staining, TUNEL assay, and Western blotting. For inhibitory experiments, mice were injected s.c. with 40 μg/mouse of purified hamster anti-mouse CD178 (FasL) monoclonal Ab (MFL3; BD Pharmingen, San Jose, CA, USA) in the same dorsal area of PVIgG or NIgG (for control) injection, either 1, 2, or 3 h after IgG administration. As negative control, we used purified hamster IgG1, κ-Isotype control (40 μg/mouse; BD Pharmingen).

Ethics Statements

For human samples, this study was carried out in accordance with the recommendations of the Ethic Committee of the IDI-IRCCS (Istituto Dermatopatico dell’Immacolata, Rome) with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Ethic Committee of the IDI-IRCCS (Istituto Dermatopatico dell’Immacolata, Rome).

For WT C57BL/6 mice procedures, this study was carried out in accordance with the recommendations of the Ethical Committee of the University of Modena and Reggio Emilia and was in accordance with the Italian Institute of Health guidelines. The protocol was approved by the Italian Institute of Health. Animal studies conducted on FasL-mutant mice at the Walter and Eliza Hall Institute were approved by the Institute’s Animal Ethics Committee.

Immunohistochemistry

Cryosections (4 μm) of skin from healthy donor and from pemphigus patients were methanol-fixed and rehydrated in PBS. The staining was performed using the UltraVision LP Detection System AP Polymer & Fast Red Chromogen assay (Thermo Fisher Scientific), according to the manufacturer’s instructions. Briefly, slides were treated with Ultra V Block, and samples were incubated with mouse anti-CD95/Fas Ab (UB2; Immunotech, Marseille, France) for 1 h at room temperature. After washes in PBS, Primary Antibody Enhancer (Thermo Fisher Scientific) was added for 20 min at room temperature, followed by incubation with AP Polymer anti-mouse/rabbit IgG for 30 min at room temperature. Slides were stained with Fast Red using Naphthol Phosphate as substrate. Samples were analyzed under a conventional optical microscope (Zeiss Axioskope 40).

FasL siRNA Keratinocyte Transfection

About 8 × 104 cells/well were plated on six-well plates in penicillin/streptomycin-free medium. After 24 h, normal human keratinocytes were transfected with 40 nM FasL siRNA (siGenome SMARTpool) or scrambled RNAi, as control (Dharmacon Inc., Lafayette, CO, USA), combined with Lipofectamine 2000 and Opti-MEM (both from Invitrogen Corporation, Carlsbad, CA, USA), according to manufacturer’s indications. Cells were transfected twice and used for PVIgG experiments. FasL protein levels were detected by Western blotting, as described below.

Western Blotting

Cells were washed with PBS and lysed on ice in RIPA buffer (pH 7.5) containing protease inhibitors (Complete Mini Tablets, Roche). Total protein of 40 μg was analyzed on polyacrylamide gels and blotted onto nitrocellulose membranes. Blots were blocked for 2 h in a blocking buffer (5% nonfat milk in PBS/0.2% Tween20, Sigma) and incubated overnight at 4°C with the following primary Ab: anti-Dsg3 (5H10; Santa Cruz Biotechnology), anti-caspase-8 (Ab-3; Calbiochem, Darmstadt, Germany), anti-FasL (Abcam, Cambridge, UK), or anti-β-actin Ab (AC-15; Sigma). Membranes were washed in PBS/Tween, incubated with HRP-conjugated goat anti-mouse Ab (Biorad) for 45 min at room temperature, washed, and developed using the ECL chemiluminescent detection system (Amersham Biosciences UK Limited, Little Chalfont Buckinghamshire, UK). Mouse skin proteins were extracted by homogenization in SDS buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, and 10% glycerol). Proteins were separated by SDS-PAGE and transferred onto nitrocellulose membranes. Blots were blocked with 5% nonfat dry milk in TBS/0.1% Tween 20 for 1 h, then incubated overnight at 4°C with the primary rabbit polyclonal Ab mouse-specific anti-caspase-8 (Cell Signaling Technology, Danvers, MA, USA), anti-caspase-3 (Cell Signaling Technology), anti-FasL (Abcam, Cambridge, UK), or anti-β-actin Ab (AC-15; Sigma). Subsequently, membranes were incubated with the appropriate HRP-conjugated secondary Ab (Biorad) and developed, as described above. The band intensity was quantitatively determined using Image J software.

Immunofluorescence

For double cell staining, keratinocyte cultures were washed in PBS, fixed in 4% paraformaldehyde for 20 min, and air-dried. After rehydration in PBS, cells were permeabilized for 2 min with 0.1% Triton X-100, treated for 5 min with 50 mM NH4Cl, and incubated with 1% bovine serum albumin for 20 min. Cells were then incubated at room temperature for 45 min with mouse monoclonal anti-Dsg3 Ab (5H10, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and for 45 min with Alexa Fluor 488 anti-mouse (Invitrogen). Keratinocytes were washed in PBS/Tween, labeled with rabbit polyclonal anti-caspase-3 active Ab (R&D Systems Inc., Minneapolis, MN, USA) for 45 min and with Alexa Fluor 546 anti-rabbit IgG (Invitrogen) for 45 min. For visualization of nuclei, 4',6-diamidino-2-phenylindole (DAPI) (1 μg/ml, Sigma) was used. Fluorescent specimens were analyzed by a Confocal Scanning Laser Microscopy (Leica TCS SP2). For mouse-tissue staining, paraffin-embedded tissue sections (4 μm) of skin from NIgG and PVIgG-treated mice were paraffin dewaxed, rehydrated, and antigen retrieved (citrate buffer, Thermo Fisher Scientific Inc., Fremont, CA, USA). Sections were incubated for 1 h with anti-active/cleaved caspase-8 (Novus Biologicals, Littleton, CO, USA) and for 45 min with Alexa Fluor 546 anti-rabbit IgG Ab (Invitrogen). For visualization of nuclei, 4',6-DAPI (1 μg/ml, Sigma) was used. Fluorescent specimens were analyzed by a Confocal Scanning Laser Microscopy (Leica TCS SP2).

Dispase-Based Dissociation Assay

Normal human keratinocytes were seeded onto 12-well plates, cultured, and treated at confluency, as described above. After washing with PBS twice, cells were incubated with dispase II (>2.4 U/ml; Roche) for 30 min to release cells as monolayers. Released monolayers were carefully washed with PBS twice and subjected to mechanical stress by pipetting with a 1-ml pipetman. Fragments were fixed with 4% formaldehyde and stained with 1% Rhodamine B (Sigma). For each single well, the particle number was counted and dissociation scores were calculated using the number of fragmented cell sheets (N) using the following formula: dissociation score = [(N-NNIgG)/(NPVIgG-NNIgG)] × 100.

Measurement of the Relative Acantholytic Area

The extent of epidermal acantholysis was measured microscopically by H&E staining. Samples were analyzed using a conventional optical microscope (Zeiss Axioskope 40). Five random microscopic fields per sample were captured at 200× magnification. AxioVision AC imaging software was used to acquire sample images. ImageJ software was used to count the number of pixels corresponding to the length of each cleft corresponding to the areas of the epidermis in which suprabasal cell detachment spreads along more than four adjacent basal cells. The percentage of the acantholytic area was calculated as the mean of different fields. All samples were reported as a ratio against PVIgG treatment or WT animals (in FasL-mutant mice experiments), to which a value of 1 was assigned.

Caspase Assay

Normal human keratinocytes were grown in a multi-96 well black plate and treated with FasL (50 ng/ml). The rate of caspase-3 and -7 activation was measured simultaneously with the fluorimetric Apo-ONE Homogeneous Caspase-3/7 Assay (Promega Corporation, Madison, WI, USA), according to the manufacturer’s instructions. Briefly, Apo-ONE Caspase-3/7 reagent mixture, containing the profluorescent substrate Z-DEVD-Rhodamine 110 and lysis/permeabilization buffer, was added to each well, gently mixed, and incubated in the dark for 2 h at room temperature. After incubation, the amount of fluorescent product, which is proportional to the amount of caspase-3/7 cleavage, was measured with a FLUOstar Galaxy fluorimeter (BMG Labtech, Germany), using an excitation wavelength of 499 nm and an emission of 521 nm. Living cell number was quantified by MTT assay in a duplicate transparent plate, by incubating in MTT solution (Sigma) for 4 h at 37°C. The formazan dye produced after DMSO solubilization was evaluated by a multiwell scanning spectrophotometer at 540 nm. The final RFLU/O.D. caspase assay results were normalized in relation to MTT values from the same experiment.

TUNEL Assay

Mouse skin samples were fixed in 4% buffered formalin and embedded in paraffin. Paraffin sections were processed for TUNEL assay using the “In situ cell death detection kit” (Roche Diagnostics, Basel, Switzerland), according to the manufacturer’s instructions. Briefly, following dewaxing and rehydration, sections were treated with proteinase K (20 μg/ml; Roche) for 30 min at room temperature and incubated with a reaction mixture containing TdT and fluorescence-conjugated dUTP for 1 h at 37°C. The labeled DNA was examined by a Confocal Scanning Laser Microscopy (Leica TCS SP2 with AOBS).

Statistical Analysis

Data are presented as mean ± SEM or as ratios with group differences, obtained from three to five different experiments. Prism Software (Graph Pad Software V7.0) 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 ANOVA was used for multiple comparisons (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

FasL Induces Apoptosis and Acantholysis in Human Keratinocytes

Since PVIgG have been shown to induce the co-aggregation of FasL and Fas receptor with caspase-8 in death–inducing-signaling complex (7), we first analyzed the expression of Fas in pemphigus skin. While in normal epidermis, Fas expression is confined to the surface of all basal cells, in pemphigus lesions, Fas is also found in the suprabasal layers, even before cell detachment (Figure 1A). Given that PVIgG upregulate caspase-8 and caspases can cleave several adhesion molecules, including Dsgs (18, 19), we investigated the effect of recombinant soluble FasL (rFasL) on apoptosis and Dsg3. rFasL induces the cleavage of Dsg3 in a dose-dependent manner (Figure S1 in Supplementary Material) with the appearance of a cleaved 80 kD band after 12 h (Figures 1B,C), generated by the first degradation of the Dsg3 intracellular tail. In addition, rFasL induces the activation of caspase-8 commencing at 2 h (Figures 1B,C), followed by the activation of caspase-3/7 at 4–6 h (Figure 1D). An additional Dsg3 cleavage band at 45 kDa is progressively generated (Figures 1B,C), indicating further Dsg degradation induced by caspases. By confocal microscopy, cleaved (active) caspase-3-expressing cells (red) start to appear from 6 h when Dsg expression (green) is still intact. The increase in cleaved caspase-3-positive cells is associated with a reduction in Dsg expression and a progressive cell-to-cell detachment (Figure 1E, arrows). These findings suggest that the final step of the apoptotic process (e.g., activation of the executioner caspase-3) occurs in the presence of Dsg3 and before cell detachment.
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FIGURE 1 | Fas ligand (FasL)-induced apoptosis precedes acantholysis in human keratinocytes: (A) Fas is upregulated in pemphigus skin before cell detachment. Cryosections from normal human skin, perilesional, and lesional pemphigus skin were methanol-fixed and stained with anti-Fas antibody (arrows), scale bar: 100 μm. (B–E) rFasL induces desmoglein (Dsg)3 cleavage through caspases activation in a time-dependent manner. Differentiated keratinocyte monolayers were treated with 50 ng/ml of recombinant soluble FasL (rFasL) for different time points. Cell lysates were (B) immunoblotted and (C) protein amounts were quantified (means ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001 per Student’s t-test vs cntrl; n = 5 independent experiments). Dsg3 (full), 130 kDa; Dsg3 (cleaved), 80 kDa; Dsg3 (second cleavage), 45 kDa. (D) Caspase-3/7 activity was measured at each time point in the presence (+, orange bars) or absence (−, black bars) of rFasL (see Materials and Materials). Statistical analysis was performed comparing rFasL-treated samples with its cntrl (−, diluent) at each time point (means ± SEM; *P < 0.05; **P < 0.01 per Student’s t-test, compared with diluent; n = 3–5 independent experiments). (E) A representative immunofluorescence image shows Dsg3 (green) and active caspase-3 (red) expression in keratinocytes treated with rFasL at the indicated time points. Nuclei are shown in blue (4',6-diamidino-2-phenylindole). Scale bar = 70 μm.



To further evaluate the role of FasL in pemphigus, we performed the cell dissociation assay, a well-established dispase-based method to measure keratinocyte acantholysis in vitro (20). The addition of anti-FasL Ab clearly protects keratinocytes against acantholysis induced by PVIgG treatment, in a dose-dependent fashion (Figure 2A). Dissociation scoring shows a statistically significant reduction of cell sheet fragmentation in the presence of anti-FasL (Figure 2B). These data indicate that FasL is relevant to cell-to-cell detachment in vitro. In addition, the silencing of FasL using siRNA diminishes Dsg3 cleavage and the activation of caspase-8 induced by PVIgG (Figures 2C,D). The finding was further confirmed by immunofluorescence and indicated that blocking FasL by siRNA inhibits Dsg (green) the degradation and the activation of caspase-3 (red, Figure 2E). Taken together, these findings show that FasL plays a critical role in mediating PVIgG-induced apoptosis and acantholysis in vitro.
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FIGURE 2 | Keratinocyte-derived Fas ligand (FasL) induces desmoglein (Dsg)3, cleavage, and caspase activation. (A,B) Anti-FasL antibody (Ab) prevents keratinocyte acantholysis. Keratinocytes were cultured with purified normal human IgG (NIgG) or pemphigus autoantibodies (PVIgG) in the presence or absence of anti-FasL Ab (1 or 15 μg/ml), and dispase-based dissociation assay was performed. (A) Representative images of cell sheet fragmentation. (B) Quantification obtained by counting the number of fragments of cell sheets and represented as dissociation score (means ± SEM; **P < 0.01 per one-way ANOVA versus PVIgG; n = 5 independent experiments). (C–E) FasL silenced keratinocytes are protected from PVIgG-induced acantholysis and apoptosis. FasL or scrambled siRNA transfected keratinocytes were treated with PVIgG or diluent (cntrl), and levels of Dsg3 and caspase-8 were assessed by immunoblot (C) and measured by relative protein quantification (D). (E) Immunofluorescence showing Dsg3 (green) and active caspase-3 (red) expression in keratinocytes. Scale bar = 70 μm.



Anti-FasL Ab Blocks Blister Formation In Vivo

To confirm the role of FasL in the pathological mechanisms of pemphigus in vivo, we s.c. injected neonatal C57BL/6N mice with purified pathogenic PVIgG or NIgG. Twenty hours later, the intraepidermal blister and the deposition of autoantibodies at the floor and the roof of the cleft (Figure S2A in Supplementary Material) recapitulate the immuno-histologic alterations of pemphigus in humans. In addition, we detected the activated form of caspase-3 in the skin of PVIgG-treated mice but not those injected with NIgG, as shown by the appearance of the cleaved form of caspase-3 (Figure S2B in Supplementary Material). Our findings indicate that PVIgG can activate the apoptotic process in vivo. In particular, PVIgG can induce the upregulation of FasL protein in mouse epidermis starting at 1 h and caspase-8 activation at 6 h post injection, respectively (Figure 3A). While blisters, as measured by the relative acantholytic areas, were observed at 12 h (Figure 3B), TUNEL-positive epidermal cells were already detected from 9 h after PVIgG treatment (Figure 3C). These results demonstrate that pathogenic autoantibodies first induce the release of FasL, followed by the appearance of apoptotic epidermal cells, which in turn precedes the onset of blisters in vivo.
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FIGURE 3 | Anti-Fas ligand (FasL) antibody (Ab) inhibits blister formation in pemphigus in vivo. (A–C) Neonatal mice were injected with pemphigus autoantibodies (PVIgG), sacrificed at various time points, and analyzed for the presence of FasL, acantholysis, and apoptosis activation. (A) FasL protein expression and caspase-8 activation in mouse skin extracts. (B) Relative acantholytic areas and (C) the percentage of TUNEL-positive cells in mouse skin. Each time point was compared to 0 h for statistical analysis (means ± SEM; **P < 0.01; ***P < 0.001 per one-way ANOVA; n = 5 animals/each time point). (D–F) Neonatal mice were injected with normal human IgG (NIgG) or PVIgG, treated with anti-FasL Ab at the indicated time points and sacrificed at 20 h post PVIgG injection. IgG1κ was used as an isotype control for the anti-FasL Ab. (D) Hematoxylin and eosin staining of the neonatal mouse skin. Scale bar = 100 μm. (E) Relative acantholytic areas in mouse skin and (F) the percentage of TUNEL-positive cells in mouse skin (means ± SEM; *P < 0.05; **P < 0.01; ***P < 0.001 per Student’s t-test, compared with PVIgG; n = 5 animals/each treatment). (G) Mice were treated with PVIgG and, 3 h later, with decreasing doses of anti-FasL Ab. Relative acantholysis areas were measured in at least three different fields (n = 5 animals/each treatment).



To further define the role of FasL in vivo, mice were injected with PVIgG alone or in combination with a FasL-blocking Ab (40 μg/mouse). Control mice that received PVIgG alone developed skin lesions 20 h after injection. By contrast, when anti-FasL Ab was administered 1 or 2 h after PVIgG injection, blisters were still visible but of lesser magnitude. Further, when anti-FasL Ab was administered 3 h after PVIgG injection, no blister formation was observed (Figure 3D), indicating that blocking FasL prevents acantholysis in vivo. The protective effect of anti-FasL Ab against acantholysis was confirmed by measuring the relative acantholytic areas in multiple fields from all skin specimens. The relative acantholytic area was significantly decreased when anti-FasL Ab was given 1 h after PVIgG, almost undetectable at 2 h and not measurable in mice treated with PVIgG followed by the administration of anti-FasL Ab, 3 h later (Figure 3E). Moreover, the percentage of TUNEL-positive cells was significantly higher in the epidermis from mice treated with PVIgG alone, compared to mice treated with anti-FasL Ab at 1 or 2 h after PVIgG. No TUNEL-positive cells were detected in the epidermis of mice that received anti-FasL Ab, 3 h after PVIgG (Figure 3F). Mice were subsequently treated with decreasing amounts of anti-FasL Ab which inhibited blister formation in a dose-dependent manner, as measured by the relative acantholytic area (Figure 3G).

Soluble FasL Is Required for Blister Formation in Pemphigus

To definitely assess the role of FasL in the mechanisms underlying pemphigus, we injected PVIgG into two different gene-targeted mutant mice that selectively lack either the secreted soluble FasL (sFasL), FasLΔs/Δs mice, or the membrane-bound FasL (mFasL), FasLΔm/Δm mice (12). Twenty hours after PVIgG treatment, despite the deposition of human IgG at the inter-keratinocyte level (Figure 4A), no acantholysis was detected in FasLΔs/Δs animals, as determined by the histological examination of H&E-stained sections (Figure 4B) and the measurement of the relative acantholytic areas (Figure 4C). By contrast, blisters were clearly visible in PVIgG-treated FasLΔm/Δm animals, lacking mFasL and in wild-type (WT) (C57BL/6) mice (Figure 4B). The magnitude of the acantholytic areas was significantly decreased (not detectable) in FasLΔs/Δs animals, as compared to that in control and FasLΔm/Δm mice (Figure 4C). Moreover, TUNEL-positive cells were statistically increased only in the skin of PVIgG-treated WT and FasLΔm/Δm, but not in FasLΔs/Δs animals (Figure 4D). Finally, PVIgG injection failed to induce the activation of caspase-8 only in FasLΔs/Δs animals (Figure 4E).
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FIGURE 4 | Blister formation is blocked in mice selectively lacking soluble Fas ligand (FasL). Wild-type (WT), FasLΔs/Δs, and FasLΔm/Δm mice were each injected with either normal human IgG (NIgG) or with pemphigus autoantibodies (PVIgG) and sacrificed at 20 h after injection. FasLΔs/Δs: mice selectively lacking the soluble FasL; FasLΔm/Δm: mice selectively lacking the membrane-bound FasL. (A) Representative images of PVIgG binding at the inter-keratinocyte level in the indicated mouse strains. Direct immunofluorescence: mouse skin specimens were challenged against fluorescein-conjugated human IgG. EP, Epidermis; D, dermis. Scale bar = 100 μm. NIgG (normal IgG) used as a negative control. (B) Representative hematoxylin and eosin staining of mouse skin. Scale bar = 75 μm. (C) Relative acantholytic areas in mouse skin (means ± SEM; ***P < 0.001 per one-way ANOVA; n = 10–11 mice/strain). (D) The percentage of TUNEL-positive cells in mouse skin treated either with NIgG (green bars) or with PVIgG (orange bars) (means ± SEM; *P < 0.05; ***P < 0.001 per one-way ANOVA; n = 10–11 mice/strain). (E) A representative immunofluorescence image showing active caspase-8 (red) expression at the skin level of NIgG or PVIgG-treated mice. Nuclei are shown in blue (DAPI). Scale bar = 100 μm.



DISCUSSION

Pemphigus is caused by autoantibodies targeting keratinocyte surface antigens. PVIgG binding to these proteins has long been considered to directly induce blister formation (21). Yet, it has now become clear that additional mechanisms following Ab binding contribute to skin blistering in pemphigus. A number of studies have provided evidence that reduced desmosomal adhesion and splitting follow changes in desmosomal structure and Dsg depletion (5). Moreover, several signaling pathways downstream of Ab binding, including p38 mitogen-activated protein kinase, EGFR, c-Myc, etc., have been shown to be involved in the loss of keratinocyte adhesion in pemphigus (22). In this context, the role of apoptosis has been the subject of much controversy. In vitro studies claim that apoptosis is not a prerequisite for skin blistering but can contribute to the acantholytic process (23). By contrast, apoptotic cells are detected before blister formation, and the inhibition of caspase 3/7 prevents intraepidermal blistering in a murine pemphigus model (24). Most importantly, ST18 overexpression in pemphigus skin (25) confers a significant risk for the disease by both upregulating apoptosis and disrupting keratinocyte adhesion (26).

Our results clearly indicate a critical role of the Fas/FasL-induced extrinsic apoptotic pathway in the pathogenesis of pemphigus, consistent with previous studies showing the expression and the activation of Fas and FasL in acantholytic cells (7, 8). Specifically, we show for the first time that Fas/FasL system is operational before blister formation. Upon binding to pemphigus antigens, the Fas/FasL system leads to the activation of apoptosis and acantholysis. Moreover, we provide evidence that apoptosis precedes acantholysis, as Fas overexpression, caspase activation, and the appearance of TUNEL-positive cells occur before cell detachment in vivo.

Pemphigus autoantibodies upregulate FasL at the mRNA and protein level in human keratinocytes in vitro (14). Here, we report that the exposure to PVIgG results in the rapid release of soluble FasL in vivo. Deposits of FasL are present in association with intermediate filaments in keratinocytes (13). Because keratins control intercellular adhesion (27) and their retraction is associated with signaling pathways in pemphigus (28), we speculate that PVIgG-induced keratin uncoupling from the desmosomal complex may contribute to the rapid mobilization and release of FasL, resulting in the upregulation of FasL in the intercellular milieu. Altogether, our results demonstrate that pathogenic autoantibodies first induce the release of FasL, followed by the appearance of apoptotic epidermal cells, which in turn precedes the onset of blisters in vivo.

The addition of an anti-FasL-neutralizing Ab blocks blister formation in mice at 1–3 h after PVIgG injection. This is consistent with the timing of FasL upregulation in the epidermis, strongly indicating that anti-FasL blocks its target when it is locally released from keratinocytes, upon PVIgG stimulation.

Because mice lacking soluble FasL fail to develop blister upon PVIgG injection, we conclude that sFasL is responsible for acantholysis in vivo. The data presented here strongly indicate sFasL activation of caspase-8 and subsequent activation of caspase-3 as the main mechanism accounting for Dsg cleavage and blister formation in pemphigus. However, soluble FasL does not only trigger the extrinsic apoptotic pathway but also exert a number of pro-inflammatory activities (29, 30), which may be involved in pathological mechanisms of pemphigus. Whether these inflammatory responses could contribute to the development of blister remains to be determined.

Previous studies have attempted to prevent blister formation by pretreating mice with various signal transduction inhibitors, before PVIgG injection (31, 32). By contrast, in the present study, anti-FasL Ab blocks blister formation by acting after PVIgG injection, thus functioning in a system that is closely analogous to human disease. Currently, pemphigus therapy consists of the chronic administration of steroids and other immunosuppressors, which often results in severe side effects with a high fatality incidence. Blocking FasL-induced blister formation provides a relevant proof of concept that may lead to the development of new drugs to ameliorate pemphigus, possibly replacing the use of broad immunosuppressive agents.
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One major hallmark of atopic dermatitis (AD) is the elevated level of total serum IgE, which has been reported to be partly of the autoreactive type in a subset of patients. Immunoadsorption (IA) has been successfully applied in various classical autoantibody-mediated diseases such as pemphigus. Recent reports proposed the use of IA also for patients with severe AD and high total serum IgE levels. In this mini-review, we summarize the current knowledge about this novel treatment approach for AD and briefly discuss the so far incompletely known role of autoreactive IgE as potential target of IA therapy in this common inflammatory skin disorder.
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INTRODUCTION

Atopic dermatitis (AD) is a chronic or chronically relapsing, eczematous, pruritic skin disease affecting 2–20% of the general population, which can considerably affect the patient’s quality of life. It is often associated with type I allergic diseases, including food allergy, asthma, and allergic rhinitis (1).

The pathophysiology of AD is complex and involves the interplay of genetic, immunological, and environmental factors. Both skin barrier dysfunction due to decreased filaggrin expression and a biphasic T cell-mediated immune reaction driven by a Th2 phenotype in childhood and acute disease phase that is shifted toward a Th1 signal in the chronic stage are considered to play important roles in the disease process. One major hallmark of the disease is the elevated level of total serum IgE in approximately 80% of AD patients. In fact, AD patients mount IgE antibody responses to various environmental allergens and autoantigens, which will be discussed later in this review (1).

The drug therapy of AD consists of topical emollients for barrier dysfunction and topical corticosteroids and calcineurin inhibitors for skin inflammation, as well as, in severe cases, systemic anti-inflammatory agents such as cyclosporine A. However, these conventional treatments may not show uniform efficacy and can be limited by severe side effects. Thus, several new targeting therapies, including the newly approved promising IL-4 receptor α chain antagonist dupilumab, have emerged (1).

Clinical benefit has been also achieved through sequestering of free IgE by the anti-IgE monoclonal antibody omalizumab in AD patients with poor response to traditional therapy, although some controversial results have been reported. Effects of this treatment seem to depend on baseline total serum IgE levels as less favorable clinical responses were associated with concentrations of more that 700 kU/L compared with lower levels. This observation is based on a recent systematic review and meta-analysis of 103 AD patients from 13 studies, which overall revealed that 43% of these patients could achieve an excellent clinical response after omalizumab treatment, while 27% showed satisfying results and 30% had irrelevant clinical changes or deterioration (2). Restricted clinical efficacy in some cases may be related to insufficient IgE neutralization by omalizumab, for which the recommended dosing table is limited to 150–1,200 mg/month (2, 3).

In the recent years, immunoadsorption (IA) has evolved as an alternative anti-IgE treatment for patients with severe AD displaying high total serum IgE (4–9). In addition, it has been reported that IA can increase the threshold of IgE immunoreactivity to different food allergens and thus reduce the risk of anaphylaxis in multiple food allergy (10, 11). Most recently, a pilot study indicated that IA may also be used to treat patients with allergic asthma (12). While much more experience with this treatment exists in classical autoantibody-mediated diseases such as pemphigus (13), application of IA in AD is limited to only a few centers so far. The active principle of most available adsorber types is the non-specific removal of the different immunoglobulins from the patient’s circulation (13), although an IgE-specific adsorber column has more recently become available (5, 8–12).

This mini-review summarizes the current knowledge about IA in AD and briefly discusses the role of autoreactive IgE as potential target of IA therapy in this inflammatory skin disease.

IA in AD

IA Protocols

To date, six studies on the use of IA in 2–50 patients per case series with severe AD and high total serum IgE levels have been published (summarized in Table 1) (4–9). The first IA treatment protocol for AD has been introduced by our group in 2011. In this pilot study, patients with treatment-refractory AD and total serum IgE levels >4,500 kU/L were treated with a total of 10 IA on days 1–5 (week 1) and days 29–33 (week 5) by using adsorption columns that contained polyclonal sheep antihuman immunoglobulin antibodies binding the different human immunoglobulins with similar affinity (referred to as panimmunoglobulin IA) (4). The same treatment protocol was used in our two following studies, with the major difference that the adsorber consisted of monoclonal mouse antihuman IgE (referred to as IgE-selective IA) (5, 9). Three other independent studies used panimmunoglobulin IA in patients with severe AD and high total serum IgE applying (i) 1–5 cycles of 5 consecutive aphereses at monthly intervals (6), (ii) 1 cycle of 2–4 consecutive aphereses followed by omalizumab every 2 weeks for 24 weeks (7), and (iii) 3 cycles of 3–4 consecutive aphereses at weeks 1, 3, and 8 (8). Some patients of the latter study were treated with IgE-selective IA (8). In all studies except for the trial combining IA with omalizumab (7), the patients’ preceding topical and systemic treatments for AD were continued during IA therapy and modified as needed (4–6, 8, 9).

TABLE 1 | Summary of published studies relating to IA and AD.

[image: image1]

Effects on the Clinical Course

During a follow-up time of 3–18 months, the published studies uniformly revealed a satisfactory initial linear decrease of the disease severity [measured by Scoring Atopic Dermatitis (SCORAD) or Eczema Area and Severity Index] as early as within the first 3 weeks after initiation of IA regardless of the IA treatment protocol used (4–9). Results from our three reports indicate that IA treatment resulted in continuous and stable SCORAD improvements of up to approximately 60% for at least 3–6 months (4, 5, 9), although some minor re-increases in the SCORAD (being still lower than before initiation of IA) were observed in patients treated by IgE-selective IA during the second half of the observation period (5, 9). In the study by Reich et al., clinical effects remained widely stable until 6 months of follow-up with no major differences in clinical efficacy between panimmunoglobulin IA- and IgE-selective IA-treated patients (8). Combined use of IA and omalizumab resulted in a steady decrease of the SCORAD throughout the 6-month treatment period, whereas a reverse trend was observed during treatment-free follow-up of another 6 months (7). No additional benefit with regard to further SCORAD improvement was observed in one study when more than three monthly cycles of five consecutive panimmunoglobulin IA were applied, although one patient who completed five IA cycles exhibited a long lasting clinical benefit over 12 months (6).

Of note, the studies demonstrated that IA was associated with disease amelioration in patients’ refractory to multiple conventional treatments including cyclosporine A, which could be partly reduced or discontinued after IA (4–6, 8, 9).

Effects on Circulating IgE and Other Serum Parameters

Results from our three reports revealed that serum IgE levels were effectively reduced by a mean of more than 90% with each IA cycle regardless of the specificity of the adsorber (4, 5, 9). Similar IgE reductions were observed in the other three studies ranging from an average of approximately 60–90% depending on the length of the IA cycle (6–8). In contrast to panimmunoglobulin IA, however, which reduced other immunoglobulin isotypes to a similar degree (4, 8), serum concentrations of IgM, IgA, and IgG were decreased by only less than half using IgE-selective IA (5, 8, 9). The concomitant decrease of immunoglobulins other than IgE by the IgE-selective adsorber is considered to be non-specific and explained by IA-related elution and dilution procedures (5, 8, 9). Effects of IgE-selective and –non-selective IA on peripheral levels of IgE and other immunoglobulins were transient since immunoglobulin levels started to rise again following each IA procedure and precycle values remained widely similar over time (4–6, 8, 9). Thus, considering the generally steady decrease of the disease activity following IA, total serum IgE levels only incompletely paralleled the clinical course of the patients. By contrast, a different observation was made by the combinatory use of IA and omalizumab. After initial reduction in total circulating IgE by IA, free serum IgE levels continued to fall during omalizumab treatment [in parallel with SCORAD improvement and reduction in serum levels of the biomarker thymus and activation regulated chemokine (TARC)] and started to increase again (in parallel with SCORAD worsening and increase of TARC) during follow-up after anti-IgE therapy was discontinued (7).

Effects on Skin-bound IgE and Other Skin Parameters

In contrast to the abovementioned kinetics of circulating IgE, a continuous reduction of the amount of skin-bound IgE was observed by immunohistochemistry in our initial IA pilot study (4). It can be hypothesized that a redistribution of tissue-bound IgE from inflammatory skin sites into the intravascular compartment occurs, which may at least partly explain the rebound phenomenon of serum IgE levels following IA. In addition, repetitive skin biopsies after IA revealed a steady decrease in skin infiltration by antigen-presenting cells and T cell as well as improvement of altered epidermal morphology including hyperkeratosis, spongiosis, and acanthosis (4). In this context, it is worth noting that omalizumab has been previously shown to inhibit antigen processing and presentation to T cells by downregulating the expression of the high-affinity IgE receptor FcepsilonRI on dendritic cells (14). Thus, impairment of IgE-mediated antigen exposure in the skin could represent a possible mechanism of action of IA contributing to disease amelioration in AD patients.

Safety

IA in patients with AD, who usually have an increased genetic susceptibility to skin infections by pathogens such as Staphylococcus aureus and Herpes simplex virus (1), is generally well tolerated (4–9). The selective IgE adsorber has been developed to decrease the potential higher risk of infections due to the parallel considerable reduction of protective immunoglobulins as it occurs with panimmunoglobulin IA. In fact, in the study by Reich et al., infectious adverse events, including bacterial conjunctivitis/sinusitis and herpes labialis/keratitis, were observed in AD patients treated by panimmunoglobulin IA but not IgE-selective IA (8). By contrast, however, we reported two cases of S. aureus septicemia, one occurring after panimmunoglobulin IA and the other following IgE-selective IA, both performed by a central venous catheter (4, 9). Thus, IgE-selective IA using peripheral venous access seems most preferable, although further studies are needed to better define the safety profile of this treatment in AD patients.

Autoreactive IgE as Potential Target of IA in AD

With the help of Th2 cytokines, activated B cells undergo production of IgE antibodies, which have been reported to be partly of the autoreactive type in AD (15–18). More than 140 autoantigens triggering IgE autoantibodies in AD patients have been reported (16), some of them potentially binding to cell membrane and intracellular structures of cultured human keratinocytes (15). IgE autoantibodies can either be specific for autoantigens (Homs 1–5, antinuclear antibodies, DSF70, and p80-coilin) or cross-react with environmental allergens due to their high homology with self-antigens (manganese superoxide dismutase, thioredoxin, profilin, and acidic ribosomal P2 protein) (18). In fact, a systematic review involving 1,253 AD patients and 1,391 control subjects found autoreactivity in up to 91% compared with 0–12%, respectively, although it remains widely unknown whether this is a cause or consequence of skin inflammation in AD (17).

It has been hypothesized that scratching-induced tissue damage can lead to the release of autoantigens that bind to IgE autoantibodies. This may consecutively result in immediate-type hypersensitivity reactions as well as T cell activation and cytokine secretion through IgE cross-linking on the cell surface and IgE-mediated autoantigen presentation, respectively (18). In contrast to other IgE-driven diseases, such as bullous pemphigoid (19), however, it is less known whether autoreactive IgE in AD patients are truly pathogenic or only represent a bystander epiphenomenon.

Pathogenicity of IgE-mediated autoreactivity in AD is supported by the following reported evidence: (i) IgE autoantibodies are not present in other allergic diseases, such as allergic asthma or allergic rhinoconjunctivitis, which are characterized by increased total IgE levels (17); (ii) existence of pro-inflammatory cytokine-producing autoreactive T cells specific for autoantigens [e.g., α-NAC (Homs 2)] for which autoreactivity has been described on the humoral level (20, 21); (iii) disease severity in AD patients is higher in autoreactive patients than in non-autoreactive ones (15, 17); (iv) SCORAD values and serum TARC levels correlate with IgE autoantibodies to human manganese superoxide dismutase and DSF70, respectively (22, 23); and (v) cyclosporine A-induced improvement of skin symptoms in AD patients is accompanied by reduction in IgE autoreactivity (but not IgE antibodies to exogenous allergens), with a reverse trend without treatment; clinical improvement precedes decrease of IgE autoreactivity, potentially suggesting reduced tissue injury-driven exposure of self-antigens to autoreactive B cells in these patients (24, 25).

Therefore, it is tempting to speculate that disease amelioration by IA in some AD patients may also, at least in part, be attributed to a decrease of IgE autoreactivity.

CONCLUSION

Clinical evidence suggests that IA seems to be an effective treatment option for patients severely affected by AD with highly elevated IgE serum levels. IA is associated with temporal and sustained reduction of circulating and skin-bound IgE, but the exact mechanisms underlying the clinical response in AD patients remain to be elucidated (4–9). Although the role of IgE in AD is still a matter of debate, these findings favor a pathogenic potential of IgE antibodies in this disorder. Future studies should explore whether a particular subset of AD patients who have circulating autoreactive IgE antibodies may especially benefit from this type of direct antibody depletion therapy.
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Introduction: Rituximab (RTX) is a monoclonal antibody targeting CD20, a transmembrane protein expressed on B cells, causing B cell depletion. RTX has shown great efficacy in studies of pemphigus vulgaris, but data of pemphigoid diseases are limited.

Objective: To assess the effectiveness and safety of RTX in pemphigoid diseases.

Methods: The medical records of 28 patients with pemphigoid diseases that were treated with RTX were reviewed retrospectively. Early and late endpoints, defined according to international consensus, were disease control (DC), partial remission (PR), complete remission (CR), and relapses. Safety was measured by reported adverse events.

Results: Patients with bullous pemphigoid (n = 8), mucous membrane pemphigoid (n = 14), epidermolysis bullosa acquisita (n = 5), and linear IgA disease (n = 1) were included. Treatment with 500 mg RTX (n = 6) or 1,000 mg RTX (n = 22) was administered on days 1 and 15. Eight patients received additional 500 mg RTX at months 6 and 12. Overall, DC was achieved in 67.9%, PR in 57.1%, and CR in 21.4% of the cases. During follow-up, 66.7% patients relapsed. Repeated treatment with RTX led to remission (PR or CR) in 85.7% of the retreated cases. No significant difference in response between pemphigoid subtypes was found. IgA-dominant cases (n = 5) achieved less DC (20 vs. 81.3%; p = 0.007), less PR (20 vs. 62.5%; p = 0.149), and less CR (0 vs. 18.8%; p = 0.549) compared to IgG-dominant cases (n = 16). Five severe adverse events and three deaths were reported. One death was possibly related to RTX and one death was disease related.

Conclusion: RTX can be effective in recalcitrant IgG-dominant pemphigoid diseases, however not in those where IgA is dominant.

Keywords: pemphigoid diseases, autoimmune bullous diseases, rituximab, IgA, mucous membrane pemphigoid, linear IgA disease, epidermolysis bullosa acquisita, case series

INTRODUCTION

Pemphigoid diseases are a heterogeneous group of autoantibody-mediated subepidermal blistering diseases (1). IgG, IgA, or IgM autoantibodies target distinct antigens located in the basement membrane zone (BMZ) inducing different pemphigoid subtypes. Cutaneous pemphigoid is the subgroup of pemphigoid diseases that predominantly affect the skin (1, 2). Pemphigoid, be it non-bullous or bullous (BP), is the most prevalent disease within this subgroup and mainly presents at older age (3). Mucous membrane pemphigoid (MMP) opposes cutaneous pemphigoid in the spectrum of pemphigoid diseases, and is characterized by primary involvement of the mucosa (2, 4). Beside the classification based on body localization, pemphigoid diseases may be classified based on targeted auto-antigens, such as 180 kDa BP antigen (BP180) and the 230 kDa BP antigen (BP230) in pemphigoid, laminin-332 in anti-laminin-332 MMP, the p200 protein in anti-p200 pemphigoid (anti-laminin γ1 pemphigoid), and type VII collagen in epidermolysis bullosa acquisita (EBA) (2). Last, classification may be based on predominant class of autoantibodies IgG or IgA. Pemphigoid diseases with the exclusive IgA involvement are named linear IgA disease (LAD), regardless of the targeted antigen or clinical presentation (5). IgA-mediated pemphigoid diseases are difficult to treat if dapsone is contraindicated, and mostly show high resistance to usual immunosuppressants (6).

The 2014 European consensus guideline for the management of BP recommends transcutaneous systemic clobetasol therapy as initial treatment (7, 8). The alternative is oral systemic prednisolone therapy (0.5–1.0 mg/kg/day), which was associated with adverse events and higher mortality (8, 9). Recently, doxycycline was found to be non-inferior to and safer than prednisolone for short-term blister control (10), although the statistical margins were wide (11). As third-line rituximab (RTX) is recommended in cases in which conventional immunosuppressive drugs were not effective, were contraindicated, or showed unacceptable side effects (8, 12, 13).

Rituximab is a chimeric monoclonal antibody targeting CD20, a transmembrane protein expressed by all B cells in the pre-plasma cell lineage (14). Binding of RTX to CD20 leads to B cell depletion in the peripheral circulation by various mechanisms (15). RTX is registered for treatment of B cell lymphoma’s, rheumatoid arthritis (RA), and granulomatosis with polyangiitis (15, 16). Recently, RTX was shown to be effective as first-line therapy in pemphigus (17). However, the position of RTX on the therapeutically ladder of pemphigoid diseases is unknown. Data regarding the effectiveness and safety of RTX in pemphigoid diseases are limited and are mainly of retrospective nature (18–26). Furthermore, it is unclear which treatment regime is most beneficial and which factors might be predictive for treatment response (27, 28). Therefore, the aim of our study was to retrospectively analyze our daily practice experience with RTX in pemphigoid diseases by evaluating the effectiveness and safety, and to identify clinical or serological factors that might be associated with treatment response.

MATERIALS AND METHODS

All patients with pemphigoid diseases treated with RTX between 2010 and September 2017 at the Center for Blistering Diseases at the University Medical Center Groningen were included in the study. Pemphigoid diseases were diagnosed based on the following criteria: linear depositions of IgG, IgA, IgM, or C3c along the BMZ by direct immunofluorescence microscopy (DIF) and/or positive indirect immunofluorescence microscopy (IIF) on monkey esophagus (MO) or salt-split skin (SSS), in combination with clinical presentation, histopathological findings, or other immunoserological tests compatible with the diagnosis of a pemphigoid disease. Patients with a linear u-serrated immunodeposition pattern seen by DIF were diagnosed with EBA. Patients with exclusive involvement of IgA were diagnosed with LAD.

Patients charts were reviewed retrospectively by the first (Aniek Lamberts) and second (H. Ilona Euverman) authors. Response outcomes were defined according to international consensus and measured by the early endpoint disease control (DC), and the late endpoints partial remission (PR), complete remission (CR), and the number of relapses (29, 30). Safety was measured by reported adverse events. Discrepancies in the assessment by Aniek Lamberts and H. Ilona Euverman were resolved through discussion with the other authors (Barbara Horváth and Marcel F. Jonkman).

Treatment Regimes

There were two treatment protocols administered. In the period of 2010–2012, patients were treated with RTX 500 mg at days 1 and 15 (low-dose RA protocol), since this dose was effective in pemphigus patients (Horvath et al. 2011) (31, 32). Additional 500 mg RTX at month 6 and/or 12 was only administered on indication (33). From 2012 the protocol was adjusted to 1,000 mg RTX at days 1 and 15 (high-dose RA protocol—published in 2011) (28). Since 2014, patients standardly received additional 500 mg RTX at months 6 and 12, and if indicated at month 18. Patients that relapsed within 1 year after the last RTX infusion received re-treatment with a single infusion of 500 mg RTX. Relapsed patients beyond 1 year after the last RTX infusion were retreated with a new cycle of 1,000 mg RTX at days 1 and 15.

Statistical Analysis

The Kolmogorov–Smirnov test was used to test for normal distributions. Correlations between bivariate outcome measures were analyzed with Fisher’s exact test. Comparing means of non-normally distributed data was done with the Mann–Whitney U test. Statistical significance was defined by a p-value <0.05. Statistical analyses were performed in IBM SPSS statistics version 23.

RESULTS

Patient Population

A total of 28 patients were included. The patient characteristics are listed in Table 1. The mean delay in diagnosis was 10.5 months in BP (range 1–19), 24.3 months in MMP (range 4–60), and 19.0 months in EBA patients (range 3–47). One MMP outlier with an exceptional long delay in diagnosis of 285 months was not taken into account. This patient showed severe laryngeal, oral, genital, and ocular (foster stage 4) involvement. The mean time between diagnosis and RTX treatment was longer for BP patients (64.3 months; range 1–272), EBA (29.1 months; range 0.5–84), and LAD patients (49.0 months) compared to MMP (13.8 months; range 2–63). Prior to RTX, all patients received one or more immunosuppressants (Table S1 in Supplementary Material) with suboptimal effect or with unacceptable side effects. Therefore, RTX was administered as last resort in several cases. Six patients received low-dose RTX (500 mg) and 22 patients high-dose RTX (1,000 mg), of which eight patients also received repeated RTX doses (500 mg) at months 6 and 12. In all patients RTX was added to pre-existing treatment with a local steroid and/or one or two systemic drugs (Table S1 in Supplementary Material).

TABLE 1 | Demographics of pemphigoid patients treated with RTX.
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Effectiveness of First Course of RTX

DC was achieved in 19 of 28 patients (67.9%) at a mean time of 14.5 weeks (range 1–36; SD 9.1). Remission (partial or complete) was achieved by 57.1% (n = 16) of the treatment resistant pemphigoid cases (Figures 1 and 2). PR was achieved by 16 patients (57.1%) at a mean time of 34.2 weeks (range 9–71; SD 18.1). Six of 28 patients (21.4%) also achieved CR at a mean time of 59.2 weeks (range 24–85; SD 22.1). Figures 3 and 4 display a flowchart and bar chart of the achieved early and late endpoints during follow-up. A complete overview of the outcome measurements of all included patients can be found in Table S1 in Supplementary Material.
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FIGURE 1 | Bullous pemphigoid in a 69-year-old male. (A,C) Erythematous plaques and papules on both legs before rituximab (RTX) treatment. (B,D) Remission with minimal therapy after RTX treatment.
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FIGURE 2 | Epidermolysis bullosa acquisita (EBA) in a 59-year-old female. (A) Nummular erythematous plaques, papules and circinate configurated crustae, vesicles, and bullae on the trunk, before rituximab (RTX) treatment. (B) Remission off therapy after RTX treatment.
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FIGURE 3 | Flowchart of the effectiveness of RTX in pemphigoid patients, showing the highest endpoint reached after the first RTX cycle. RTX, rituximab; DC, disease control; PR, partial remission; CR, complete remission. aTwo patients already achieved DC before RTX was administered.
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FIGURE 4 | Bar chart showing the achieved endpoints and repeated treatment of RTX of each individual pemphigoid patient. Bars represent patients until the end of follow-up. The pemphigoid subtypes are indicated on the y-axis and the x-axis displays time in years. RTX, rituximab; BP, bullous pemphigoid; MMP, mucous membrane pemphigoid; EBA, epidermolysis bullosa acquisita; LAD, linear IgA disease.



We analyzed whether early administration of RTX was more beneficial. We compared the mean time between onset of symptoms and RTX treatment of patients with PR or CR (52.2 months; n = 16) and patients without PR or CR (64.9 months; n = 12). No significant difference was found [Mann–Whitney test (p = 0.642)].

Comparison of Treatment Regimes

Significantly more patients achieved DC with 1,000 mg RTX at days 1 and 15 (85.0%) compared to 500 mg RTX (33.3%; p = 0.028). Furthermore, patients more often achieved PR (63.6 vs. 16.7%; p = 0.057) and CR (27.3 vs. 0%; p = 0.289). Relapses were seen in both two cases receiving 500 mg RTX and 12 out of 19 cases (63.2%) with 1,000 mg RTX (p = 0.533).

Patients receiving repeated RTX infusions (n = 8) achieved DC (100 vs. 63.2%; p = 0.134) and PR (87.5 vs. 45.0%; p = 0.088) more frequently than patients without additional RTX infusions. A similar number of patients achieved CR (25.0 vs. 20%; p = 1.000). The relapse rate in the group with the additional gifts was lower (50.0 vs. 76.9%; p = 0.346), and the mean time until relapse was longer [81.3 weeks (range 32–170; SD 62.3) vs. 69.0 weeks (range 12–238; SD 66.6); p = 0.572].

Response in the Different Pemphigoid Subtypes

Mucous membrane pemphigoid patients showed the most benefit of RTX with DC in 85.7%, PR in 64.3%, and CR in 28.6% patients. During follow-up, 75% of the MMP patients relapsed. BP patients achieved DC in 83.3%, PR in 62.5%, and CR in 12.5% with a relapse rate of 71.4%. In EBA patients, DC was found in 40%, PR in 40%, and CR in 20% without relapse. The patient with LAD was unresponsive to RTX treatment. No significant difference was found in the effectiveness of RTX between the different pemphigoid subtypes by Fisher’s exact test.

Immunological Findings

The dominant immunoglobulin class prior to RTX treatment assessed by staining intensity in DIF and IIF on SSS was IgG in the majority of the cases (57.1%; n = 16), IgA in 17.9% (n = 5), and IgM in 3.6% (n = 1). Equal intensity of IgA and IgG staining was observed in 21.4% (n = 6) of the cases. IgA-dominant pemphigoid cases (n = 5) showed significantly less DC (20 vs. 81.3%; p = 0.007) compared to IgG-dominant cases (n = 16). The proportion of patients achieving PR (20 vs. 62.5%; p = 0.149) and CR (0 vs. 18.8%; p = 0.549) did not differ significantly; however, it showed a clear trend of ineffectiveness of RTX in IgA-dominant cases. Post treatment analysis was not performed.

Deposition of C3c along the BMZ was seen in 67.9% (n = 19) of DIF biopsies. No differences in effectiveness of RTX were found between patients with or without complement depositions.

Relapses

Fourteen of 21 patients (66.7%) relapsed after a mean time of 72.5 weeks (range 12–238; SD 63.2). Four of 14 relapsed patients showed B cell repopulation; in one case repopulation preceded relapse and in three cases repopulation was objectified after the relapse. Five of 14 relapsed patients showed maintained B cell depletion and in five patients B cells were not followed up. Seven of 14 relapsed patients were retreated with RTX, which led to PR or CR in six out of seven patients (85.7%).

Safety

Table 2 provides an overview of reported adverse events and deaths after RTX treatment. One patient died 4 months after RTX infusion due to sepsis which led to multi-organ failure. This death was interpreted as possibly related to RTX, since neutropenia (possibly RTX induced late onset neutropenia) might have contributed to a higher infection risk. All cases that reported grade 3 or grade 4 adverse events fully recovered. Five infusion reactions were observed in three patients during RTX administration: dyspnea with chest pain, tired feeling of the legs, and dizziness plus a burning sensation in the groins. All infusions could be successfully continued at lower infusion rate. One patient was accidently shortly infused with RTX subcutaneously, causing temporary pain and swelling of the arm.

TABLE 2 | Adverse events and deaths reported in pemphigoid patients treated with rituximab (RTX).
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B Cell Depletion

B cells were undetectable in the peripheral blood within 2 weeks in all patients after a single RTX infusion. In 13 patients, B cell levels remained undetectable during a mean follow-up time of 77.5 weeks (range 24–269; SD 64.6). All 13 patients received repeated RTX infusions at months 6, 12, or both. Repopulation of B cells was seen in six patients after a mean time of 95.2 weeks (range 36–250; sd 82.4). B cell levels were not followed up in nine patients. B cell levels showed no clear relation with response to RTX. All data on B cell levels should be interpreted with caution, since B cells were not measured at standard time points in our study population.

DISCUSSION

Our study showed partial or CR with RTX in 57.1% of the cases with a pemphigoid disease, that previously failed on a variety of immunosuppressants. RTX was most beneficial in refractory MMP and BP patients with partial or CR in 64.3 and 62.5% of the cases. Interestingly, IgA-dominant pemphigoid diseases responded poorly on RTX.

Only two other studies described RTX treatment of MMP patients (n = 14; 11 cases with isolated ocular involvement) according to the RA protocol and showed PR or CR in all cases (19, 20). Both studies reported high relapse rates (83.3 and 100%); however, repeated treatment led to remission in all cases. These findings are in accordance with our observed relapse rate (66.7%) and remission rate after repeated RTX treatment (85.7%).

Previous studies on RTX therapy in MMP and BP reported either mixed responses with serious infectious adverse events and death (24–26), or high remission rates with limited non-serious adverse events (18–23). Studies on RTX in combination with immunoadsorption (protein A) or human intravenous immunoglobulin found high response rates in ocular MMP, resistant EBA, and recalcitrant BP (35–38). Interestingly, our study showed lower remission rates compared to most reports in the literature; DC in 100% (21), PR and/or CR in 66% (24), 86% (25), 88% (26), 92% (18), and 100% (23). These differences in the results can be explained by the clinical heterogeneity of the previous studies, caused by using different RTX regimes (21, 22, 24–26), by assessing different populations (multiple pemphigoid subtypes in a tertiary referral center in our study, MMP patients in most studies) (19–21, 26, 36), or by using different definitions for the outcome measurements (19, 22, 23, 39). Studies prior to the pemphigoid consensus of 2012 either used definitions of the pemphigus consensus of 2008, in which minimal adjuvant therapy was less well defined, or other definitions for treatment response (19, 22, 23, 39).

An important result is the observation of significantly more DC (p = 0.028), and more PR (p = 0.057) and CR (p = 0.289) in patients treated with a high dosage regime compared to a low dosage regime. Moreover, we noticed a beneficial effect of repeated RTX infusions with less relapses.

A major finding of our study is that four out of five (80%) IgA-dominant pemphigoid diseases were completely unresponsive to RTX treatment. Previously, He et al. demonstrated persistent IgA-secreting plasma cells in a MMP patient not responding to RTX treatment (40). They speculated that plasma cells could be derived from a tissue resident memory B cell population that is resistant to anti-CD20 therapy. Mei et al. described the continuous presence of IgA + plasma cells in the peripheral circulation and the gastrointestinal mucosa of RA patients during successful B cell depletion by RTX (41). Further characterization of the circulating plasma cells revealed a mucosal phenotype, indicating that their precursor B cells are mucosal resident, and not depleted by RTX. All these findings could explain the unresponsiveness in our IgA-dominant cases.

Fourteen adverse events were reported in 11 (39.3%) pemphigoid cases treated with RTX. The majority of adverse events were infectious (n = 8). Five adverse event were severe (grade 3 of 4), and one reported death was possibly related to RTX. Noteworthy is one disease-related death in an older EBA patient, demonstrating that pemphigoid diseases can be life-threatening in therapy resistant cases and underlining the urgent need for effective treatment options. Our safety data is comparable with the reports of Maley et al. and Cho et al. who found adverse events in 33 and 31% of the MMP patients treated with RTX (18, 21). Yet, both studies observed a significantly higher adverse event rate in patients treated with conventional therapies (48 and 53%). Other studies have reported less adverse events compared to our data (23, 35–37). This might be explained by the frequent use of concomitant immunosuppressive drugs in our population with high disease severity, causing a high risk of infection.

Pemphigoid diseases appear to respond less on RTX than pemphigus, despite successful B cell depletion in the peripheral circulation in both diseases (17, 32). Furthermore, our data also showed that it takes almost 4 months (mean time till DC is 14.4 weeks) until RTX has effect, whereas in pemphigus effect is noticed within 2 months (DC at 4.0–9.3 weeks) (42–46). Possibly, B cell depletion stops pathogenic autoantibody production in both diseases, though other ongoing pathophysiological mechanisms that are not interrupted by B cell depletion might play a more substantial role in the pathogenesis of pemphigoid (27, 47). Nevertheless, PR and CR in responding pemphigoid disease patients was reached after the same time or slightly later than in pemphigus patients (32, 45, 46).

The greatest limitation of this study is its retrospective nature, which led to incomplete and/or missing data, such as objective disease scores (BPDAI and MMPDAI), and laboratory measurements of B cells and pathogenic autoantibodies at standard time points. Furthermore, a major limitation is the small sample size, especially when comparing the different pemphigoid subtypes, and the heterogeneity of our study population. The use of concomitant immunosuppressants in almost all patients (Table S1 in Supplementary Material) did not allow us to draw conclusions regarding RTX monotherapy. Nonetheless, the immunosuppressants alone did not succeed to establish DC or remission prior to RTX treatment. Moreover, the use of co-medication in severe pemphigoid diseases does reflect upon our daily practice. Lastly, it is important to emphasize that consensus late endpoints PR and CR imply to define two contrasting outcomes, but in clinical setting the difference can be minimal (one insignificant lesion once weekly vs. no lesions); therefore, patients on PR and CR might be equally satisfied with treatment result. Prospective studies with a greater sample size are needed to provide a higher level of evidence on the effectiveness of RTX in pemphigoid diseases.

In conclusion, this study demonstrated that RTX was effective in 57.1% of recalcitrant pemphigoid diseases and that the high dose regime of twice 1,000 mg was more effective than the low dose. Although relapse rates were high (66.7%), repeated RTX therapy led to remission in the majority of the relapsed cases (85.7%). An important finding is that most pemphigoid patients with IgA-dominant disease showed poor response to RTX. This finding suggests that RTX can be eliminated from the clinicians’ arsenal when encountering IgA-dominant pemphigoid patients; however, future studies are required for confirmation. RTX showed to be relatively safe. Prospective comparative studies are needed to further determine the position of RTX in the therapeutic algorithm for pemphigoid diseases.
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Autoimmune hepatitis (AIH), primary biliary cholangitis (PBC), and primary sclerosing cholangitis (PSC) are serious autoimmune liver diseases that are characterized by a progressive destruction of the liver parenchyma and/or the hepatic bile ducts and the development of chronic fibrosis. Left untreated autoimmune liver diseases are often life-threatening, and patients require a liver transplantation to survive. Thus, an early and reliable diagnosis is paramount for the initiation of a proper therapy with immunosuppressive and/or anticholelithic drugs. Besides the analysis of liver biopsies and serum markers indicating liver damage, the screening for specific autoantibodies is an indispensable tool for the diagnosis of autoimmune liver diseases. Such liver autoantigen-specific antibodies might be involved in the disease pathogenesis, and their epitope specificity may give some insight into the etiology of the disease. Here, we will mainly focus on the generation and specificity of autoantibodies in AIH patients. In addition, we will review data from animal models that aim toward a better understanding of the origins and pathogenicity of such autoantibodies.
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INTRODUCTION: AUTOIMMUNE LIVER DISEASES

There are three major autoimmune diseases that target the liver. These autoimmune liver diseases affect either the liver parenchyma like in autoimmune hepatitis (AIH) or the bile ducts like in primary biliary cholangitis (PBC) and PSC. They all have in common that an aggressive autoimmune reaction results in destruction of liver tissue, which may subsequently ensue the development of severe hepatic fibrosis.

Autoimmune hepatitis is an often life-threatening disease characterized by the progressive destruction of the parenchyma and the development of chronic fibrosis (1–5). AIH occurs in children and adults of all ages, has a female predominance (sex ratio, 3.6:1), and affects different ethnic groups with an overall prevalence of 10–20 cases per million persons in Northern Europe and the United States (6–8). The disease is primarily associated with the presence of HLA class I B8 and HLA class II DR3, DR4, and DR52a (9–11). The histological hallmark of AIH is the presence of interface hepatitis, characterized by piecemeal necrosis affecting patches of hepatocytes (3, 12). In addition, according to the revised and simplified scoring system of the International AIH Group (IAIHG) (13), one of the core diagnostic criteria of AIH and its subtypes is the presence of specific antibodies to particular liver autoantigens (see below). Besides antibodies and histology, the IAIHG scoring system also considers hypergammaglobulinemia and the absence of viral markers (13). The current standard therapy of AIH is a glucocorticoid treatment with prednisone or prednisolone alone or in combination with azathioprine (14). However, recently alternative treatments have been successfully introduced, in particular for patients suffering from AIH relapses after corticosteroid withdrawal. The next generation glucocorticoid budesonide (15) as well as the calcineurin inhibitors cyclosporine A and tacrolimus potentially could improve the outcome of AIH (16, 17). Interestingly, the combination treatment budesonide/azathioprine resulted in fewer side effects than the conventional prednisone/azathioprine therapy in AIH patients without cirrhosis (15). However, the clinical guidelines of the European Association for the Study of the Liver (EASL) does not recommend using budesonide in patients with cirrhosis or peri-hepatic shunting, since the lack of efficient first-pass hepatic clearing of budesonide might result in undesired side effects (14). In addition, the immunosuppressant mycophenolate mofetil (MMF), a cytostatic drug that reversibly inhibits the purine biosynthesis, has been demonstrated to be safe and effective as first-line or rescue therapy in inducing and maintaining remission (18). EASL clinical practice guidelines suggest using MMF mainly as a second-line therapy in cases of azathioprine intolerance (14). Unfortunately, during standard therapy, adults rarely achieve resolution of their laboratory and liver tissue abnormalities in less than 12 months, and withdrawal of therapy after 2 years leads to relapse in 85% of cases (6). Moreover, these long-term therapies carry the risk of significant steroid-specific and azathioprine-related side effects.

PBC, formerly known as primary biliary cirrhosis, has recently been renamed to primary biliary cholangitis due to a lack of consistent cirrhosis in a large proportion of patients (19). It has an incidence ranging from 0.3 to 5.8 in 100,000 and has clear female dominance (F:M 9:1) (20). PBC is an autoimmune liver disease characterized by a chronic cholestasis, destruction of the intrahepatic small bile ducts, and the presence of anti-mitochondrial antibodies (AMA) in over 95% of patients (21–23). The target structure is cholangiocytes/biliary epithelial cells (BEC) that are attacked by an aggressive autoimmune response occurring due to a loss of tolerance against several liver autoantigens, including the E2-subunits of the pyruvate dehydrogenase complex (PDC-E2), branched chain 2-oxo acid dehydrogenase, and 2-oxo-glutarate dehydrogenase (22). It has been shown that AMA contribute to the pathogenesis of PBC by increasing macrophage-derived TNFα production resulting in enhanced apoptosis of BEC (24). Besides AMA, particular antinuclear antibodies (ANA) specific for the nuclear body-associated protein sp100 or the nuclear pore membrane protein gp120 are present in more than 50% of PBC patients (25). Although alternative treatments are being evaluated, current therapy is still largely restricted to the administration of ursodeoxycholic acid (UDCA) (26). However, almost 40% of patients are unresponsive to UDCA treatment (27). Recently, obeticholic acid in combination with UDCA has been approved as the first new drug in almost 20 years for treatment of PBC, especially of patient refractory to UDCA single treatment (28, 29). Alternative unlicensed drugs include the corticosteroid budesonide as well as fibric acid derivatives, which act via activation of peroxisome proliferator-activated receptors (PPARs). However, there is yet no clear evidence that a therapy with budesonide or fibrates alone or in combination with UDCA is superior to UDCA monotherapy (30).

Finally, PSC is a chronic cholangiopathy characterized by progressive inflammation of the bile duct region resulting in the development of biliary fibrosis, which can advance to cirrhosis and hepatobiliary malignancy (31). PSC has an annual incidence of approximately 1 in 100,000 (32), is typically diagnosed between 30 and 40 years of age, and has a male predominance (M:F 2:1). Most PSC patients display damage of the large bile ducts (90–95%) with characteristic strictures and dilatations of the biliary tree as well as onion skin fibrosis surrounding the damaged ducts. About 20% of patients show small bile duct damage that progresses to large duct disease over a period of 10 years (33). Strikingly, approximately 70–80% of PSC patients also present with inflammatory bowel disease (IBD) and are associated with a higher risk for malignancies (34). Patients with PSC do not generate AMA, but a significant proportion of patients generate “atypical” perinuclear anti-neutrophil cytoplasmic antibodies (pANCA). However, such antibodies are not considered for diagnostic purposes (35). Patients suffering from PSC have a higher risk for hepatobiliary malignancies, but even among PSCpatients with cirrhosis the risk for developing a hepatocellular carcinoma is low (36). In contrast to PBC, the administration of UDCA is controversial for the therapy of PSC. A meta-analysis of several clinical trials revealed no beneficial role of UDCA in slowing the progression of PSC (37). Alternative treatments including the UDCA derivative NorUDCA and agonists to several nuclear receptors, such as farnesoid X receptor and PPAR, are under current investigation in preclinical models (31). Besides PBC and PSC, immunoglobulin G4-associated cholangitis (IAC) is another biliary disease that presents with biochemical and cholangiographic features that are very similar to those found in patients with PSC (38). IAC is characterized by elevated serum immunoglobulin G4 (IgG4) levels and marked infiltration of liver and bile ducts by IgG4-positive plasma cells and contrary to PSC, IAC is not associated with IBD (38). The EASL clinical practice guidelines suggest a corticosteroid as an initial treatment followed by azathioprine in patients with proximal and intrahepatic stenoses and/or relapses during/after corticosteroid therapy.

In addition to the three major autoimmune liver diseases, several overlap syndromes (OS) have been described. According to IAIHG, patients are classified as having an OS if they display overlapping features within the spectrum of AIH and PBC or AIH and PSC (39). OS are not rare occurrences, since a considerable proportion of AIH patients also exhibit features of PBC (7–13%), PSC (6–11%), or a cholestatic syndrome with additional diagnostic features, such as specific antibodies (5–11%) (40). For diagnosis of the AIH-PBC OS the so-called “Paris criteria” have been suggested (41). They include PBC criteria, such as elevated serum levels exceeding the upper limit of normal values by at least a factor 2 for alkaline phosphatase (AP) and a factor of 5 for γ-glutamyl transpeptidase (GGT), presence of AMA, and a liver biopsy showing bile duct lesions. On the AIH side, the criteria comprise serum levels of alanine aminotransferase (ALT) that are elevated by at least five times the upper limit of normal values, serum levels of immunoglobulin G (IgG) that are at least two times higher than the upper limit of normal values, presence of AIH-typical autoantibodies, and a liver biopsy showing interface hepatitis with moderate or severe periportal or periseptical lymphocytic piecemeal necrosis (41). These criteria have been verified in a larger study with 134 PBC, AIH, or AIH-PBC OS patients confirming a high level of sensitivity and specificity for the detection of an AIH-PBC OS (42). AIH-PSC OS is histologically characterized by the presence of an interface hepatitis with or without the presence of plasma cells, portal edema or fibrosis, ductopenia, ductal distortion, ductular proliferation, cholate stasis or, in some patients, obliterative fibrous cholangitis (40). By cholangiography, focal strictures and dilatations of the biliary tree characteristic for PSC are often found in patients with diagnosed AIH, resulting in diagnosis of AIH-PSC OS instead (40). In addition, the criteria for AIH-PSC OS include elevated levels of AST/ALT, γ-globulin, IgG, AP, GGT as well as the absence of AMA that would point toward PBC (40).

AUTOANTIBODIES IN AIH

Historically, three types of AIH have been classified upon the presence of specific autoantibodies. In type 1 AIH (AIH-1) ANA and/or SMA are typical, whereas type 1 liver/kidney microsomal antibodies (LKM-1) have been considered as the hallmark of type 2 AIH (AIH-2). In addition, the term type 3 AIH (AIH-3) has been used to classify patients with antibodies directed against soluble liver antigen (SLA) (3, 6, 12, 43). However, recently such a classification has been questioned since patients with AIH-1 and AIH-2 share the same clinical phenotype (44). Due to the observed change of the autoantibody profile from one subtype to another in some patients over time, AIH-2 might as well constitute an early form of AIH appearing in younger patients who later during disease convert to a AIH-1. In addition, AIH-3 is considered obsolete since anti-SLA autoantibodies are often present together with other antibodies that point toward AIH-1 (45). In this review, we will adhere to the traditional classification into AIH-1 and AIH-2. Possibly the most complex group of autoantibodies are the ANA. In patients with AIH-1 the target structure of ANA in the nucleus is the entire chromatin, including DNA, centromers, histones, sn-RNPs, and cyclin A (46, 47), whereas in PBC ANA are more specifically reacting to histones and centromers, respectively. Anti-centromer antibodies (ACA) are found in up to 30% of PBC patients, who mostly also suffer from systemic sclerosis (SSc) for which ACA are considered as a diagnostic marker (48). Approximately 80% of patients with a PBC/SSc overlap syndrome carry ACA (48, 49). However, ANA are also found in patients with drug-induced hepatitis, chronic hepatitis B or C, as well as in patients with non-alcoholic fatty liver disease (NAFLD) (50). There is not much known about how NAFLD is influencing AIH, but many patients with non-alcoholic steatohepatitis also manifested signs of AIH, including interface hepatitis and ANA generation (51). Interestingly, experimental AIH is exacerbated in mice with NAFLD (52). The precise target molecules for many ANA have not yet been identified. Thus, the actual pattern of nuclear staining is important for diagnosis and the mere presence of any ANA may be compatible with AIH-1 but is not considered a bona fide diagnostic marker. To achieve diagnostic value, a detailed analysis of the staining patterns and a consideration of the actual ANA titers is required (50). Similarly, SMA recognizing filamentous actin are valid as diagnostic antibodies for AIH-1 if evaluated carefully. Like ANA, SMA can be detected in other liver diseases with an autoimmune or viral background, but the titers are normally higher in AIH-1. In addition, the staining pattern of SMA on rat kidney sections is mainly focused on tubular and glomerular structures (53). More detailed information on staining patterns of ANA and SMA including images of immunocytochemistry and immunohistochemistry is available in recent review articles by Liberal et al. (50) and Muratori et al. (53).

In patients with AIH-2, the target for anti-LKM-1 antibodies has been identified as the 2D6 isoform of the large cytochrome P450 enzyme family [cytochrome P450 2D6 (CYP2D6)] (54, 55). Anti-LKM-1 antibodies are considered diagnostic, if a hepatitis C virus (HCV) infection can be excluded, since reactivity to CYP2D6 has also been found in chronic hepatitis C patients (see Molecular Mimicry and Epitope Spreading) (56–58). Besides CYP2D6, two additional targets recognized by LKM-1 antibodies have been identified as ERp57 and carboxylesterase 1 (CES1) (59). Although ANA, SMA, or LKM-1 are the most frequent autoantibodies generated in patients with AIH, some patients have no detectable or only marginal titers. However, they may carry other autoantibodies such as peripheral antinuclear neutrophil antibodies that have also been termed “atypical” pANCA since they recognize in contrast to “typical” pANCA beta-tubulin isotype 5, rather than myeloperoxidase (60). Further autoantibodies include anti-SLA and anti-liver and pancreas antigen (LP) antibodies both recognizing UGA suppressor tRNA-associated protein (61), liver cytosol type 1 antibodies (LC-1) specific for formiminotransferase cyclodeaminase (FTCD) or type 3 liver/kidney microsomal antibodies (LKM-3) recognizing family 1 UDP glucuronosyltransferases (3). Like LKM-1, LC-1 antibodies are considered bona fide diagnostic markers for AIH-2, whereas LKM-3 have only a minor significance in AIH diagnosis, since they have also been detected in a fraction of patients with hepatitis D (62, 63) and have only a low sensitivity (3, 53). LKM-2 antibodies recognizing cytochrome P450 2C9 have been reported in some patients with AIH-1 or AIH-2 but are predominantly associated with drug-induced hepatitis induced by tienilic acid (64, 65). Furthermore, anti-liver-specific membrane lipoprotein (LSP) antibodies and, reacting to asialoglycoprotein receptor (ASGPR), which is highly expressed at the surface of hepatocytes, are present in up to 88% of patients (66) and may be used as a general marker compatible with AIH-1 or AIH-2, but not as a diagnostic tool, since they are found also in patients with other liver diseases, such as chronic hepatitis B and C, alcoholic liver disease, and PBC (67). Anti-liver membrane antibodies, which show also reactivity to ASGPR are less well defined and are rarely used. Recently, the reactivity to ASGPR in sera of patients with different autoimmune liver diseases has been investigated using an improved ELISA (68). It has been found that 29.1 and 16.7% of patients with AIH-1 and AIH-2, respectively, carry autoantibodies against ASGPR. However, using the same method such autoantibodies have also been found in patients with PSC or hepatitis C (68).

There is a plethora of commercial kits for autoantibody detection available, some of which use obsolete or outdated autoantibody and/or target antigen nomenclature. Thus, it is important to keep in mind that the conventional markers for AIH-1 are ANA and SMA, whereas LKM-1 are the hallmark autoantibodies used for diagnosis of AIH-2. A summary of autoantibodies in AIH is displayed in Table 1. Besides serving as disease markers or even as bona fide diagnostics tools autoantibodies might also be involved in the pathogenesis of AIH. Interestingly, the presence of anti-SLA antibodies has been associated with a more severe phenotype of AIH (69). Thus, one possibility would be that anti-SLA antibodies might actively enhance the hepatocellular damage. However, such additional autoantibodies might also originate as result of enhanced hepatocellular destruction as the associated release and presentation of critical amounts of additional liver autoantigens can drive the expansion of SLA-specific B cells. Quite a while ago, it has been found that the titers of LSP antibodies reacting to ASGPR correlated with the severity of AIH (70). However, again a higher titer might just be the result of an exacerbated state of disease, rather than an indication of a pathogenic nature of the antibody. In addition, LSP antibodies are not specific for AIH.

TABLE 1 | Autoantibodies in autoimmune hepatitis.
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Mechanistically, antibodies might be involved in the pathogenesis of AIH by decorating hepatocytes and thereby induce complement-mediated cell lysis. Indeed, antibodies have been detected at the surface of hepatocytes isolated from liver biopsies (71). Interestingly, CYP2D6, one of the main target autoantigen of LKM-1 antibodies, has been initially found to be expressed at the surface of rat hepatocytes and therefore might have been indeed an excellent target for LKM-1 antibodies (72). However, subsequent more detailed studies could not confirm this finding (73, 74). The observations that cellular infiltrations detected in interface hepatitis are dominated by CD4, rather than CD8 T cells or other lymphoid cells (75) and that most serum autoantibodies are of the IgG isotype (76) might indicate that CD4 T cells execute an essential helper function in the pathogenesis of AIH. In summary, so far there is no firm evidence for the presence of pathogenic autoantibodies in AIH. In animal models, the presence of autoantibodies to liver autoantigens FTCD or CYP2D6 is not sufficient to induce AIH-like disease (77, 78). Thereby, an immunization of mice with recombinant CYP2D6 resulted in the generation of anti-CYP2D6 antibodies, but no substantial T cell response in the liver and no clinical features of AIH (77). In addition, transfer of total IgG isolated from mice with AIH-like disease and high titers of anti-CYP2D6 antibodies (>1/10,000) did not induce AIH-like disease in naïve recipient mice (Holdener and Christen, unpublished data). Furthermore, Hardtke-Wolenski et al. recently demonstrated that the genetic background does not play a role in the generation of autoantibodies to CYP2D6 or FTCD but is important for the development of AIH. Administration of FTCD encoded by a liver-specific virus resulted in AIH-like disease in the autoimmunity-prone non-obese diabetic mice, but not in normal Balb/c, C57BL/6, or FVB/N mice (78). Further, they found that the generation of autoantibodies was required, but not sufficient, for the development of AIH (78). In summary, although there is no firm proof for a direct pathogenic effect, it is likely that autoantibodies are more than just clinical markers and contribute at least partially to the chronic inflammation of the liver.

CYP2D6 EPITOPES

The major autoantigen in AIH-2, CYP2D6, is the best characterized autoantigen in AIH. Extensive epitope mapping has been performed in patients as well as in mouse models (Figure 1). Early after the identification of CYP2D6 as the target of LKM-1 antibodies, an immunodominant B-cell epitope has been mapped to a region spanning amino acids 254–271 (aa254–271). This epitope has been recognized by sera of the majority of patients with AIH-2, ranging from 62 to 100%, depending on the individual study (79–84). Besides this immunodominant epitope, several other regions of CYP2D6 have been identified as molecular targets for LKM-1 antibodies in various proportions of patients’ sera, including the sequential regions spanning aa321–351, aa373–389, and aa410–429 (82); aa196–218 (85); aa193–212, aa238–257, aa268–287, and aa478–497 (86); aa55–63, aa139–147, aa203–211, aa239–aa247, and aa379–aa429 (84), aa284–391, aa412–429, as well as conformational epitopes located in the region of aa1–146 (87) and aa321–379 (88). The majority of these epitopes is located at the surface of the CYP2D6 molecule and is therefore easily accessible to autoantibodies (84).
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FIGURE 1 | Cytochrome P450 2D6 (CYP2D6)-specific antibody and T cell epitopes: B cell/antibody and T cell epitopes detected in patients with type 1 AIH (AIH-1) and in the CYP2D6 mouse model. Note that B cell/antibody epitopes are similar in patients and mice, whereas due to differences in the MHC, the T cell epitopes are different. Red boxes: immunodominant epitope recognized by high titer autoantibodies in most of autoimmune hepatitis (AIH) patients. Gray boxes: conformational epitopes (87, 88). Dashed box: large epitope with no further subdivision, possibly dominated by the indicated smaller epitopes within (87). T cell epitope mapping has been performed using staggered, overlapping 20-mer peptides covering the entire CYP2D6 protein, therefore the epitope sequences have been divided into a core (back boxes) and peripheral (white boxes) region. Vertical striped box: several overlapping epitopes (91). (1) Collective data from Ref. (82, 73, 79–80, 85–88). (2) Patient and mouse data from the same epitope mapping assay (84). (3) Data from epitope mapping using the same set of staggered 20-mer CYP2D6 peptides (77, 91).



The CYP2D6 molecule is also recognized by CD4 and CD8 T cells if properly presented by MHC I or II. Such autoreactive CYP2D6-specific CD4 and CD8 T cells have been found in the blood and the liver of patients with AIH-2 (89, 90). By testing the proliferative T cell response to 61 overlapping peptides covering the entire CYP2D6 molecule, a polyclonal reactivity to seven regions has been found in HLA DRB1*07 and four regions in non-DRB1*07 patients (Figure 1) (91). Furthermore, by using HLA-A2–CYP2D6–peptide tetramers, CYP2D6-specific CD8 T cells producing high levels of IFNγ have been found in AIH-2 patients. Whereby IFNγ production and cytotoxicity were higher at the time of diagnosis than after beginning of immunosuppressive treatment, and the frequency of CYP2D6-specific CD8 T cells correlated well with the severity of the disease (92).

MOLECULAR MIMICRY AND EPITOPE SPREADING

One possibility of how the reactivity of autoantibodies might give insight into the initiation and/or propagation of AIH is a concept known as “molecular mimicry” (93–96). Thereby, a similarity between a pathogen component and a self-antigen would cause the pathogen-specific antibodies and/or T cells to attack the similar self-antigen as well [see Ref. (97) for a detailed review on molecular mimicry]. Pathogen infections might play a role as drivers of an autoimmune process on several other levels, including causing direct damage to hepatocytes and triggering a strong inflammatory response in the liver (98). However, evidence for such triggering pathogen infections is hard to find, since the pathogen itself might have disappeared at the time of diagnosis (hit-and-run event) and only susceptible individuals develop autoimmune manifestations. In addition, more than just one trigger might be necessary to induce an autoimmune disease, and it has been demonstrated that some pathogens might even prevent autoimmunity by either deleting autoaggressive lymphocytes (99) or by inducing counteracting suppressive mechanisms, i.e., regulatory T cells (100).

Another factor that hampers the detection of a possible structural similarity between pathogen and self-antigen is a mechanism termed “epitope spreading” or “determinant spreading” (101). Thereby, the initial immune response (antibodies and/or T cells), which is directed against the initiating epitope, would spread intramolecularly to other epitopes of the same self-antigen and in some instances even intermolecularly to other self-antigens. Since the initiating epitope might not necessarily be the final immunodominant one, the specificity of the patients’ autoantibodies and/or T cells might be strongest to a late epitope appearing as result of spreading and not to the initiating epitope at time of diagnosis. A possible scenario for an involvement of molecular mimicry as well as epitope spreading is displayed in Figure 2.
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FIGURE 2 | Molecular mimicry and epitope spreading: hypothetical scenario for environmental triggering factors as inducers of autoimmune disease. Infection of the host by a pathogen that shares a structural similarity with a host molecule (molecular mimicry) occurs long before diagnosis. The initial epitope recognized by specific antibodies functions as an origin of intramolecular epitope spreading occurring as result of somatic hypermutations in B cells and the subsequent dynamic antibody response. Thereby, the reactivity to the initiating epitope might be lost over time leaving behind immunodominant epitopes that have nothing in common with the pathogen structure that was responsible for the initiation of the autoreactivity. Thus, at the time of diagnosis, there is no obvious link to an infection with a pathogen that mimics a host component.



Unfortunately, such a scenario is difficult to demonstrate in patients, since processes of molecular mimicry and epitope spreading might have long passed at the time of diagnosis. In PBC and in other autoimmune diseases, including type 1 diabetes, multiple sclerosis, rheumatoid arthritis, and autoimmune Addison’s disease, the development of autoantibodies may precede the clinical onset of disease by 10 years or even more (102). Indeed, epitope mapping with sera collected from AIH patients over more than a decade after diagnosis revealed a very stable epitope specificity (84). This indicates that in most patients only a steady state rather than a dynamically developing immune specificity can be observed. Therefore, we have developed an inducible mouse model for AIH using adenovirus encoded human CYP2D6 (Ad-2D6) as a trigger. Infection of wild-type C57BL/6 or FVB mice with Ad-2D6 results in the breakdown of tolerance to the mouse Cyp homologs that are similar, but not identical, to the human CYP2D6 (83, 103). Such Ad-2D6-infected mice develop AIH-like disease characterized by cellular infiltrations with an interface hepatitis-like pattern, hepatic fibrosis, and the generation of CYP2D6-specific autoantibodies (83) and T cells (77). Several animal models for AIH have been developed in the past [see Ref. (104) for a detailed review on current models]. However, the presence of a clearly defined target autoantigen and the possibility of being able to initiate the autoimmune response/disease at a defined time allow the use of the CYP2D6 model to perform a detailed study of the CYP2D6-specific immune response over time. Thus, the hypothesis that a pathogen infection might be involved in the etiology of AIH can be evaluated.

We found that Ad-2D6-infected mice first develop antibodies reactive to the region around the CYP2D6 sequence DPAQPPRD (aa263–270), indicating that this region might be involved in the initiation of the CYP2D6-specific immune response (84). At later times after infection, the antibody reactivity spreads to other epitopes, which are predominantly located at the surface of the CYP2D6 molecule (84). A similar predominance of surface epitopes has also been previously reported using sera of patients with AIH-2 (105). Importantly, even 8 weeks after infection, the highest titers of anti-CYP2D6 antibodies were determined for the initiating DPAQPPRD (aa263–270) epitope (84). Thus, in the mouse model the initiating epitope remains immunodominant over time. Interestingly, this epitope is also immunodominant in patients with AIH-2 (Figure 2). This stands in contrast to T cell epitopes, which are found to be dissimilar in patients and mice (77, 91). Naturally, the difference in MHC molecules able to present critical CYP2D6 peptides predominantly accounts for this divergence (Figure 1).

Several of the identified linear CYP2D6 B cell epitopes share sequence homologies to human pathogens. Already at the time of identification of the immunodominant CYP2D6 epitope DPAQPPRD (aa263–270), a shared sequence homology with the infected cell protein 4 of herpes simplex virus 1 (HSV-1) has been reported (81). Since this immunodominant region has been also detected by LKM-1 antibodies of (depending on the study) up to 100% of AIH patients (79) and has been identified as the initiating and immunodominant region in the CYP2D6 mouse (84) HSV-1 infection might indeed be involved in the etiology of AIH. Unfortunately, no epidemiological evidence supports such an association between AIH and HSV-1 infection. By contrast, there is epidemiological evidence for an association between HCV infection and the development of AIH-2 (106, 107). In addition, LKM-1 antibodies have been detected in up to 10% of patients with a chronic HCV infection (56–58). Interestingly, vice versa antibodies to HCV have been found in a large proportion of AIH-2 patients, which suggests that AIH patients might have experienced HCV infection in the past (108, 109). In fact, it has been demonstrated that antibodies specific for the HCV proteins NS3 and NS5a cross-react to a specific conformational epitope on CYP2D6 spanning aa254–288 (110), which contains the immunodominant epitope DPAQPPRD (aa263–270). Further screening of the NCBI GenBank revealed additional sequence homologies to the immunodominant CYP2D6 epitope by the envelope glycoprotein E1 of HCV and by proteins of the human immunodeficiency virus (HIV) (84). Several sequence homologies of subdominant CYP2D6 epitopes that have appeared later as the initiating epitope have been found to various human pathogens, including HCV, HIV, rabies virus, human cytomegalovirus, Karposi’s sacrcoma associated herpes virus, and Legionella pneumophila, and with several Mycobacterium, Burkholdria, and Brucella species (84).

Another triggering factor for autoimmune liver diseases might be protein adduct formation by reactive drug metabolites. The best documented case of drug-induced hepatotoxicity with an autoimmune component is halothane hepatitis (111–113). Upon oxidative, cytochrome P450 2E1 (CYP2E1)-dependent metabolism of the anesthetic agent halothane, trifluoroacteylated protein adducts (TFA-adducts) are formed, which act as neoantigens. Susceptible patients generate TFA-adduct-specific antibodies and T cells and develop a fulminant hepatitis. Several such neoantigens have been identified and include CYP2E1 as well as CYP2D6 (113). Interestingly, TFA-adduct-specific antibodies generated in patients and in experimental animals cross-react with the lipoic acid moiety of the E2-subunits of the 2-oxoacid dehydrogenase family enyzmes, including PDC-E2, which constitute the major autoantigens in PBC (114, 115). Furthermore, CES1, which has been identified as additional target autoantigen recognized by LKM-1 antibodies is also a target antigen in halothane hepatitis (116). However, sera of patients with AIH or halothane hepatitis react to different epitopes (59). The anesthetic agent halothane has been withdrawn from the market in the early 1990s; however, the closely related general anesthetic isoflurane is still in use. Protein modifications similar to TFA-adducts are also formed upon anesthesia with modern isoflurane derivatives, such as desflurane. In addition, some hydrochlorofluorocarbons (HCFC), which are frequently used as foam blowing agents, refrigerants, and propellants, are metabolized in a similar way, giving raise to TFA-adducts as well (117). Although cases of isoflurane (118), desflurane (119), and HCFC hepatitis (120) have been reported, there is yet no firm proof that drug-adduct formation and the subsequent generation of drug-adduct-specific antibodies contribute to the development of AIH or another autoimmune liver disease.

CONCLUSION

The diagnosis of autoimmune liver diseases is difficult and relies on histological analysis of liver biopsies as well as systematic serology, including the presence of specific autoantibodies and distinct enzymatic makers that indicate the nature of the liver damage. Thus, a detailed characterization of autoantibody pattern and titer is indispensable for the diagnosis of AIH, as well as other autoimmune liver diseases, such as PBC and PSC. In fact, with proper analysis of immunofluorescent staining patterns and autoantibody titer a serologic reactivity is found in more than 95% of AIH patients (121). In AIH, some autoantibodies correlate with the severity of the disease, but there is no firm proof that such autoantibodies are pathogenic per se. In general, there is still desperate need for more knowledge on the etiology and immunopathogenesis of AIH to develop novel therapeutic interventions. AIH therapy still largely relies on a corticosteroid and/or cytostatic drug regimen and since autoimmune diseases are a lifelong burden, such chronic therapies are often associated with long-term side effects. Novel animal models (104) might provide a basis to identify crucial inflammatory factors that drive the disease pathogenesis and/or contribute to its chronicity.
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Whole-Genome Expression Profiling in Skin Reveals SYK As a Key Regulator of Inflammation in Experimental Epidermolysis Bullosa Acquisita
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Because of the morbidity and limited therapeutic options of autoimmune diseases, there is a high, and thus far, unmet medical need for development of novel treatments. Pemphigoid diseases, such as epidermolysis bullosa acquisita (EBA), are prototypical autoimmune diseases that are caused by autoantibodies targeting structural proteins of the skin, leading to inflammation, mediated by myeloid cells. To identify novel treatment targets, we performed cutaneous genome-wide mRNA expression profiling in 190 outbred mice after EBA induction. Comparison of genome-wide mRNA expression profiles in diseased and healthy mice, and construction of a co-expression network identified Sykb (spleen tyrosine kinase, SYK) as a major hub gene. Aligned, pharmacological SYK inhibition protected mice from experimental EBA. Using lineage-specific SYK-deficient mice, we identified SYK expression on myeloid cells to be required to induce EBA. Within the predicted co-expression network, interactions of Sykb with several partners (e.g., Tlr13, Jdp2, and Nfkbid) were validated by curated databases. Additionally, novel gene interaction partners of SYK were experimentally validated. Collectively, our results identify SYK expression in myeloid cells as a requirement to promote inflammation in autoantibody-driven pathologies. This should encourage exploitation of SYK and SYK-regulated genes as potential therapeutic targets for EBA and potentially other autoantibody-mediated diseases.
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INTRODUCTION

In pemphigoid disease (PD), autoantibodies against defined structural proteins of the skin cause inflammation and subsequently subepidermal blistering (1, 2). During the last years, animal models of the PD epidermolysis bullosa acquisita (EBA) shaped our current understanding of the disease pathogenesis (3). In EBA, autoantibody-induced inflammation and subepidermal blistering are initiated by binding of autoantibodies to their target antigen [type VII collagen (COL7)]. Subsequently, the complement cascade is activated (4–6). This and cytokine release permit a CD18/ICAM1-dependent extravasation of Gr-1+ myeloid cells (7, 8). Within the skin, binding of myeloid cells to the immune complexes (ICs) located at the dermal–epidermal junction (DEJ) through specific Fc gamma receptors (FcγR) is unequivocally required to induce clinically manifest disease (9). The engagement of FcγR to skin-bound ICs triggers intracellular signaling, involving PI3K beta, AKT, p38 MAPK, ERK, Src family kinases, PDE4, CARD9, and RORα (10–15); ultimately leading to the release of reactive oxygen species (ROS) and proteases that facilitate inflammation and subepidermal blistering (7, 16).

To obtain further insights into EBA pathogenesis and to define novel treatment targets, we determined the whole-genome expression profile of 190 outbred mice of an advanced intercross line (17) after EBA induction. Of the identified hub genes, we functionally validated the spleen tyrosine kinase (Sykb, SYK). SYK is a non-receptor cytoplasmic enzyme that is mainly expressed in hematopoietic cells, which is essential in regulating cellular responses to extracellular antigens or antigen-immunoglobulin complexes (18, 19). As an important example, SYK acts downstream of activating FcγR and has thus emerged as a drug target for antibody-induced diseases, such as rheumatoid arthritis, where autoantibody-induced inflammation depends on FcγR. Yet, we recently described anti-inflammatory properties of SYK, triggered by binding of highly galactosylated ICs to FcγRIIB and dectin-1 to block the pro-inflammatory signaling triggered by G-protein coupled, membrane-bound receptors, exemplified by the C5aR1. The inhibition of signaling downstream of the C5aR1 was mediated by tyrosine phosphorylation of the ITAM-like motif downstream of dectin-1 and transient phosphorylation of SYK (6). Thus, inhibition of SYK may have either anti- or pro-inflammatory effects.

Hence, to address the functional role of the identified hub gene Sykb in experimental EBA, we performed an in-depth functional analysis using a variety of in vitro and in vivo model systems. Ultimately, we also verified the predicted gene network of the Sykb hub gene, leading to the identification of novel Sykb-interacting genes.

MATERIALS AND METHODS

Experiments with Human Biomaterials

Foreskin and blood collections from healthy volunteers and patients were performed after written informed consent was obtained. All experiments with human samples were approved by the ethical committee of the Medical Faculty of the University of Lübeck and were performed in accordance with the Declaration of Helsinki. Skin biopsies from bullous pemphigoid (BP) patients for RNA expression profiling were obtained from five patients. The diagnosis was based on clinical presentation, detection of linear IgG and/or C3 deposits along the DEJ in perilesional skin biopsies by direct IF microscopy, and the detection of circulating anti-NC16A IgG by ELISA. Biopsies for RNA expression profiling were obtained from perilesional skin biopsies. Biopsies from corresponding, non-affected body sites served as controls. We included four female and one male BP patient. The mean age was 87 years (range 83–90 years). RNA expression profiling was performed using the Human Gene 1.0ST (Affymetrix, Santa Clara, CA, USA). The complete dataset is currently under analysis. Herein, we focused the analysis on SKY and contrasted the expression levels of perilesional versus control skin. The data (CEL files) were processed using R oligo package. The data were corrected for background, and RMA normalization was performed. The normalized gene expression for SYK was used for accessing statistical significance.

Animal Experiments and Immunization-Induced Murine EBA

C57Bl/6 (B6) mice were obtained from Charles River Laboratories (Sulzfeld, Germany). Mice expressing the cre gene on LysM [B6.129P2-Lyz2tm1(cre)Ifo/J], CD2 [B6.Cg-Tg(CD2-cre)4Kio/J], and SYK-loxP-flanked (B6.129P2-Syktm1.2Tara/J) strains were obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and were crossed to obtain cell lineage-specific Syk deletions. Mice were housed under specific pathogen-free conditions and provided standard mouse chow and acidified drinking water ad libitum. Animal experiments were approved by local authorities of the Animal Care and Use Committee (Kiel, Germany) and performed by certified personnel. Skin specimens from mice with immunization-induced EBA were obtained for unbiased mRNA expression profiling (see below) from a previously published study (17) using mice of an autoimmune-prone intercross outbred line (AIL mice). In brief, in order to generate a genetically diverse mouse line, EBA-susceptible (MRL/MpJ) and -resistant mice (NZM2410/J, Cast, and BXD2J), and the offspring of each generation were intercrossed for several generations. Genetic diversity of this so termed four-way, autoimmune-prone intercross mouse line, is reflected by the different morphological traits, including weight, tail length, or fur color. For the induction of experimental EBA, mice of the fourth generation were used.

Generation of Microarray Data (miRNAs/Genes) and Bioinformatics Analysis

To monitor gene expression in the skin samples derived from AIL mice, total RNA was extracted from ears and hybridized to the Affymetrix Mouse Gene 1.0 ST Array (Affymetrix, Santa Clara, CA, USA). Raw data were processed using the “oligo” R package. The RMA method incorporated in the R package was used for normalization of probe intensities for all samples (20). The limma R package was used to assess differentially expressed genes between the EBA and wild-type mice. p-Values were corrected for multiple testing using Bonferroni correction. For gene expression profiling, low intensity probes were omitted to avoid putative false-positive signals and to lower the barrier for correction of multiple testing; these probes were filtered out using the median-based method as implemented in the function “expressionBasedfilter” from the R DCGL package (21). Additionally, genes that did not show significant variations (p-value < 0.05) across the samples were filtered using the function “varianceBasedfilter” in the same package. This function reduces the data to the most variable genes, which are presumably critical for the phenotype.

Ab Initio Gene and Network Predictions

For ab initio prediction, genes were clustered based on their co-expression profiles across different samples. The standard weighted correlation network (WGCNA) analysis procedure was used for cluster or module detection (22). A weighted adjacency matrix of pair-wise connection strengths (correlation coefficients of gene expression levels) was constructed using the soft-threshold approach with a scale-independent topological power β = 6 (mRNA). Scale-free topology is a network whose degree of distribution follows a power law. For each probe, the connectivity was defined as the sum of all connection strengths with all others. Probes were aggregated into modules by hierarchical clustering and refined with the dynamic cut tree algorithm (23). Pearson correlation coefficient was determined for each phenotype-module pair. The representative module expression profiles or module eigengene values are the first principal component of the gene expression profiles within a module. The correlation between the module eigengene and the sample trait of interest yields the eigengene significance as assessed by a correlation test. Modules were assigned different colors, with gray assigned to traits that could not be clustered in any other module. Additionally, partial least squares (PLS) regression was used to filter out false-positive interactions among the genes in each module (24). Briefly, PLS measures associations between each pair of genes under the influence of all other genes present in the dataset. Thus, it assigns the weight or numerical measurement for each edge/interaction for each pair of genes. The statistical significance of these edges is calculated using an empirical Bayes technique that uses a false discovery rate to assess significance (25). The DAVID web software was used for pathway and gene ontology analysis (26). The software is based on the modified Fisher’s exact test and performs gene ontology analyses for the group of genes based on metabolic pathways, cellular components, and biological functions. Briefly, DAVID has pre-defined database in which various sets of genes are assigned to ontology terms such as metabolic pathways, cellular compartments, and biological processes. DAVID provides a list of genes. Thereafter, DAVID calculates how many genes in the list are associated with a specific ontology term. The significance of the ontology term for these genes is calculated by the modified Fisher’s exact test. p-Values obtained for each ontology term are corrected for multiple testing using Bonferroni corrections.

IC-Induced Activation of Polymorphonuclear Leukocytes (PMNs)

Anti-coagulated (EDTA) blood collected from healthy blood donors was used for PMN isolation. Inhibition of ROS release in presence of BAY 61-3606 or PRT062607 (Selleckchem, Munich, Germany) was measured from IC- or C5a-activated PMNs using published protocols (27, 28).

IC-Induced Neutrophil Activation

Peripheral heparinized blood was collected by venipuncture from healthy adult volunteers. Neutrophils were isolated as described previously using Percoll gradient centrifugation (29). Plate-bound immobilized immune complexes (iICs) were formed using a human serum albumin (HSA) antigen and a rabbit polyclonal anti-HSA-IgG1 antibody as described (30). Neutrophil activation was assayed by ROS release as described earlier.

Determination of Cell Surface Marker Expression

Activation of PMN in the presence of BAY61-3606 was assayed using flow cytometry following established protocols (11, 31).

Measurement of PMN-Dependent Dermal–Epidermal Separation

Ex vivo induction of dermal–epidermal separation was performed as previously described (32). In brief, cryosections of human neonatal foreskin were incubated with recombinant anti-COL7 antibodies (32). After washing, slides were incubated for 2 h at 37°C with PMN, isolated by dextran sedimentation of freshly collected, heparinized blood from healthy volunteers. Here, sections were treated with either solvent or BAY61-3606 at the indicated concentrations. After fixation in 4% formaldehyde, slides were stained by H&E and examined by light microscopy for the presence of split formation within the DEJ zone. An observer unaware of the sections treatment has performed the later step. The degree of dermal–epidermal separation is expressed in relation to the length of the entire DEJ zone of each section. A detailed, step-by-step protocol for this assay has recently been published (33).

Evaluation of PMN Viability

The viability of PMN in presence of BAY61-3606 was assayed using the FITC Annexin V Apoptosis Detection Kit II following the protocol provided by the manufacturer (BD Pharmigen™, Heidelberg, Germany). PMNs treated with UV light for 20 min served as positive control.

Activation of Neutrophils by iICs and Western Blotting Analysis

Neutrophils (5 × 106 in 1 ml of RPMI 1640 containing 10% heat-inactivated FCS) were pre-incubated in presence or absence of 250 ng/ml of the Syk BAY 61-3606 (medchemexpress, Princeton, NJ, USA) inhibitor for 20 min at 37°C. Subsequently, cells were added to wells coated with HSA-anti-HSA iIC and incubated for 15 min at 37°C. Following iIC stimulation, whole-cell lysates were prepared using TCA as previously described (34). Western blotting analysis was performed using Abs against human phospho-Akt (Thr308), phospho-p44/42 MAPK (ERK1/2 and Thr202/Tyr204), phospho-p38 MAPK (Thr180/Tyr182), and β-actin (all from Cell Signaling Technology) and probed with HRP-conjugated anti-rabbit or anti-mouse IgG (New England Biolabs, Beverly, MA, USA).

Anti-COL7 IgG Transfer-Induced Murine EBA and Treatment Protocol

To induce experimental EBA, mice were injected on alternating days with anti-COL7 IgG according to established protocols (35). In brief, New Zealand white rabbits were s.c. immunized with 250 mg murine von Willebrand factor A-like domain 2 protein that was suspended in CFA. The animals were boosted three times (at 13-day intervals) with the same protein preparation in IFA, and immune sera were characterized using immunofluorescent (IF) microscopy on cryosections of murine skin. IgG from immune and normal rabbit sera was purified using protein G affinity. Immune rabbit IgG or normal rabbit IgG (5 mg/injection) was injected s.c. into adult mice every second day for a total of six injections. Some mice were treated with BAY61-3606 dissolved in water. Mice were treated twice-daily p.o. with either solvent or BAY61-3606 at a dose of 25 or 50 mg/kg body weight. Treatments were initiated 1 day prior to the first anti-COL7 IgG injection, applied daily, and maintained until day 11. Clinical disease manifestation (expressed as the percentage of body surface area covered by EBA skin lesions) was determined 4, 8, and 12 days after the initial anti-COL7 IgG injection. From these data, the area under the curve (AUC) was used to calculate overall EBA severity.

Immunofluorescence Microscopy

Biopsies of non-lesional skin were obtained 2 days after the last IgG injection, and IgG and C3 deposits were detected by direct immunofluorescence (IF) microscopy. The sections were probed with 100-fold diluted fluorescein isothiocyanate (FITC)-labeled antibodies specific to rabbit IgG (Dako, Glostrup, Denmark and Abcam plc, Cambridge, UK) and FITC-labeled anti-murine C3 (MP Biomedicals, Solon, OH, USA).

Flow Cytometry

For FACS analysis, healthy and lesional skin (both from corresponding anatomical sites) or blood was taken from mice after induction of experimental EBA. Single cell solutions from and blood were erythrocyte lysed with RB cell lysis buffer (Miltenyi). The skin samples were cut into small pieces and digested with 345 mg/ml liberase (Roche) in RPMI for 30 min/37°C. Single cells were stained for the following surface markers using standard FACS procedures: CD45-VioGreen (clone: 30F11), CD3-VioBlue (clone: 17A2), Ly6C-FITC (clone: 1G7.G10), as well as Ly6G-APC Vio770 (clone: 1A8) and for blood CD19-APC (clone: 6D5), all from Miltenyi. For the subsequent intracellular staining, the cells were fixed in fixation buffer (BioLegend) and permeabilized using the Intracellular Staining Perm Wash Buffer (BioLegend) following the manufacturer’s protocol. Intracellular staining was performed with SYK-PE (clone: 4D10.2). Cells were first gated for scatter (SSC-A/FSC-A) and singlets (FSC-H/FSC-A). The CD45+ gates were further analyzed for double-positive staining of SYK with the appropriate cell markers. Measurements were performed at the Miltenyi MacsQuant10, and data were analyzed with the MACSQuantify™ Software (version 2.8).

RT-PCR

For gene expression analysis, TaqMan gene expression assays were purchased for the following transcripts: Plaur Mm01149438_m1, formyl peptide receptor 1 (Fpr1) Mm00442803_s1, CD3001b Mm01701741_m1, and Gapdh Mm99999915_g1 (Thermo Fisher Scientific, Waltham, MA, USA). RNA isolation, reverse transcription, and real-time RT-PCR were performed as described (36). All data were normalized to Gapdh.

Western Blot Analysis

Sections of frozen skin tissue (20 μm × 20 μm, either skin from immunization-induced EBA or corresponding healthy skin sections from Titermax™-injected controls) were scraped using a 30 G syringe in 100 μl RIPA buffer and the protein concentration was measured using BCA protein assay following manufacturer’s protocols (Thermo Fisher Scientific). 15 μg protein were mixed in 5× Laemmli buffer and heated for 5 min at 95°C. Samples were separated by 10% SDS-PAGE and transferred to Immobilon-P membrane (Millipore, Bedford, MA, USA). The membrane was blocked for 1 h with TBS containing 0.1% Tween 20 and 5% skim milk or 5% BSA and incubated for overnight (4°C) with the primary antibody (either SYK, clone D3Z1E (XP) or Rabbit mAb (Cell Signaling Technology, Danvers, MA, USA)) diluted in blocking buffer following the manufacturer’s instructions. Then the membrane was washed three times for 5 min with TBS containing 0.1% Tween 20 and incubated with peroxidase-conjugated anti-rabbit secondary antibodies (Dako Deutschland GmbH, Hamburg, Germany) for 1 h at room temperature. After a washing step, the membrane was incubated for 1 min with ECL reagent (GE Healthcare Europe GmbH, Freiburg, Germany) and exposed to film. For reprobing with GAPDH antibody (Cell Signaling Technology), the membrane was washed twice in PBS, stripped for 10 min/37°C with stripping buffer (GE Healthcare Europe GmbH), and washed three times for 5 min with TBS at room temperature. The relative SYK expression was calculated using ImageJ 1.51f (NIH, USA), and after background subtraction, the relative mean density of SYK/GAPDH was calculated.

Histopathology

Skin sections from corresponding anatomical sites were obtained 2 days after the last IgG injection and prepared for examination by histopathology as described. The dermal neutrophil cell infiltrate was assessed semi-quantitatively using a score ranging from 0 to 3 indicating no, mild, moderate, or severe infiltration, respectively (37).

Statistical Analysis

Unless otherwise noted, data were presented as mean ± SD. For comparisons of two groups, t-test or Mann–Whitney Rank Sum test was used when appropriate. For comparisons of more than two groups, ANOVA was used. For equally distributed data, one-way ANOVA followed by Bonferroni t-test for multiple comparisons was used; if the data were non-parametric, ANOVA on ranks (Kruskal–Wallis) was applied followed by Bonferroni t-test for multiple comparisons. In all tests, p < 0.05 was considered significant. All statistical analyses were performed using SigmaPlot 13.0 (Systat Software, Erkrath, Germany). The number of replicates for each experiment is detailed at the respective table/figure legends.

RESULTS

Cutaneous mRNA Expression Profiling Identifies SYK As One of the Major Differently Expressed Hub Genes in Experimental EBA

From mice of the outbred mouse line, 68 had clinically manifest EBA, while the remaining 122 mice were clinically healthy. Collectively, 1,038 mRNA probes were differentially expressed (adjusted p < 0.05, Bonferroni corrected). Of these, in samples from mice with clinically manifest EBA, 425 probes were downregulated and 613 were upregulated (Tables S1 and S2 in Supplementary Material). Next, a gene co-expression network of differentially expressed genes was constructed. Of the identified 12 modules, 8 showed a positive correlation, while 4 negatively correlated with the EBA phenotype (Figure 1A). In the yellow module (r = 0.53, p-value = 2e−15, Figure 1B), 86 interactions among the genes were validated by different statistical and database approaches (DOMINE, STRING, IPA databases, and PLS regression). Furthermore, four hub genes (degree of interaction > 10) were identified: Sykb, Ccrl2, Sell, and Trem3. We focused on the yellow module, specifically, Sykb because it has emerged as a therapeutic target in autoimmune diseases (38), and we observed an increased expression of SYK mRNA in perilesional skin of BP patients (Figure 1C). Our interest in SYK was further provoked by the contrasting effects of its blockade in mouse models and clinical trials in arthritis (39, 40).
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FIGURE 1 | Differential co-expression of cutaneous mRNA expression levels in mice with experimental epidermolysis bullosa acquisita (EBA) identifies SYK as a major hub gene candidate. (A) We applied hierarchical clustering to cluster gene profiles and the dynamic cut tree method to combine branches and define co-expressed groups (modules) from the expression data. We found 12 modules and assigned them different colors, with gray used for genes that could not be assigned to any other module. To identify disease-related modules, we correlated module eigenvalues to the disease score for EBA severity and onset. Bar on the left corresponds to modules, and bar on the right displays the range for Pearson correlation (from −1 to 1). Data are derived from 68 mice with experimental EBA and 122 mice that remained healthy after type VII collagen immunization (17). (B) This image shows the gene network of the yellow module. Red lines display the interaction information from STRING database. Green lines display predicted interactions using domain interaction information. Dark blue lines represent PLSR-based interactions. Red circles indicate hub genes. (C) In patients with bullous pemphigoid, which shares a lot of similarity with the inflammatory EBA variant (2), we observed an increased SYK expression in perilesional, as compared to non-affected skin of corresponding anatomical sites.



Pharmacological SYK Blockade Dose-Dependently and Almost Completely Impairs Induction of Experimental EBA in Mice Induced by Transfer of Anti-COL7 IgG

To validate the importance of SYK in EBA pathogenesis in vivo, we induced EBA in mice by anti-COL7 IgG transfer in the absence or presence of the SYK inhibitor BAY61-3606. Pharmacological blockade of SYK almost completely prevented the EBA-inducing activity of anti-COL7 IgG (Figures 2A–C). Consistent with the clinical observations, a reduction of dermal infiltration was observed in BAY61-3606-treated animals compared to the corresponding anatomical sites in controls (Figure 2D). These changes were independent of alterations in IgG or C3 deposition along the DEJ (Figure 2E).
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FIGURE 2 | The SYK inhibitor BAY61-3606 protects mice from inflammation in antibody transfer-induced epidermolysis bullosa acquisita (EBA). (A) Treatment of mice with the SYK inhibitor BAY61-3606 almost completely protected them from induction of experimentally induced EBA by transfer of anti-type VII collagen IgG. Graph shows the mean (SD) body surface area affected by EBA skin lesions. (B) Overall disease activity was calculated as area under the curve (AUC) derived from individual mice in each of the treatment groups. Here, the mean (SD) of the AUC is shown. Individual dots represent disease severity (AUC) of individual mice (*p < 0.05, ANOVA with a Bonferroni post-test, n = 4–5 mice/group). Representative (C) clinical images of mice at day 12 of the experiment, (D) H&E-stained skin sections at 100× original magnification and (E) direct immunofluorescent microscopy staining for IgG and C3 from perilesional skin from solvent (left)- and BAY61-3606 (right)-treated animals (50 mg/kg dose) at 100× original magnification. For panels (C,D), data are based on five solvent and four (per concentration) BAY61-3606 treated animals.



Induction of Anti-COL7 IgG-Induced EBA Requires SYK Expression in Cells of Myeloid, but Not Lymphoid Linage

We next aimed to identify the cellular source of SYK. Because SYK is mainly expressed in hematopoietic cells (18), we focused on these. We first evaluated the cellular composition within the dermal infiltrate of experimental EBA, and simultaneously determined if lymphoid and/or myeloid cells within the infiltrate express SYK. Comparison of lesional versus non-lesional skin of mice injected with anti-COL7 IgG at the end of the experiment showed a significant increase in cell numbers, while the proportion of most leukocytes within the dermis remained constant, the amount of Ly6G+ cells, which are key effector cells in experimental EBA, increased significantly (Figure 3A). In line with previous observations (41), all CD45+ cells expressed SYK, which, in addition, showed an identical proportional expression level in lesional and non-lesional skin (Figures 3B,C).
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FIGURE 3 | Expression of CD45+ cells is increased, while proportional expression of SYK in leukocytes remains constant in lesional versus non-lesional skin in mice with experimental epidermolysis bullosa acquisita (EBA). (A) Specimen from lesional and non-lesional skin of mice injected with anti-type VII collagen IgG were analyzed for quality and quantity of dermal leukocyte infiltration. Yield of cells was higher from lesional skin compared to non-lesional skin from corresponding sites. Regarding the relative distribution of all leukocytes (CD45+) or subsets, we observed a difference regarding neutrophils (CD45+/Ly6G+; *p < 0.05, t-test). Hence, the relative distribution of the dermal infiltrate remains constant, while the absolute number of CD45+ cell increases in the skin of mice with experimental EBA. CD19+ cells were not observed in the skin samples (not shown). (B) Separately, expression of SYK was evaluated in CD45+ cells obtained from lesional and non-lesional skin. Relative expression of SYK in CD45+, CD45+/CD3+, CD45+/Ly6G+, and CD45+/Ly6C+ was identical in both groups. CD45+ cells from blood were used as positive control. (C) Representative FACS stainings from lesional skin, gated on CD45+/singlet cells. All data are based on four to five samples per group.



To evaluate the functional impact of SYK expression on cells from the myeloid and lymphoid linage, floxed SYK mice were crossed with either LysM-Cre or CD2-Cre mice to selectively deplete SYK from myeloid or lymphoid cells. Notably, SYKfl/fl LysM-Cre mice were completely protected from EBA induction by anti-COL7 IgG transfer (Figures 4A–C); while transfer of anti-COL7 IgG-induced experimental EBA in SYKfl/fl CD2-Cre mice comparable to controls (Figures 5A–C). Changes in SYKfl/fl LysM-Cre mice were independent of changes in IgG or C3 deposition along the DEJ. Overall, this indicated that SYK expression in myeloid cells is an absolute requirement for induction of experimental EBA.


[image: image1]

FIGURE 4 | SYKfl/fl LysM-Cre mice are completely protected from induction of antibody transfer-induced epidermolysis bullosa acquisita (EBA). (A) Mean (SD) of affected body surface area after repetitive injections of anti-type VII collagen IgG into indicated mouse strains over the 12-day observation period (n = 3–7/strain). SYK wild type (+/+) and mice with only one SYK allele in their myeloid cells (SYKfl/+ LysM-cre) developed clinically manifested skin lesions, whereas mice deficient for SYK in myeloid cells (SYKfl/fl LysM-cre) were completely protected from induction of EBA (*p < 0.05, ANOVA with Bonferroni post-test). (B) The cumulative disease severity [area under the curve (AUC)] confirms complete protection of the SYKfl/fl LysM-cre mice (*p < 0.05, ANOVA with a Bonferroni post-test). Individual dots correspond to the AUCs of single mice. (C) Representative clinical images and H&E-stained sections from the back skin of indicated mouse strains (100× original magnification). All images shown are from day 12 of the experiment.
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FIGURE 5 | SYKfl/fl CD2-Cre mice develop blistering in antibody transfer-induced epidermolysis bullosa acquisita (EBA). (A) Mean (SD) of the affected body surface area after repetitive injections of anti-type VII collagen IgG into the indicated mouse strains over the 12-day observation period (n = 3–9/strain). In contrast to the SYKfl/fl LysM-cre mice, mice with the specific deletion of SYK in lymphoid cells were completely susceptible to EBA induction. (B) The cumulative disease severity [expressed as the area under the curve (AUC)] calculated from the graphs in panel (A) is shown. The individual dots correspond to the AUCs of individual mice. (C) Representative clinical images and H&E-stained sections from the back skin of the indicated mouse strains (100× original magnification). All images shown are from day 12 of the experiment.



The SYK Inhibitor BAY61-3606 Dose-Dependently Blocks IC-Induced PMN Activation

To further validate the contribution of SYK to IC-induced neutrophil activation, we stimulated neutrophils or PMNs with IgG IC in presence of different concentrations of different SYK inhibitors (BAY61-3606 or PRT062607). BAY61-3606 dose-dependently reduced IgG IC-triggered release of ROS from PMNs (Figures 6A,B). Consistent with this finding, PRT062607 significantly reduced IgG IC-triggered ROS (not shown). In some PD, i.e., EBA, anti-COL7 IgA is the only identified Ig class in approximately 30% of patients (42). Furthermore, anti-COL7 IgA induces PMN activation and subepidermal blistering in vitro (27, 43). We thus assessed whether SYK blockade can also modulate ROS release from IgA IC-activated PMNs. Compared to IgG-IC-activated PMNs, we observed an almost identical level of inhibition (Figures 6C,D). In line, BAY61-3606 also ablates ROS-dependent dermal–epidermal separation in cryosections of human skin incubated with anti-COL7 IgG and PMNs (Figures 6E–H). Regarding other neutrophil responses, inhibition of SYK normalized activation-triggered CD66b expression, but had no effect on L-selectin sheading (Figures 6I–L). These effects of BAY61-3606 were achieved at non-toxic concentrations (Figures 6M–P).
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FIGURE 6 | Pharmacological inhibition of SYK blocks immune complex (IC)-induced activation of polymorphonuclear leukocytes (PMNs) in vitro and ex vivo. (A) Human PMNs were activated using IgG-ICs, and their activation was determined by measuring the release of reactive oxygen species (ROS). The data (n = 11–30/group) were normalized to IC-activated PMNs in the presence of solvent (water) and are displayed as the median (black line), the 27/75 percentiles (box), and the 5/95 percentiles (error bars). BAY61-3606 reduced the release of ROS from IC-activated PMNs in a dose-dependent manner (ANOVA on Ranks with Dunn’s post-test). (B) Representative ROS release expressed as counts per second (CPS) over the 60-min experimental period. (C) Human PMNs were activated using IgA-ICs, and their activation was determined by measuring the release of ROS. The data (n = 6/group) were normalized to the IC-activated PMNs in the presence of solvent (water) and are displayed as the median (black line), the 27/75 percentiles (box), and the 5/95 percentiles (error bars). BAY61-3606 reduced the release of ROS from IC-activated PMNs in a dose-dependent manner (ANOVA on Ranks with Dunn’s post-test). (D) Representative ROS release expressed as CPS over the 60 min experiment. (E) BAY61-3606 also ablates dermal–epidermal separation in cryosections of human skin incubated with anti-type VII collagen (COL7) IgG and PMNs. The data are presented as the mean (boxes) and STD (error bars) and are based on five experiments per group. To calculate whether the effects of BAY61-3606 were significant, ANOVA with Ranks and Dunn’s post-test was used. (F–H) Representative images of the cryosection assay at a 200× original magnification showing (F) no dermal–epidermal separation in the sections incubated with normal human serum (NHS) and PMNs, (G) no dermal–epidermal separation in the sections incubated with anti-COL7 IgG, and (H) no dermal–epidermal separation in the sections incubated with anti-COL7 IgG, PMNs, and 25 mg/ml BAY61-3606. (I–L) Representative experiments evaluating the expression of CD66b (x-axis) and L-selectin (CD62L, y-axis) in immune complex-stimulated PMNs. (I) CD66b and CD62L expression in resting PMNs show low expression of CD66b and high expression of CD62L. Data are based on five experiments per group. (J) By contrast, IC activation leads to L-selectin shedding and increased CD66b expression. (K) Low concentrations of BAY61-3606 had no impact on the IC-induced changes in PMN surface molecule expression. (L) Higher compound concentrations normalized CD66b expression, but had no effect on L-selectin sheading. (M–P) These effects of BAY61-3606 were achieved at non-toxic concentrations, as evaluated by annexin V/propidium iodine staining. Representative results from (M) solvent- (water), (N) UV-irradiated- (positive control), and (O,P) BAY-61-3606-treated activated PMNs.



BAY61-3606 Ablates Signaling Events in IC-Activated PMN

Regarding the mechanisms downstream of SYK, we extended our previous findings that the IC-induced activation of PMNs leads to the phosphorylation of ERK, AKT, and p38 (11). By adding BAY61-3606 to IC-activated PMNs, we show that SYK blockade leads to a reduction in the phosphorylation of ERK, AKT, and p38 in IC-activated PMNs (Figure 7). We next aimed to obtain novel insights into the pathways controlled by SYK. For this, PMNs were activated with ICs in the presence or absence of BAY61-3606, and expression levels of nine randomly genes from the predicted gene network controlled by SYK (Figure 1B) were evaluated. Two novel SYK-interacting genes, Plaur and Fpr1, were validated (Figure 8A). The latter is downregulated after the inhibition of SYK in IC-activated PMNs, while Plaur expression increased if SYK was inhibited. Furthermore, within the predicted co-expression network, several interacting partners of SKY were validated by curated databases (not shown); examples include Plek, Ppbp, Clec7a, and Nlrp3, which were predicted by the STRING database. Furthermore, the expression of Sykb, Plaur, and Fpr1 were determined in skin specimen from mice with and without experimental EBA. In line with the data shown in Figure 1, an increased expression of Sykb was noted in mice with experimental EBA. Similar differences among healthy and disease mice were observed for Plaur and Fpr1 (Figure 8B). RT-PCR data were confirmed using western blotting, detecting SYK (Figures 8C,D) almost exclusively in skin affected by EBA skin lesions.
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FIGURE 7 | Pharmacological inhibition of SYK ablates signaling events in immune complex-activated polymorphonuclear leukocyte (PMN). (A) Representative blots from immune complex-activated PMN (“C”) or activated PMNs treated with BAY61-3606 (“BAY”) from three blood donors. (B) Image analysis showed that BAY61-3606 ablated pAkt phosphorylation and significantly reduced p38 and Erk phosphorylation. The data are presented as the mean (boxes) and STD (error bars) and are based on three experiments per group (*p < 0.05, t-test).
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FIGURE 8 | Plaur and formyl peptide receptor 1 (Fpr1) are regulated by SYK in immune complex-activated murine neutrophils. (A) Neutrophils were activated by immune complexes in absence or presence of BAY-61-3606 (BAY). Solvent and resting cells served as controls. Plots represent the expression of indicated gene in relation to Gapdh. Because of the non-parametric distribution, data are presented as median (centered vertical line), 25/75-percentile (boxes), and the 5/95-percentile (bars). Data are based on 8–10 samples per group. Statistical analysis was performed using ANOVA Ranks with the Student–Newman–Keuls post-test. (B) mRNA expression of Sykb, Gr-1, Plaur, and Fpr1 were determined in the skin of healthy mice (NR-IgG) and mice with experimental epidermolysis bullosa acquisita (EBA) (anti-type VII collagen IgG). For expression analysis, skin specimens from corresponding areas were obtained. Myeloid cell infiltration, mirrored by an increase in Gr-1 expression, was accompanied by an increased expression of Sykp, Plaur, and Fpr1. Data are based on five mice per group. Statistical calculations were performed using Rank Sum test. (C) Western blot analysis of SYK and GAPDH expression in the same samples of immunization-induced EBA and normal mouse skin. SYK expression could, in most cases, be detected only in lesional skin—with very few SYK expression in healthy skin. The graph shows the relative amount of the mean gray value (MD) of the SYK bands per GAPDH bands. Here representative blots are shown. (D) Quantitative analysis of the Western blots from five mice per group (t-test).



DISCUSSION

In an unbiased approach using whole-genome expression profiling, aiming to pinpoint novel therapeutic targets for the treatment of EBA and other PD, we identified Sykb as a hub gene in mice with experimental EBA. Based on this morphological observation, we hypothesized that inhibition of SYK may have either anti- or pro-inflammatory effects. In support of the first assumption, SYK acts downstream of activating FcγR (44), which is essential to mediate inflammation in PD (9, 45) and other autoantibody-mediated diseases (46). By contrast, we recently identified an inhibitory signaling cascade, triggered by binding of highly galactosylated ICs to FcγRIIB and dectin-1 to block the pro-inflammatory signaling triggered by C5aR1. Inhibition of signaling downstream of C5aR1 was mediated by tyrosine phosphorylation of the ITAM-like motif downstream of dectin-1 and transient phosphorylation of SYK (6). Our results clearly document that SYK expression by myeloid, but not lymphoid, cells is an absolute requirement for induction of inflammation in antibody transfer-induced EBA, which has also been recently demonstrated elsewhere (47). In this paper, the authors also demonstrated a complete lack of skin lesion in SKY-deficient mice, which were generated by injection of bone marrow cells of Syktm1Tyb mice into lethally irradiated CD45.1+ recipient wild-type mice. Hence, also herein, SKY expression on radiosensitive (hematopoietic) cells has convincingly been demonstrated. By use of myeloid- and lymphoid cell-specific SYK-deficient mice, we are here able to link the SYK-dependency to the myeloid cell lineage (Figures 4 and 5). This is in line with the in vitro observations made here (Figure 6) and by Németh et al. who also demonstrated a complete unresponsiveness of neutrophils from SYK-deficient mice to stimulation with ICs (47). In experimental EBA, myeloid and T cells have been demonstrated to mediate skin inflammation and blistering (7, 48), while mast cells were activated, but not required for clinical disease induction (49). Based on the findings presented here, myeloid, but not T cell expressed SYK mediates EBA pathogenesis. Of these, both neutrophils and monocytes/macrophages, which have been recently been demonstrated to contribute to EBA pathogenesis (50), are the two most likely cell types expressing SYK and contributing to EBA pathogenesis.

The almost complete absence of dermal myeloid cell infiltration after genetic or pharmacologic SYK inhibition is, at first glance, puzzling, because ablation of Syk does not greatly impair the migration properties of neutrophils (51). Furthermore, similar observations were made in mice lacking FcγR IV expression (9). We therefore hypothesize that when myeloid cells become activated by ICs located at the DEJ, they not only mediate blistering, but also release numerous mediators that in turn trigger an amplification of myeloid cell recruitment into the skin. So far, this has not been formerly demonstrated for EBA. In experimental BP, neutrophil elastase degrades collagens, leading to the formation of chemotactic peptides, which sustains the influx of neutrophils into the skin (52).

We next aimed to validate the predicted Sykb-gene network (Figure 1B). Within the predicted co-expression network, several interacting partners of SKY (e.g., Cd300b, Tlr13, Jdp2, and Nfkbid) were validated by curated databases (not shown). In addition, two novel Sykb-interacting genes, Plaur and Fpr1, were validated. Plaur (plasminogen activator, urokinase receptor) is expressed in conjunction with the C3-receptor on the surface of neutrophils (53). The function of Plaur has been linked to neutrophil migration (54, 55). Fpr1 is expressed on activated neutrophils and promotes further activation upon ligand binding (56).

Our finding adds to the current view of mechanisms leading to tissue damage in EBA (2), which is initiated and triggered by the binding of IgG/A autoantibodies to COL7. This initial binding leads to increased concentrations of potent chemoattractants such as C5a (57) and leukotriene B4 (58), which lead to a CD18/ICAM-1-dependent influx of myeloid cells into the skin (7, 8). In the skin, myeloid cells bind to the tissue-deposited ICs in an FcγRIV-dependent fashion (9). This engagement of FcγR to ICs triggers intracellular signaling, involving SYK, PI3Kβ and δ, AKT, p38 MAPK, ERK, Src family kinases, CARD9, and RORα (10–14, Koga et al., submitted1). Of note, we here demonstrate that ERK, AKT, and p38 act downstream of SYK, which is (at least) required for ROS release and degranulation (Figure 6). The two newly identified interacting genes of Sykb, namely Fpr1 and Plaur, most likely also act downstream of Sykb, but this awaits experimental confirmation. Collectively, myeloid cell activation leads to cytokine release, which sustains further neutrophil recruitment (8, 50, 59) and, through release of ROS and proteases, induces subepidermal blistering (7, 16). This concept of autoantibody-mediated tissue damage in EBA is graphically summarized in Figure 9.
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FIGURE 9 | SYK and downstream kinases are essential to drive inflammation and blistering in experimental epidermolysis bullosa acquisita (EBA). This schematic summarizes the current understanding of the events leading to blistering in experimental EBA. (1) The initial event is the binding of the IgG and/or IgA autoantibodies directed against type VII collagen (COL7). (2) Thereafter, anaphylatoxins are generated by activation of the complement cascade. Furthermore, several cytokines lipid mediators are released, which collectedly leads (3) to the activation of endothelial cells and allows the (4) CD18/ICAM-1-dependent extravasation of Gr-1+ myeloid cells into the skin. (5) Within the skin, myeloid cells bind to the skin-bound immune complexes via specific activating Fc gamma receptors (FcγR). (6) FcγR binding triggers an intracellular signaling cascade involving SYK, p38, ERK, and Akt, ultimately leading to the activation of the NCF1 gene, which is part of the NADPH oxidase complex and generates reactive oxygen species (ROS). Within this pathway, we show an absolute requirement of SYK for blister induction in EBA. Blockade of downstream kinases (i.e., p38, Akt, or individual Src family kinases) only partially reduces the blistering phenotype, indicating that SYK activation is in the center stage of EBA pathogenesis. (7) Ultimately, this intracellular signaling process leads to the release of ROS and proteases from the myeloid cells, which (8) mediates blistering. Image modified from Ludwig et al. (2).



Collectively, these insights into EBA pathogenesis were driven by an unbiased expression profiling approach and identified myeloid SYK as a central player in driving inflammation in a prototypical autoantibody-induced disease. Furthermore, we recognized and experimentally validated novel gene interaction partners of SYK, specifically Fpr1 and Plaur. This should encourage the exploitation of SYK and SYK-regulated genes as potential therapeutic targets for EBA, as well as diseases with autoantibody-driven pathology.
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Glaucoma is a frequent ocular disease that may lead to blindness. Primary open-angle glaucoma (POAG) and ocular hypertension (OHT) are common diseases with increased intraocular pressure (IOP), which are mainly responsible for these disorders. Their pathogenesis is widely unknown. We screened the sera of patients with POAG and OHT for the prevalence of autoantibodies (AAb) against G protein-coupled receptors (GPCRs) in comparison to controls. Employing frequency modulation of spontaneously contracting neonatal rat cardiomyocytes in vitro, agonistic GPCR AAb were to be detected in roughly 75% of the patients with POAG and OHT, however, not in controls. Using inhibitory peptides the AAb’ target was identified as β2 adrenergic receptor (β2AR). The AAb interact with the second extracellular loop of β2AR. The peptides 181–187 and 186–192 were identified as binding sites of the AAb within the extracellular loop II. The binding of the AAb to β2ARs was verified by surface-plasmon-resonance analysis. The isotype of the AAb was (immunoglobulin) IgG3. In an additional pilot principal-of-proof study, including four patients with POAG, the removal of the AAb against the β2AR and other immunoglobulins G by immunoadsorption resulted in a transient reduction of IOP. These findings might indicate a possible role of agonistic AAb directed against β2ARs in the dynamics of aqueous humor and might support a contribution of adaptive autoimmunity in the etiopathogenesis of POAG and OHT.

Keywords: autoantibodies, glaucoma, ocular hypertension, β2-adrenergic receptor, agonistic, immunoadsorption

INTRODUCTION

Glaucoma is one of the leading causes of blindness in the world. Over 67 million people are affected by glaucoma (1, 2). Elevated intraocular pressure (IOP) is the major risk factor for glaucoma. Primary open-angle glaucoma (POAG) is now defined as a progressive disease of retinal ganglion cells characterized by structural change in the optic disk and by typical, slowly progressive loss of function. The most common form of the group of glaucomatous diseases is POAG with about 80%. Ocular hypertension (OHT) is characterized by elevated IOP without optic nerve degeneration. One to 2% of patients with OHT per year convert to POAG.

The pathogenesis of the optic nerve damage in POAG is complex and associated with increased IOP, neurotoxicity and apoptosis (3, 4), changes of the extracellular matrix (5, 6), activation of glia cells (7), an interrupted transport of neutrophins (8), oxidative stress (9, 10), and hypoxia due to ocular and systemic vascular dysregulation (9). There are also reports of glaucoma-associated degenerative processes of the central visual pathways in the brain (11). Thus, new targets for therapeutic intervention, such as improving ocular blood flow and direct neuroprotection of retinal ganglion cells, are under investigation.

Since elevated IOP is the primary risk factor for the development and progression of glaucoma, the lowering of the IOP is the primary goal of all treatment strategies (12). Many studies have shown that IOP reduction can slow the progression of glaucoma (13–17) and delay or even prevent the onset of retinal ganglion cell loss. Lowering the IOP by 1 mmHg prevents progressive visual field loss by 10% (18). Conservative [e.g., β2-adrenergic receptor (β2AR) blocker] and surgical therapeutic options are offered to achieve IOP lowering. The β2AR blocker Timolol reduces the IOP in humans (19) by suppressing the rate of aqueous humor formation (20, 21) by 30–50% (20–26). The relative potency of the β2-adrenergic blocker Timolol is higher than that of the β1-adrenergic receptor blocker Betaxolol (27), indicating the prominent role of β2ARs in the formation of aqueous humor and/or regulation of its flow.

Trabecular meshwork and ciliary body express β2ARs (28, 29), regulating the aqueous humor system in the eye and consequently influencing IOP. Thus, β2AR plays a key role in the regulation of both aqueous humor production and outflow. In addition, β2AR is also expressed in human optic nerve and in microvessels (30, 31). β2ARs are members of the G protein-coupled receptors (GPCR) family, comprised of more than 600 genes (32, 33). They have seven membrane spanning domains, three intra- and extracellular loops, an extracellular N-terminus, and an intracellular C-terminal tail. Most of the GPCR form homodimers upon ligand activation. It has been shown that functional autoantibodies (AAbs), directed against GPCR, are associated with various human diseases. The first AAb against a GPCR was described for the β2AR in patients with allergic asthma in 1980 (34). Several groups identified agonistic AAb against the β1-adrenergic receptor in Chagas’ disease (35, 36), dilated cardiomyopathy (37–39), ischemic cardiomyopathy (40), and myocarditis (41). β2- and α1-AAb were seen in Alzheimer’s and vascular dementia (42). β1-, β2-, and α1-AAb were shown to be increased in patients with preeclampsia (43). α1-AAb were also detected in primary and malignant hypertension (44).

We hypothesize that AAb against GPCR might be involved in the pathogenesis of glaucomatous disease by influencing the dynamics of aqueous humor.

To study the hypothesis that circulating immunoglobulins of patients with glaucoma activate GPCRs, isolated rat cardiomyocytes were employed as target cell. Frequency modulation of spontaneously beating neonatal cardiomyocytes is highly efficient to investigate such targets (1–3, 37, 45). The rat cardiomyocytes contain a spectrum of relevant GPCRs, e.g., β1-, β2-, α-ARs, and Angiotensin-1 receptor, which display a high homology to their corresponding human receptors. The homology of the amino acids between the human and the rat second extracellular loop is 88%; however, the homology in the estimated binding site of the AAbs in this extracellular loop is 100%. The cells were exposed to IgG prepared from controls or patients with glaucoma and OHT. To verify the specificity of the effects, the heart cells were treated with receptor-specific agonists in the presence or absence of receptor-specific antagonists and compared with the AAb-mediated responses. In screening studies using respective agonists and blocking agents an interaction of the glaucoma-associated IgG with the β1AR, α-AR, or with AT1-receptor system has been excluded (not shown). Based on these findings, the potential importance of β2AR-directed antibodies associated with glaucoma was analyzed in more detail. These findings were the basis for the following experiments. Investigations of the target loop as well as the target epitope of the GPCR and the IgG isotype of the AAb were added. Surface plasmon resonance analysis confirmed the receptor specificity of the agonistic β2AR AAb.

In order to draw a bow between the molecular findings and clinical data, correlation analyses of the patients’ clinical parameter with the β2AR AAb were done. Finally, a pilot proof-of-principal study was performed in four glaucoma patients using an extracorporal immunoadsorption (IA) for removal of AABs against β2AR and other immunoglobulins G in order to monitor a potentially transient or permanent change of IOP.

MATERIALS AND METHODS

Patients

Patients with POAG and patients with OHT were recruited from the Department of Ophthalmology of the University of Erlangen-Nürnberg (Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU)). The control groups were from the Max Delbrück Centre of Molecular Medicine Berlin (MDC) and from the University of Erlangen-Nürnberg [normal healthy donors (NHD) and cataract patients].

All controls and patients were thoroughly examined by slit lamp inspection, applanation tonometry, funduscopy, gonioscopy, perimetry, and papillometry. In addition, a 24 h IOP curve was measured in all glaucoma patients (6 determinations: 7:00 a.m., 12:00 a.m., 5:00 p.m., 9:00 p.m., 12:00 p.m., and 7:00 a.m.). Papillometric evaluations of the patients were based on 15-color photographs and subsequent planimetry (Zeiss Morphomat 30) of the area of the optic disk and the neuroretinal rim area (46). Criteria for all glaucoma diagnoses were an open anterior chamber angle and glaucomatous changes of the optic nerve head including an unusually small neuroretinal rim area in relation to the optic disk size and higher vertical cup-to-disk ratios than horizontal ratios (45). All subjects underwent visual field testing with standard white-on-white perimetry using a computerized static projection perimeter (Octopus 500, Interzeag, Schlieren, Switzerland; program G1, 3 phases). Subjects with more than 12% false-positive or false-negative responses were not included in this study. A glaucomatous visual field was defined as an white-on-white visual field with (a) at least three adjacent test points having a deviation of equal to or greater than 5 dB and with one test point with a deviation greater than 10 dB lower than normal, (b) at least two adjacent test points with a deviation equal to or greater than 10 dB, (c) at least three adjacent test points with a deviation equal to or greater than 5 dB abutting the nasal horizontal meridian, or (d) a mean visual field defect of more than 2.6 dB. Exclusion criteria were all eye diseases other than glaucoma, OHT or cataract, respectively. The clinical characteristics of controls (cataract and NHD) and patients can be found in Tables 1 and 2. For the patients, antiglaucomatous therapy and general diseases are given in Tables 3 and 4.

TABLE 1 | Clinical characteristics of patients with primary open-angle glaucoma (POAG) and ocular hypertension (OHT).
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TABLE 2 | Clinical characteristics of control group.
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TABLE 3 | Glaucoma therapy of patients with primary open-angle glaucoma (POAG) and ocular hypertension (OHT).
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TABLE 4 | General diseases of patients with primary open-angle glaucoma (POAG) and ocular hypertension (OHT).
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The study followed the tenets of the declaration of Helsinki for research. Written informed consent to use serum samples for research purposes was obtained from each participants of the study. The institutional review board of the University Hospital Erlangen approved the protocols.

POAG Patients

The patients of the glaucoma group were referred by ophthalmologists for further diagnosis and follow-up of glaucoma. The POAG group included 39 patients with POAG, characterized by IOP measurements higher than 21 mmHg. All POAG patients had glaucomatous optic disk damage and pathological cumulative perimetric defect curves, i.e., local and/or diffuse visual field loss in white-on-white perimetry.

OHT Patients

The OHT group included 9 patients with elevated IOP (24 mmHg at least in one eye) showing normal optic disk and normal retinal nerve fiber layer. Computerized visual field examinations with white-on-white perimetry (Octopus program G1) were normal.

Control Group

This group included eight patients referred by ophthalmologists for cataract surgery. Slit-lamp inspection, tonometry, fundoscopy, and papillometry were normal in control subjects. In addition, nine NHD were included.

Methods

Cardiomyocyte Bioassay—Isolation and Culture of Cardiac Myocytes

Primary cultures of cardiac myocytes were prepared from ventricle of 1- to 2-day-old Sprague-Dawley rats as described previously (37). Briefly, the myocardial cells were dispersed by digestion with a 0.25% solution of crude porcine trypsin (Serva, Germany) and were suspended in a SM20-I medium (Biochrom, Germany), containing 10% heat-inactivated neonatal calf serum (Gibco, Germany), streptomycin (HEFA Pharma; Germany), penicillin (Heyl, Germany), hydrocortisone (Merck, Germany), glutamine (Serva, Germany), and fluorodeoxyuridine (Serva, Germany), the latter to prevent proliferation of non-muscle cells. The cardiomyocytes were plated at a field density of 160,000 cells/cm2. Twenty-four hours after seeding, the culture medium was renewed and the cells were cultured for 3–4 days at 37°C before stimulation. The medium was replaced with fresh culture solution 2 h before being used in experiments. Seven to 10 selected cells or synchronously contracting cell clusters per flask were counted for 15 s on a heated stage of an inverted microscope at 37°C. The basal contraction rate of the spontaneously beating cardiomyocytes was measured to be 162 ± 4 min under these conditions. If not noted otherwise, the cardiomyocytes were incubated with immunoglobulin fractions derived from sera of healthy persons and patients for 60 min in a dilution of 1:40. The immunoglobulins were added in excess (in 50 μl: 0.4–0.5 mg IgG fraction; this volume was added to 2 ml culture medium/flask). The agonistic and antagonistic drugs for the β2AR, peptides, etc. were added to the heart cells singly or cumulatively as indicated. β2AR activation was induced by the β2AR agonist clenbuterol (Sigma, Germany, concentration of 1 μM) and inhibited by the specific β2AR blocker ICI118.551 (Sigma, Germany, concentrations of 0.1–0.3 μM) applied 5 min before. Then, IgG-containing fractions of the sera from glaucoma patients were added to cardiomyocytes in a standard dilution. The effect of the IgG fractions was antagonized by ICI118.551. Performance and in-house validation and reproducibility of the bioassay were tested previously (47).

Preparation of the Serum Immunoglobulin Fractions

The immunoglobulin fractions were prepared from sera by direct ammonium sulfate precipitation (final concentration of 40%). After overnight incubation at 4°C the precipitates were centrifuged at 4,000 × g for 30 min, and the pellets were dissolved in dialysis buffer (154 mmol/l NaCl, 10 mmol/l Na2HPO4/NaH2PO4, pH 7.2). The procedure of precipitating (50% final concentration of ammonium sulfate for a removal of small biological active compounds such as catecholamines or peptides), washing, and dissolving was repeated twice. Prior to the assays all samples were extensively dialyzed against phosphate-buffered saline at 4°C for 3 days. The buffer was changed twice daily. After ammonium sulfate precipitation a concentration of 800–900 mg protein per milliliter was measured. Fifty microliters of this protein amount were inserted for analyses. The immunoglobulin fractions were stored at −20°C until use.

Affinity Purification of AAb

IgG preparations of patients with POAG and OHT were affinity purified using the biotinylated peptide biotin-AINCYANETCCD corresponding to the second extracellular loop of the β2AR. One milliliter of IgG was treated with 300 μl of the peptide (100 μg/ml) for 1 h. The peptide–antibody complex was incubated with streptavidin-coated magnetic particles (Roche, Germany) for 30 min. The separation was performed with a magnetic separator (Dynal, Germany). The particles were washed five times with PBS. The antibodies were eluted with 3 M KSCN in two 0.5 ml steps. The antibody solution was dialyzed against PBS for 48 h at 4°C.

Identification of the Target Loop of AAb against β2AR

β2AR-derived peptides identical to the extracellular loops I, II, or III were employed to identify the loop that interacts with the immunoglobulins isolated from the sera of patients with glaucoma. The following peptides were selected:

loop I (HILMKMWTFGNFWCEFWT)

loop II (HWYRATHQEAINCYANETCCDFFTNQ)

loop III (VIQDNLIRKEV).

The synthetic loop peptides were added in excess (0.5 μg in 50 μl) to 50 μl of the immunoglobulin fraction. The mixtures were shaken and incubated at room temperature for 1 h. The samples were then added to neonatal rat cardiomyocytes cultured in 2 ml of medium to a final IgG dilution of 1:40. Sixty minutes after addition of the peptide/immunoglobulin mixture the beating rate was monitored for 15 s.

Epitope Screening on Extracellular Loop II of β2AR

To identify the epitopes of the second extracellular loop of β2AR, mapping studies with small overlapping synthetic peptides were performed. The interacting sites between specific regions within the second extracellular loop and the IgG from glaucoma patients were screened with the following peptides:

HWYRAT (AS172–177),

ATHQEAI (AS176–182),

AINCYAN (AS181–187),

ANETCCD (AS186–192),

DFFTNQ (AS192–197).

The epitope analysis was performed similar as the loop screening.

IgG Subclass Analysis of the AAb against β2AR

To determine the IgG subclass of glaucoma-associated AAb against β2AR, IgGs from selected patients were treated with murine monoclonal anti-human IgG1, 2, 3, and 4 antibodies (SEROTEC, Germany). According to previous experiments (data not shown here), 3 μl of these antibodies were added to 50 μl of the IgG preparations. After 1 h at RT the samples were treated with 3 μl of a polyclonal anti-mouse Fc antibodies for 1 h to increase the complex. The samples were centrifuged at 10,000 × g and the supernatants were used in the cardiomyocyte bioassay at a dilution of 1:40.

Surface Plasmon Resonance

Binding of the AAb to the β2AR fragments was verified and quantified by surface-plasmon-resonance analysis (BIAcore). The IgG fractions of patients or controls were passed over biotinylated peptides loaded on a streptavidin-biosensor (BIAcore3000) at a flow rate of 5 μl/min. As β2AR-derived loop II peptide H19C (biotinyl-LC-HWYRATHQEAINCYANETC) was used. A biotinylated unrelated peptide served as control and its sensorgrams were subtracted from the specific signals. The initial linear association phase slope under conditions of high density of ligand is directly correlated with the molar concentration of the binding molecules.

Pilot Proof-of-Principal Study on IA for the Treatment of Patients with POAG

In a pilot proof-of-principal study IA was performed in four patients with POAG to prospectively study safety and pressure-reducing efficacy of IA by unspecific removal of IgG and thereby the reduction of agonistic AAbs. The study followed the tenets of the declaration of Helsinki for research and was approved by the local Ethics Committee (3483; ClinicalTrials.gov Identifier NCT00494923). All subjects signed an informed consent form before participating in any part of the study. Data of a follow-up of at least half a year are presented. Levels of AAb and immunoglobulins as well as IOP were monitored before IA (visit 0: with local antiglaucomatous eye drops; visit 1: with systemic antiglaucomatous medication, yet without local antiglaucomatous eye drops), during IA as well as randomly 2 weeks, 2, 4, and 6 months after IA. At each visit, the IOP was measured six times a day (7:00 a.m., 12:00 p.m., 5:00 p.m., 9:00 p.m., 12:00 a.m., 7:00 a.m. of the following day). Mean IOP was calculated for each patient for statistical analysis.

Patients

The clinical characteristics of the patients are displayed in Table 5. All four patients suffered from POAG and were on maximal combination therapy with antiglaucomatous eye drops without any surgical procedure in the past. Only in the first patient, the left eye was excluded from the statistical analysis since he had undergone trabeculectomy in the past. Inclusion criteria were the failure of the current therapy to control IOP and the refusal of surgical procedures. Two female and two male Caucasian patients aged between 52 and 71 years were included. Systemic diseases of the patients were:

patient 1 nephrectomy because of cancer in 1995,

patient 2 arterial hypertension,

patient 3 asthma bronchiale, hyperthyreosis,

patient 4 spine arthrosis, cyste of the hip, tinnitus.

TABLE 5 | Pilot proof-of-principal study: demographic data of the four glaucoma patients.
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Immunoadsorption

All four patients underwent one treatment cycle of five consecutive days from Monday to Friday. Two Globaffin® adsorbers (double-columns system, columns for re-use; Fresenius Medical Care Affina GmbH) were used (48). Each adsorber contains 60 ml of a matrix based on sepharose CL-4B, suspended in sodium citrate buffer (10 mM; pH 4.0). One adsorber contains at least 250 mg of PGAM146 peptide covalently bound to Sepharose. The full synthetic peptide PGAM146 is a ligand for IgGs and binds them independent of the antigen specificity. The synthetic peptide PGAM-146 mimics a protein A ligand. In Globaffin the peptide is used as ligand to bind immunoglobulins from human plasma. The high affinity to all immunoglobulins (esp. IgG) or immunocomplexes that contain this Fc-part makes the peptide to a potential ligand for the removal of these substances. The peptide ligand is immobilized to cross linked agarose (Sepharose CL-4B). During treatment, the columns were regenerated with special buffer solutions (15 g/l glycine-hydrochloric acid, pH 2.8 and 8 g/l NaCl, 0.2 g/l KCL, 3.6 g/l Na2HPO4 × 12 H2O (phosphate-buffered saline, PBS) solution). After termination of the treatment, the Globaffin® adsorbers were preserved using bacteriostatic and toxic buffers [0.4 g/l polyhexamethylene-biguanide (PHMB), 0.3 g/l tryptophan, 3.3 g/l sodium citrate dihydrate, 5.4 g/l sodium acetate trihydrate, 2.9 g/l sodium monohydrogen phosphate × 12 H20, 0.26 g/l potassium dihydrogen phosphate, pH 7.0 (PHMB-Trp) solution]. For preservation, each adsorber was rinsed with at least 350 ml of preservation buffer [0.1 g/l sodium azide (PBS, 0.1%)]. Afterward, the adsorbers were stored at 2–10°C until the next treatment cycle. Extracorporal plasma separation was performed by centrifugation (Cobe Spectra®) while the running parameters, such as column volume, loading volume (250 ml/cycle), desorption and regeneration volume, speed of processing, and numbers of cycles, were fixed and controlled by the Adasorb® device (medicap, Ulrichstein). Prior to connecting the patient to the system, the adsorber was washed with 2 l of 0.9% NaCl solution. During treatment, the plasma was alternately passed through the adsorbers. One adsorber served for the removal of immunoglobulins, the second was simultaneously regenerated by a glycin buffer. The amount of plasma to be treated (plasma volume, PV) was calculated before the treatment [females: PV (ml) = a × 9.03 + b × 24.13 − 766; males: PV (ml) = a × 19.9 + b × 13.1 − 2,000 (a = body height in cm; b = body weight in kg)].

Procedure of IA

Before the procedure, a 1250 IE heparin i.v. bolus was given. Access to circulation was provided via the cubital vein. Peripheral blood was drawn, anti-coagulated, and separated into plasma and blood cells. Extracorporal anti-coagulation was achieved by sodium citrate (ACD-A, 2.2%; 1:15–1:20 v/v to blood). The plasma was pumped through an adsorber column (Globaffin®) regulated by the Adasorb® device. The separated plasma was perfused through the columns at a flow rate between 11 and 28 ml/min; one cycle contained 250 ml plasma. The treated plasma was subsequently remixed with the other blood components and reinfused. During one cycle of treatment, the twofold volume of the individually calculated plasma volume was cleared by the adsorber.

Statistical Analysis

Student’s t-test was used to compare variables between the groups. Values of P < 0.05 are significant. Continuous data are presented as medians (with ranges). We performed comparisons between groups with use of Fisher’s exact test for categorical values and the Mann–Whitney U test for continuous variables. In addition, statistical analysis was done using four-field analysis.

RESULTS

Sera of Patients with POAG and OHT Contain AAb Stimulating Rat Cardiomyocytes

Immunoglobulin-enriched fractions of sera of patients with POAG, OHT, cataract, and of healthy donors (NHD) were analyzed for AAbs against GPCRs. We calculated the cutoff as mean of the beating rate in normals added to three times of the SD. As shown in Figure 1, the beat rate of cardiomyocytes was increased by the immunoglobulin fractions in POAG, OHT, yet not in cataract and NHD. 73% of the POAG patients and 78% of the OHT patients showed increased beat rates of the cardiomyocytes, whereas 0% of the cataract and NHD yielded an increased beat rate. This indicates the presence of agonistic AAb in patients with POAG and OHT. To identify the specific target(s) and IgG fraction of these AAb receptor-specific analyses were performed.
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FIGURE 1 | Antibodies stimulating rat cardiomyocytes in sera of patients with POAG and OHT. Immunoglobulin-enriched serum fractions were added to cardiomyocyte cultures in a 1:20 dilution and incubated for 60 min at 37°C. The data are displayed as the changes of the beats/min. Each point represents 6–10 separate single-cell check points in a culture flask. Repeated measurements of the effects with different cell cultures prepared on different days resulted in almost identical data. The differences between patients with POAG or OHT versus healthy controls were highly significant. Primary open-angle glaucoma (POAG, n = 37); ocular hypertension (OHT, n = 9); cataract (n = 10); healthy donors (NHD, n = 10).



Immunoglobulins from POAG and OHT Patients Interact with the β2AR

The positive chronotropic responses of the AAb from patients with POAG and OHT were analyzed for their receptor specificity using respective antagonists. The action of AAb on the cardiomyocytes was blunted by ICI118.551 and the β1/β2 adrenergic antagonist propranolol (Figure 2), but not by bisoprolol (β1AR antagonist) or losartan (AT1 antagonist; not shown). The β2AR-specific agonist clenbuterol enhanced the cardiomyocyte beat rate of all samples, indicating functionality of the detection system (not shown).
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FIGURE 2 | β2-adrenergic receptor (β2AR) agonistic autoantibodies (AAbs) in patients with primary open-angle glaucoma (POAG) or ocular hypertension (OHT). The neonatal cardiomyocytes were incubated with the immunoglobulin fractions from POAG (n = 33) and OHT (n = 14) patients as described in Figure 1. The agonistic effect of the AAbs was blocked by the β2AR antagonist ICI118551 (ICI; 0.1 μM). ICI (0.1 μM) did not affect the basal beating rate of the cardiomyocytes.



Reportedly, agonistic AAb against the β1 adrenoceptor or monoclonal antibodies against the second extracellular loop of the β2 adrenoceptor did not desensitize the corresponding receptors within 4 to 6 h (49). Therefore, we analyzed the long term effect of the β2 AAb prepared from patients with POAG. The AAb did not induce desensitization of the β2AR within 5 h. ICI118.551 normalized the beating rate of the cardiomyocytes. A successive washing procedure removed ICI118.551 and the AAbs. When the washed cells were stimulated with the β2 agonist clenbuterol, a maximal response to this agonist was to be observed (Figure 3A). On the other hand, clenbuterol desensitized the receptor mediated signal cascade and decreased the beating rate of the cardiomyocytes. After washing out the agonist and a further stimulation with clenbuterol, we observed an increase of the beating rate by only 30% of the response obtained in the first stimulation with clenbuterol. We conclude that, in contrast to clenbuterol (Figure 3B), AAb did not desensitized the β2AR mediated signal cascade.
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FIGURE 3 | Time response curve of β2 adrenergic agonists. Effect of (A) the agonistic autoantibody (AAb) prepared from patients with primary open-angle glaucoma (POAG) or ocular hypertension (OHT) on spontaneously beating rat cardiomyocytes and (B) clenbuterol (Clen). Clenbuterol induced a desensitization of the β adrenergic response within 2 h. After 2 h, clenbuterol was washed out and restimulation with clenbuterol resulted in approximately 30% of the initial stimulation (B). β2-adrenergic receptor AAb showed no desensitization for at least 5 h (A). Before washing, the antibodies were removed from the receptors by ICI118551. After washing, the cells react to a clenbuterol stimulation with a maximal response (n = 10 for each point of measurement).



The β2 AAb Recognize Two Peptide Epitopes of the Second Extracellular Loop II of the β2AR

The binding of the AAb to distinct extracellular loops of β2AR was characterized in the presence of loop-specific synthetic peptides. As presented in Figure 4 only the loop II peptide neutralized the agonistic activity. This indicates that the second extracellular loop of β2AR is the target of the AAb in the sera of patients with glaucoma.
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FIGURE 4 | The agonistic anti-β2AR autoantibodies (AAbs) of patients with primary open-angle glaucoma (POAG) recognized the second extracellular loop of the β2-adrenergic receptor. The antibody preparations from patients with POAG (n = 5) were pretreated with loop-specific peptides corresponding to the extracellular loops I–III. The antibody–peptide complexes were added to the cardiomyocytes to measure remaining agonistic capabilities. The final AAb dilution was 1:40. The data are presented as the increase in beats/min versus baseline beating rates.



To identify the epitopes of the AAbs, we pretreated the AAb with short overlapping peptides corresponding to the second extracellular loop of the β2AR. For these studies five synthetic oligopeptides were prepared covering the loop II amino acid 172–197. Only the loop II-borne peptides AINCYAN (181–187) and ANETCCD (186–192) abolished the agonistic activity of the AAb from five representative patients with POAG (Figure 5) and, thus, represent the dominant epitope of the β2AR.
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FIGURE 5 | The agonistic anti-β2AR autoantibodies (AAbs) of patients with primary open-angle glaucoma (POAG) recognize the epitopes AINCYAN and ANETCCD of loop II. The procedure to detect epitope-specific responses of immunoglobulins isolated from POAG patients is similar to the one used in the studies for loop analyses. The final AAb dilution was 1:40. Data are displayed as individual measurements of five independent patients with POAG.



Affinity Purified AAb of POAG and OHT Patients Induce Agonistic Effects in a Dose-Dependent Manner

Affinity purified AAb against the β2AR exert a dose-dependent positive chronotropic effect on cultured spontaneously beating rat cardiomyocytes. The maximal response for the POAG and OHT was observed at a dilution of the antibodies of 1:200 and 1:100, respectively.

Surface Plasmon Resonance Analysis Confirmed the Receptor Specificity of the Agonistic AAb

Surface plasmon resonance allows to determine direct physico-chemical interactions between macromolecules. Analyzing the IgG fractions of sera from patients with glaucoma we observed a significant binding activity to a loop II peptide from the β2AR (Table 6). We subjected the values to a statistical four-field analysis. The Fisher-test revealed a significance of p = 0.01282, a relative risk (CI) of 0.37721 (0.37093–0.84993), a sensitivity of 0.35 and a specificity of 0.0066. Therefore, the AAb from the sera of patients with glaucoma display a higher affinity for the loop II of the β2AR than those of controls.

TABLE 6 | Surface plasmon resonance analysis of binding of IgG fractions to the biotinylated H19C peptide (biotinyl-LC-HWYRATHQEAINCYANETC) derived from loop II of the β2AR.
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The Agonistic β2AR AAb in the Sera of Patients with POAG Are of the IgG3 Isotype

To define the nature of the molecules in immunoglobulin-enriched fractions, which increased beating rates of cardiomyocytes, we used antibodies against immunoglobulins IgG and IgM (Figure 6). Only anti-IgG significantly prevented the agonistic activity. We next analyzed the IgG subclass of the agonist-like β2AR AAb with antibodies specifically depleting certain IgG subclasses (Figure 7). Only IgG3-precipitating antibodies eliminated the agonistic activity. Therefore, most of the agonistic AAb are of the IgG3 isotype.
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FIGURE 6 | Agonistic anti-β2AR IgG autoantibodies in patients with primary open-angle glaucoma. The neutralization of IgG from the immunoglobulin-enriched fraction lead to the loss of the stimulatory potential. Antibodies against IgM had no effect. The β2 receptor agonist clenbuterol served as positive control (not shown).
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FIGURE 7 | IgG3 subclass of the agonistic anti-β2-adrenergic receptor autoantibodies in patients with primary open-angle glaucoma. The neutralization of IgG3 from the immunoglobulin-enriched fraction leads to the loss of the stimulatory potential. Antibodies against IgG1, 2, and 4 had no effect. The β2 receptor agonist clenbuterol served as positive control (not shown).



Clinical Parameters in Correlation to AAbs

We analyzed the clinical parameters of the patients with respect to treatment for glaucoma, IOP, and general diseases including cardiovascular disease and diabetes (Tables 3 and 4). We could not detect any correlation of these parameters between AAb positive POAG and OHT patients with NHD or AAb negative patients (data not shown).

Pilot Proof-of-Principal Study on IA for Patients with POAG

The IA was well tolerated in all patients—no adverse events were to be observed. Specifically, no change in visual acuity, visual field, and intraocular flare measured by laser flare cell meter was detected (not shown). The levels of the AAb before and after IA are shown in Table 7. The IOP course is presented in Table 8 for each patient. Time course of IOP and levels of AAbs during IA are shown in Figure 8.

TABLE 7 | AABs, IgG (mg/dl), and IgG3 (mg/dl) before and after immunoadsorption (IA).
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TABLE 8 | Intraocular pressure (IOP) before and after immunoadsorption (IA)—Visit 0: less than 3 months before IA under maximal combination therapy.
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FIGURE 8 | Time course of IOP, levels of autoantibodies (AAbs) and number of local antiglaucomatous eye drops during immunoadsorption (IA) for the patient with primary open-angle glaucoma (POAG). Patient 1/2/3/4 (A)/(B)/(C)/(D): a decrease in IOP under reduced number of local antiglaucomatous therapy was to be observed in all patients, going along with a decrease of the AAb. Intraocular pressure (IOP) increased, when AAbs relapsed after the IA; OD, right eye (black); OS, left eye (red); grayish area, data before IA; visit 1, IOP graph: less than 3 months before immunoadsorption under maximal combination therapy, AAB against β2AR graphs: before immunoadsorption; visit 2 – IOP graph: two days before immunoadsorption with system medications (acetazolamide), yet without topical medications, AAB against β2AR graphs: at the end of immunoadsorption; IOP/AAB against β2AR graphs: visit 3–2 weeks after immunoadsorption; visit 4–1 month after immunoadsorption; visit 5–2 months after immunoadsorption; visit 6–4 months after immunoadsorption; visit 7–6 months after immunoadsorption; visit 8–12 months after immunoadsorption.



The individual IOP course of each patient was as follows.

Patient 1 (Male, 71 Years Old)

Mean IOP before immune adsorption of the first patient showed a reduction only during the first days of IA (Figure 8A. The IOP dropped from 15.6 ± 1.8 mmHg to 15.1 ± 03 mmHg (3.2%) during the first day and raised to 23.9 ± 1.9 mmHg during the last day of IA. Because of the advanced stage of glaucoma, trabeculectomy was performed 4 weeks after IA.

Patient 2 (Female, 52 Years Old)

In the second patient largest reduction of IOP was found 2 months after IA (visit 4) (Figure 8B). IOP dropped about 27.8% at the right eye (OD) and 32.1% at the left eye (OS) if compared to IOP at visit 1. At visit 7 (12 months after IA) mean IOP was still decreased by about 21.9% at the right eye and 12.5% at the left eye in comparison to visit 1.

Patient 3 (Female, 56 Years Old)

Largest drop of IOP was found in the third patient (Figure 8C). At visit 4, the reduction of IOP was 11% for the right eye and 46.3% for the left eye with additional two topical medications. Without topical medications, IOP reduction was found to be 12.5% at the left eye, yet IOP increase of about 11% at the right eye (visit 2, 2 weeks after IA) compared to IOP at visit 1.

Patient 4 (Male, 57 Years Old)

The fourth patient showed the lowest IOP measurement (without topical medication) at the end of the observation period (without medication visit 7) (Figure 8D). One month after IA, IOP was equal to IOP before IA (without medication, visit 1) with an increase of mean IOP up to 23.5 ± 4.6 mmHg at the right eye and 23.5 ± 4.0 mmHg at the left eye (6 months after IA, visit 6). In comparison to visit 0 (three medications), no topical medication was necessary at the end of the observation period.

Taking together, in all patients, AAb and other IgGs were washed out almost completely by IA, resulting in autoantibody concentrations below the detection limit at the end of treatment. In two patients (1 and 3) AAb remained undetectable during the 6 months follow-up period. The two other patients showed detectable AAb-levels 4 months after IA. The reduction of total IgG and IgG3 levels ranged from 88 to 95 and from 64 to 80%, respectively. Four weeks after IA total IgG and IgG3 concentrations reached normal values.

DISCUSSION

In the present study, we describe formerly unknown circulating AAb in patients with glaucoma (50). We screened patient sera for antibodies that activate a GPCR expressed by cardiomyocytes and detected AAb against the β2AR employing specific inhibitory peptides. These agonistic AAb induced a dose-dependent stimulation and their effects were blocked by the selective antagonist ICI118.551, and neutralized by peptides corresponding to the second extracellular loop of the β2AR (AS 181–192).

Autoantibody can be detected by several methods: (1) enzyme-linked immunosorbent assay detects the patient’s antigen bound AAb by a specific (to human IgG) animal sourced and enzyme (peroxidase or alkalic phosphatase) labeled antibody; (2) fluorescence (microscopy) detects AAb as (1), but the detection of the AAb is fluorescence labeled (e.g., fluorescein isothiocyanate, FITC); (3) radioimmunoassay detects AAb as (1), however, the detection of the AAb is radio labeled (e.g., iodine); (4) bioassay (with spontaneous beating neonatal rat cardiomyocytes) measures the increase in the beating rate, induced by added IgG (fraction from human serum) due to the binding of AAb to the corresponding receptor (here: β2-AR). The detection methods (1)–(4) measure the AAb indirectly, however method (4) additionally directly. As the detected signal extent of the bioassay is proportional to the AAb bound to the surface fixed target, we decided to choose the cardiomyocyte bioassay for the detection of the AAb. Next to the detection of the AAbs, this method enables functional analyses.

The AAb found in glaucoma patients are of the IgG3 subclass. The antibodies that trigger effector functions, and that are most likely to be involved in immunoregulatory activity, are IgG3 and IgG1 (51). In addition, it is known that IgG3 is involved in antibody-dependent cellular cytotoxicity (52). Complement activation is most effective with IgG3 and, to a lesser extent, with IgG1, IgG2, and IgG4. Usually, complement binding and activation leads to destruction of the target structure. The plasma concentration of IgG3 is low, and its half-life is shorter than that of any of the other IgG-subclasses. Further investigations are necessary to elucidate whether complement activation and cell death are involved in the pathogenesis of glaucomatous diseases.

Recent studies support the hypothesis that glaucoma-associated neurodegenerative processes are partially caused by immune-mediated mechanisms (53–56). These studies report complex AAb repertoires in patients with glaucoma which were directed against retinal and optical nerve antigens. Such autoantibody reactivities were shown in optical nerve extracts from bovine eyes. The later findings are of interest in respect to ocular pressure-dependent and independent autoimmune responses. With regard to AAb-mediated immunoreactions, these pathomechanisms seem to be driven by inflammation.

The β2AR is one of the best investigated GPCR. The modulation of cardiac contractility is also mediated by β2AR, and its activation might have chronic effects on cellular metabolism, on cell growth, or on excitability (57). This receptor seems to be involved in allergic asthma, several cardiomyopathies, such as Chagas’ disease, and cardiac electrical disturbances (58–60). However, whereas the AAb in the case of Chagas disease were functionally active in cardiomyocytes, β2-AAb from asthmatic patients react in the opposite way. Respective loop analyses explained these findings; in the Chagas-related cardiac disorders the loop II was identified to be the target of AAbs, whereas in the asthmatic disease the loop III was recognized. Thus, it was concluded that the various extracellular loops of the β-AR are functionally linked to distinct antibody-mediated responses.

Several years ago, the effect of monoclonal antibodies directed against the second extracellular loop of the beta2 adrenoceptor was investigated. Interestingly, similar results were detected as seen with the AAbs prepared from the sera of glaucoma patients (61). The agonist-like effect of this mAB (6H8) was blocked by the specific β2-adrenergic antagonist ICI118.551 and a peptide HWYRATHQEAINCYANETC corresponding to the second extracellular loop of the β2-adrenoceptor. The β1-adrenoceptor antagonist bisoprolol was without influence. The AAb were directed against loop II and recognized the overlapping epitopes AINCYAN and ANETCCD. Considering that the peptide corresponding to the second extracellular loop and the short overlapping peptides cannot form the correct conformation of the extracellular loop, the anti-β2 receptor antibodies were pretreated with the peptides corresponding to the first, second or third extracellular loop for 1 h. Under these conditions, only the peptide that corresponds to the second extracellular loop was able to neutralize the AAb activity. The peptides of the first and third extracellular loops were without effect. Similar results we observed also for the short overlapping peptides with an amino acid sequence of 5–6 amino acids. In these experiments, the sequence (AINCYANETCCD) was able to neutralize the AAb action. Therefore, it is assumed that this sequence represents the epitope of the AAb on the second extracellular loop. Plasmon resonance and affinity purification confirmed the direct interaction of the AAb with loop II of the β2AR. The agonistic β2AR antibodies described here are good mechanistic candidates that might induce and maintain an elevated IOP as a critical step in the development of glaucomatous diseases.

In this study, we present first in vivo data of four patients with POAG that underwent IA in a pilot proof-of-principal study: glaucoma therapy is considered to be effective when IOP reduction is 20% from wash out baseline (62). Even not all patients in a study group must show a substantial IOP decrease of 20%, in cases when representative parts of the patients display even more than 20% IOP reduction. Thus, an IOP decrease could be observed in 3 of 4 patients after IA: patients 2 and 3 showed an IOP decrease of 27.8% (OD)/32.1% (OS) and 11% (OD)/46.3% (OS) using equal number of topical antiglaucomatous eye drops. An IOP decrease of 2.9% (OD) and 6.2% (OS) could be observed 12 months after IA in patient 4. As it is known that each single millimeter of mercury increases glaucoma progression rate about 12–13% (18) even the IOP decrease in this patient is important and enables winning sighted lifetime. The IOP of patient 4 is considered to be even lower after IA as the number of local antiglaucomatous eye drops decreased from 4 to 0, thus, measured IOP values under no local therapy can be seen as a lowered IOP after IA with even higher IOP under quadruple therapy before IA. Summarizing, immunoadsorption seemed to lower IOP or even number of antiglaucomatous therapy. Possibly, the decrease of IOP could even be larger, if β2AR AAbs are blocked specifically. Because IA is a non-specific method for adsorbing AAbs and other IgGs, several other AAb were removed in addition to the agonistic β2AR AAb. As known for other autoimmune diseases, AAb relapse. This effect was also seen in our patients. Detection of β2AR AAbs went along with an IOP increase (patients 2 and 4). The delay in the decrease of IOP might be possibly due to a re-sensitization of the β2AR in the absence of stimulating AAbs. In addition, the therapy was well tolerated and no adverse effects were observed.

The most important target of glaucoma treatment is elevated IOP. A large body of evidence has established the importance of the reduction of the IOP in the medical management of glaucomatous diseases (13–17, 63). The pathogenic damage of the optic nerve in POAG is not well understood. It is supposed to be associated with increased IOP, glutamate toxicity (64), interrupted transport of neutrophins (8), apoptosis (4, 65), extracellular matrix changes (5, 6), and hypoxia due to ocular and systemic vascular dysregulation (66).

The aqueous humor dynamic plays the major role in the regulation of IOP. Four factors maintain the steady-state IOP of the healthy eye. These are flow of aqueous humor, resistance to outflow, episcleral venous pressure (67), and uveoscleral outflow (68). The IOP reflects the balance between in- and outflow of aqueous humor. A major strategy in medical treatment of glaucoma is the reduction of inflow and, thereby, normalization of IOP. Understanding the mechanisms and regulation of inflow is, thus, of undoubted clinical relevance. Several mechanisms underlying increased inflow have been identified, however, the integration and regulation of these mechanisms is still elusive (69). The balance of in- and outflow of aqueous humor is modulated by the local β2AR activity and may be chronically influenced by agonistic AAbs.

Usually, night-time aqueous flows are approximately half of those observed at daytime in active humans (70–72). The ability of aqueous flow stimulation by epinephrine during night-time shows a low basal β-adrenergic stimulation during the night (23). Patients with POAG form in average 15% more aqueous humor/24 h than control subjects of the same age. This is due to a significantly higher aqueous flow in the night in comparison to control subjects (73). Thus, a β-adrenergic overdrive precludes the downregulation of the aqueous flow during the night. This observation is underlined by the lack of receptor desensitization by agonistic AAb displayed in Figure 3. Usually, β2AR agonists such as clenbuterol desensitize the receptor within 1–2 h (Figure 3B). By contrast, the β2AR AAb do not desensitize the β2AR in vitro for at least 5 h. This chronic β2-adrenergic stimulation may explain the higher aqueous flow and the elevation of the IOP in patients with POAG. Alteration of the circadian rhythm of IOP in POAG can be explained by the presence of AAb. The lack of tachyphylaxia was also observed for agonistic antibodies against anti-β1AR-, anti-α1AR-, anti-AT1-, and anti-muscarinic M2 receptor in several cardiovascular diseases (74, 75).

The AAb might also play a modulatory role in the aqueous outflow. Putney et al. (76) found an increase of cell volume of trabecular meshwork cells via Na+-K+-Cl− cotransporters in glaucoma leading to a reduced outflow. As β-adrenergic stimulation results in an activation of Na+-K+-Cl− cotransporters, agonistic AAb might also contribute to reduced outflow facility.

An “organ specificity” for the AAb against the β2AR can be assumed as patients of glaucoma suffered not of other diseases, which can be caused by these AAb (e.g., allergic asthma). It can be hypothesized that the chemical surrounding has to be changed before the autoantibodies can act specifically. Previous data showed that the βAR is not accessible for the AAb under adequate oxygen conditions. However, the βAR seemed to be unmasked, if ischemia occurred (77, 78). This could be a potential reason as glaucoma is hypothesized to be a disorder with local ischemia (79).

The data presented here offer another insight into eye disorders associated with high IOP. The newly identified AAb against the β2AR were exclusively found in the sera of patients with POAG and OHT but neither in those with cataract, nor in controls. Based on these observations, we suggest that these AAbs are not only immunological markers with a high incidence in POAG and OHT, but might also be pathomechanistically relevant β2AR activating molecules. The common, broadly successful therapy with β2AR antagonists further supports the idea that AAb-mediated mechanisms might be of pathogenic importance. In addition to their effect on IOP, the AAb might also have a direct effect on retinal ganglion cells as β-adrenoreceptor antagonists showed neuroprotective properties (80).

CONCLUSION

In patients with POAG and OHT, however, not in controls, agonistic AAb directed to β2AR were detected. These AAb interacted with the second extracellular loop of β2AR (peptides 181–187 and 186–192), thus functionally different links to distinct antibody-mediated responses are assumed. Data of our clinical pilot proof-of-principal study might suggest that a reduction of total IgG, including AABs against β2AR (IgG3 isotype) by IA, transiently decreases IOP. These findings might indicate a possible role of these AAb in the dynamics of aqueous humor and might support a contribution of adaptive autoimmunity in the etiopathogenesis of POAG and OHT. A specific blocking of AABs against β2AR might be of interest for further studies.
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Introduction: Recent reports proposed the application of immunoadsorption (IA) for patients with recalcitrant atopic dermatitis (AD) and high-serum IgE levels. However, experience with this novel treatment approach, especially with the newly available IgE-specific adsorber, is limited and recommendation for its use in clinical practice awaits evidence from more studies.

Materials and methods: Patients with severe AD (SCORAD ≥ 60) and total serum IgE levels ≥750 kU/L were included in this study. The treatment protocol consisted of two cycles of five consecutive treatments with IgE-selective IA 3 weeks apart.

Results: Ten patients were enrolled and four patients completed the study. The mean SCORAD was significantly improved by up to 43% within a few weeks and until the end of a 6-month follow-up period, with 50% of patients achieving an at least 50% individual reduction of the baseline SCORAD. Each IA cycle induced a temporal average decrement of total serum levels of IgE, IgM, IgA, and IgG by 92, 43, 38, and 35%, respectively. Except for one case of Staphylococcus aureus septicemia, no major adverse events occurred.

Conclusion: Although limited by a considerable withdrawal rate, our observations strengthen our and other recent results further suggesting that IgE-selective IA is an effective treatment option for patients severely affected by AD with highly elevated IgE levels.
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INTRODUCTION

Atopic dermatitis (AD) is characterized by pruritic, eczematous skin lesions, and is commonly associated with elevated serum IgE levels. AD can considerably impact the patient’s quality of life and is one of the most frequent chronic inflammatory cutaneous disorders. For patients who are severely affected by the disease, conventional immunosuppressive treatments may not show uniform efficacy and can be limited by severe side effects (1).

Although the role of IgE in the pathophysiology of AD is not fully understood, sequestering free IgE by the anti-IgE monoclonal antibody omalizumab showed some clinical benefit in AD patients with poor response to traditional therapy (2). However, studies of this treatment have yielded controversial results. A recent systematic review and meta-analysis of the efficacy of omalizumab in 103 AD patients from 13 studies revealed that serum IgE concentrations of >700 kU/L were associated with less-favorable clinical responses compared with lower levels (2). The limited effect of omalizumab in AD patients with high total IgE serum levels may be related to insufficient IgE neutralization by omalizumab. The recommended dosing table for omalizumab is limited to 150–1,200 mg/month, according to total IgE concentrations within a range between 30 and 1,500 kU/L (3).

While adjuvant immunoadsorption (IA) has been introduced in dermatology by its successful application in patients with severe and/or refractory pemphigus (4), its use in AD is still limited to individual centers. We and others, however, have recently demonstrated that IA may represent an alternative IgE depletion method in patients with very high IgE concentrations leading to normalization of cutaneous inflammation parameters and clinical improvement of AD (5–9). While panimmunoglobulin IA was initially employed, an IgE-specific adsorber column has more recently become available (6, 9). Since experience with this novel treatment approach in AD is limited and recommendation for its use in clinical practice will require more clinical data, we employed IgE-selective IA in a further series of patients with severe AD and considerably elevated serum IgE levels. For this group of patients, there still remains a large unmet medical need for powerful new treatment options.

MATERIALS AND METHODS

Patients

In this study, 10 patients (seven males and three females, mean age 40.3 ± 18.7, range 18–70 years) with severe AD [mean SCORAD (SCORing AD index) 67.5 ± 5.4, range 61.5–81] and greatly elevated serum IgE levels (mean 5,377.7 ± 6,775.3 kU/L, range 931–21,510 kU/L) were enrolled at the Department of Dermatology of the University of Lübeck. The inclusion criteria were as follows: (1) severe AD, i.e., SCORAD ≥ 60, requiring systemic immunosuppressive treatment, (2) total serum IgE level ≥750 kU/L, and (3) ≥18 years of age. The exclusion criteria were as follows: (1) known hypersensitivity or allergy to materials used in the adsorber columns, (2) no possibility of an adequate anticoagulation (e.g., multiple allergies to various anticoagulants), (3) bleeding disorders including hypo- and hypercoagulabilities, (4) severe cardiovascular disease (cardiac failure, NYHA III and IV), (5) severe systemic infections extending beyond skin, (6) serum IgG level <250 mg/dL, (7) severe immunodeficiency (e.g., AIDS), (8) treatment with an angiotensin-converting enzyme inhibitor that could not be omitted 72 h before IA, and (9) pregnancy. The majority of patients had previously not adequately responded to or had side effects from treatment with systemic corticosteroids and/or cyclosporine A. Written informed consent was obtained from all patients before participation in this study, which was approved by the ethics committee of the University of Lübeck and followed the Declaration of Helsinki.

Treatment

Two cycles of five IA sessions on days 1 to 5 (week 1) and days 29 to 33 (week 5) were performed as described previously (5, 6), except for one patient in whom the second cycle was split into two parts (2 × IA and 3 × IA 2 weeks apart) because of an adverse event. In each IA, plasma was separated using a blood cell separation technique (Life-18 Apheresis Unit; Miltenyi Biotec, Bergisch Glattbach, Germany) followed by alternate application of two patient plasma volumes to two adsorption columns (30–35 cycles of approximately 8,000 mL separated plasma) containing monoclonal mouse anti-human IgE (TheraSorb®-IgE; Miltenyi Biotec).

In half of the patients, a peripheral venous catheter was used, and in the other half, central venous access was required due to difficult peripheral veins. Patients receiving a central venous catheter were instructed to prophylactically apply topical fusidic acid to the neck area for 3 days before each IA cycle. Previous topical [corticosteroids (n = 9 patients in total; class I: n = 1, class II: n = 1, class III: n = 1, class IV: n = 3, class V: n = 2, class VII: n = 3), calcineurin inhibitors (n = 1; tacrolimus)] and/or systemic treatments [antihistamines (n = 5 patients in total; cetirizine 10–20 mg/day: n = 3, hydroxyzine 25 mg/day: n = 3, desloratadine 20 mg/day: n = 1, loratadine 20 mg/day: n = 1), corticosteroids (n = 1; prednisolone 10 mg/day), cyclosporine A (n = 0)] were initially continued without change of frequency and/or dosage and were subsequently allowed to be modified as needed.

Clinical and Laboratory Examinations

Patients were prospectively assessed by dermatologists both as inpatients (on the days when IA was performed) and outpatients at the Department of Dermatology of the University of Lübeck. During a follow-up period of up to 6 months following IA (weeks 1, 3, 5, 9, 13, 17, and 25), the SCORAD index was applied to evaluate the clinical course of the patients. Additionally, the use of concomitant therapy for AD and adverse events were documented. Total levels of serum IgE, IgG, IgM, and IgA were measured before and after IA using the UniCAP system (Phadia; IgE) and the BN Prospec Nephelometer system (Siemens; IgG, IgM, and IgA) (5).

Statistical Analyses

Data are presented as means ± SD (SCORAD) and box-and-whisker plots (serum immunoglobulins). Repeated measurements of SCORAD were compared with baseline values using one-way ANOVA, with P < 0.05 considered statistically significant.

RESULTS

Clinical Course

Of the 10 patients enrolled, two patients withdrew from the study due to an adverse event (central venous catheter-associated Staphylococcus aureus septicemia and pain related to intravenous catheter insertion, respectively) during the first IA cycle. Two other patients dropped out because of a coping/compliance problem and absence from follow-up examinations in week 5, but were included in the analysis. Other adverse events included fatigue in one patient necessitating to split the second IA cycle into two parts and edema formation of the hands and feet in another patient. Otherwise, IA was relatively well tolerated.

The mean initial SCORAD (68.3 ± 5.7) improved significantly by 19% at week 3 (to a mean score of 54.5 ± 9.9; p < 0.05), by 29% at week 5 (to a mean score of 48.0 ± 10.7; p < 0.001), by 43% at week 9 (to a mean score of 38.9 ± 18.5; p < 0.001), by 21% at week 13 (to a mean score of 54.0 ± 8.0 p < 0.05), by 25% at week 17 (to a mean score of 50.6 ± 14.2; p < 0.01), and by 29% at week 25 (to a mean score of 48.2 ± 13.1; p < 0.01), with individual maximal SCORAD reductions ranging from 15 to 80% and a SCORAD50 response (i.e., an at least 50% reduction of the baseline SCORAD) in 50% of patients. A slight increase in the mean SCORAD was observed in week 13, although by this time and later, only 3–4 patients could be analyzed as the remainder had dropped out or was additionally lost to follow-up (Table 1; Figures 1 and 2).

TABLE 1 | Individual SCORAD values of the analyzed study patients.
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FIGURE 1 | Representative presentation of a study patient before (week 1) and after immunoadsorption (IA) (week 3).
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FIGURE 2 | Time-dependent mean SCORAD changes following immunoadsorption (IA). n = 3–8 patients (8, 5, 8, 5, 3, 3, and 4 patients at week 1, 3, 5, 9, 13, 17, and 25, respectively). *P < 0.05, **P < 0.01, and ***P < 0.001.



There were generally no major changes in the use of the previously prescribed topical and systemic medications during the study, except for one patient in whom cyclosporine A (250 mg/day) was reinitiated because of worsening of the disease in week 17.

Serum Immunoglobulin Levels

Each IA cycle induced an average decrement of total IgE levels by 92%. Less substantial reductions in IgM, IgA, and IgG were found, with means of 43, 38, and 35%, respectively. Levels of all immunoglobulins were lowered only transiently and reached similar precycle values again (Figure 3).
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FIGURE 3 | Effects of immunoadsorption (IA) on serum immunoglobulin levels. Box plots of peripheral IgE, IgM, IgA, and IgG levels of the study patients before and after each IA cycle; n = 6–8 patients (varying by time point and analyte).



DISCUSSION

We recently reported a successful response of a series of treatment-refractory AD patients with excessively high-serum IgE levels to panimmunoglobulin IA and two such patients to IgE-selective IA (5, 6). Using the same treatment protocol of two cycles of five apheresis sessions as in these previous case series, this new study with a further cohort of patients with severe AD and greatly elevated IgE levels extends our knowledge regarding the efficacy of IgE-specific IA. Although somewhat lower mean SCORAD reductions were observed compared with our two preceding reports (e.g., by 19% and 33–38% at week 3 and by 21% and 53–59% at week 13, respectively) (5, 6), the observed clinical improvements were still constantly significant at all examination time points including the last follow-up week 25 compared with baseline.

Recently, an independent head-to-head comparison trial of three cycles of a total of 10 IA sessions of either panimmunoglobulin IA or IgE-selective IA applied over a 2-month period in patients with severe AD with excessive IgE levels revealed that there are no major differences in the positive clinical response between the two different IA treatment groups (9).

Like in our two previous studies (5, 6), serum IgE levels were effectively but transiently reduced by a mean of more than 90% with each IA cycle. In contrast to panimmunoglobulin IA which decreased all other immunoglobulin isotypes to a similar degree (5), serum concentrations of IgM, IgA, and IgG were found to be reduced by only less than half with the IgE-selective adsorber. This latter finding is considered to be nonspecific and has been attributed to IA-related elution and dilution procedures as reported before (6, 9).

Correlation between serum IgE levels and AD severity has been suggested, but study results are partly conflicting (10, 11). A recent study combining panimmunoglobulin IA for 2–4 days with subsequent biweekly omalizumab treatment for 6 months showed that after initial reduction in total serum IgE levels by IA, free IgE levels continued to fall during omalizumab administration and began to increase again during treatment-free follow-up. In addition, in parallel with free IgE levels, an improvement in AD was found during the treatment period, with aggravation during follow-up (8). On the other hand, we and others showed that a prolonged decrease of the SCORAD is not hampered by the commonly seen reincrease in serum IgE that occurs within a relatively short time after IA (5–7, 9). Since in our initial study, an IA-induced continuous reduction of the amount of skin-bound IgE was observed, which correlated with histoimmunological and clinical improvements (5), we speculate that this indirect effect rather than a sole impact of IA on circulating IgE contributes to amelioration of AD. In fact, omalizumab has been previously shown to interfere with antigen processing and presentation to T cells by downregulating IgE-Fcε receptor I expression on dendritic cells (12). Nevertheless, the role of circulating and tissue-bound IgE in the pathogenesis and disease activity of AD as well as the detailed mechanistic interaction of IA with IgE-associated processes in this disease remain in need of further elucidation.

It also remains to be clarified which kind of IA protocol is best suited for AD patients and how long they can ultimately benefit from this treatment. The published trials so far using different IA protocols with follow-up times ranging from 3 to 18 months uniformly revealed a satisfactory initial linear response after treatment (5–9). Results from this current study and our former two reports indicate that IA treatment results in continuous and stable clinical improvements of at least 3–6 months (5, 6), although some minor reincreases in the SCORAD were observed during the second half of the extended observation timeframe (from 3 months in the panimmunglobulin IA trial up to 6 months) in this and our previous IgE-selective IA case series (6). However, this slight worsening in the mean disease severity observed in the current investigation, which was still significantly lower than before initiation of IA, could be at least partly explained by a potential bias due to the relatively high proportion of patients who dropped out or were additionally lost to follow-up during this time period. In fact, the considerable withdrawal rate, the observation that concomitant AD treatment was basically not reduced or discontinued during the study, and the lack of an appropriate control group represent major limitations in judging the effects of adjuvant IA in this patient cohort.

In the study by Reich et al. (9), clinical effects remained stable until 6 months of follow-up in the IgE-selective IA group and slightly reincreased toward the last visit in the panimmunoglobulin arm. As mentioned before, the IA-omalizumab combinatory study revealed a steady decrease in the SCORAD throughout the 6-month treatment period, whereas a reverse trend was observed during follow-up of another 6 months (8). Finally, a study that investigated the efficacy of 1–5 series of panimmunoglobulin IA, each consisting of five consecutive treatments performed on a monthly regimen, revealed no additional benefit with regard to further SCORAD improvement when more than three series were applied. However, one of the patients of this study who completed five IA series exhibited a long lasting clinical benefit over 12 months (7).

A shortcoming of panimmunoglobulin IA is the patient’s potential risk of infections because of the parallel reduction of protective immunoglobulins. In fact, in the study directly comparing unspecific with specific IA in AD, infectious adverse events were limited to the panimmunoglobulin group and comprised herpes labialis/keratitis and bacterial conjunctivitis/sinusitis (9). In contrast, however, a central venous catheter-related S. aureus septicemia was observed in both our previous and current study using the nonselective and selective adsorber, respectively (5). Thus, even with IgE-specific IA, a thorough risk-benefit assessment is advised especially for patients in whom a peripheral venous access is not possible, considering that AD is strongly associated with increased susceptibility to skin infections by this bacterial pathogen.

In conclusion, our observations strengthen our and other recent results further suggesting that IgE-selective IA is an effective treatment option for patients severely affected by AD with highly elevated IgE levels. However, given the limitations of this study, including the relatively small number of patients, these results should certainly be considered suggestive rather than definite. In fact, considering that IA has only recently been introduced and that it represents a so far restrictedly used new treatment method for AD, information on efficacy and safety currently still relies on low-level evidence case series. Nevertheless, collection of available data even from these small studies, including the current one, may be important for future meta-analyses or systematic reviews to generate better estimates of the treatment outcomes and may also serve as basis for a potential randomized controlled trial. Thus, future investigations are required to better characterize, among others, the long-term effects and cost–benefit (approximately 6,000 euro for a reusable TheraSorb®-IgE adsorber column pair allowing for up to 10 treatment sessions) of IA in AD, for which more optimized treatment protocols still need to be defined.
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IgG4 autoimmune diseases are characterized by the presence of antigen-specific autoantibodies of the IgG4 subclass and contain well-characterized diseases such as muscle-specific kinase myasthenia gravis, pemphigus, and thrombotic thrombocytopenic purpura. In recent years, several new diseases were identified, and by now 14 antigens targeted by IgG4 autoantibodies have been described. The IgG4 subclass is considered immunologically inert and functionally monovalent due to structural differences compared to other IgG subclasses. IgG4 usually arises after chronic exposure to antigen and competes with other antibody species, thus “blocking” their pathogenic effector mechanisms. Accordingly, in the context of IgG4 autoimmunity, the pathogenicity of IgG4 is associated with blocking of enzymatic activity or protein–protein interactions of the target antigen. Pathogenicity of IgG4 autoantibodies has not yet been systematically analyzed in IgG4 autoimmune diseases. Here, we establish a modified classification system based on Witebsky’s postulates to determine IgG4 pathogenicity in IgG4 autoimmune diseases, review characteristics and pathogenic mechanisms of IgG4 in these disorders, and also investigate the contribution of other antibody entities to pathophysiology by additional mechanisms. As a result, three classes of IgG4 autoimmune diseases emerge: class I where IgG4 pathogenicity is validated by the use of subclass-specific autoantibodies in animal models and/or in vitro models of pathogenicity; class II where IgG4 pathogenicity is highly suspected but lack validation by the use of subclass specific antibodies in in vitro models of pathogenicity or animal models; and class III with insufficient data or a pathogenic mechanism associated with multivalent antigen binding. Five out of the 14 IgG4 antigens were validated as class I, five as class II, and four as class III. Antibodies of other IgG subclasses or immunoglobulin classes were present in several diseases and could contribute additional pathogenic mechanisms.

Keywords: IgG4 autoimmunity, IgG4, autoimmunity, neuronal autoantibodies, muscle-specific kinase myasthenia gravis, thrombotic thrombocytopenic purpura, pemphigus, IgG4-related disease

INTRODUCTION

Autoantibodies are key pathogenic players in a wide range of autoimmune diseases. Immunoglobulins (Ig) of IgG or IgM class that bind either to cell surface-expressed or extracellular matrix antigens induce organ-specific damage in type II hypersensitivity diseases. More systemic autoimmune diseases are classified as type III hypersensitivity diseases and are characterized by circulating IgG and IgM as well as IgA that binds soluble antigen and forms immune complexes. Antibody-mediated autoimmune diseases include many different pathogenic mechanisms [reviewed in detail by Ref. (1)]. Among these are complement activation, recruitment of immune cells via Fc receptors (leading to antibody-dependent cellular cytotoxicity, opsonization, phagocytosis, and overall immune-mediated damage and inflammation), cross-linking of antigen that leads to immune complex formation or endocytosis of transmembrane antigen, or the direct modulation of antigen function. With the exception of the latter, these mechanisms rely on antibody class and subclass, particularly on the sequence and structure of the constant regions. Single amino acids in the constant region of IgG4 are responsible for structural differences that render it unable to exert most of the known pathogenic functions of antibodies. Despite their immunological inertness, several well-described autoimmune diseases are caused by IgG4 subclass autoantibodies, such as pemphigus, muscle-specific kinase (MuSK) myasthenia gravis (MG), and thrombotic thrombocytopenic purpura (TTP), and in recent years the number of potential IgG4 autoimmune diseases has rapidly grown. By now, 14 autoantigens are known that are targeted by IgG4 subclass autoantibodies; these antigens are found throughout the body (Table 1), with more than half being located in the central and peripheral nervous system. Whether all of the newly described IgG4 autoantibodies are pathogenic at all, if so by what mechanism, and if they are the sole pathogenic entity in their disease are essential questions that have been addressed to variable extent in the different fields. Here, we review what is known about IgG4 autoantibodies within the scope of IgG4 autoimmunity and attempt to analyze and classify proposed IgG4 autoimmune diseases based on a set of modified Witebsky postulates to validate IgG4 pathogenicity.

TABLE 1 | Classification of IgG4 autoimmune diseases.
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IgG4: FROM STRUCTURE TO FUNCTION

IgG4 Structure

IgG is the predominant antibody class and one of the most abundant glycoproteins in the human plasma with concentrations of approximately 7–15 g/L. In humans, four subclasses are known, IgG1, 2, 3 and 4, which are named in descending order of frequency (136). IgG4 is the least common IgG subclass, comprising only 5% of total IgG (137, 138). It is important to keep in mind that there is a different distribution in mice which are often used as animal models for pathogenicity, here the IgG1 subclass is the non-complement fixing subclass equivalent to IgG4, and in addition there are complement fixing IgG2a, IgG2b, and IgG3 subclasses (139–141). Also, there is different capability of human IgG to bind to rodent complement or Fc receptors, which needs to be considered in passive transfer models, e.g., by additional transfer of human complement (142).

The four human IgG subclasses share a similar structure with over 90% sequence homology. IgGs are heterotetramers, consisting of two heavy (50 kDa) and two light chains (25 kDa) of either κ or λ type. The heavy chain consists of three constant domains (CH) that mediate the antibody effector functions, a hinge region between CH1 and CH2, and one N-terminal variable domain (VH), which recognizes antigen. Similarly, the light chain is comprised of one variable (VL) antigen binding and one constant (CL) region. The VH contains three complementarity-determining regions (CDR 1–3). These three CDRs, and particularly the CDR3, are hypervariable to allow for improved and highly specific binding of antigen. Increased mutation rates at this genetic locus indicate antigen-driven somatic mutations.

Disulfide bridges connect the light and heavy chains to form half-antibodies (HL), and two HL are joined together by covalent and non-covalent interactions between the heavy chains to form a whole antibody (H2L2). The heavy chains are mainly connected by disulfide bridges in the hinge region, which vary in numbers between the IgG subclasses. IgG1 and IgG4 have two disulfide bridges in the hinge region, while IgG2 has four and IgG3 11 (143–145). The disulfide bonds that connect heavy and light chains also vary between subclasses, in IgG1 they connect the n-term of the CL domain with the c-term of the CH1 domain, while in IgG2–4 the c-term of the CL domain is connected to the n-term of the CH1 region.

Upon enzymatic digestion with papain, antibodies are divided into three fragments, one Fc fragment (“Fragment crystallized”), consisting of the CH2–CH3 of both heavy chains including the hinge, and two Fab fragments (“Fragment, antigen binding”), consisting of the CH1, VH, CL, and VL. The corresponding regions in the intact antibody are thus named “Fab” or “Fc” region [Figure 1A, reviewed by Ref. (146)]. Particularly interesting in IgG4 is the hinge and Fc region; while there is a high degree of homology between the IgG subclasses, there are single amino acid differences that have immediate consequences for IgG4 structure and effector function.
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FIGURE 1 | The structure of IgG4 allows for Fab-arm exchange (FAE). (A) Structure of IgG4. One single amino acid change in the IgG4 hinge allows for greater structural flexibility and two different hinge isomers, with either interchain disulfide bonds that connect the two different heavy chains, or intrachain disulfide bridges within the same heavy chains. Under reducing conditions, the two isoforms are in a dynamic equilibrium. Figure adapted from Ref. (147). (B) When the two half-antibodies (HL) are not connected by interchain disulfide bonds they can then split up. HL of different idiotypes recombine randomly, resulting in antibodies that recognize two different antigens and are bispecific. (C) Antibodies are produced with light chains of either κ or λ type. Upon FAE, antibodies with both κ and λ light chains can be generated.



Functional Characteristics of IgG4: Immunological Inertness and Fab-Arm Exchange (FAE)

Single amino acid changes in the CH2 region (exchange of a proline for a serine at position 331, “P331S”) prevent binding of the protein C1q (148, 149), the initial binding molecule of the classic complement cascade, and together with further changes (single amino acid replacements of L234F, P331S, and A327G) also cause a reduced binding to activating Fcγ receptors, but not to the inhibitory FcγRIIb (150–155). The exchange of a proline for a serine in the IgG4 hinge region at position 228 compared to IgG1 (P228S) leads to greater stereometric flexibility. This flexibility allows disulfide bridges in the hinge to additionally form within the same heavy chain (“intra-chain” disulfide bonds) instead connecting the two heavy chains (“inter-chain” disulfide bonds). Under reducing conditions, these states are dynamic and in equilibrium [Figure 1A (156–158)]. Together with reduced non-covalent interactions between the heavy chains in the CH3 region caused by an arginine instead of lysine (R409K) (159, 160), the two HL can dissociate (161–163) and recombine with other HL, in a process termed FAE [Figure 1B (161, 164–166)]. The resulting antibodies are bispecific and can cross-link two different antigens instead of two antigens of the same kind [Figure 1B (166, 167)]. As a consequence, IgG4 is not able to activate the classic complement pathway or activate immune cells as discussed in the part of the protective role of IgG4 in immunity. The following reviews are suggested for further reading on IgG4 structure (147, 168–170).

FAE: Regulation and Kinetics

Fab-arm exchange seems to occur spontaneously in the body, since antibodies that are bispecific for two different allergens can be found in allergy patients (166). Here, endogenous IgG4 was able to cross-link two different allergens suggesting that an exchange between two distinct allergen-specific IgG4 molecules (birch and cat allergen) had taken place. FAE also occurred between human IgG and therapeutic, humanized antibodies (natalizumab) given as therapy to patients; here, the therapeutic antibodies exchanged half-molecules in vivo with endogenous IgG4 (171, 172). Bi-specific IgG4 was also detected in healthy probands, as IgG4 possessing both a λ and a κ light chain simultaneously was found in their serum [Figure 1C (173)]. FAE is inducible in vitro using reducing agents, such as glutathione (GSH) at concentrations of 1 mM and less (166, 171, 174–176). It is not known if and how FAE is regulated, or where it occurs in the body. The concentrations of GSH in human serum are too low to allow for efficient FAE, but other yet unidentified compartments in the body might provide the required GSH concentrations, e.g., human red blood cells, as they contain approximately 1 mM GSH (177).

In vitro-induced FAE occurs rapidly, in less than an hour (167), but in vivo it could take hours to days. The therapeutic monoclonal anti-integrin antibody natalizumab was found to exchange Fab arms in patients with endogenous IgG4 (172), with quantitative data obtained by injection of natalizumab into rats demonstrated an exchange half-life of less than 6 h (178). Human IgG4 has a metabolic half-life of around 21 days (179). Calculations led by Peter Molenaar based on these findings using first-order kinetics suggest that up to 99% of IgG4 should be bispecific in the body (17). There is further evidence: in IgG4 the κ light chain is more commonly used with a 3:1 κ: λ ratio. After FAE, IgG4 can harbor a κ and a λ light chain simultaneously (Figure 1C). The chance of a κ-half molecule to exchange with another κ-half-molecule is, therefore, more likely than the exchange with a λ-half-molecule, leading to a “silent” bispecificity hidden in the κ/κ and λ/λ fractions (173). The exchange is thought to be random. Calculating recombination probabilities using a Punnet square and assuming a 100% exchange rate, we expect a ratio of 9:6:1 (κ/κ:κ/λ:λ/λ). That means 37.5% of IgG4 would be κ/λ bispecific, which is close to the values measured in one study with healthy individuals (173). Taken together, it suggests that the majority of IgG4 in the human body is bispecific under normal circumstances. Despite the reduced avidity of IgG4, autoantibody binding can be demonstrated in tissue- and cell-based assays in vitro, e.g (3, 72, 88, 99)., perhaps due to the high affinity of the antibody with a Kd that can be in the picomolar range (180). Bispecificity also has functional consequences, as bispecific IgG4 is unable to divalently bind and cross-link one single species of antigen.

IgG4 Fc–Fc Interactions

The Fc region of IgG4 is also able to directly interact with IgG by Fc–Fc interactions, but only if the binding partner is immobilized on a solid phase (181–183). The relevance of this interaction is not understood, but notably occurs in rheumatoid arthritis, IgG4-related disease (IgG4-RLD), and membranous nephropathy (MN), the latter being proposed as an IgG4 autoimmune disease (184–186). It is possible that IgG4 containing immune complexes could form by this mechanism; these would not otherwise form by divalent binding and cross-linking due to the bispecificity of the antibody (163). Modifications of the Fc region of IgG4 induced the formation of artificial hexameric complexes via non-covalent interactions that were able to bind C1q and activate the classical complement pathway (187). Whether this is relevant for pathophysiology of IgG4 is unclear.

IgG4 Has a Protective Role in Immunity

IgG4 and IgE are usually produced in response to chronic exposure to antigens (188). The production of IgE and IgG4 is stimulated by Th2 cytokines IL-4 and IL-13. Furthermore, the additional presence of IL-10 is thought to tip the balance toward IgG4 production and IgE inhibition (189–192). In addition, secretion of IL-10 by regulatory T cells was also found to induce IgG4 rather than IgG1 production (193) and a majority of isolated IL-10-producing regulatory B cells produced IgG4 in contrast to other B-cell subsets (194). These findings link IgG4 with anti-inflammatory tolerance mechanisms [discussed in more detail here (147)]. At present, most literature reveals that IgG4 has an anti-inflammatory function. It has been shown that its levels only rise slowly after chronic exposure to antigen (195–197) or after allergy immunotherapy (198). Thereafter, IgG4 seems to protect against antibodies of other IgG subclasses by competition for antigen without exerting an effector function, thus blocking the epitope to prevent the harmful effect of other antibody classes or subclasses [Figure 2 (196–204)]. It has also been shown that passive transfer of IgG4 derived from hyperimmune beekeepers is clinically protective in allergy patients (205, 206) and protects mice from the effects of lethal africanized honey bee venom (207). Similarly, IgG4 subclass autoantibodies against the AChR protect against the pathogenic effects of IgG1 of the same idiotype in rhesus monkeys (166). The immunological inertness and the anti-inflammatory effect of IgG4 make it an unlikely subclass in the context of autoimmunity (Figure 2). In many cases [although there are exceptions (49)], antigen cross-linking and endocytosis in the context of autoimmunity rely on divalent binding [Figure 2 (208–213)], which IgG4 cannot do (2, 3, 166). IgG4 does not form immune complexes that would stimulate antigen-presenting cells and mount an immune response nor does it activate the classical complement system (166, 170, 214). Furthermore, IgG4 inhibits immune precipitation by IgG1 antibodies (163, 200). Only pathogenic mechanisms that are independent of Fc effector functions can be exerted by IgG4, e.g., a block of protein–protein interaction or a direct activation or inactivation of enzymes or receptors by competitive or allosteric binding (Figure 3A).
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FIGURE 2 | IgG4 autoantibodies rely on pathogenic mechanisms that are independent of Fc effector function or multivalent binding.
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FIGURE 3 | Selected pathogenic mechanisms of IgG autoantibodies. (A) Pathogenic mechanisms of IgG4 autoantibodies. * = hypogalactosylated glycan side chain of IgG4. (B) Selected pathogenic mechanisms of IgG1–3 autoantibodies.



DEFINITION AND VALIDATION OF IgG4 AUTOIMMUNE DISEASES

Autoantibodies are in general considered pathogenic when they bind an extracellular antigen in the target organ, e.g., the extracellular portion of a transmembrane antigen, and have a direct pathogenic effect, either directly on the target antigen (e.g., by induction of endocytosis or blocking of antigen function) or on the whole organ by recruitment and activation of complement or immune cells that attack the tissue (1, 215). Antibodies against intracellular antigens are not considered to be pathogenic as they are generally inaccessible (215), although they can be valuable biomarkers (216). IgG4 subclass autoantibodies are certainly unexpected culprits in autoimmunity. Particularly, as IgG4 can arise during an immune-dampening response to pathogenic antibodies of other classes and subclasses, candidate diseases should be carefully investigated to determine the pathogenic status of autoreactive IgG4. Using a modification of the postulates by Witebsky, Rose and Bona, and taking into account remarks by Naparstek and Plotz (215, 217, 218), the individual IgG4 autoantibodies in IgG4 autoimmunity were tested to validate the status of IgG4 autoimmunity.

Several aspects should be considered to define IgG4 autoimmunity:

(A) Indicators for antibody-mediated autoimmunity

1. Autoantibodies with specificity for an extracellular antigen are present in the affected organ.

2. A pathogenic mechanism for antibodies is demonstrated in vitro.

3. The autoimmune disease can be reproduced in experimental animals by passive transfer of patient serum or purified abs or active immunization with antigen.

4. Clinical cues for autoimmunity are present such as HLA association, genetic clustering of other autoimmune diseases in the family, and the clinical improvement of the patients after therapies that reduce autoantibody levels, such as plasma exchange or B-cell depletion therapy.

(B) Specific indicators for IgG4 pathogenicity

1. Autoantibodies of IgG4 subclass against extracellular antigen are present.

2. A pathogenic mechanism for IgG4 can be demonstrated in vitro. IgG4 could be purified from patient serum, and the purity of isolated IgG4 should be validated; ideally also the IgG4-depleted IgG1–3 fraction should be used as a control group to ensure the effects derived from IgG4. Alternatively, cloned patient antibodies from IgG4+ B-cells could be used, although these may not be representative of the whole autoimmune B-cell population.

3. Reproduction of disease in animals by passive transfer of purified IgG4 from patients, monoclonal IgG or single chain variable region fragments (scFv) cloned from IgG4+ B-cells of patients.

The 14 proposed IgG4 autoantibodies and their associated diseases were evaluated according to these aspects (Table 1). With particular focus on the pathogenicity of IgG4 autoantibodies, three classes emerged with different levels of evidence and also with different likeliness of IgG4 pathogenicity. Class I diseases fulfill two or three postulates of IgG4 pathogenicity (B.1–3), here the pathogenicity of IgG4 autoantibodies could be proven by passive transfer of patient IgG4, or an IgG4 pathogenic mechanism was demonstrated in vitro (in most cases this is was a blocking effect). Class II diseases fulfill one postulate for IgG4 pathogenicity (B.1), but there exists substantial circumstantial evidence that would be in line with pathogenicity of IgG4. Examples would be if IgG4 levels correlated with disease severity or the presence of a known pathogenic mechanism that relies on functional blocking. Class III diseases still fulfill one postulate of IgG4 pathogenicity (B.1) but have the least supportive evidence for IgG4 pathogenicity, either because the pathogenic mechanism relies on divalent binding or is unknown. At this point, a conclusion regarding IgG4 pathogenicity cannot be drawn for class II and III diseases, and more studies are required to validate pathogenicity of their IgG4 autoantibodies.

Class I Diseases

One of the best-studied IgG4-mediated diseases is pemphigus. Here, autoantibodies bind to transmembrane proteins of keratinocytes, which leads to loss of cell–cell adhesion and blistering of the skin (acantholysis). The antigenic targets define different subforms of disease. In pemphigus foliaceus, the antigenic target is desmoglein 1 (Dsg1), which is expressed at high concentrations in the superficial layers of the epidermis; in pemphigus vulgaris, the mucosal-dominant type antibodies target desmoglein 3 (Dsg3) in basal and parabasal layers of the skin. Patients with pemphigus vulgaris of the mucocutaneous type have antibodies against both Dsg1 and Dsg3 (38, 39). Anti-Dsg autoantibodies are predominantly IgG4 (36, 37). They bind to extracellular epitopes and disrupt cell–cell adhesion, as seen in vitro where they induced cell sheet dissociation of cultured human keratinocytes (57, 219) and human skin explants (51). Additionally, the disease could be reproduced by passive transfer of monoclonal patient-derived antibodies that were of IgG4 subclass (42, 43). This means that pathogenicity of IgG4 could be demonstrated in the absence of patient antibodies of other IgG subclasses. Also, depletion of IgG4 reduced pathogenicity of patient serum in one study (220). Nevertheless, this does not mean that IgG4 is the exclusive pathogenic entity, and one study demonstrated that cloned patient IgG1 against Dsg3 was as pathogenic as IgG4 (221). The role of other IgG subclasses in IgG4 autoimmunity is discussed below in more detail. There are in fact several different disease models to investigate pathophysiology of pemphigus by passive or adoptive transfer [reviewed by Ref. (52)]. Maternal antibodies can also transfer to the fetus and cause neonatal pemphigus (54). Antibodies to Dsg1/3 may also affect signal transduction pathways that affect cytoskeleton rearrangement and modulate cell adhesion in keratinocytes, and several targets have been proposed (51, 222–228). Indeed, the MAPK signaling was suggested as potential therapeutic target in pemphigus (225), which can in part modulate the disruption of cell adhesion caused by pathogenic pemphigus autoantibodies (229).

Muscle-specific kinase MG is an autoimmune disease of the neuromuscular synapse hallmarked by fatigable muscle weakness. The autoantibodies target MuSK, a protein at the neuromuscular junction. Approximately 90% of the antibodies are of IgG4 subclass (3, 16), and the pathogenic mechanism of MuSK IgG4 is known and can be demonstrated in vitro with purified IgG4 (2, 3). Notably, the pathogenic effect was exclusive for IgG4 subclass antibodies. Passive transfer of purified IgG4 reproduced the disease in experimental animals (4), as did active immunization of complement-deficient mice (5). There is also evidence for a genetic predisposition in these patients (14, 15). Binding of antibodies to MuSK similarly affects its function as tyrosine kinase and organizer of neuromuscular junction development and maintenance. As the binding of the agrin coreceptor low-density lipoprotein receptor-related protein 4 (Lrp4) to MuSK is blocked by MuSK-IgG4 (2, 3), MuSK autophosphorylation in response to agrin is inhibited (2), which impairs its ability not only to induce clustering of the AChR (3, 27) but also to maintain the preexisting clusters (3). This leads to reduced densities of the AChR at the synapse and reduced efficiency of neuromuscular transmission, thus causing fatigable muscle weakness. A recent study demonstrated that inhibiting MuSK dephosphorylation counteracted the effects of MuSK antibodies in vitro, which would be an interesting new therapeutic strategy (230). Interestingly, the MuSK antibodies also modify the cross talk between motoneuron and muscle, as presynaptic abnormalities were observed in patients and passive transfer animal models, and led to a reduced quantal release of acetylcholine neurotransmitter into the synaptic cleft (5, 21, 22, 26, 231). The affected retrograde signaling pathway is not known, but as Lrp4 may be part of a retrograde signaling pathway (232, 233), it is very likely that the Lrp4–MuSK interaction plays a role, perhaps by anchoring Lrp4 at the synapse.

Disintegrin and metalloproteinase with thrombospondin motifs 13 (ADAMTS13) is a protease in the blood circulation that cleaves von Willebrand factor (vWF). In TTP, antibodies against the spacer domain of ADAMTS13 inhibit proteolysis of vWF (60, 234), which leads to accumulation of vWF, binding to platelets and causing microthrombosis. Since the inhibitory antibodies recognize the spacer domain that is also required for binding to vWF, the functional block could be due to blocked protein–protein interaction. IgG4 (but also IgG1) antibodies cloned from TTP patients by EBV immortalization demonstrated pathogenicity in vitro in assays measuring ADAMTS13 activity (69). Also, several patient-derived scFv were shown to be pathogenic when expressed in mice, albeit the original subclass of the patient antibodies is unknown (59). There is also additional circumstantial evidence that pathogenic antibodies of IgG4 subclass exist in TTP as IgG4 levels are associated with relapse and some patients have exclusively IgG4 autoantibodies (235).

Contactin 1 (CNTN1), together with contactin-associated protein 1 (Caspr1), is expressed on the axonal surface and together they bind to neurofascin 155 on the surface of oligodendroglia (236–239). They are cell adhesion molecules at the axoglial junction of myelin sheaths that are important for efficient nerve impulse propagation along myelinated axons. Antibodies against CNTN1 of IgG4 and IgG1 subclass are present in chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) (29, 34, 35, 124) and were proven to be pathogenic. Autoantibodies recognize CNTN1 in the paranodal axoglial junctions of motoneurons and block interaction of neurofascin 155 with CNTN1 in the CNTN1/Caspr1 complex (30). This leads to transverse band loss and paranodal loop detachment in the peripheral nerves. Pathogenicity of IgG4 was proven by passive transfer of purified IgG4 to Lewis rats (31) with loss of paranodal clusters that contain CNTN1, Caspr1, and neurofascin 155 and impaired motor nerve conduction.

Class II Diseases

Membranous nephropathy, a cause of proteinuria and nephrotic syndrome, is hallmarked by immune deposits containing IgG [predominantly IgG4 antibodies to the phospholipase A2 receptor (PLA2R) in primary MN], autoantigens such as PLA2R, and complement beneath the basal surface of podocytes in the kidney. PLA2R-IgG4 was proposed to have a unique mechanism of complement activation via the lectin pathway (98, 99, 103, 108, 109). This activation is hypothesized to derive from galactose-deficient side chains in PLA2R-IgG4 (97, 98) that might recruit mannose-binding lectin (MBL), which is also seen in rheumatoid arthritis (240) and IgA nephropathy (241). MBL binding leads to the activation of the lectin pathway and formation of the membrane-attack complex (103). Preliminary data by Beck and Salant from experiments with purified IgG4 from patients with primary MN showed that more of the IgG4 glycan chains lacked terminal galactose residues than did the IgG4 from control subjects and demonstrated increased binding of MBL to PLA2R-IgG4 (108). Additional evidence comes from a more recent study, where MBL deposition in glomeruli correlated with IgG4 positivity in biopsies from Japanese MN patients (109). A recent study by the group of Andreas Kistler demonstrated hypogalactosylated glycan side chains for IgG4, IgG induced complement-mediated injury to PLA2R-expressing podocytes in vitro and its prevention by MASP inhibitors, which adds further evidence to this unusual mechanism (poster presentation at the 2017 American Society of Nephrology meeting). However, both the Kistler and the Ma studies have not yet been published in peer-reviewed journals and need further investigation. IgG4-mediated activation of the lectin pathway may not be the only pathogenic mechanism, as one patient with characteristic PLA2R-IgG4-positive MN was deficient for MBL but revealed complement activation via the alternative pathway (242), and a small fraction of patients is negative for PLA2R-IgG4 (243). Additionally, a monoclonal IgG3 kappa with specificity for PLA2R was able to cause MN in the native kidney and the allograft via the classical pathway (244). An additional blocking mechanism was proposed since antibodies against PLA2R in MN were found to block adhesion of podocytes to collagen IV (245). In another study, PLA2R, however, was not found to bind collagen IV or I in general (106, 246). Furthermore, attempts to reproduce the disease in rodents by passive transfer have been unsuccessful, since the podocytes of rodent glomeruli do not express PLA2R [summarized by Ref. (247)]. Therefore, further studies are required to validate this finding and pinpoint the mechanism to IgG4.

Thrombospondin type-1 domain-containing 7A is expressed in glomeruli in the kidney and is another antibody targeted in MN (110, 113, 114, 118). Histologically, a thickening of the glomerular basement membrane with IgG and complement deposition can be observed. Anti-THSD7A antibodies were predominantly IgG4 (but also IgG1) (110, 116) and in vitro were shown to affect cytoskeletal architecture with the formation of stress fibers in cultured primary murine podocyte cells and could also induce detachment of THSD7A overexpressing HEK293 cells (111). Passive transfer of patient serum to mice led to proteinuria with late complement activation, but transient proteinuria in the absence of complement involvement was induced after passive transfer of THSD7A affinity-purified patient antibodies (111). Passive transfer of anti-THSD7A antibodies generated in rabbits could reproduce disease independent of complement activation (112). Taken together, there is evidence that THSD7A antibodies affect podocyte attachment, perhaps by a (reversible) blocking effect, but also that complement activation via C1q or lectin-binding pathway as a second pathogenic mechanism plays a role.

In three different neurological disorders with IgG4 subclass antibodies, targeting leucine-rich, glioma-inactivated 1 (Lgi1), contactin-associated protein 2 (Caspr2), and Neurofascin155, respectively, a pathogenic mechanism has been suggested that is based on the block of protein–protein interaction (70, 80, 87, 93, 248). The predominant mechanism of IgG4 antibodies in class 1 IgG4 autoimmune diseases was found to be a blocking mechanism, which may also be associated with a subclass switch to IgG4. It should be kept in mind that a blocking mechanism is not per se restricted to the IgG4 subclass [e.g., Ref. (69)], although it is more commonly associated with IgG4 autoimmunity. In detail, Lgi1 is expressed at the synaptic cleft of CNS neurons and in hippocampal neurons in culture, like CASPR2, it is part of the voltage-gated potassium channel complex, and antibodies against Lgi1 are associated with limbic encephalitis (72, 77, 93, 249). Here, serum from patients with Lgi1 encephalitis led to a block of Lgi1–ADAM22 interaction in vitro, which caused reduced AMPA receptors and excitation of hippocampal CA3 pyramidal cells ex vivo (70). These effects were not yet proven to be IgG4 specific. Caspr2 is expressed in the peripheral and central nervous system, particularly in the juxtaparanodal region of myelinated axons and in hippocampal GABAergic interneurons, and autoantibodies are associated with different clinical syndromes (88, 91, 250–252). It is suspected that the antibodies block the interaction between Caspr2 and TAG-1 and affect inhibitory interneuron function, thus leading to hyperexcitability (87). Importantly, many patients harbor not only IgG4 subclass antibodies against Caspr2 or Lgi1 but also IgG1 and IgG2 (88). Antibodies to neurofascin 155 are thought to have a similar effect to antibodies against CNTN1, with a block of CNTN1/Caspr1–neurofascin 155 interaction affecting paranodal structure and causing peripheral neuropathies (30, 79, 81, 84).

Class III Diseases

IgLON family member 5 (Iglon5) is a CNS antigen and is targeted by autoantibodies in Iglon5 parasomnia, which is a severe autoimmune disease characterized by abnormal sleep behavior. Here, a population of pathogenic IgG1autoantibodies induced endocytosis of Iglon5 (134) (discussed in more detail below). It was demonstrated that purified Iglon5-IgG4 as well as digested Fab fragments did not induce this mechanism. It cannot be excluded that Iglon5-IgG4 antibodies have an additional pathogenic mechanism, but at this moment there is no indication that they are pathogenic at all.

Similarly, in the case of dipeptidyl peptidase-like protein 6 (DPPX) antibodies, the described pathogenic mechanism is the loss of DPPX and associated Kv4.2 from the cell surface, perhaps by antigenic modulation, which would require divalent binding and cross-linking of antigen. Unless an additional pathogenic mechanism is found for DPPX-IgG4, or alternatively, it is demonstrated that the loss of DPPX and Kv4.2 results from a mechanism that does not rely on divalent binding, it is not likely that DPPX encephalitis is an IgG4 autoimmune disease.

Only one patient has been described with IgG4 subclass antibodies against Caspr1 [a second one if antibodies against complexed CNTN1/Caspr1 are considered (35, 124)], and at this point not enough data are available to estimate pathogenicity of IgG4. There are also insufficient data available regarding pathogenicity of IgG4 subclass anti-collagen type IV (alpha3NC1 domain) antibodies in Goodpasture syndrome, the most convincing circumstantial evidence being temporal occurrence and reoccurrence of IgG4 autoantibodies and lung hemorrhage (119).

In summary, the pathogenicity of IgG4 in most IgG4 autoimmune diseases has not been proven yet. A key experiment could be the isolation of IgG4 subclass antibodies from patient serum or plasmapheresis material, followed by passive transfer to a suitable animal model, or to use purified IgG4 in already established in vitro models of pathogenicity.

PROPERTIES OF IgG4 AND IgG4 AUTOIMMUNE DISEASES

One key pathogenic mechanism in antibody-mediated autoimmunity, especially in the peripheral and central nervous system, is the divalent binding, cross-linking, and endocytosis of antigen, as seen with antibodies against AChR, GlyR, NMDAR, and Iglon5 [Figure 3B (134, 208–210, 253)]. The effect is usually lost when using Fab fragments instead of whole IgG1, which underlines the relevance for multivalent binding. A possibility how IgG4 autoantibodies could remain pathogenic by cross-linking and endocytosis would be the loss of FAE, as then monospecific IgG4 could still cross-link and internalize antigen. An example could be the presence of point mutations or sequence variants in the IgG4 hinge or the CH3 region that would remove its ability to undergo FAE. This possibility was investigated in several IgG4-associated diseases. In IgG4-RLD, sequencing showed that the FAE abolishing variant K409 was not present (254), and a recent study demonstrated high levels of bispecific IgG4 in IgG4-RLD (255). Similarly, IgG4 autoantibodies in rheumatoid arthritis were found to be bispecific (256), and recently we were able to demonstrate the same for an example of IgG4 autoimmunity, as a large proportion of patient-derived MuSK autoantibodies were bispecific as well (17). These are only a few publications yet, and more studies are needed to validate the findings in additional IgG4-associated diseases. Until then, there is no indication that impaired FAE affects IgG4 in IgG4-associated disorders, which suggests that pathogenic mechanisms of IgG4 autoantibodies do not rely on divalent binding. Notably, the authors of the IgG4-RLD study suggest increased levels of FAE as a new biomarker. As IgG4-RLD is also associated with elevated levels of IgG4, and up to 99% of IgG4 are probably bispecific, it would be interesting to test a correlation between IgG4 concentrations and κ/λ bispecific IgG4. Enrichment of κ/λ IgG within the total IgG4 population (compared to κ/κ and λ/λ antibodies) could indicate a change in light chain usage.

Blocking as a Main Pathogenic Mechanism of IgG4

Blocking mechanisms are independent of the Fc domain and as such are the main effector mechanisms for IgG4 autoantibodies (Figure 3A). The binding of antibody to antigen can cause the inappropriate activation or blocking of enzymes or receptors. As examples, blocking antibodies of IgG1–3 subclass prevent binding of the neurotransmitter acetylcholine to the acetylcholine receptor in AChR MG (257–259), blocking antibodies against thyroxin peroxidase reduce production of thyroid-stimulating hormone (TSH) thus causing hypothyroidism (260), while stimulating antibodies against the TSH receptor are associated with hyperthyroidism (261). Functional blocking as a pathogenic mechanism is found in not only the IgG4 autoimmune diseases TTP and MuSK MG but also pemphigus (2, 52, 60, 234).

Block of protein–protein interaction is overall considered a main pathogenic mechanism for IgG4 and was demonstrated in several class I and II IgG4 autoimmune diseases (Figure 3A). The consequence of such a block could be the block of a signal transduction pathway (MuSK, Dsg1/3) or the loss of tissue integrity (e.g., Dsg1/3, Caspr1, and CNTN1). Most IgG4 autoantibodies were found to block protein–protein interaction.

Complement Activation

Another key mechanism of IgG1–3 autoantibodies is the recruitment of C1q protein and activation of the classical complement pathway, which leads to complement mediated damage, e.g., by antibodies against AChR or aquaporin 4 [Figure 3B (262–265)]. IgG4 does not bind C1q, but intriguingly, complement activation by the lectin pathway may emerge as a novel mechanism of IgG4 autoantibodies, as it is found in PLA2R-IgG4 with hypogalactosylated glycan side chains [Figure 3A (98, 99, 103, 108, 109)].

IgG4 Autoimmune Diseases

IgG4 pathogenic mechanisms translate to a range of different disorders that are clinically very diverse. An excellent introduction to the different IgG4 autoimmune diseases can be found here (266). A selection of disease specific reviews is found here (9, 52, 80, 106, 235, 267–271). A good response to B-cell depletion therapy and plasmapheresis has been reported in several IgG4 autoimmune diseases (6–13, 32, 78, 272–274).

Contribution of Other Antibody Classes and Subclasses

As IgG4 levels usually increase after repeated or strong exposure to antigen, a high level of IgG4 may coexist with (smaller quantities of) pathogenic antibody of other class or subclass (e.g., IgE or IgG1) and could have clinical implications for treatment decisions. Specifically, after the evaluation and classification of the proposed IgG4 autoimmune diseases, it emerged that in most cases several different antibody classes and/or subclasses are present in patient serum (Table 1), with varying degree of potential pathogenicity. Of note, IgG4 concentrations could potentially be overestimated depending on the choice of secondary antibody (16), and cross-reactivity between secondary antibodies against IgG4 and IgG2 is also known to occur. A correlation between overall antibody titer and antigen-specific IgG4 titer would increase confidence in the quantification data (3).

Furthermore, pathogenic mechanisms were described for serum or IgG from patients with IgG4 autoimmunity that are likely not caused by IgG4 subclass antibodies as they depend on divalent binding or Fc effector function (Figure 3B, endocytosis of antigen and complement activation) or have been demonstrated using purified or cloned patient IgG1–3 [e.g., Dsg3-IgG1 (221), ADAMTS13-IgG1 (69), Lgi1-IgG3 (275), MuSK-IgG1–3 (3), or Iglon5-IgG1 (134)]. Indications for complement activation were found in several disorders (Table 1).

Particularly interesting are Iglon5 autoantibodies in which an irreversible internalization of Iglon5 was shown. Here, a clear pathogenic mechanism of IgG1, depending on divalent binding (134), was shown. Iglon family members are glucosylphosphatidylinositol-anchored proteins that have a role in membrane stabilization. Iglon5 parasomnia also has an unusual association with tauopathy (130, 276, 277) linking autoimmunity to neurodegenerative diseases. Combined, these findings led to the current hypothesis that Iglon5-IgG1 antibodies, by antigenic modulation of Iglon5, cause a destabilization of the cytoskeleton. This may affect microtubule stability and hyperphosphorylation of associated tau protein that could lead to the observed tauopathy (276). Whether IgG4 subclass antibodies to Iglon5 are pathogenic at all is unclear, thus making it a class III IgG4 autoimmune disease.

Similarly, DPPX antibodies cause a reversible loss of cell surface-expressed DPPX and Kv4.2, thus leading to hyperexcitation of neurons (127). This requires divalent binding and cross-linking of antigens. As IgG4 is mostly bispecific [also in the context of IgG4 autoimmune diseases (17)], it is likely that DPPX-IgG4 is not able to divalently bind and cross-link DPPX. While the precise mechanism for downregulation of cell-surface-expressed antigen has not yet been demonstrated, it is likely that this is a function of IgG1–3 that causes internalization by divalent binding and cross-linking of antigen. This possibility could be explored by a modification of the experiment using purified IgG subclasses and Fab fragments.

Notably, 10% of MuSK antibodies are of IgG1 and IgG2 (and very little IgG3) subclass and were pathogenic in vitro (3). MuSK IgG1–3 pathogenicity in vivo could not yet be demonstrated, but can also not yet be excluded, as passive transfer experiments were impaired by the low concentration of MuSK antibodies in the IgG1–3 fraction that were below detection limit in the experimental animals (4). The exact mechanism of pathogenicity for MuSK IgG1–3 is unknown. MuSK-IgG1–3 were able to affect MuSK function in a cellular model of the muscle and neuromuscular synapse, the C2C12 mouse myotubes. Agrin stimulation leads to MuSK activation and clustering of AChRs, which can be quantified. MuSK antibodies impaired this mechanism and led to reduced clustering of AChRs, and while it is thought that MuSK-IgG4 induce this phenomenon by blocking MuSK–Lrp4 interaction (2, 3), it is unclear how MuSK IgG1–3 affected the AChR clustering as they do not interfere with Lrp4–MuSK interaction. Interestingly, MuSK antibodies (both IgG4 and IgG1–3) also disrupted preexisting AChR clusters that were induced by overexpression of Dok7 in C2C12 myotubes [(3) Koneczny/Vincent et al. unpublished data] independent of agrin signaling, which was also found using autoantibodies against Lrp4 derived from an active immunization mouse model (278). An earlier study suggested that Lrp4 is required to make MuSK susceptible to Dok7-induced activation and induction of AChR clustering, presumably with a role for AChR prepatterning before innervation (279). MuSK IgG1–3 could also have an effect on Lrp4, though it is not clear how, or MuSK antibodies may affect Dok7-mediated MuSK activation, perhaps by altering MuSK conformation, MuSK kinase activity and/or preventing binding of Dok7 to MuSK, as observed in CMS with a MuSK mutation (280). It would be interesting to study whether MuSK-IgG1–3 antibodies affect MuSK–Dok7 interaction.

Another potential mechanism of MuSK IgG1–3 is the induction of MuSK endocytosis, which is also suggested to be part of the normal response of MuSK to agrin stimulation (281–283). One study demonstrated that serum from MuSK patients led to the internalization of MuSK in mouse muscle cells using time-lapse microscopy and confocal microscopy (28). Two different studies could not reproduce these findings using different approaches (2, 3). However, different patients were tested in these studies, and only a few patients were investigated for endocytosis in all three studies, which is important, as there could be variability in the pathogenic mechanisms in the overall MuSK MG population. In addition, there were technical limitations in the later studies [including my own, as discussed there (3)], hence it is still very possible that MuSK IgG1–3 induce MuSK endocytosis. Further studies are indicated using purified MuSK IgG1–3, MuSK expressed in muscle cells (as transient expression in non-muscle cell environment could affect MuSK endocytosis), and perhaps more appropriate methodology.

In TTP, antibodies of IgG, IgM, and IgA class are present; these may convey pathogenicity by the accelerated clearance of ADAMTS13 from the circulation (234, 284). The functional block of ADAMTS13 activity was not restricted to the IgG4 subclass and could also be induced by IgG1 (69). Therefore, the pathogenic mechanism is not linked to the antibody subclass, but rather the epitope, as only antibodies that recognize the spacer domain are associated with an inhibitory role (234).

In patients with MN with anti-PLA2R abs, a subclass switch from IgG1 to IgG4 was reported over the course of the disease, with an inverse correlation with C1q involvement (285). It is thus clear that in the initial stage of the disease, IgG1 contributes to pathogenicity by activation of the classical complement pathway (100), which may then at later stages of the disease be replenished or replaced by IgG4 that may be protective, inert, or pathogenic (99).

In pemphigus, IgG1 antibodies against Dsg1 or 3 are present and they may also contribute to the blocking mechanism (221). Additional pathogenic mechanisms in pemphigus were proposed as desmosome disassembly by clustering and endocytosis of Dsg and stimulation of signaling pathways that modulate keratinocyte cell adhesion (50, 51). It is thought that multivalent polyclonal Dsg antibodies can cross-link and endocytose Dsg, which leads to Dsg depletion from desmosomes and failed cell adhesion (44–48). However, also monovalent pathogenic anti-Dsg3 antibodies led to a depletion of Dsg3, which suggests that this could also be a mechanism of potentially bispecific (and thus monovalent) Dsg3-IgG4 (49).

Taken together, the presence of more than one pathogenic entity in IgG4 autoimmune diseases is quite possible and makes sense, if we consider that a rise of antigen-specific IgG4 in theory could have been an attempt of the immune system to dampen an inappropriate answer to the antigen by a different antibody species. This could also have clinical consequences, as monitoring of different Ig class/IgG subclass-specific autoantibodies may provide a deeper understanding of the autoimmune response, the individual antibody levels or a ratio thereof could be useful as biomarkers for disease progression or the selection of appropriate therapy.

Presence of Multiple Antibodies in Individual Cases

Two case reports describe the co-occurrence of MuSK MG or TTP with IgG4-RLD (286, 287), which brought up the interesting question whether these diseases might be related. The term IgG4 autoimmunity is relatively new and was introduced in 2015 (266). IgG4-RLD [which is also a relatively new term (288)] is at this point considered as a separate clinical entity. IgG4-related disease is not discussed extensively here, an excellent review is suggested for further reading (289) and also a review with focus on IgG4 in IgG4-related disease (290). Due to the rareness of the IgG4 subclass and its involvement in pathology, the possibility exists that IgG4-RLD and IgG4 autoimmunity could be part of the same spectrum. Both diseases are associated with IgG4, and both have a favorable clinical response to B-cell depletion therapy with rituximab (6, 32, 78, 272–274, 289). However, IgG4-RLD is defined by the formation of tumefactive lesions in target organs, which is not normally described in IgG4 autoimmunity, and by IgG4+ plasma cell infiltrates and increased serum IgG4 levels. Normal IgG4 concentrations are variable, but are thought to comprise 5% of total IgG (137, 138). As mean IgG concentrations vary between 7 and 15 g/L with a mean around 10 g/L, IgG4 concentrations are expected to be around 0.5 g/L (but can rise up to 100-fold in immune responses). IgG4 concentrations above 1.35 g/L are considered as a diagnostic marker for IgG4-RLD (291). In IgG4 autoimmunity, few studies have looked at serum IgG4 levels, but in one study total serum IgG4 was found to be elevated in a small fraction of pemphigus patients (220), which is notable, but only occurred in a minority of patients: three of 27 pemphigus vulgaris patients and three of 16 pemphigus foliaceus patients had IgG4 concentrations above the threshold of 1.35 g/L (or 135 mg/dL). In addition, the total IgG concentrations were reduced in these patients, likely a consequence of immunosuppressive treatment [pemphigus is routinely treated with immunosuppression (292)]. Perhaps the immunosuppressive treatment in combination with an on-going IgG4 autoimmune disease also increased relative IgG4 levels, which would be interesting to study in any IgG4 autoimmune disease using patient serum before and after treatment.

A key characteristic in IgG4 autoimmunity is the presence of antigen-specific autoantibodies of IgG4 subclass with direct pathogenic function. In IgG4-RLD, the role of IgG4 is not well understood, but it is thought that IgG4 may have a blocking, anti-inflammatory function. There is indirect evidence for an antigen-driven pathogenicity, namely the presence of oligoclonal bands in the CSF of patients and the presence of oligoclonal expansions of somatically hypermutated IgG4+ B-cell clones, but these were not associated with any known autoantigen (293–296). Only a few antigen-specific autoantibodies have been described that are also not consistently found in the disease, and the pathogenicity of these autoantibodies is not known (297, 298). Experiments with purified antibodies from patients with a pancreatic form of IgG4-RLD showed that IgG4 blocked pathogenic effects of IgG1 in a passive transfer animal model (299), and a recent study identified Annexin A11 as an antigenic target in some patients with autoimmune pancreatitis. The study findings also suggest that the pathogenic entity may be IgG1 and that IgG4 may be upregulated as an anti-inflammatory measure that blocks pathogenic IgG1 (300). More studies are needed to validate this finding, also for other subtypes of IgG4-RLD. However, the relatively clear pathogenic role of IgG4 in IgG4 autoimmunity and the potentially protective role of IgG4 in IgG4-RLD make it as a consequence not very likely that these disorders are (closely) related.

ETIOLOGY OF IgG4 AUTOIMMUNITY

The etiology of most autoimmune diseases and thus of most IgG4-mediated autoimmune diseases is not known, but there are a few interesting observations that could give a clue to potential factors and mechanisms that may contribute to immunopathogenesis.

Environmental Antigens

In Europe, MuSK MG frequency correlates with geographical latitude (301), with few cases in northern countries but higher prevalence in the south. This pattern is shared by another IgG4 autoimmune disease, pemphigus (302, 303). The distribution might be coincidental, as epidemiology data of MG in the rest of the northern hemisphere do not reflect the same pattern. Or it could indicate an environmental and/or genetic factor, for example, different availability of an environmental antigen, or different climates with different exposure levels to parasites/helminths in the past could have influenced the type 1 hypersensitivity immune answer including the intensity of the IgG4 response. However, the most striking example for environmental antigen-induced autoimmunity comes from fogo selvagem, which is an endemic form of pemphigus that is found mainly in rural areas of Brazil, but also in Colombia and Tunisia (303, 304). Here, an association between insect bites and autoimmunity has been found. The bite of the sand fly (Lutzomyia longipalpis) exposes the patient to salivary proteins, specifically LJM11, against which most humans then develop antibodies. While LJM11 itself is a non-pathogenic environmental antigen, mounting an immune response against it is thought to be protective against parasites (specifically Leishmania major) that are also transmitted by the bite of the sand fly (305). Unfortunately, the responding antibodies against the non-pathogenic environmental antigen can also cross-react with self-antigen desmoglein 1 (Dsg1) in individuals with genetic predisposition (306, 307). The initial subclinical antibody response is thought to contain IgE, IgG1, and IgM (308–310), then a switch to IgG4 subclass occurs, probably associated with an intramolecular epitope spreading event (311) that is associated with disease onset (312, 313). Etiology of autoimmune diseases is rarely as well documented as in the fascinating case of fogo selvagem. It would be interesting to study if a similar mechanism could be at hand in other IgG4-mediated diseases. A test for antigen-specific IgE in IgG4-associated diseases could give first indications if this was the case. Indeed, a potential link to allergy recently emerged for a different IgG4-associated disease, IgG4-RLD. An association of IgG4-RLD with a history of allergy was already suspected (314), then a polyclonal response to multiple non-infectious environmental antigens was discovered (315) and a rise in IgE and eosinophil levels was found to predict relapse and to have potential use as diagnostic and prognostic biomarkers (316).

Infection

Several different (potential) IgG4 autoimmune diseases may have a link to infection, generally thought to be conveyed by molecular mimicry, where antibodies against pathogens cross-react against self-antigen. The autoreactive B-cells in pemphigus showed a shared VH1–46 gene usage, and these were associated with few somatic mutations, which suggests that naïve B-cells that use VH1–46 genes are prone to react against Dsg3 (55). VH1–46 B cells are also associated with an increased reaction toward rotavirus capsid protein VP6 and may thus confer a protection toward infection, highlighting the potential for rare cross-reactive clones to trigger the onset of pemphigus autoimmunity (317, 318). In one of two known CIDP patient with Caspr1-IgG4, disease onset was 10 days after preceding virus infection (common cold) (124). Patients with DPPX encephalitis usually experience severe prodromal symptoms of diarrhea and weight loss (median 20 kg), sometimes accompanied by headache or mood disorder, then within a few months the patients develop a range of neurological symptoms (125, 127, 128). DPPX is strongly expressed in not only the myenteric plexus, a mesh of neurons in the gastrointestinal tract, but also the hippocampus, cerebellum, and striatum. The curious shift in symptoms is reminiscent of a gastrointestinal infection that leads to the mounting of an autoimmune attack against the myenteric plexus via molecular mimicry or bystander attack mechanisms, as seen, e.g., in Campylobacter jejuni infection that causes the Guillain–Barré syndrome [reviewed, e.g., by Ref. (319)]. So far, no pathogen was found to be associated with the prodromal symptoms in DPPX-encephalitis, and it is also possible that this shift may have different causality, but it is an intriguing possibility to keep in mind.

In case of PLA2R antibody-positive MN, infection and molecular mimicry were proposed to potentially contribute to immunopathogenesis, as there is partial homology between PLA2R peptides and bacterial cell wall enzymes of Clostridium species (101, 320, 321). A link between infection and Goodpasture’s disease with antibodies against non-collagenous domain 1 of α3 chain of type IV collagen was also described (322, 323). One case of TTP was associated with Epstein–Barr virus reactivation (324), another case disease onset was associated with an influenza A infection (325) and another with dengue virus infection (326).

Vaccination

There are a few cases of TTP onset or relapse after vaccination (327–329). This is interesting, as a related disease, immune thrombocytopenic purpura, which has antibodies against platelets, is also associated with vaccination (330).

Malignancy

Overexpression of antigen by tumors can trigger an autoimmune response. THSD7A-positive MN is associated with malignancy, as THSD7A itself may also play a role in certain cancers (331) and specifically two cases were described, one with gallbladder carcinoma, one with endometrial cancer, where THSD7A was overexpressed in the tumor and taken up by follicular dendritic cells in a regional lymph node (106, 113, 115, 116).

Summary and Conclusion

In recent years, many IgG4 autoantibodies were discovered, particularly against neuronal targets. By now, 14 different antigen targets have been described and suggested to play a causative role in “IgG4 autoimmunity” (266). Using a modified version of the Witebsky postulates to identify IgG4 autoimmune diseases with proven pathogenicity of IgG4 autoantibodies, the diseases were classified into three categories: class I with proven pathogenicity of IgG4 autoantibodies (including TTP with ADAMTS13 antibodies, pemphigus vulgaris with anti-Dsg3 antibodies, pemphigus foliaceus with anti-Dsg1 antibodies, MuSK MG and CIDP with anti-CNTN1 antibodies), class II where pathogenicity of IgG4 is highly suspected (anti-Lgi1- and Caspr2-associated encephalitis/Morvan’s syndrome, CIDP with anti-neurofascin155 antibodies, and MN with anti-PLA2R or anti-THSD7A antibodies), and finally class III with diseases where IgG4 pathogenicity has not been studied extensively yet (anti-Caspr1-associated CIDP and Goodpasture syndrome with IgG4 antibodies against Collagen IV alpha3NCI) or that have a main pathogenic mechanism that relies on divalent binding, cross-linking and endocytosis of antigen (Iglon5 parasomnia and anti-DPPX encephalitis). Class II and III diseases require further investigation to determine the pathogenicity of IgG4, ideally by passive transfer experiments with purified patient IgG4. Evaluation of the diseases suggests that IgG4 is mainly pathogenic by blocking protein–protein interaction, but that in many cases non-IgG4 autoantibodies are present that may contribute to pathogenicity by other mechanisms, in many cases activation of classical complement is suspected. This may have clinical consequences for treatment decisions. The possibility of an association between IgG4 autoimmunity and IgG4-RLD was discussed but found unlikely.
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Pemphigus is a severe autoimmune-blistering disease of the skin and mucous membranes caused by autoantibodies reducing desmosomal adhesion between epithelial cells. Autoantibodies against the desmosomal cadherins desmogleins (Dsgs) 1 and 3 as well as desmocollin 3 were shown to be pathogenic, whereas the role of other antibodies is unclear. Dsg3 interactions can be directly reduced by specific autoantibodies. Autoantibodies also alter the activity of signaling pathways, some of which regulate cell cohesion under baseline conditions and alter the turnover of desmosomal components. These pathways include Ca2+, p38MAPK, PKC, Src, EGFR/Erk, and several others. In this review, we delineate the mechanisms relevant for pemphigus pathogenesis based on the histology and the ultrastructure of patients’ lesions. We then dissect the mechanisms which can explain the ultrastructural hallmarks detectable in pemphigus patient skin. Finally, we reevaluate the concept that the spectrum of mechanisms, which induce desmosome dysfunction upon binding of pemphigus autoantibodies, finally defines the clinical phenotype.
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INTRODUCTION

Pemphigus is a severe autoimmune-blistering skin disease caused by autoantibodies primarily targeting the desmosomal adhesion molecules desmogleins (Dsgs) 1 and 3 (1), which are required for the firm intercellular adhesion of keratinocytes. Autoantibodies targeting Dsg3 are found during the mucosal-dominant phase in pemphigus vulgaris (mPV) which is frequently followed by a mucocutaneous phase (mcPV) with additional epidermal blistering and characterized by the presence of both anti-Dsg3 and anti-Dsg1 antibodies. By contrast, in pemphigus foliaceus (PF), flaccid blisters are found in the skin only, and their formation is associated with the occurrence of anti-Dsg1 autoantibodies. Autoantibodies against other desmosomal cadherins such as desmocollin (Dsc) 3 are rarely detectable in PV or PF but can be pathogenic (2–5). The pathogenicity of autoantibodies against a range of non-desmosomal autoantibodies that are often present in patients’ sera in addition to anti-Dsg antibodies is unclear (6). We here focus on the mechanisms causing skin blistering in response to autoantibodies against Dsg1 and Dsg3. In addition to suppressing autoimmunity, which is the current basis for disease management (1), we believe that novel targeted therapeutic strategies are necessary to stabilize desmosomes in situations when autoantibodies are present. It is essential to better understand the regulation of desmosomal adhesion, and we aim to provide perspectives for future research by reevaluating the mechanisms leading to desmosome dysfunction, loss of keratinocyte cohesion, and blistering.

HISTOLOGY AND ULTRASTRUCTURE OF PATIENT’S LESIONS HIGHLIGHT RELEVANT MECHANISMS

Cultured keratinocytes or mouse models can only partially reproduce the situation in patients. We believe that for the identification of relevant mechanisms in pemphigus pathogenesis, the careful evaluation of patients’ lesions is the gold standard. On the histological level, skin blistering in PV occurs by suprabasal splitting (Figure 1), whereas PF is characterized by superficial lesions restricted to granular or upper spinous layers of the epidermis (1). Although exceptions occur, PF splitting is usually found in the upper half of the epidermis, whereas PV affects the lower half. At least in some parts of typical PV but not PF lesions, the histological hallmark of a “tomb-stone appearance” of keratinocytes in the blister bottom can be detected (7, 8).


[image: image1]

FIGURE 1 | Clinical phenotypes correlate with autoantibody profiles and mechanisms causing desmosome dysfunction. It is well established that clinical phenotypes of pemphigus largely correlate with autoantibody profiles but the underlying mechanisms are not clear. In pemphigus vulgaris (PV) (left), mucosal erosions often precede epidermal blistering. During the mucosal-dominant phase, autoantibodies (PV-IgG) primarily against desmoglein (aDsg3) are pathogenic, which is the most abundant Dsg isoform in the mucosal epithelium. The occurrence of antibodies targeting Dsg1 (aDsg1), which is strongly expressed in the superficial epidermis compared to Dsg3, usually correlates with skin blistering, affecting the deep epidermis right above the basal layer. By contrast, in pemphigus foliaceus (PF), autoantibodies (PF-IgG) primarily against Dsg1 (aDsg1) cause superficial epidermal blistering. The different phenotypes are characterized by structural hallmarks in patients’ lesions, and the mechanisms causing desmosome dysfunction in response to autoantibody binding appear to be different for aDsg1 and aDsg3. Please note that the distribution of Dsg1 and Dsg3 in the epidermis is indicated for all layers except the for corneal layer.



By immunostaining, the clustering of Dsg3 together with autoantibodies has been detected in the mucosal and skin lesions in mcPV but also in unaffected epidermis in the mucosal-dominant type (mPV) in the absence of ultrastructural alterations of desmosomes (9, 10). By contrast, Dsg1 clustering was found in mcPV skin and PF epidermis only, i.e., when antibodies against Dsg1 were present (9, 10) (Figure 1). Since Dsg3 clustering was shown to be the structural correlate of Dsg3 depletion (11), these data indicate that the depletion of Dsg3 alone may be a primary mechanism in mucosal eroding but alone is not sufficient to cause epidermal blistering. Nevertheless, Dsg3 depletion may drastically worsen desmosome destabilization in the epidermis which is suggested by the fact that glucocorticoids rapidly improve the clinical phenotype (1) at least in part via Stat3-induced Dsg3 transcription increase (12).

On the ultrastructural level, smaller desmosomes were found only in conditions when patients presented with antibodies against Dsg1 such as in mcPV and PF but not in mPV (9, 10, 13, 14), suggesting that Dsg1 targeting is critical and may interfere with desmosome assembly or cause dismantling of existing desmosomes (Figure 1). Besides a reduced size, a general loss of desmosomes is present under all conditions where blistering occurred. Electron microscopy revealed the formation of double-membrane structures in PV and PF containing desmosomes with reduced size and altered morphology which may be the correlate for the depletion of extradesmosomal Dsg molecules and the uptake of entire desmosomes (13). Similarly, interdesmosomal widening, which is the first ultrastructural sign to be detected in pemphigus lesions, may be caused by the endocytosis of extradesmosomal Dsg1 rather than of Dsg3 (13, 15). This alone appears not to be sufficient for blister formation since it was detected also in the unaffected deep epidermis and the mucosa of PF patients but not in mPV with intact Dsg1 distribution.

Split desmosomes both with and without attached keratin filaments were detected by electron microscopy and SIM on the keratinocyte surface facing blisters in PF and mcPV (13, 14). Desmosome splitting can be induced by mechanical stress (14) and may be the ultrastructural correlate for the direct inhibition of Dsg binding. Since split desmosomes in this study were of reduced size, altered desmosome structure appears to be required, suggesting an additional role of impaired desmosome assembly or the depletion of desmosomal Dsg. The final hallmark described early for both PV and PF by electron microscopy is keratin retraction (16, 17) (Figure 1). Recently, keratin filament retraction was observed only when desmosomes were completely absent (13). This can be interpreted in the way that keratin filaments are not the cause but rather the consequence of desmosomal loss or the changes are temporally tightly correlated.

Apoptosis is not a major mechanism because cells displaying signs of apoptotic cell death are absent or sparse in PV and PF skin lesions and therefore cannot explain acantholysis of a significant epidermal area (13, 18, 19).

AUTOANTIBODY-TRIGGERED MECHANISMS IMPAIRING DESMOSOME TURNOVER

As outlined earlier, split desmosomes, reduced desmosome numbers and size, and keratin retraction are ultrastructural hallmarks in pemphigus skin. Reduced desmosome size or numbers cannot be explained by the direct interference of pemphigus autoantibodies with Dsg binding but rather are a consequence of the altered turnover of desmosomal proteins. These changes are likely steered by intracellular-signaling pathways, which are modulated in response to autoantibody binding and represent potential pharmacologic targets. In principal, reduced desmosome size and numbers can result either from interference with desmosome assembly or from the enhanced disassembly of desmosomes. Available data suggest that in pemphigus, both mechanisms contribute to impaired desmosome turnover, shifting the balance toward an overall reduction of desmosomal components (20).

Desmosome assembly is tightly interwoven with adherens junction formation and appears to proceed in distinct steps (21) (Figure 2, left panel). Desmosomal cadherins are initially transported to the cell membrane in a microtubule- and kinesin-dependent process (22), which, in case of Dsg2, is enhanced by its palmitoylation (23). The precise mechanisms are unclear but once membrane-localized, desmosomal cadherins appear to cluster in an intermediate junction with E-cadherin, β-catenin, and plakoglobin and probably segregate to form desmosomes clusters later on (24, 25). Plakophilins (Pkps) are essential as they are required to assemble keratin-anchored DP pools in the cortical regions of the cell (26, 27). Pkp3 was shown to participate in transferring DP clusters to the membrane and to stabilize desmosomal cadherins in a Rap1-dependent manner (28). In addition, cortical actin and actin-binding proteins such as adducins and RhoA signaling are necessary for full desmosome assembly (29–31). Desmosomal molecules localize to lipid rafts and the raft-associated proteins Flotillin-1 and -2 (32, 33). In line with this, interference with lipid raft composition prevents both desmosomal assembly and disassembly, suggesting these lipid-enriched membrane domains to be hot spots for desmosome turnover. Compared to the assembly, the disassembly of desmosomes under physiologic conditions is poorly understood, which may be related to the relative chemical inaccessibility and the stability of maturated desmosomes (34).
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FIGURE 2 | Pemphigus autoantibodies interfere with desmosome turnover. Left panel: a simplified view of the assembly pathway of desmosomes. Desmosomal cadherins and the plaque components desmoplakin (DP), plakophilins (Pkps), as well as the keratins are transported to the plasma membrane by distinct routes and may involve an intermediate complex containing adherens junction proteins. Right panel: Pemphigus autoantibodies interfere with the assembly of nascent desmosomes and promote the disassembly of existing desmosomes. The modulation of desmosome turnover is tied to changes of intracellular-signaling cascades which, for instance, lead to the phosphorylation or cleavage of desmosomal components. Linear arrays represent zones of desmosome disassembly. Split desmosomes may occur if the already-weakened desmosomes are exposed to shear stress.



Pemphigus autoantibodies interfere with desmosome turnover by enhancing the internalization of desmosomal components (Figure 2, right panel). However, a clear separation of mechanisms specifically affecting either the assembly or the disassembly pathway in most cases is not possible. It is conceivable that autoantibodies reach Dsgs located in extradesmosomal membrane pools more easily than those densely packed in a mature desmosome. In line with this scenario, the non-desmosomal pool of Dsg3 is the first to be depleted (35, 36). Consequently, the reduced availability of supply molecules leads to the destabilization of desmosomes and in the longer run may favor the depletion of desmosome-localized, now more easily accessible molecules. Thus, the reduced desmosome assembly route in pemphigus is at least in part a result of internalized extradesmosomal molecules, summarized as “desmoglein nonassembly depletion hypothesis” (9, 37). However, the situation apparently is more complex than a simple disbalance in supply and demand. Importantly, especially the extradesmosomal molecules are considered to serve as signaling scaffolds (38, 39). As an example, it was shown that a complex of Dsg3 and Pg binds p38MAPK and suppresses its activity (40, 41). Upon the loss of Dsg3 interaction, e.g., by steric hindrance through pemphigus autoantibodies, this suppressive function is abolished and p38MAPK is activated. Indeed, p38MAPK signaling was shown to promote Dsg3 internalization (42) as well as keratin retraction (41, 43), suggesting that p38MAPK is a central signaling molecule in desmosome turnover. Vice versa, keratin filaments were shown to influence both desmosome stability and Dsg3-binding characteristics in a signaling-dependent manner. Under physiologic conditions, the keratin-dependent suppression of p38MAPK signaling increases Dsg3-binding strength, whereas the suppression of PKC signaling through the adapter protein Rack-1 prevents DP phosphorylation, stabilizes Dsg3 in the desmosome (44, 45), and, together with Pkp1 (46), promotes a hyperadhesive state. These functions appear to be disturbed by autoantibody-induced keratin retraction (Vielmuth et al., Frontiers Immunol, this issue). Furthermore, Pkp3 is phosphorylated in response to autoantibody binding in an Src-dependent manner (47), which may be connected to Src being present in the intermediate E-cadherin/Dsg3 complex (25). Together, these data suggest a feed-forward loop from extradesmosomal complexes to desmosomes that, at least in part through interference with keratin-dependent signaling, destabilizes desmosome composition and function. As the precise mechanisms are unclear, it is possible that keratins affect both the assembly and the disassembly pathways of desmosomes.

The occurrence of desmosome disassembly can be concluded from observations that Dsg3 together with PV-IgG is excluded from desmosomes and internalized (48). This is supported by observations that IgG autoantibodies can access Dsgs in native desmosomes (49). Clusters of desmosomal molecules localizing in arrays perpendicular to the cell–cell border may represent sites of internalization of single desmosomal components or the entire complexes (50). These may correspond to the “double-membrane structures” that are visible in patients’ skin and are thought to be regions of internalization for partially dismantled desmosomes (13). Although all desmosomal proteins eventually are internalized, the degradation pathways of specific components are not uniform. Dsg3 as well as Pg colocalize with markers for endosomes and lysosomes, whereas DP and presumably other plaque proteins use different, yet unknown, routes (35, 42). Lipid rafts are thought to be important for desmosome disassembly, as the impairment of raft composition prevents the depletion at least of Dsg3 and reduces loss of cell cohesion (32) (Schlögl et al., this issue). In addition, the cleavage of Dsg3 by caspase-3 independent from apoptosis was observed and may promote internalization (51–53), the latter of which was shown to require EGFR signaling (54).

Split desmosomes are rarely detectable in keratinocyte cultures incubated with pemphigus antibodies in the absence of mechanical stress (55) but are enhanced when cultures are subjected to mechanical strain as well as in human skin models and in patients’ skin (14, 56). Furthermore, split desmosomes appear typically severely altered with reduced plaque sizes and aberrant keratin insertion. This may indicate that desmosome splitting occurs secondary to changes in desmosome composition. Collectively, interference with desmosome turnover can largely explain the ultrastructural hallmarks of pemphigus patients’ lesions.

DESMOSOME DYSFUNCTION DEFINES THE CLINICAL PHENOTYPE OF PEMPHIGUS

All mechanisms described earlier finally lead to desmosome dysfunction, which impair keratinocyte cohesion. However, the functional interplay of the different mechanisms is not well understood at present. It is also unclear why epidermal splitting affects the deep epidermis in PV, whereas PF blisters are restricted to superficial epidermal layers (Figure 1). Besides homophilic adhesion, Dsgs were shown to undergo heterophilic interactions both with other Dsg isoforms and Dscs, respectively (5, 45, 57, 58). Moreover, the genetic deletion of Dsc3 causes a PV phenotype with suprabasal blistering in mice (59). On the other hand, the forced overexpression of Dsg2, a Dsg isoform not present in the adult human epidermis except hair follicles, which is upregulated in PV lesions, can compensate for the loss of Dsg1 in a PF mouse model (60, 61). Therefore, it is likely that all desmosomal cadherins (i.e., Dsg1–4, Dsc1–3) contribute to keratinocyte cohesion and epidermal integrity in a layer-specific manner.

In the mucosa, Dsg3 is the predominant desmosomal cadherin, and in the superficial epidermis Dsg1 is strongly expressed, whereas other isoforms of desmosomal cadherins are largely absent except of Dsc1 (Figure 1) (8). The cadherin distribution pattern can well explain the clinical phenotype of mPV and PF because the loss of function of the target molecules cannot be outbalanced by relevant amounts of other desmosomal cadherins (1). However, the Dsg compensation theory falls short in mcPV, because if Dsg1 and Dsg3 would specifically compensate for each other, the whole epidermis or at least the lower epidermis should disintegrate completely when considering that autoantibodies entering the epidermis from the dermis may be concentrated most in the first few layers of cells. Rather, epidermal splitting typically occurs right at the suprabasal level, i.e., between the basal keratinocytes and the first layer of the spinous layer cells where in intact epidermis as well as in PV lesions, Dsg1 and Dsg3 are expressed (8). This favors the hypothesis that different mechanisms contribute to desmosome dysfunction in a layer-specific manner.

The direct inhibition of Dsg3 binding by PV-IgG has been described under cell-free conditions as well as on the surface of living keratinocytes; however, it was ineffective to induce the complete loss of cell cohesion (62–64). By contrast, the interference of anti-Dsg1 autoantibodies with Dsg1 binding was detectable neither in cell-free AFM experiments (63, 65, 66) nor in studies with intact keratinocytes (Vielmuth 2018, Frontiers Immun, this issue). This suggests that the mechanisms underlying the loss of keratinocyte cohesion in pemphigus are autoantibody-specific. In this respect, it was reported recently that autoantibody profiles in pemphigus correlate with signaling patterns which makes it intriguing to speculate that specific signaling patterns may be defining the clinical phenotype (65). It has been reported that p38MAPK and Src can be activated by PV-IgG containing antibodies against Dsg3 as well as by AK23 which is Dsg3-specific (Figure 1). In addition, EGFR and caspase-3 activation in response to AK23 and PV-IgG was shown in mouse models (53, 54, 67). By contrast, the increase of intracellular Ca2+ as well as Erk activation was induced only by PV-IgG and PF-IgG containing Dsg1 autoantibodies, which was paralleled by p38MAPK activation (65). In this line of thoughts, the direct inhibition of Dsg3 binding together with the signaling of p38MAPK, Src, EGFR, and caspase-3 would be sufficient to cause mucosal erosions (Figure 1), whereas additional mechanisms such as Ca2+, which has been shown to be associated with PKC activation in keratinocytes treated with pemphigus antibodies (68, 69), as well as Erk would be required for epidermal blistering. If so, it could be postulated that one function of Dsg and Dsc isoforms expressed in the epidermis but not in the mucosa may be to further strengthen keratinocyte cohesion by regulating signaling pathway which control desmosome turnover and function.

For most of the pathways described earlier, it was shown that modulation is sufficient to largely reduce skin blistering in mice (6). However, mice differ from humans with respect to epidermal Dsg expression patterns. Moreover, the genetic deletion of Dsg3 or the inactivation of Dsg3 via incubation with AK23 is sufficient to cause skin blisters in mice (41, 70). This is different to the situation in mPV where the skin is usually not affected and indicates that Dsg3 is more critical for epidermal integrity in mice compared to humans. Therefore, to prevent misinterpretations, studies including ultrastructural analyses of human skin are required in addition to mouse models. Indeed, studies in human skin ex vivo indicate that the significance of p38MAPK for blister formation may be different in PV and PF. When using PV-IgG, the inhibition of p38MAPK was sufficient to abrogate blistering (11, 56) but not when PF-IgG was applied (71). On the other hand, it was shown that p38MAPK in response to PV-IgG and PF-IgG is involved in the reduction of desmosome length (56, 71). However, since the shortening of desmosomes and interdesmosomal widening were detectable also in the absence of blistering following treatment with AK23, this indicates that p38MAPK-mediated reduction of desmosome length and interdesmosomal widening may not be sufficient to cause skin blistering. Rather, the complete loss of desmosomes appears to be required (56) for which other mechanisms such as Ca2+, PKC, or Erk may be necessary to induce superficial epidermal blistering in PF (Figure 1). However, when bolstered by the direct inhibition of Dsg3 binding and Src activation, the panel of mechanisms causing desmosome dysfunction may be sufficient to cause suprabasal splitting as seen in mcPV. Taken together, it is likely that the clinical phenotype in pemphigus is caused by a complex set of mechanisms causing desmosome dysfunction.
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Chronic obstructive pulmonary disease (COPD), the fourth leading cause of death worldwide, is characterized by irreversible airflow limitation based on obstructive bronchiolitis, emphysema, and chronic pulmonary inflammation. Inhaled toxic gases and particles, e.g., cigarette smoke, are major etiologic factors for COPD, while the pathogenesis of the disease is only partially understood. Over the past decade, an increasing body of evidence has been accumulated for a link between COPD and autoimmunity. Studies with clinical samples have demonstrated that autoantibodies are present in sera of COPD patients and some of these antibodies correlate with specific disease phenotypes. Furthermore, evidence from animal models of COPD has shown that autoimmunity against pulmonary antigens occur during disease development and is capable of mediating COPD-like symptoms. The idea that autoimmunity could contribute to the development of COPD provides a new angle to understand the pathogenesis of the disease. In this review article, we provide an advanced overview in this field and critically discuss the role of autoantibodies in the pathogenesis of COPD.
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a major public health problem affecting more than 200 million people worldwide and leading to millions of death annually (1). COPD patients suffer from a progressive and not fully reversible airflow limitation. Pathologically, COPD is characterized by persistent pulmonary inflammation, obstruction of the small airways (obstructive bronchiolitis) and structural changes of the airways (emphysema) (2). It is widely accepted that COPD is triggered by inhaled toxic gases and particles. However, the pathogenesis of COPD remains largely unclear (2, 3).

Cigarette smoking (CS) is the major etiologic and risk factor for COPD (4, 5), and smoking cessation is beneficial for patients in terms of lung function (6). However, smoke cessation does not attenuate the pulmonary inflammation once COPD is established in patients (7, 8). The persistence of the pulmonary inflammation after smoking cessation and the presence of well-organized lymphoid follicles around small airways and lung parenchyma of COPD patients (9–11) implicate that there are memory adaptive immune responses to non-cigarette antigens, such as autoantigens, commensal microbiota, and infectious pathogens (8, 12, 13). Among these candidates, autoantigens are of specific interest because both clinical and experimental evidence suggest that CS is capable of triggering autoimmunity. Thus, the exploration of the contribution of autoimmune responses to the development of COPD could provide a new angle for understanding the pathogenesis of this disease.

In 2002, Cosio et al. proposed a novel concept that COPD could be considered as an autoimmune disease triggered by smoking (14). In 2007, Lee et al. reported that emphysema is characterized by the presence of humoral and cellular autoimmune responses against elastin, an extracellular protein important for lung integrity (12), for the first time showing evidence for a role of autoimmunity in COPD pathogenesis. Thereafter, many efforts have been made to determine the role of autoimmunity in the development of COPD by the use of clinical samples and animal models. In this review article, we aim to summarize recent advances in this field, discuss the contribution of autoimmunity to COPD, and outline prospects for future research. Since the role of self-reactive T cells in COPD has been reviewed elsewhere (14–16), we focus here on autoantibodies in COPD and its animal models.

AUTOANTIBODIES IN COPD PATIENTS

Presence of Autoantibodies in COPD

According to their targets, studies investigating the presence of autoantibodies in COPD can be roughly categorized into two groups, those addressing autoantibodies against undefined and those addressing defined antigens (Table 1).

TABLE 1 | Summary of autoantibodies in COPD.
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The first group consists of studies in which autoantibodies against undefined autoantigens, such as tissues or cells were investigated. Given that the majority of autoantigens in COPD is probably unknown, determination of autoantibodies against lung tissue or its major cell types, e.g., epithelial or endothelial cells provides a proof-of-principle evidence for the presence of autoantibodies in this disease. In 2008, Feghali-Bostwick and colleagues detected IgG deposition within alveolar septa and small airway walls by immunohistochemical staining in six out of six of patients with severe COPD, but in none of six controls (17) indicating for the first time that anti-tissue antibodies are present in COPD patients. Such anti-tissue antibodies in COPD were also described in another study using indirect immunohistochemical staining in which Packard et al. showed that IgG from COPD patients have a higher binding capability to non-smoker lung tissue section than IgG from healthy smokers (18). In addition, anti-tissue antibodies in COPD could also be detected using rodent tissues as antigen (19) confirming the presence of anti-tissue antibodies.

Aside from studying anti-tissue autoantibodies, Feghali-Bostwick et al. went on to investigate autoantibodies more specifically directed against epithelial and endothelial cells (17). Their results showed that the prevalence of autoantibodies against epithelial cells, including both hepatoma (HEp-2) cell and primary pulmonary artery epithelial cells, is significantly higher in COPD patients as compared with smoker or non-smoker (17). In addition, 50% of the COPD patients are also characterized by autoantibodies against primary pulmonary artery endothelial cells (17). This study shows for the first time the presence of anti-epithelial and anti-endothelial autoantibodies in COPD patients. By using a cell-based enzyme-linked immunosorbent assay with human umbilical vein endothelial cells (HUVECs) as coated antigen, two independent research groups confirmed the presence of anti-endothelial IgG in COPD patients (20, 21). Recently, the presence of anti-epithelial IgG has also been shown in a study using human bronchial epithelial cells as target (22). Taken together, these studies demonstrate convincingly that autoantibodies against lung tissue as well as pulmonary epithelial and endothelial cells are detectable in patients with COPD.

In the second group of studies, autoantibodies against defined antigens suspected to be present in or functionally related to the disease were investigated. This group includes extracellular matrix (ECM) proteins, cellular proteins from pulmonary cells, neo-autoantigens, immune molecules, and autoantigens in common autoimmune diseases.

The main function of cellular matrix proteins is to maintain the structure and integrity of the lung. Since degradation of matrix proteins is a hallmark of emphysema, these proteins are promising candidates for autoantigens in COPD. As mentioned earlier, autoantibodies against elastin have been detected in emphysema patients, showing for the first time the presence of autoantibodies in COPD (12). However, beside one exception (18), all following studies failed to confirm levels of anti-elastin antibodies in COPD patients surmounting those of healthy controls (23–26). Moreover, results from two independent groups showed that levels of anti-elastin antibodies are even lower in COPD patients than in healthy controls (27, 28). Beside elastin, collagens have been also extensively investigated as candidate autoantigens for COPD. Using an autoantigen array with 70 proteins, Packard and colleagues showed that levels of autoantibodies reactive to a broad spectrum of self-antigens are significantly higher in COPD patients involving emphysema than in healthy controls, including autoantibodies against collagen I, collagen II, and collagen IV (18). However, similar to the findings for anti-elastase antibodies, these results were not confirmed by other groups (12, 23, 25), keeping this issue under debate. Moreover, autoantibodies against aggrecan, another ECM protein, have been detected in patients with COPD (18).

In addition to ECM proteins, cellular proteins from pulmonary cells have also been regarded as potential autoantigens in COPD. Using immunoblotting assays with lysates prepared from alveolar cells as targets, Kuo et al. showed that autoantibodies against multiple cellular antigens are more frequently present in sera of COPD patients than in controls (29). Among those antigens, a 45-kDa cellular protein was identified as cytokeratin 18 (CK-18), an intermediate filament protein located in the intracytoplasmic cytoskeleton of epithelial tissue. Although this interesting finding has not been observed in a report based on a small number of samples (25), it has been confirmed in a recent study where 228 COPD patients and 136 controls were included (30). Here, Xiong et al. could show that the levels of circulating IgG, IgA, and IgM autoantibodies against CK-18 are elevated in COPD patients as compared with healthy controls (30). Furthermore, they also demonstrated that COPD patient express autoantibodies against another intermediate filament protein, CK-19, suggesting another cellular autoantigen for the diseases (30).

Neo-autoantigens are antigens expressed under specific pathophysiological conditions and are not ubiquitously in our body (31). Well-known neo-autoantigens in autoimmune diseases such as rheumatoid arthritis (RA) are citrullinated peptides or proteins which are generated by a posttranslational modification process occurring under certain inflammatory conditions (32). Results from several studies using different citrullinated peptides or proteins as antigens have shown that the frequencies of sera with anti-citrullinated protein antibody (ACPA) are very low in both COPD patients and healthy controls and without significant difference between these two groups (33–35). When the concentrations of ACPA are used for comparison, levels of anti-cyclic citrullinated peptide antibodies (CCP2) have been shown to be higher in sera of COPD patients than controls in one study (35), which was not confirmed by three other groups (28, 33, 34). Carbonyl-modified proteins (CMP) represent another type of neo-autoantigen, which are investigated in COPD. Oxidants, a major constituent of cigarette smoke, can cause the formation of carbonyl adducts on proteins in vivo (36), making it conceivable that autoantibodies against CMP are generated in COPD patients. To verify this hypothesis, Kirkham et al. determined levels of autoantibodies against CMP in the sera of COPD patients and controls. They found that antibody titers against carbonyl-modified self-protein were significantly increased in patients with COPD as compared with controls (21) showing the presence of such autoantibodies.

Apart from molecules from cells residing in the lung, some molecules from immune cells have also been shown to act as autoantigens in COPD. In 2012, Cherneva and colleagues reported that concentrations of autoantibodies against αB-crystallin (HspB5), a marker of innate immune activation, were increased in patients with COPD (37). Notably, according to this study, those autoantibodies are also present in inflammatory lung diseases suggesting that they are not COPD specific. Very recently, Luo et al. investigated autoantibodies against a soluble form of CD80 (sCD80), a co-stimulatory molecule for T cell activation, in sera of patients with COPD (38). They found that serum levels of anti-sCD80 were higher in patients with COPD than in controls and were positively correlated to inflammatory cytokines, e.g., IL-6 and IL-8 (38). Another immune molecule, β2-microglobulin that is a component of MHC class I molecules, has also been identified as an autoantigen in COPD (18).

Finally, autoantigens that have already been described in some common autoimmune diseases have also been investigated in COPD. For example, using indirect immunofluorescence staining, two independent groups have demonstrated that antinuclear antibodies are more prevalent in patients with COPD than healthy controls (19, 39). Although this difference has not been found in two other studies using the same detection method (26, 33), a study using protein arrays carrying 70 different antigens has confirmed that sera of patients with emphysema have autoantibodies reactive to many common nuclear antigens (18). In this study, the reactivity of sera derived from patients suffering from systemic lupus erythematosus (SLE) and RA was analyzed in comparison. Interestingly, emphysema-associated COPD was characterized by a lower autoantibody reactivity than SLE, but a higher than RA (18), suggesting COPD is indeed associated with a substantial level of autoimmunity.

Taken together, a number of previous studies have demonstrated that autoantibodies are present in patients with COPD. However, their determination and visualization appear to be autoantigen and method depending.

Does the Presence of Autoantibodies Correlate with Clinical Parameters in COPD?

Aside from demonstrating the mere presence of autoantibodies, their potential correlation with disease parameters is important for their clinical relevance as biomarkers and could provide further evidence for a role of autoantibodies in COPD. Therefore, some studies with well characterized patients investigated the correlation between autoantibodies and clinical parameters of COPD.

By comparing subgroups of COPD patients categorized by clinical parameters, Nunez and colleagues demonstrated that the prevalence of anti-tissue antibodies are significantly different among patients groups with various disease severity as indicated by American Thoracic Society/European Respiratory Society (ATS/ERS) stage or diffusing capacity of carbon monoxide (DLCO). Patients with more severe disease showed higher prevalence of anti-tissue antibodies (19), suggesting an association between the presence of anti-tissue antibodies and an increased disease severity. In another study, Packard and colleagues described that sera from COPD patients with emphysema showed a higher anti-tissue antibody reactivity than sera from COPD patients without emphysema, suggesting an association of this autoantibody with emphysematous disease.

Recently, an association between severity of COPD and anti-epithelial antibodies has been demonstrated by Cheng et al. (22). They found that the prevalence of both anti-epithelial IgG and IgA are elevated in patients with severe disease (GOLD stage III or IV) as compared with patients with milder symptoms (GOLD stage I or II) (22). However, the association of anti-epithelial antibodies with disease severity has not been observed in a study with a rather small number of patients (17). Based on these inconsistent results from current studies, it remains unclear whether anti-epithelial antibodies are indeed associated with severity of COPD.

The correlation with clinical parameters of COPD has also been shown for autoantibodies directed against some defined antigens. For example, in Packard’s study, they found that serum levels of autoantibodies against many antigens are significantly higher than in COPD patients without emphysema (18). Disease severity is also reported to be associated with autoantibodies against several other antigens. In 2010, Kuo et al. reported that levels of autoantibodies against CK-18 were inversely correlated with lung function parameters (29). This correlation is confirmed by investigations of Xiong et al. who showed that circulating levels of both anti-CK-18 and anti-CK-19 autoantibodies correlate significantly with the severity of the disease (30). Besides anti-CK-18 and anti-CK-19, two other autoantibodies have been reported to correlate with disease severity in COPD. While the presence of anti-sCD80 antibodies was shown to be associated with a high GOLD stage (38), autoantibodies against CMP correlated with a high GOLD stage and were inversely correlated with lung function parameters (21).

Notably, anti-elastin antibodies are also associated with disease parameters, but in contrast to all autoantibodies mentioned earlier, in the opposite direction where a lower antibody titer was associated with more severe disease and emphysema (27).

AUTOANTIBODIES IN ANIMAL MODELS OF COPD

Animal models are powerful research tools for investigating the pathogenesis of human diseases. For COPD, such models have been established in many species, including mice, rat, dog, monkey, and guinea pig (40). In consistence with findings in COPD patients, evidence from animal models also supports a role of autoantibodies in the pathogenesis of COPD, especially in those with emphysema (Table 2).

TABLE 2 | Autoantibodies in animal models of COPD.

[image: image1]

In 2010, Brandsma and colleagues reported that chronic CS-exposure leads to the pulmonary inflammation and production of autoantibodies against multiple ECM components in mice (41). To further explore the role of autoantibodies against ECM in this mouse model, the authors immunized mice with a mixture of lung ECM. As expected, mice immunized with ECM produced high levels of autoantibodies against different ECM components. In addition, the immunization alone increased the number of macrophage in the lung tissue suggesting a proinflammatory role of autoimmunity against ECM (41). Unfortunately, emphysema, which is associated with autoantibodies in human COPD, was not observed in their model disabling the evaluation of a potential association between autoimmunity against ECM and emphysema development (41). Very recently, a study investigating CS-induced rat model of COPD shed some new light on this field (42). In this study, Hu et al. reported that CS-exposed rats produce higher levels of autoantibodies against β2-adrenergic receptors (β2-ARs) than control rats (42). Moreover, autoantibodies against β2-ARs are associated with severity of CS-induced emphysema suggesting that the autoimmunity might be involved in the formation of emphysema. To confirm this notion, the authors immunized rats with the peptide of the second extracellular loop of β2-ARs which contains an epitope recognized by agnostic autoantibodies against β2-ARs (42, 43). Rat immunized with the β2-ARs peptide produces autoantibodies against β2-ARs and development of emphysema, confirming the role of autoimmunity against β2-ARs in pathogenesis of COPD-like disease (42). Therefore, evidence from CS-induced animal models demonstrates that CS-exposure triggers autoimmunity against multiple autoantigens in the lung and such autoimmunity contribute to COPD-like symptoms.

Beside CS-expose induced approaches, models induced by active immunization also provide evidence for a role of autoimmunity in the pathogenesis of COPD. In 2005, Taraseviciene-Stewart and colleagues reported a new animal model for COPD in rats (44). Rats immunized with HUVECs raised antibodies against HUVECs and developed emphysema. Interestingly, adoptive transfer of either serum or CD4+ T cells from the HUVECs-immunized rat into naive immunocompetent rats induced subsequent emphysema (44). These results suggest an autoimmune-driven mechanism beneath the disease manifestation in experimental COPD which involves both autoreactive T cells and autoantibodies.

CONCLUSION AND PERSPECTIVES

In summary, the abovementioned clinical and experimental studies provide some evidence for the role of autoantibodies in COPD. First, autoantibodies are present in both COPD patients and in corresponding animal models, particularly those involving emphysema. This notion is supported by the finding that severe COPD with emphysema is associated with HLA II alleles which is associated with most autoimmune diseases (45). Second, correlation between autoantibodies and disease severity has been described but appears not to be consistent among different studies. Third, autoantibodies in animal models of COPD are capable of inducing a COPD-like disease phenotype. Those evidence, alone with the fact that COPD patients are characterized by increased numbers of B cells, plasma cells, and B cell-rich lymphoid follicles that correlate directly with disease severity (11, 46), support a role of autoantibodies in the development of COPD. Besides humoral autoimmunity, it is important to mention that cellular autoimmunity might also contribute to COPD pathogenesis. As aforementioned, human autoreactive CD8+ and CD4+ T cells have been suggested to contribute to COPD (14–16). In addition, transfer of CD4+ T cells from the HUVECs-immunized rat is able to induce emphysema, supporting a role of autoreactive CD4+ T cells in experimental COPD (44).

With immunodeficient mice which lack both T- and B-cells, the role of adaptive immunity in experimental COPD can be explored. In 2010, Motz et al. reported that transfer of T cells from CS-exposed mice, but not T cells from fresh air-exposed mice, into Rag2−/− mice led to the development of pulmonary inflammation and emphysema in the recipient mice (47), suggesting that adaptive immune responses are capable to mediate COPD-like symptoms. However, by directly exposing immunodeficient mice to CS, two research groups have demonstrated that immunodeficient mice develop comparable COPD-like disease as wild-type controls mice (48, 49), indicating that adaptive immune responses are not required for CS-induced COPD in mice. Since autoimmunity is a part of adaptive immune responses, the abovementioned experimental evidence suggests that autoimmunity is potentially pathogenic but dispensable for CS-induced COPD in animals. However, since human differ from animals in many aspects, findings from animal models might not sufficiently reflect human diseases. Therefore, whether autoimmunity is a pathogenic or an indispensable event in the development of COPD remains elucidative.

In conclusion, previous studies have suggested a potential role of autoimmunity in COPD and its animal models, opening a new field for exploring the pathogenesis of the diseases. Further investigations in this field will not only help for understanding the pathogenesis of COPD but also help for both diagnostic and treatment of the disease.
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Pemphigus and systemic lupus erythematosus (SLE) are severe potentially life-threatening autoimmune diseases. They are classified as B-cell-mediated autoimmune diseases, both depending on autoreactive CD4+ T lymphocytes to modulate the autoimmune B-cell response. Despite the reported association of pemphigus and SLE, the molecular mechanisms underlying their comorbidity remain unknown. Weighted gene co-expression network analysis (WGCNA) of publicly available microarray datasets of CD4+ T cells was performed, to identify shared gene expression signatures and putative overlapping biological molecular mechanisms between pemphigus and SLE. Using WGCNA, we identified 3,280 genes co-expressed genes and 14 co-expressed gene clusters, from which one was significantly upregulated for both diseases. The pathways associated with this module include type-1 interferon gamma and defense response to viruses. Network-based meta-analysis identified RSAD2 to be the most highly ranked hub gene. By associating the modular genes with genome-wide association studies (GWASs) for pemphigus and SLE, we characterized IRF8 and STAT1 as key regulatory genes. Collectively, in this in silico study, we identify novel candidate genetic markers and pathways in CD4+ T cells that are shared between pemphigus and SLE, which in turn may facilitate the identification of novel therapeutic targets in these diseases.
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INTRODUCTION

Pemphigus is a rare autoimmune bullous dermatosis, clinically characterized by intraepidermal blistering of the skin and/or mucous membranes. Immunologically, pemphigus is characterized by autoantibodies directed against desmosomal and non-desmosomal adhesion molecules expressed in the skin and mucosa. Binding of the pathogenic autoantibodies in the skin leads to dissociation of adjacent keratinocytes and formation of blisters. Based on the clinical presentation and the specificity of the anti-desmoglein (Dsg) autoantibodies, pemphigus is classified into two main forms, pemphigus vulgaris (PV), with autoantibodies targeting Dsg3, and in some cases also Dsg1, and pemphigus foliaceus (PF), with autoantibodies targeting Dsg1 (1). The association of pemphigus with connective tissue diseases such as systemic lupus erythematosus (SLE) has been previously noted on a case report/case series basis (2, 3). In line, pemphigus autoantibodies and antinuclear autoantibodies, one immunological hallmark of SLE (4), coexist in healthy blood donors (5). However, the molecular mechanism remains unknown. The co-occurrence of pemphigus and SLE can suggest a common network of multifunctional genes and pathways. Alternatively, it can be altogether serendipitous. Due to the complexity of such a system, weighted gene co-expression network analysis (WGCNA) can serve as a comprehensive tool for identifying gene clusters of correlating and connected shared genes (6, 7). This approach has been previously successfully applied in various biological contexts to identify regulatory genes and networks associated with multiple disease phenotypes (8–11).

Systemic lupus erythematosus and pemphigus are characterized by the production of autoantibodies and traditionally classified as B-cell-mediated autoimmune diseases. Compelling evidence has, however, shown that autoreactive helper-T lymphocytes are crucial in pathogenicity of both diseases by regulating B cells response and promoting autoantibodies production (12–15). Thus, studying gene expression networks within the CD4+ T-cell population is not only essential for understanding the underlying pathophysiology but also for identifying predictive biomarkers and establishment of novel therapeutic targets for these diseases.

Using publically available gene expression data from NCBI GEO database, we investigated gene co-expression networks of CD4+ T cells obtained from pemphigus (PV as well as PF) and SLE patients (16). Our analysis revealed 14 distinct modules containing 3,280 co-expressed genes between the two diseases. Two out of 14 modules were found significantly upregulated: one in PF and SLE, and the other in PV. We further identified biological pathways such as “type I interferon signaling pathway” and “defense response to virus” using KEGG database, to be enriched in disease-associated modules. To the best of our knowledge, this is the first study applying a systems biology approach to identify shared molecular mechanisms between pemphigus and SLE.

MATERIALS AND METHODS

Data Collection

All the data for the analysis were collected by searching expression databases such as NCBI GEO and Array Express for CD4+ T cells for pemphigus and SLE (17, 18). The datasets from other tissues or cell type were discarded. Also, the datasets, which did not have raw data files, were discarded from the downstream analysis. Two datasets, one for pemphigus (GSE53873) and one for SLE (GDS4185), were included in this study. The covariate information available for the patients is summarized in Table S1 in Supplementary Material. Altogether 46 samples (4 PV, 15 PF, 13 SLE, and 14 healthy controls) were used in the analysis.

To avoid a potential bias that could be introduced by obtaining two separate microarray datasets, the deposited gene expression data were directly used for batch normalization. The expression profiles were log2 transformed and batch normalization was done using “sva” and “combat” functions in SVA R package (19). The effect of normalization was investigated by principal component analysis using the R-based “prcomp” function. Since batch normalization still produced biased results (Figure 1), the raw files were preprocessed again and an additional normalization step was performed. In detail, raw gene expression profiles were deduced from text files (Codelink array) using Codelink R package (20). Using the same package, first, the background was corrected with the “normexp” method and then normalized by the “cyclicloess” method. For Affymetrix data, raw gene expression for each sample was derived using R Affy package (21). The background correction was performed by “backgroundCorrect (method = ‘normexp’)” and cyclic normalization was performed on log2 expression values using limma R package (22). All the probes from each of the microarray platforms were filtered out for significant low expression/variation (P < 0.05) using the “varianceBasedfilter” function from DCGL R package (23). The remaining probes were mapped to Ensembl gene identifiers and probes’ expression was collapsed to gene-level expression using “collapseRows” function with default parameters in WGCNA R package (24). Consequently, batch normalization and statistical analysis were performed on the overlapping genes between two platforms using “combat” and PCA analyses, respectively (25). The data were further investigated for the presence of confounding effects such as clinical form of the disease (generalized vs. localized) and treatment group (predisnome vs. untreated) for pemphigus dataset (GSE53873) using anosim function with 999 permutations in vegan R package (26).
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FIGURE 1 | PCA plot illustrating the normalization procedure. (A) PCA plot showing clustering of the samples based on the gene expression profiling, before and (B) after batch correction on raw data. (C) PCA plot showing clustering of the samples after using identical background correction and normalization methods, before and (D) after batch correction. The X- and Y-axes represent the first and the second principal components and the associated percentage of variation.



Co-Expression Networks

Co-expression modules were generated using WGCNA R package. A signed weighted adjacency matrix of pair-wise connection strengths (bicor correlation) was constructed using the soft-threshold approach with a scale-independent topological power β = 6. For a gene, the connectivity was defined as the sum of all connection strengths with all other genes. Genes were aggregated into modules by hierarchical clustering and refined by the dynamic tree cut algorithm. Thereafter, module eigenvalues were calculated. The eigenvalue is the first principal component of the gene expression profile within a module, representing average module expression profile (27). The statistical significance (P < 0.05) of module eigenvalues among the groups was accessed by Kruskal–Wallis test. Modular hub gene candidates were identified by correlating the gene expression with its module eigenvalues (“chooseTopHubInEachModule” function in WGCNA). To generate the causal network within a module, the C3NET R package was used (28). The algorithm uses mutual information theory to construct gene networks from gene expression data. The final network was generated using “c3net” function with default setting. A gene–gene interaction was considered to be significant if α < 0.05.

Functional Characterization of a Module

To investigate known gene–gene interactions, we used the INMEX web server (29). All genes within a specific module were queried, and a minimum network connecting all genes within this module was obtained. The hub gene candidates from this analysis were defined by their degree of interactions. Gene ontology terms, enriched KEGG pathways, and transcription factor binding sites for each module were obtained using David web server. Thereafter, all the mapped genes and reported genes to the disease-associated loci were selected from genome-wide association study (GWAS) catalog. The selected genes and modular genes were connected to each other based on known gene–gene interactions (INMEX web server). Only the direct interactions between the modular genes and GWAS genes were considered. Gene–gene interactions were visualized using Cytoscape software and figures were generated using R programing language. Intermediate gene conversions and data formatting were done using Perl programing language (30).

RESULTS

Data Selection and Normalization

Microarray data were obtained for peripheral CD4+ T-cell samples from 19 pemphigus patients (4 PV; 15 PF), 13 SLE patients, and 14 healthy controls from NCBI GEO and EBI Array Express (GSE53873; GDS4185). Altogether, our dataset included 46 samples derived from Codelink and Affymetrix arrays. Only datasets comprising raw files were included in the downstream meta-analysis. Therefore, we excluded samples GSE4588 and GSM260948 from our analysis.

To implement the co-expression network analysis, we standardized and batch-normalized the datasets. We collected common probes across the two chip-arrays. The CodeLink Human Whole Genome Bioarray from GE Healthcare consisted of 54,359 probes, while the Affymetrix Human Genome U133A array consisted of 22,283 probes. We converted these probes to ensemble gene identifiers using ensemble biomart and found that 12,980 genes were common between the two platforms. Consequently, the datasets were merged based on the expression of common genes and “combat” and “sva” (SVA R package) functions were applied to remove the batch effect. Our results show that while the Affymetrix samples were distributed uniformly among the principal components, the data generated from the CodeLink array still clustered together (Figures 1A,B), suggesting that the dataset was not properly normalized and required further optimization. To further optimize the datasets, we used the “normexp” method for background correction and “cyclicloess” on log2 transformed values. Additionally, each dataset was separately filtered for low expressing/varying probes, as well as multiple probes were collapsed for each gene. Briefly, 18,038 probes representing 12,980 genes were identified in the CodeLink dataset. These probes were filtered for low variation and collapsed to generate 5,646 gene expression profiles. Similarly, the Affymetrix gene chip consisted of 20,366 probes representing 12,980 genes. These probes were filtered and collapsed, resulting in 6,073 gene expression profiles. Overall, the overlap between the two datasets consisted of 3,280 gene expression profiles, which were further used in the downstream analysis. After applying the batch effect normalization “combat” algorithm, we observed that the samples were distributed among first principal component with only 8.3% variation explained by the first component (Figures 1C,D). We also analyzed confounding effects by stratifying the dataset for different covariates. We found no significant differences for covariate generalized vs. localized (P = 0.402) and prednisone treated vs. untreated (P = 0.596) for pemphigus samples. No covariate information was available for SLE samples (Figure S1 in Supplementary Material).

Detection of Co-Expression Modules Related to Pemphigus and SLE

Next, we set out to identify system-level similarity between pemphigus and SLE. Therefore, we applied WGCNA, aiming to identify gene modules that are co-expressed between pemphigus and SLE samples, and that are likely to be involved in common pathways. The major advantage of using such an approach is that it alleviates the multiple-testing problem that is inherent to microarray datasets. Using WGCNA, we identified 14 modules of co-expressed genes for 3,280 highly expressed and varying gene expression profiles, which are represented by different color codes (Figure 2; Figure S1, Data Sheet 1 in Supplementary Material). Two out of 14 modules showed differences between control and disease samples. The module “magenta” was significantly upregulated for both PF (P = 0.005) and SLE (P = 0.016) in comparison to healthy controls, and the module “salmon” was specifically upregulated only in PV (P = 0.034) (Figure 2).
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FIGURE 2 | Boxplots of eigengene values across modules. Boxplots depicting different identified modules on the X-axis and the corresponding module eigengene values for each group of samples on the Y-axis. The significance among the groups was calculated using Kruskal–Wallis test. *P < 0.05; **P < 0.01. PF, pemphigus foliaceus; PV, pemphigus vulgaris; SLE, systemic lupus erythematosus.



Biological Pathways in the PF- and SLE-Associated Module “Magenta”

Module “magenta” consisted of 74 genes and, compared with controls, was significantly upregulated in PF and SLE. To investigate different known mechanisms associated with this module, we performed gene ontology analysis using DAVID database (31). We found that this module was, among others, enriched in biological processes such as “type I interferon signaling pathway” (P.adj = 6.4E−11), “defense response to virus” (P.adj = 2.7E−10), and “cytokine-mediated signaling pathway” (P.adj = 1.3E−7) (Table 1). This module was also enriched in KEGG pathways, including “measles” (P.adj = 2.3E−4), “influenza A” (P.adj = 2.7E−4), and “herpes simplex infection” (P.adj = 1.3E−3). On the basis of statistical module membership and eigengenes value, we identified s-adenosyl methionine domain containing 2 (RSAD2) gene as the most highly ranked hub gene for this module. To identify subnetworks and statistical interactions within the modules we used the “c3net” algorithm. The “c3net” algorithm investigates the direct physical interaction for gene expression data, further providing putative mechanisms within a module and characterizing its key regulating genes (9). We found 2’-5’-oligoadenylate synthetase 1 (OAS1), MX dynamin-like GTPase 1 (MX1), interferon-induced protein with tetratricopeptide repeats 3 (IFIT3), and spermatogenesis-associated serine-rich 2 like (SPATS2L) genes as master regulator genes of the module (degree ≥ 5) (Figure 3). Moreover, to further explore known gene–gene interactions among the genes in “magenta” module, we used the INMEX web server (32). We were specifically interested in examining “minimum interaction networks.” In this type of networks, a minimum number of genes are required to connect all the nodes to a given set of genes. Using this approach, we further derived additional regulators such as junction plakoglobin (JUP), B-cell CLL/lymphoma 2 (BCL2), ISG15 ubiquitin-like modifier (ISG15), STAT1, S-phase kinase-associated protein 2 (SKP2), and eukaryotic translation initiation factor 2 alpha kinase 2 (EIF2AK2) (Figure S2 in Supplementary Material).

TABLE 1 | Gene ontology and enriched KEGG pathways for “magenta” and “salmon” modules.
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FIGURE 3 | Gene–gene interaction network for the “magenta” module. De novo network generated by C3NET algorithm for the “magenta” module. The figure shows statistically significant (α < 0.05) edges predicted by the algorithm. Fully colored nodes represent the “magenta” module-associated genes. Empty nodes represent the regulatory genes (degree ≥ 5).



Biological Pathways in the PV-Associated Module “Salmon”

Although the sample size for PV samples was small (n = 4), we identified a distinct module that, compared with controls, was significantly upregulated in PV, namely the “salmon” module (P = 0.034). The “salmon” module comprises 39 genes (Table 1) and was enriched in the following biological processes: “blood coagulation” (P.adj = 1.4E−1) and the KEGG pathway “platelet activation” (P.adj = 1.8E−1). Using statistical module eigengenes, we identified platelet glycoprotein IX (GP9) as a hub gene of this module. Additionally, using the “c3net” algorithm, we identified pro-platelet basic protein (PPBP), G protein subunit gamma 11 (GNG11), and thrombospondin 1 (THBS1) genes as key regulators of the “salmon” module (degree ≥ 4) (Figure 4). In addition, while using the INMEX server we identified protein kinase cAMP-dependent type-II regulatory subunit beta (PRKAR2B), Src homology 2 domain-containing-transforming protein 3 (SHC3), tensin 1 (TNS1), PPBP, and GNG11 as regulatory genes (Figure S3 in Supplementary Material). Interestingly, both PPBP and GNG11 genes coincided with the list of the aforementioned C3NET-derived key regulatory genes.
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FIGURE 4 | Gene–gene interaction network for the “salmon” module. De novo network generated by C3NET algorithm for the “salmon” module. The figure shows statistically significant (α < 0.05) edges predicted by the algorithm. Fully colored nodes represent the “salmon” module-associated genes. Empty nodes represent the regulatory genes (degree ≥ 4).



Cross-Linking SLE and Pemphigus GWA Studies with Clusters of Co-Expressed Genes in the “Magenta” and the “Salmon” Modules

While multiple GWA studies had been undertaken in a continuous effort to identify SLE susceptibility genes, only one GWA study was previously conducted in pemphigus, namely in PV (33, 34). In contrast to GWA studies that normally investigate the causal genes for a disease phenotype, gene expression profiles indicate the downstream effector phase. In the present work, we investigated direct interactions between previously reported susceptibility genes in SLE and pemphigus GWA studies and genes comprising the “magenta” and “salmon” modules, which were identified herein. We found the SLE-susceptible gene interferon regulatory factor 8 (IRF8) to have the largest number of direct interactions with “magenta” module-associated genes (Figure 5). The IRF8 gene interacted with genes encoding for interferon-induced protein with tetratricopeptide repeats 1 (IFIT1), interferon-induced guanylate-binding protein 1 (GBP1), 2’-5’-oligoadenylate synthetase 2 (OAS2), 2’-5’-oligoadenylate synthetase-like (OASL), and signal transducer and activator of transcription 1 (STAT1). Both IRF5 and STAT1 SLE GWAS genes directly interacted with IRF8 and with the other 4 “magenta” module-associated genes such as interferon induced with helicase C domain 1 (IFIH1), IFIT1, GBP1, OASL, OAS2, and EIF2AK2 (Figure 5). Polymorphism in the gene ST18 has been previously found in a PV GWA study. However, we could not identify direct interactions between ST18 and genes associated with the “salmon” module. To further establish a putative association of ST18 to other genes in the “salmon” module, we performed the transcriptional factor binding sites enrichment analysis (39 “salmon” genes and the ST18 gene). We observed that 34 out of the 40 analyzed genes are regulated by the nuclear hormone peroxisome proliferator activated receptor γ (PPAR-γ; P. adj = 8.3E−3) and 25 out of 40 genes are regulated by growth factor independent 1 transcriptional repressor (GFI1; P.adj = 8.3E−3).
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FIGURE 5 | Interactions among genome-wide-associated genes and module-derived genes. Direct curated gene–gene interactions between modular genes and genes identified from SLE GWAS. Hub genes are represented by empty blue nodes. Common genes between SLE GWAS and the “magenta” module are denoted in blue nodes with red contour. SLE, systemic lupus erythematosus; GWAS, genome-wide association study.



DISCUSSION

The pathogenesis of most autoimmune disorders is still largely unknown. Environmental triggers in genetically susceptible individuals, as well as molecular mimicry mechanisms, may only partially account for this phenomenon (35). The co-occurrence of autoimmune diseases has been previously documented and aided in our understanding of autoimmunity (36).

Pemphigus and SLE are well-characterized autoimmune diseases that were previously reported to coexist in the same patient (37). Even though each of these two autoimmune diseases affects distinct organs and systems, the comorbidity of both diseases suggests an existence of fundamental common pathophysiological mechanisms. As we were interested in systems level similarity between the diseases rather than characterizing individual gene signatures, we used WGCNA to study pemphigus and SLE. Using this analytical approach, we identify modules across microarray datasets obtained from CD4+ T cells in pemphigus and SLE patients. In this study, we further demonstrate that gene expression data processed by two different batch correction algorithms remains biased and can lead to false positive estimations. Therefore, to standardize and remove batch effects from both datasets, we used “normexp,” “cyclicloess,” and “combat” algorithms. Using this strategy, we could compensate for the potential bias introduced by obtaining two distinct microarray datasets (Figure 1).

Our network analysis revealed two co-expression modules (denoted as “magenta” and “salmon”) that were significantly associated with PF and SLE, or PV only, respectively (Figure 2). Identification of the “magenta” module suggests common underlying mechanisms for pemphigus and SLE and identifies key regulatory genes for both diseases in CD4+ T cells. In terms of functional relevance, based on DAVID and KEGG ontology analyses, the “magenta” module is enriched in genes corresponding to type-I interferon (IFN) signaling and viral infection including herpes simplex, measles, and influenza viruses. Although type-I interferons were initially described and termed for their ability to “interfere” with viral replication, their role as immune modulators of both innate and adaptive immunity is now widely established (38). Moreover, a role for viruses in an induction of autoimmune diseases through several potential mechanisms, such as epitope spreading, molecular mimicry, cryptic antigens, and bystander activation, was also previously reported (39). The role of viral infection in the etiopathogenesis of SLE, the so-called “viral hypothesis,” has been extensively studied (40–42). SLE patients may present severe systemic viral infections primarily associated with Epstein-Bar virus (EBV), cytomegalovirus, and herpes simplex virus (HSV). With respect to pemphigus, in 1974, Krain et al. first reported the association between HSV and PV (43); meanwhile, several additional case reports were published examining this association (44–46). A more recent study by Kurata and colleagues demonstrated high levels of HSV DNA in the saliva of PV patients at the earliest stage of the disease without a history of herpetic infection, thus suggesting the presence of cases of pemphigus induced by herpesviruses (47).

In our work, on the basis of statistical module membership and its eigengene value, we identified RSAD2 gene as the hub gene of the “magenta” module. Notably, by examining the expression levels of RSAD2 gene in our datasets we could demonstrate its significant upregulation in PF (P = 0.005) and SLE (P = 0.007) in comparison to healthy controls (Figure S4A in Supplementary Material). To confirm, the expression of the RSAD2 gene is encoding for interferon-inducible viperin protein, which inhibits viral replication and facilitates T-cell receptor-mediated GATA3 activation, and optimal Th2 cytokine production through modulation of NFKB1 and JUNB activities. As a result, viperin-deficient mice show impaired Th2 cell development (48). Interestingly, transcripts for RSAD2 were found to be upregulated in SLE CD3+ CD4+ cells, as well as SLE CD19+ B cells, and SLE CD33+ myeloid cells in comparison to similar cellular subsets isolated from healthy controls (49). Although it has been previously demonstrated that Th2 cells exert broad activity in blister formation in pemphigus, the association of RSAD2 with pemphigus is unknown. To examine the relevance of Th2 response in pemphigus and SLE, a set of 44 genes associated with Th2 differentiation were downloaded from the PathCards Pathway Unification Database from the Weizmann Institute of Science, and examined for their fold change expression in our disease datasets (PV, PF, and SLE) in comparison to healthy controls (Figure S4B in Supplementary Material). Our findings confirm that the fold change expression of Th2-associated genes was positively correlated between SLE and PF (P = 0.01, ρ = 0.36) and between SLE vs. PV (P = 1.087E−05 ρ = 0.62), suggesting that the Th2 response is skewed in a similar pattern between SLE and pemphigus. While investigating subnetworks within the “magenta” module (using the “c3net” algorithm), we identified OAS1, MX1, IFIT3, and SPATS2L genes as master regulators (Figure 3). Additional regulatory genes such as JUP, BCL2, ISG15, STAT1, SKP2, and EIF2AK2 were identified using known gene–gene interactions database (INMEX) (Figure S2 in Supplementary Material). Transcripts of 7 out of the 11 identified genes (i.e., RSAD2, OAS1, MX1, IFIT3, ISG15, STAT1, and EIF2AK2) were previously shown to be upregulated in SLE CD3+ CD4+ cells (49). Consistent with a previous study that examined possible related signaling pathways shared in the pathogenesis of several systemic autoimmune diseases (SAID) such as dermatomyositis, polymyositis, rheumatoid arthritis, and SLE, a subset of five viral-related differentially expressed genes (i.e., RSAD2, IFIT3, ISG15, STAT1, and EIF2AK) was detected in peripheral blood of SAID probands and their unaffected twins (50). Additionally, other genes that were identified in our study, including BCL2, OAS1, MX1, and SKP2 have been previously associated with various autoimmune diseases (51–54). Therefore, our findings further suggest that these common IFN signature genes are shared across multiple autoimmune diseases including pemphigus and SLE.

Here, we identified a PV-specific associated module. The “salmon” module consisted of 39 genes and was enriched in genes involved in blood coagulation and platelet activation. Based on the eigenegene value, the gene GP9 was identified as the hub gene of the “salmon” module. GP9 encodes a small-membrane glycoprotein that is part of the GPIb-V-IX complex that mediates platelet adhesion to blood vessels and promotes hemostasis. Thus, mutations in the GP9 protein lead to a coagulation disorder, also known as the Bernard–Soulier syndrome, characterized by thrombocytopenia. Of note, although this is a first report suggesting a role for GP9 in PV, a previous study by Hunziker et al. identified platelet-derived factors to enhance pemphigus acantholysis in skin organ cultures (55). Moreover, another study by Mizutani et al. found increased expression of the coagulation factor on keratinocytes, which shield blisters in PV (56). In line with this observation, using the “c3net” algorithm, we identified an additional list of platelet-associated genes i.e., PPBP, GNG11, and THSB1, as key regulators of the “salmon” module (Figure 4). Furthermore, by examining known gene–gene interactions, we could identify PPBP, GNG11, as well as another group of platelet-function-associated genes such as PRKAR2B, SHC3, and TNS1 (Figure S3 in Supplementary Material) as additional regulators of this module.

Further in our analysis, we associated the genes found in the “magenta” and “salmon” modules with known susceptibility markers of PV and SLE, which had been formerly identified by GWASs. GWASs are applied to identify genetic variants that are associated with a disease trait. However, the identification of loci harboring the susceptible genes does not fully reveal the molecular mechanisms that are at play to yield the observed phenotype. Therefore, linking these susceptibility genes with the module-associated genes may identify pathways that control the disease phenotype and provide potential therapeutic targets for intervention. By cross-linking susceptibility genes derived from SLE GWAS with clusters of co-expressed genes in “magenta” module, we found IRF8 to directly interact with the largest number of interferon-induced genes present in the “magenta” module including IFIT1, GBP1, OAS2, OASL, and STAT1 (Figure 5). Interestingly, STAT1 was identified both as an SLE susceptibility gene and as a key regulator gene of the “magenta” module. Therefore, based on our analysis, we predict IRF8 to have pharmacological relevance, as previously described (57). With regard to PV, we did not identify direct interactions between the known GWAS gene, ST18, and the 39 “salmon” module-associated genes. To circumvent this finding, we additionally performed a transcriptional factor binding sites enrichment analysis for the 40 genes. We found that the majority of the genes are regulated by the transcription factors PPAR-γ and GFI1 that have been previously described for their role in Th2 cell development (58, 59). Moreover, PPAR-γ has been suggested as a pharmacological target for PV (60).

Altogether, our work reveals conserved molecular mechanisms and pathways between pemphigus and SLE and identifies novel gene candidates that could be used as biomarkers or as potential targets for therapeutic intervention.
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Evidence for original antigenic sin in spontaneous thyroid autoimmunity is revealed by autoantibody interactions with immunodominant regions on thyroid autoantigens, thyroglobulin (Tg), thyroid peroxidase (TPO), and the thyrotropin receptor (TSHR) A-subunit. In contrast, antibodies induced by immunization of rabbits or mice recognize diverse epitopes. Recognition of immunodominant regions persists despite fluctuations in autoantibody levels following treatment or over time. The enhancement of spontaneously arising pathogenic TSHR antibodies in transgenic human thyrotropin receptor/NOD.H2h4 mice by injecting a non-pathogenic form of TSHR A-subunit protein also provides evidence for original antigenic sin. From other studies, antigen presentation by B cells, not dendritic cells, is likely responsible for original antigenic sin. Recognition of restricted epitopes on the large glycosylated thyroid autoantigens (60-kDa A-subunit, 100-kDa TPO, and 600-kDa Tg) facilitates exploring the amino acid locations in the immunodominant regions. Epitope spreading has also been revealed by autoantibodies in thyroid autoimmunity. In humans, and in mice that spontaneously develop autoimmunity to all three thyroid autoantigens, autoantibodies develop first to Tg and later to TPO and the TSHR A-subunit. The pattern of intermolecular epitope spreading is related in part to the thyroidal content of Tg, TPO and TSHR A-subunit and to the molecular sizes of these proteins. Importantly, the epitope spreading pattern provides a rationale for future antigen-specific manipulation to block the development of all thyroid autoantibodies by inducing tolerance to Tg, first in the autoantigen cascade. Because of its abundance, Tg may be the autoantigen of choice to explore antigen-specific treatment, preventing the development of pathogenic TSHR antibodies.
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INTRODUCTION

The concept of “original antigenic sin” arose from findings in humans and mice infected with influenza virus (1, 2) and in mice responding to Chlamydia proteins (3). For example, in sequential immunization of mice with two antigenically related but different strains of influenza A virus, antibodies induced by the second infection reacted more strongly with the primary than with the secondary virus (1). Similarly, humans infected with a novel influenza virus expanded antibodies against a viral strain of a previous infection and failed to develop antibody responses to epitopes on the new viral strain (4). Unlike in viral infections, the presently held authoritative opinion is that autoimmunity involves the converse of the “doctrine” of original antigenic sin, thereby facilitating “an unforseen platform for immune therapy” (5). In this review, we present contrary evidence supporting the concept of an original antigenic sin component occurring for autoantibodies in thyroid autoimmunity and perhaps for other autoantibody-mediated diseases.

A phenomenon interlinked with original antigenic sin is epitope spreading, a well-recognized feature of some autoimmune conditions such as type 1 diabetes mellitus and multiple sclerosis, as well as for the animal models of these diseases, namely NOD mice and experimental autoimmune encephalomyelitis (EAE). Spreading can involve increasing the number of epitopes recognized on the same autoantigen (intramolecular) and subsequent recognition of additional autoantigens (intermolecular) over time. An example of intermolecular spreading, in EAE, SWX mice immunized with myelin proteolipid protein (PLP) develop the (as expected) T cell reactivity to determinants on PLP and to determinants on myelin basic protein and myelin oligodendrocyte glycoprotein (6). Similarly, in type 1 diabetes that develops spontaneously in NOD mice, T cell recognition of islet autoantigens spreads from proinsulin to other islet autoantigens such as islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP) [for example, Ref. (7, 8)].

Thyroid autoimmune disease, Hashimoto’s thyroiditis, and Graves’ disease are the most common organ-specific autoimmune diseases affecting humans, far more common than type 1 diabetes mellitus and multiple sclerosis. In particular, approximately 1% of the population will develop Graves’ disease in their lifetime and ~15% of adult females have autoimmune thyroiditis, although usually subclinical (9, 10). Animal models (induced and spontaneous) are available that provide insight into thyroid autoimmunity in humans. Three thyroid-specific autoantigens are targeted by the immune system: abundant soluble thyroglobulin (Tg), the much less abundant membrane-bound protein thyroid peroxidase (TPO), and the thyrotropin receptor (TSHR) [reviewed in Ref. (11)]. Although the great majority of Hashimoto patients have autoantibodies to TPO and many have Tg autoantibodies, hypothyroid patients with seronegative Hashimoto’s disease have been reported (12).

Whether autoantibodies to TPO and Tg play a role in thyroid cell destruction is unclear, but they are excellent markers of the immune response to the thyroid. Moreover, B cells are increasingly recognized as powerful antigen-presenting cells by means of their membrane-bound antibodies that capture small amount of antigen for processing and presentation to T cells [for example, Ref. (13)]. TPO autoantibody-mediated and -modulated presentation to T cells has been reported (14, 15). Also, the enhancing or suppressing effects of Tg antibodies on the processing of a pathogenic T cell epitope on Tg have been described (16). Importantly, the successful treatment of Graves’ ophthalmopathy patients with a monoclonal antibody to B cells (ritixumab) was suggested to involve antibody presentation by B cells (17). Turning to responses to the TSHR, stimulating TSHR autoantibodies are the direct cause of hyperthyroidism in Graves’ disease [reviewed in Ref. (18)] and blocking TSHR autoantibodies are responsible for hypothyroidism in rare patients [for example, Ref. (19)].

Here, we examine evidence involving thyroid autoantibodies for both intramolecular original antigenic sin and intermolecular epitope spreading in autoimmune thyroid disease. Our findings have important implications for understanding disease pathogenesis and for developing novel antigen-specific therapeutic approaches to control the development of thyroid autoantibodies and thereby prevent thyroid autoimmunity rather than treating the clinical disease.

AUTOANTIBODY RECOGNITION IN HUMANS OF AN IMMUNODOMINANT REGION (IDR)—A REFLECTION OF ORIGINAL ANTIGENIC SIN

Antibody Recognition of an IDR on Tg and TPO

It has long been recognized that antibodies induced experimentally to Tg interact with multiple, widely diverse epitopes on the large (600 kDa) dimeric Tg molecule, whereas human Tg autoantibodies interact with a restricted number of epitopes (Figure 1) (20–23). Similar observations have been made for TPO (24, 25). Panels of human monoclonal TPO and Tg autoantibodies isolated from combinatorial immunoglobulin libraries and expressed as recombinant Fab confirmed restricted epitope recognition [for example (26, 27)]. Recombinant Fab provided the tools to characterize the IDRs on TPO and Tg recognized by antibodies in patients and some euthyroid controls with subclinical disease (Table 1). Characterization of the epitopes recognized by TPO and Tg autoantibodies has also been performed by competition assays using mouse monoclonal antibodies generated (for example) to Tg polypeptides (28), to purified TPO (25), or to TPO peptides (25, 29).
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FIGURE 1 | (A) Diverse antibody epitopic recognition in rabbits immunized with human thyroglobulin (Tg) versus restricted antibody recognition by human Tg autoantibodies in humans. Schematic illustration of the concept described in Ref. (20–23). (B) Recognition of thyroid peroxidase autoantibody epitopes (“fingerprints”) is stable over 15 years. The inset provides the key to the A and B domains (and subdomains) recognized by autoantibodies in the sera. Adapted from Ref. (30).



TABLE 1 | Recognition of an autoantibody immunodominant region (IDR) on thyroglobulin and thyroid peroxidase (TPO) in spontaneous thyroid autoimmunity (humans and a mouse model) versus thyroid antibodies induced in rabbits or mice that are either restricted or not restricted to an IDR.
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It should be emphasized that binding by the majority of patients’ autoantibodies to TPO is decreased following protein denaturation (47, 48), demonstrating that most TPO autoantibodies interact with epitopes on conformationally intact protein. However, some studies have shown interaction between serum autoantibodies and reduced and denatured TPO [for example, Ref. (49, 50)], suggesting that not all TPO epitopes are conformational. Further, several linear epitopes (51, 52) and polypeptide fragments (53–56) are recognized by some patients’ TPO autoantibodies. Similarly, Tg autoantibodies predominantly recognize native protein [for example, Ref. (57)]. However, recognition of peptide fragments by some Tg autoantibodies has been reported [for example, Ref. (38, 58)].

In this review, because of their dominance in the patient repertoire, we will focus on autoantibodies to TPO and Tg that interact with conformational epitopes.

Autoantibody Recognition of TPO and Tg Is Stable over Time

TPOAb epitopic “fingerprints” of the IDR are stable over time, that is without intramolecular epitope spreading, for example, in families in which the proband has juvenile Hashimoto’s thyroiditis (30), women who develop postpartum thyroiditis (35), and for TgAb in most patients on iodine supplementation (39) (Table 1). Similarly, after iodine-131 treatment in Graves’ disease, there was no evidence of TgAb intramolecular antibody spreading (44). There is some evidence that TPOAb epitopic patterns are inherited in families (36, 37).

TSHR Autoantibody Recognition

Changes are rare in the epitopes recognized by TSHR antibodies, namely thyroid-stimulating antibodies (TSAbs), which are responsible for hyperthyroidism in Graves’ disease, and TSH-blocking antibodies (TBAbs), which cause hypothyroidism. In rare patients, TSHRAb switching from TSAb to TBAb (or vice versa) has been observed [reviewed in Ref. (59)]. The derivation of monoclonal TSAb and TBAb from one blood sample of an unusual patient who alternated between hyperthyroidism and hypothyroidism (60) demonstrated that the contrasting serum biological activities were due to two distinct antibodies.

IDR Recognition by TPOAb Induced in Mice

It is of interest that injecting mice with TPO expressed together with MHC class II on a fibroblast line induced TPOAb that resembled autoantibodies from Hashimoto or Graves’ patients in terms of a high affinity for TPO and recognition of an IDR (46). In the same mouse strain, conventional immunization with TPO protein and adjuvant induced antibodies with lower affinity that recognized diverse epitopes on TPO (Table 1).

Other Autoantibody Recognition of an IDR

Autoantibodies interact with epitopes in an IDR in other autoantibody-mediated diseases [reviewed in Ref. (61)]. For example, in myasthenia gravis, autoantibodies to the acetylcholine receptor are restricted to a major IDR on the α1 subunit (62). Similarly, in the skin blistering diseases such as pemphigus vulgaris and pemphigus foliaceous, autoantibodies interact with an IDR on desmoglein (63).

Overall, the stability of human thyroid autoantibody recognition of an IDR is suggestive of “original antigenic sin.” It is possible that this concept may also apply to other human autoantibodies directed to an IDR on their respective autoantigens.

EVIDENCE FOR ORIGINAL ANTIGENIC SIN IN A MOUSE MODEL OF THYROID AUTOIMMUNITY

In mice induced to develop Graves’ disease by immunization with an adenovirus encoding the TSHR A-subunit gene, pretreatment with a non-pathogenic (or “inactive”) form of TSHR A-subunit protein attenuated hyperthyroidism by diverting pathogenic TSHR antibodies to a non-functional variety (64). Subsequently, pathogenic TSHR antibody diversion was attempted using the same approach in a mouse model that spontaneously develops pathogenic TSHR autoantibodies, human thyrotropin receptor (hTSHR)/NOD.H2h4 mice with the human TSHR A-subunit transgene targeted to the thyroid (65). Unexpectedly, in an example of original antigenic sin, rather than attenuating the pre-existing pathogenic TSHRAb level, injecting “inactive” TSHR A-subunit protein into hTSHR/NOD.H2h4 mice enhanced the levels of pathogenic TSH-binding inhibition and TSAbs, as well as increasing the levels of non-pathogenic antibodies detected by ELISA (45). This effect was TSHR specific as spontaneously occurring autoantibodies to Tg and TPO were unaffected.

In hTSHR/NOD.H2h4 mice, the original antigenic sin is the initial selection of B cells for the transgenically expressed TSHR protein, namely precursors specific for both non-functional antibodies (detectable only by ELISA) as well as pathogenic TSHR antibodies (detectable only in functional assays) (Figure 2). B cells with affinity for self antigens (like the transgenic hTSHR) are tolerized by a number of mechanisms including receptor editing and anergy (functional unresponsiveness) rather than deletion as for self-reactive T cells (66). By using transgenic hen egg lysozyme-specific transgenic mouse models, it was demonstrated that self-reactive B cells were not eliminated when this antigen was expressed by thyroid cells (67). Similarly, in the spontaneous hTSHR/NOD.H2h4 model, two types of precursor B cells for pathogenic and non-pathogenic TSHRAb remain in the repertoire and both can be expanded by the “cross-reacting” antigen, the non-pathogenic TSHR A-subunit protein.
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FIGURE 2 | “Original antigenic sin” observed in human thyrotropin receptor (hTSHR)/NOD.H2h4 mice injected with an inappropriate form of thyrotropin receptor A-subunit or saline (as control). See text for explanation. Adapted with permission from Ref. (45).



MECHANISMS AND IMPLICATIONS OF ORIGINAL ANTIGENIC SIN IN THYROID AUTOIMMUNITY

Mechanisms of Original Antigenic Sin

The mechanisms responsible for original antigenic sin are not fully understood. However, because of the problems caused for vaccination against novel viral strains, approaches have been used to overcome original antigenic sin. These studies provide insight into the basis for this phenomenon, at least from the perspective of T cell epitopes.

One approach involves eliciting cross-reactive responses by immunization with multiple peptide variants (68) or injecting yeasts carrying diverse virus-like particles (69). It has also been suggested that, at least for CD8+ T cell responses, original antigen sin can be overcome by treatment with neutralizing interleukin 10 together with linked T cell epitopes (70). A different strategy involves immunization with adjuvants (such as Bordetella pertussis toxin) that activate dendritic cells (71). The latter approach is of interest in the context of comments by Kim et al. (4) concerning viral antibodies, namely that antigen presentation by B cells favors the activation of memory B cells specific for the first virus rather than naive B cells specific for the subsequent cross-reacting virus. Finally, a simple mechanistic explanation proposes that original antigenic sin occurs because regulatory T cells induced by the first antigen decrease the amount of the second antigen on dendritic cells that activate naive B cells (72).

Implications of Original Antigenic Sin in Thyroid Autoimmunity

The most likely explanation for original antigenic sin in thyroid autoantibodies appears to involve antigen presentation by B cells or (in the case of TPO) thyroid cells, rather than dendritic cells. It should be noted that a restricted antibody response focused on the TPO IDR (as in humans) occurs in AKR/J-mice injected with cells expressing human TPO but not in mice of the same strain immunized with human TPO protein and adjuvant (46). The restricted response is likely related to the much lower concentration of cell-associated TPO than TPO injected with adjuvant. Because of their efficiency as specific antigen-presenting cells [for example, Ref. (13)], B cells are likely the antigen-presenting cells in spontaneously arising autoantibodies to Tg and the TSHR A-subunit. Via their specific immunoglobulin receptors, B cells may also capture conformationally intact thyroid autoantigens, a critical factor for the induction of pathogenic TSHR antibodies [reviewed in Ref. (73)].

In addition to suggesting the likely cells involved in autoantigen presentation, IDR recognition simplifies what would otherwise be a gargantuan task, namely exploring the regions recognized by autoantibodies on large, glycosylated thyroid autoantigens:

(i) Tg, the largest thyroid autoantigen comprising a homodimer of 300 kDa molecules, poses a major challenge. Iodination of Tg alters recognition by human autoantibodies (74), possibly by denaturing the antigen. However, epitope mapping using Tg fragments (fusion proteins or digestion products) suggests that some Tg autoantibody epitopes are located in the central region (75) or at the C-terminal end of the molecule (76, 77).

(ii) TPO is a homodimer (each 110 kDa) inserted in the plasma membrane, and TPO autoantibodies are directed against the ectodomain. The TPO epitope of an human autoantibody (expressed as a recombinant Fab) was identified using footprinting technology (78). In addition, progress has been made in delineating the amino acids targeted by other autoantibodies [for example, Ref. (79–81)]. However, definitive mapping of autoantibodies epitopes will require crystallization of a TPO monoclonal autoantibody with TPO protein.

(iii) The TSHR, like TPO, is also membrane bound but pathogenic TSHR autoantibodies (as in Graves’ disease) are induced spontaneously to the heavily glycosylated TSHR A-subunit (~60 kDa) shed after cleavage of the membrane-bound receptor [reviewed in Ref. (73)]. Amino acid residues involved in the binding sites of TSAb were initially explored using chimeric TSHR-luteinizing hormone receptors together with mutagenesis [for example, Ref. (82)]. More recently, the epitopes for monoclonal human (M22) and a monoclonal human TBAb (K1-70) have been determined by co-crystalizing each antibody with the major portion of the TSHR A-subunit (83, 84).

EPITOPE SPREADING OF THYROID AUTOANTIBODIES

Intermolecular Spreading

Induced and spontaneous intermolecular spreading for thyroid autoantibodies has been demonstrated for thyroid autoimmunity (Table 2). For example, rabbits immunized with human Tg and complete Freund’s adjuvant develop antibodies to Tg, as expected, as well as antibodies to TPO and antibodies that bind to both Tg and TPO (85, 86). It should be noted that searching for previously postulated bispecific human autoantibodies that recognize both Tg and TPO (“TgPO antibodies”) [for example, Ref. (87)] in a phage display immunoglobulin gene combinatorial, constructed from thyroid-infiltrating B cells of a patient with library serum TgPO-like autoantibody activity, led to multiple antibodies specific for either Tg or TPO but none had TgPOAb activity (88).

TABLE 2 | Thyroid antibodies: induced or spontaneous intermolecular or intramolecular antigenic spreading.
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Returning to intermolecular epitope spreading, transgenic HLA-DR3 mice immunized with hTSHR DNA develop TSHR antibodies and, in a few mice, mild thyroiditis in association with antibodies to Tg (89). Transgenic BALB/c mice expressing low intrathyroidal levels of the human TSHR A-subunit, depleted of regulatory T cells (CD25 positive) before immunization with human TSHR-A-subunit adenovirus, developed TSHR antibodies and (unexpectedly) TgAb- and TPOAb-associated with massive thyroiditis and hypothyroidism (90). Incidentally, anti-CD25-treated BALB/c mice transplanted with TUBO tumor cells developed antitumor responses together with antithyroid immunity (98).

Of particular interest are observations of spontaneous antibody epitope spreading. NOD.H2h4 mice develop thyroid autoimmunity, a process that is enhanced by iodide in the drinking water. The first autoantibodies to appear are directed against Tg (99–101), and subsequently, TPO antibodies appear (91). A similar pattern was observed in siblings of probands with juvenile Hashimoto thyroiditis (91). Moreover, TSHR antibodies develop spontaneously in NOD.H2h4 mice transgenically expressing the human TSHR A-subunit (65).

Combining published data from published studies (45, 102) studies, the development of autoantibodies in female hTSHR/NOD.H2h4 mice permits comparing the appearance of thyroid autoantibodies over time: TgAbs are present in some 4-month-old mice, and TSHRAb and TPOAb are detectable after the age of 6 months, and all three thyroid autoantibodies were present in more mice after 10 months (Figure 3A). Turning to humans, in a study of prediagnostic markers in Graves’ patients, TPOAb and TgAb were detectable several years before TSHR antibodies (92). Importantly, although in humans the maximum percentage of positive TgAb and TPOAb in humans did not approach 100% as in NOD.H2h4 mice, the time sequence of antibody reactivity to Tg, TPO, and the TSHR in transgenic NOD.H2h4 mice (Figure 3A) resembles that in humans (Figure 3B).
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FIGURE 3 | Intermolecular antigenic spreading from thyroglobulin (Tg) to thyrotropin receptor (TPO) and the thyrotropin receptor (TSHR). (A) Percentage of human thyrotropin receptor (hTSHR)/NOD.H2h4 female mice positive for TgAb, TPOAb, and TSHRAb (TSHR binding inhibition) aged 4, 6, and 10 months. (B) Prediagnostic TgAb, TPOAb, and TSHRAb levels (7, 2, and 0 years) in patients with Graves’ disease [data plotted from Ref. (92)].



Intramolecular Spreading

There is less extensive evidence for intramolecular thyroid autoantibody epitope spreading (Table 2): Latrofa and colleagues demonstrated that iodine prophylaxis revealed recognition of a previously cryptic TgAb epitope, but this phenomenon may involve the iodination of Tg, thereby generating a neo-antigen (97). In addition, as already mentioned, there are rare examples of TSHR antibody switching from TBAb to TSAb associated with thyroxine therapy, or the reverse, namely TBAb to switching to TSAb [reviewed in Ref. (59)]. As would be expected for antibodies with differing functional effects, the epitopes on the TSHR ectodomain recognized by TSAb and TBAb are different (103, 104), although they interact with closely overlapping portions of the amino terminus of the TSHR A-subunit (105).

The apparent antibody epitope spreading in maternally transferred TSHR antibodies from initial TBAb to TSAb is due to progressive dilution of the high titer TBAb overpowering the lower concentrations of TSAb as human IgG is metabolized [reviewed in Ref. (59)].

IMPLICATIONS OF EPITOPE SPREADING FOR THYROID AUTOIMMUNITY

The phenomenon of epitope spreading provides important background information on thyroid autoantigen recognition. In particular, epitope spreading appears to be related to the amount and the size of each thyroid autoantigen, being greatest for Tg and less for both TPO and the TSHR A-subunit in the thyroid as well as in the thymus (Figure 4) [reviewed in Ref. (11)]. In part, epitope spreading involves the greater availability of peptides available to stimulate T cells and protein to stimulate B cells from the abundant, large Tg molecule compared with the more limited amount and smaller molecular size of TPO and even fewer peptides from the TSHR A-subunit [reviewed in Ref. (11)]. Central tolerance also plays a role, with responses regulated by intrathymic expression of antigens like the highly expressed transgenic human TSHR A-subunit (106).
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FIGURE 4 | Relative expression of thyroglobulin (Tg), thyrotropin receptor (TPO), and the thyrotropin receptor (TSHR) in thyroid (A) and thymus (B) in mice (BALB/c strain). For the thymus, data are included for insulin, which is highly expressed in the thymus. Adapted with permission from the data in Ref. (107).



Knowledge of the autoantigen “cascade” suggests approaches for antigen-specific treatment. For example, in NOD mice, responses against islet antigens are prevented by inducing tolerance against proinsulin but not against IGRP (8), an autoantigen recognized later in the “cascade.” In the same way, it is possible that successful induction of tolerance against Tg in NOD.H2h4 mice could prevent the subsequent breakdown in tolerance to TPO (91) and perhaps even to the TSHR in hTSHR/NOD.H2h4 mice (65). In a mouse model of experimentally induced thyroiditis, increasing the circulating level of Tg strengthened self-tolerance and reduced the extent of experimental thyroiditis [reviewed in Ref. (108)]. These findings suggest that increasing Tg levels could possibly regulate autoimmunity to Tg in the hTSHR/NOD.H2h4 strain. However, as we previously reported, an antigen-specific approach used successfully in an induced model may not be directly applicable to a spontaneous model (45). Consequently, it may be necessary to test multiple modes of Tg presentation to downregulate the cascade of autoimmune responses to Tg, TPO, and the TSHR in hTSHR/NOD.H2h4 mice.

CONCLUSION

The evidence for intermolecular epitope spreading in thyroid autoimmunity is focused on autoantibodies, unlike the emphasis on T cell epitope spreading in multiple sclerosis and IDDM type 1 (or their animal models EAE and NOD mice). Unlike multiple sclerosis or EAE, original antigenic sin appears to be characteristic of thyroid autoimmunity as reflected by the recognition of an autoantibody IDR in humans and in the response of transgenic hTSHR/NOD.H2h4 mice to injection with inappropriate TSHR antigen. This difference likely reflects the importance of T cell immunity in EAE/MS versus autoantibodies in thyroid autoimmunity, particularly Graves’ disease for which stimulatory autoantibodies to the TSHR are the direct cause.

Finally, the pattern observed for intermolecular epitope spreading provides the rationale for antigen-specific manipulation to block thyroid autoantibody development by inducing tolerance to the first autoantigen in the antigen cascade, namely Tg. Because of its abundance, Tg may be the autoantigen of choice to explore antigen-specific treatment to block the development of pathogenic TSHR antibodies.
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Both Systemic and Intra-articular Immunization with Citrullinated Peptides Are Needed to Induce Arthritis in the Macaque
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Objectives: Anti-citrullinated peptides antibodies (ACPAs) have high specificity for the diagnosis of rheumatoid arthritis (RA), but their role in the pathophysiology is not fully established. The main genetic risk factor for RA, the shared epitope in major histocompatibility complex class II, is associated with ACPAs. Among certain non-human primates, 8% carry the shared epitope called H6 haplotype, and being similar to humans, are ideal candidates to study the role of ACPAs in RA. The goal of this study was to develop a macaque model of RA based on immunization against citrullinated peptides to generate an ACPA-mediated model of arthritis.

Methods: Cynomolgus macaques were immunized with four citrullinated peptides from vimentin, fibrinogen, and aggrecan, known to induce T-cell response in RA patients, and received an intra-articular (IA) boost with the same four citrullinated peptides pooled.

Results: In the macaque, the T-cell response was specific to citrullinated peptides. Antibodies generated in response to immunization were cross-reactive between the citrulline and arginine peptides. The presence of the H6 haplotype did not affect the magnitude of the immune response. Since no clinical response was observed, macaques received an IA boost with the same four peptides pooled and incomplete Freund’s adjuvant, which led to a prolonged neutrophil-rich mono-arthritis, preferentially in H6-positive animals. Conversely, animals boosted with incomplete Freund’s adjuvant alone presented only transient mono-arthritis.

Conclusion: This two-hit model of prolonged mono-arthritis mimics what could happen in RA. Despite the limited number of joints with disease in the macaque model, the model appears unique to study the events occurring during the preclinical phase of RA, from immunization against citrullinated peptides to the clinical appearance of disease.

Keywords: rheumatoid arthritis, ACPA, neutrophils, citrulline, shared epitope, macaque

INTRODUCTION

Rheumatoid arthritis (RA) is a debilitating disease that affects the joints and causes severe handicap. Posttranslational modification of arginine to citrulline residues occurs in a wide range of proteins during various inflammatory processes and might trigger an immune response against citrullinated epitopes generating autoantibodies (1). In RA, antibodies against citrullinated peptides (ACPAs) are frequent (75% of patients) and specific to the disease (up to 98% diagnosis specificity). This very high specificity for RA has led to the inclusion of ACPAs in the latest disease diagnostic criteria from the American College of Rheumatology/European League Against Rheumatism (ACR/EULAR 2010) (2).

The current paradox is that despite the high diagnostic value of ACPAs, their implication in the pathophysiology of RA is not fully established. For instance, in transgenic mice expressing the human major histocompatibility complex (MHC) class II shared epitope, arthritides have been induced with citrullinated peptides (3), but these results have been poorly reproduced and remain controversial (4). In humans, the shared epitope confers increased risk of RA and was also thought to increase ACPA level. The link has been suggested to rely on the increased affinity of some citrullinated peptides for the human leukocyte antigen (HLA) molecule as compared with the native unmodified peptides (5).

In a species of macaque, Macaca fascicularis, 8% naturally carry a version of the shared epitope. Previous macaque models of RA relied only on collagen immunization (6), which usually led to rapid severe joint destruction mimicking acute arthritis (7), which is far from the mechanism of RA pathogenesis in humans.

The purpose of this study was to set up an experimental macaque model of RA closer to the human disease than the currently available mouse models. Macaques carrying the shared epitope were immunized with different citrullinated peptides for presentation to T cells by the MHC molecule expressed in these animals. This model led to robust anti-citrullinated peptide T-cell and B-cell responses. A second-hit intra-articular (IA) injection of citrullinated peptides induced chronic articular inflammation only in previously immunized animals.

MATERIALS AND METHODS

Study Design

Ten animals were used in this study. We immunized four H6 animals (carrying the shared epitope) with citrullinated peptides (n = 2) or native arginine peptides (n = 2) and two non-H6 animals were immunized with citrullinated peptides. Four control animals were used: two without systemic immunization and two with intradermal immunization with recombinant human myelin oligodendrocyte glycoprotein (rhMOG). A summary of the design is in Table S1 in Supplementary Material.

Animals

Adult captive-bred 3- to 5-year-old female cynomolgus macaques (M. fascicularis) were used. The study was approved by the regional animal care and ethics committee (Comité Régional d’Ethique sur l’Expérimentation Animale Île de France Sud, Fontenay-Aux-Roses, France; decision #A13_026). The CEA Institute was approved as compliant with ETS123 recommendations for animal breeding (European Union Directive 2010/63/EU, September 22, 2010) and with Standards for Human Care and Use of Laboratory Animals (Animal Welfare Assurance, OLAW no. #A5826-01). The study was also approved by the French department of education and research (MENESR; study no. 02769.01) as defined in French law “décret 2013-118 from 2013 Feb 1st.” At the end of each study, sedated animals were euthanized by intravenous injection of a lethal dose of pentobarbital.

Genotyping

Cynomolgus macaques (M. fascicularis) from Mauritius have a well-characterized genetic background and limited MHC diversity because of their isolation. Microsatellite analysis revealed six common haplotypes (H1–6) of MHC class II (8). The H6 genotype in the DRB1 region shares the same amino acid sequence as the 70–74 sequence of the human shared epitope DRB1 04-04 (QRRAA) (Table S2 in Supplementary Material). H6 animals were identified by a DNA microsatellite technique as described in Ref. (9). Presence of the shared epitope was confirmed after whole-blood RNA extraction with two specifically designed RT-PCR primers and probes followed by sequencing (Table S3 in Supplementary Material). Thus, the amino acid sequence on the macaque Mafa class II DRB alleles in positions 11 and 70–74 could be precisely identified.

Peptide Selection

Several proteins identified as targets of ACPAs include fibrinogen, vimentin, aggrecan, and enolase. Certain peptides from these proteins can induce a citrulline-specific T-cell response in patients with RA who carry the shared epitope (5, 10–12). We chose four peptides that are presented by DRB1 04-04 (5). These peptides originating from vimentin 59-71 (Vim59), vimentin 66-78 (Vim66) fibrinogen alpha chain 79-91 (Fg79), and aggrecan 89-103 (Agg89) (Table S4 in Supplementary Material) were synthesized in native or citrullinated form, the arginyl substituted by citrullyl residues (Genscript, Piscataway, NJ, USA).

Immunization

Monkeys were immunized intradermally, each peptide injected individually, at 500 μg/peptide. Peptides were adjuvated with CpG and Montanide® (kindly provided by Seppic, Puteaux, France) and injected in the back of the animals every 2 weeks for a total of four injections.

Immune Response

Peripheral blood mononuclear cells (PBMCs) were collected, and the T-cell response was assessed by comparing treatment with the pool of four citrullinated peptides used for immunization of animals to that of native peptides. T-cell response against citrullinated peptides and against arginine peptides was assessed using a macaque anti-interferon-gamma (IFNγ) Enzyme Linked Immunospot (ELISPOT) kit (Mabtech, Nacka Strand, Sweden). In total, 200 000 cells were exposed to a pool of 2 µg/mL of each peptide for 18 h. Positive controls were phorbol myristate acetate and ionomycin. Negative controls (cells with medium only) were subtracted from the sample for each animal. Positive spots were defined as 40 wide with 20 intensity using an AID EliSpot reader (Autoimmun Diagnostika, Strassberg, Germany). B-cell response against citrullinated peptides and arginine peptides was assessed using an in-house-designed ELISA (13). Briefly, peptides were passively coated overnight. After washing, blocking was performed for 1 h at 4°C with 2% bovine serum albumin (BSA). After washing, serum diluted in 2% BSA was incubated for 1 h at 4°C. Goat anti-monkey IgG (BioRad, Watford, UK) was then added to wells and revealed using 3,3′,5,5′;-tetramethylbenzidine (Lifetech, Villebon Sur Yvette, France). Results are displayed as ratio of optical densities to the preimmunization state for each animal. Ratios >2 were considered positive. Cytokine analysis was performed on plasma collected in heparin lithium tubes using a non-human primate 23-cytokine multiplex assay (Millipore, Guyancourt, France, Table S5 in Supplementary Material).

IA Injection

Animals were injected in the right knee with the citrullinated peptides Vim59, Vim66, Fg79, and Agg89 with or without incomplete Freund’s adjuvant (IFA) (Sigma-Aldrich, Saint-Quentin-Fallavier, France). Control animals were injected with IFA alone. Other control animals previously immunized with rhMOG (1–125) were injected intra-articularly with rhMOG + IFA. See experimental procedure in Method S6 in Supplementary Material.

Measurement of Clinical and Inflammatory Response

Clinical inflammation was scored from 0 to 4. Systemic inflammation was measured by plasma C-reactive protein (CRP) level. Blood counting was performed at each blood sampling using an HMX Hematology analyzer (Beckman Coulter, Villepinte, France).

Histology

Tissue samples were fixed in 4% formalin, embedded in paraffin wax or 2-hydroxyethyl(glycol)methacrylate, then transversally cut into 5-μm thick sections. Sections were stained by a routine hematoxylin–eosin–safranin staining method. All samples were evaluated by a skilled pathologist in a double-blind manner, and all lesions were systematically recorded. Serial additional sections of the knee joint were stained with safranin O/fast green for better observation of osteochondral structures (Histalim, Toulouse, France).

Statistics

When applicable, data were compared by non-parametric tests, and continuous values were compared by Mann–Whitney tests with GraphPad Prism 7. P < 0.05 was considered statistically significant.

RESULTS

Citrullinated Peptide Immunization Leads to a Citrulline-Specific Non-H6-Restricted T-Cell Response

At 4 and 13 weeks’ postimmunization, T-cell response to the pool of citrullinated peptides was greater for animals immunized with the citrullinated peptides (4/4 animals) than arginine peptides (0/2 animals) (Figure 1A). Likewise, T-cell response to the pool of arginine peptides was greater for animals immunized with the arginine version of the peptides (2/2 animals) than the citrulline version (1/4 animals) (Figure 1A). Therefore, after intradermal immunization, the T-cell response was rather citrulline- or arginine-specific depending on the type of peptides used for immunization. Analysis of responses to individual peptides showed a high response to citrullinated Vim59 and native Agg89, whereas all animals showed low or no response to citrullinated or native Fg79-91 (data not shown). Of note, the magnitude of the T-cell response was similar for H6 and non-H6 carriers (Figure 1B). Thus, H6 and non-H6 animals immunized with citrullinated peptides were pooled in the following experiments.
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FIGURE 1 | T-cell response to immunization is citrulline dependent. Animals were immunized at weeks 0, 2, 4, and 8 (arrows) with pooled citrulline (n = 4) or arginine (n = 2) peptides: Vim59 and 66, Fg79, and Agg89. (A) Antigen-specific T-cell response of PBMCs was assessed by interferon-gamma (IFNγ) ELISPOT directed against the pool of the same citrullinated or arginine peptides. Data are mean ± SD values for individual animals (performed in triplicate). (B) H6 (n = 2) and non-H6 (n = 2) macaques were immunized with pooled Vim59 and 66, Fg79, and Agg89 peptides at weeks 0, 2, 4, and 8 (arrows). Antigen-specific T-cell response of PBMCs was assessed by IFNγ ELISPOT directed against the pool of the same citrullinated or arginine peptides. Data are mean ± SD for individual animals (performed in triplicate). PBMC, peripheral blood mononuclear cell; ELISPOT, Enzyme Linked Immunospot.



B-Cell Response to Citrullinated Peptides Is Largely Cross-reactive

Serum antibody response against the four immunizing peptides was monitored individually during and after the immunization phase using ELISA. As for the T-cell response, the B-cell response, animals immunized with the citrulline or native version of the peptides were compared. All animals displayed a strong IgG response as compared with the preimmunization state (Figure 2). This response appeared between 4 and 6 weeks after the first immunization. For Vim59, the antibody response was systematically stronger against the citrullinated peptide than its arginine version (Figure 2A). However, the response was not exclusively dependent on citrullination because animals immunized with arginine peptides also showed a response against the citrullinated form (Figures 2A–C). In general, and contrary to the T-cell response, the B-cell response showed a high degree of cross-reactivity between antibodies against the citrullinated and the native peptide form, whatever the peptide used for immunization. Cross-reactivity was confirmed using an ELISA competition assay—preincubation with arginine or citrulline peptides inhibited anti-citrullinated response in a similar fashion (Figure S7 in Supplementary Material). Of note, all animals had a low or no response to citrullinated or native Fg79. Similar to the T-cell response, the presence of the shared epitope did not affect the B-cell response against the citrullinated or native version of peptides overall (Figure S8 in Supplementary Material).
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FIGURE 2 | B-cell response is cross-reactive to citrulline and arginine. Animals were immunized with pooled citrulline (n = 4) or arginine (n = 2), Vim59 and 66, Fg79, and Agg89 peptides at weeks 0, 2, 4, and 8 (arrows). Antibody levels in the serum were assessed by ELISA directed against Vim59 (A), Vim66 (B), and Agg89 (C) with cit (left) or arginine (right) except for Fg79 (no response). Data are mean ± SD ratio to the preimmunization state. cit, citrullinated.



IA Boost of Citrullinated Peptides Induces Mono-Arthritis in Animals Immunized against Citrullinated Peptides

During this first systemic immunization phase, despite a significant T- and B-cell response, no clinical manifestations of arthritis were noted. Because in humans, ACPA positivity can be asymptomatic for years before the occurrence of arthritis, second hits may be required to induce arthritis in immunized humans or animals. As a second hit, we chose unilateral injection of citrullinated peptides in the right knee 30 weeks after initial immunization. Five of the six animals previously immunized with citrullinated (n = 3) or arginine (n = 2) peptides were available for this second step. IA injection of citrullinated peptides without IFA did not induce clinical signs or local immune response. Then, previously immunized animals were unilaterally injected in the right knee with IFA alone (n = 2) or citrullinated peptides + IFA (n = 3). IFA alone led to a 4-day unilateral knee swelling. Conversely, with IA injection of citrullinated peptides + IFA, two of three animals showed a 7-week unilateral swelling with joint effusion (Figures 3A,B). No other joint was clinically involved. This prolonged mono-arthritis resulted from both previous systemic immunization with citrullinated peptides and knee injection of citrullinated peptides + IFA. Indeed, the same knee injection of citrullinated peptides in two non-immunized animals led to a 4-day transient swelling similar to IFA injection alone.
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FIGURE 3 | IA boost with citrullinated peptides leads to prolonged articular swelling. (A) Animals previously immunized with citrullinated peptides were boosted with IFA alone or citrullinated peptides + IFA in the right knee (upper two panels). Other control groups were (1) naïve animals injected with citrullinated peptides + IFA and (2) rhMOG-primed animals boosted intra-articularly with rhMOG + IFA (lower two panels). Weekly clinical monitoring of both knees is summarized with key time points. Photographs show 90° flexed right knees on the left side of the pictures. (B) Semi-quantitative longitudinal clinical evaluation of knee swelling for each animal with previous prime. Comparison between IFA alone and IA with citrullinated peptides + IFA. IFA, incomplete Freund’s adjuvant; IA, intra-articular; cit, citrullinated; rhMOG, recombinant human myelin oligodendrocyte glycoprotein.



To study the peptide specificity, IA injection of rhMOG + IFA in two animals previously immunized with rhMOG induced only mild transient swelling for 4 days, similar to that with IFA alone (Figure 3A). Finally, IA immunization with arginine peptides + IFA in a systemically citrullinated primed animal did not yield prolonged swelling. Therefore, only specific and citrullinated antigens could induce prolonged arthritis in an animal immunized against this antigen.

Among the three animals with an IA boost with citrullinated peptides, the two showing prolonged mono-arthritis were H6-positive and the one showing only a short episode of inflammation was not.

IA Boost with Citrullinated Peptides Induces a High Systemic Immune Response

The T-cell response was striking with IA boost with citrullinated peptides + IFA versus IFA alone (3/3 vs 0/2 animals) (Figure 4A). The magnitude of the response after IA boost was two to six times higher than after the intradermal prime, and three boosts with similar quantities of peptides and after late intradermal boost (Figure 4B). This response retained a degree of specificity to citrullinated peptides, with a higher response against these citrullinated peptides versus the pool of arginine peptides. Control animals receiving IA IFA alone showed no response. The B-cell response, which was high before the IA boost, was increased in one of the three animals receiving an IA boost with citrullinated peptides + IFA and in none of the others (Figure 4C).
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FIGURE 4 | Intra-articular (IA) boost with citrullinated peptides and incomplete Freund’s adjuvant (IFA) induces a strong immune response. At 30 weeks’ post-initial prime, animals received an IA boost with pooled citrullinated Vim59 and 66, Fg79, and Agg89 plus IFA (n = 3) or IFA alone (n = 2). (A) T-cell response assessed by interferon-gamma (IFNγ) Enzyme Linked Immunospot (ELISPOT) against the pooled citrullinated or arginine pool of peptide. Data are mean ± SD values for individual animals (performed in triplicate). (B) At 34 weeks’ postimmunization, two animals were intradermally boosted with the same citrullinated peptide pool, and response was assessed by IFNγ ELISPOT. (C) ELISA of B-cell response against Vim59 and 66, Fg79 and Agg89 in their citrullinated and arginine form. Data are mean ± SD values for individual animals (performed in triplicate). The time scale is shown as time post-IA injection.



The striking immune activation after the IA boost with citrullinated peptides + IFA but not IFA alone suggests that the prolonged articular swelling was due to an immune response against the citrullinated peptides, whereas the transient swelling was due to a non-specific inflammatory response to IFA.

This finding is further emphasized by the level of systemic inflammation measured by CRP level in serum at day 1 after the boost. CRP level was higher for animals that received an IA boost with citrullinated peptides + IFA than IFA alone (3/3 animals > 100 mg/mL vs 2/2 animals < 60 mg/mL). rhMOG + IFA or citrullinated peptides + IFA, without a previous prime; all displayed significantly lower levels of CRP (Figure 5A).
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FIGURE 5 | Intra-articular (IA) boost leads to systemic inflammation favoring neutrophilic joint effusion. At 30 weeks post-initial prime, animals received an IA boost with pooled citrullinated Vim59 and 66, Fg79, and Agg89 plus incomplete Freund’s adjuvant (IFA) (n = 3) or IFA alone (n = 2) as a control. (A) Left panel: Plasma C-reactive protein (CRP) level with citrullinated peptides + IFA and IFA alone. Right panel: Plasma CRP level for citrullinated peptides + IFA and all controls at day 1 post-IA boost (Mann–Whitney test). (B) Complete blood counts of lymphocyte and neutrophils after IA boost with citrullinated peptides + IFA and IFA alone. (C) Non-human primate multiplex 23-cytokine array after IA boost with citrullinated peptides + IFA and IFA alone. Data are ratio of levels to the pre-IA injection level. **P < 0.001 Mann–Whitney test. (D) Synovial fluid smears stained with May-Grünwald Giemsa showing typical cellular counts of transient swelling with IFA alone 4 days post-IA injection (left panel) and citrullinated peptides + IFA 14 days post-IA boost (middle panel). 20× magnification. Quantification of at least five high power fields of synovial fluid smears comparing animals with transient swelling on IFA injection (controls) and those who received citrullinated peptides + IFA and presented prolonged swelling. Data are mean ± SD.



This increase in CRP level occurred at the same time (day 1) as a reduced lymphocyte count and an increased neutrophil cell count in blood (Figure 5B). Among a panel of 23 analyzed cytokines (Table S5 in Supplementary Material), a significant increase in ratio of circulating cytokines on day 1 to the pre-IA injection level was limited to proinflammatory and angiogenic cytokines [interleukin (IL)-6, IL-1B, IL1-RA, and VEGF] and granulocyte-stimulating chemokines (GM-CSF and MIP1A) in animals that received an IA boost with citrullinated peptides + IFA versus IFA alone (Figure 5C).

IA Boost with Citrullinated Peptides Induces Mono-Arthritis

Articular swelling was confirmed by taping effusion liquid. During the first phase of aspecific swelling that appeared in most animals, low cellularity with a predominance of granulocytes occurred (Figure 5D left panel). At later times (7–14 days postinjection), animals with prolonged swelling upon IFA + peptide injection presented high cellularity (Figure 5D middle and right panel).

Histological analysis of the synovial tissue of the injected knee performed at euthanasia 15 weeks after articular challenge revealed different types of lesions in the injected knee without any clear differences between an IA boost with citrullinated peptides + IFA or IFA alone: unspecific adjuvant-related granulomas (Figure 6A), diffuse mononuclear-cell and granulocyte infiltration of the synovial layer (Figure 6B) with lymphocyte infiltration foci (Figure 6C), and synovial proliferation (Figures 6D,E) without any bone or cartilage lesions (Figure 6D). Finally, systematic sampling of metacarpophalangeal and metatarsophalangeal joints revealed synovial proliferation in two animals with citrullinated peptides + IFA injection (Figure 6F): the animal that died prematurely and thus did not receive the IA boost and an animal with prolonged knee swelling after IA boost with citrullinated peptides + IFA. These last histological lesions were present despite the absence of clinical swelling in these joints.
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FIGURE 6 | Histological analysis of synovial proliferation. Sections with hematoxylin eosin (A,B,E,F) or safranin O and Fast Green (C,D) stain. (A) Synovial membrane of knee of an animal that received intra-articular (IA) injection containing incomplete Freund’s adjuvant (IFA). Arrowhead shows multinucleated gigantic cell. 10× magnification, bar 200 µm. (B) Synovial membrane of right knee of an animal that received IA boost with citrullinated peptides + IFA and presented prolonged swelling. 20× magnification, bar 100 µm. (C) Knee synovial membrane. 10× magnification, bar 200 µm. (D) Knee synovial membrane, bone, and cartilage of the same animal. 4× magnification, bar 500 µm. (E) Right knee synovial membrane of an animal that received an IA boost with citrullinated peptides + IFA and presented prolonged swelling. Insert shows fibrin and leukocyte in the synovial cleft. 10× magnification, bar: 200 µm, insert bar 50 µm. (F) Section of metacarpophalangeal joint synovial membrane of an animal without clinically identified manifestation on these joints. 10× magnification bar 200 µm.



DISCUSSION

In this study, we show that intradermal immunization followed by an IA boost with citrullinated peptides can induce a prolonged local synovitis in macaques. This persistent mono-arthritis was restricted to animals previously primed intradermally with a pool of four citrullinated peptides (Vim59-71, Vim66-78, Fg79-91, and Agg89-103). Our model displays many aspects of RA including clinical swelling and pertinent biological modifications with the limitation of a mono-articular disease. Synovial effusion parallels the human disease as it shows high neutrophil predominance.

This study shows clear evidence that the T-cell response against injected peptides is specific to citrullinated peptides. By contrast, the B-cell response to the peptides was largely cross-reactive between citrullinated and native peptides. Citrullinated peptides that react with specific T cells in RA patients may not be able to induce a citrulline-specific B-cell response in macaques. Of note, these peptides present only one posttranslational modification from arginine to citrulline. The cross-reactivity of the B-cell response could simply result from reactivity to epitopes independent of arginine/citrulline and shared by each form of the peptides. However, even in human disease, cross-reactivity of the B-cell response between citrullinated and arginine peptides has been frequently described. In the natural history of the disease, antibodies to some citrullinated peptides can be preceded by antibodies against the arginine counterpart (14, 15). This is also true in mice, because immunization with alpha-enolase induces arthritis with the citrullinated or native forms of the protein (16). Our model forces the generation of antibodies to citrullinated peptides as compared with the natural history of the disease and might need other stimuli to select the clones directed to citrullinated epitopes. Interestingly, in human RA, the clinical signs could appear only after maturation of the B-cell response by epitope spreading against different targets of citrullinated peptides resulting from somatic mutations (17). This maturation might be accompanied by the disappearance of the response to native peptides. The absence of maturation of ACPAs in our model could explain the absence of clinical signs in the first phase of the study before the IA boost.

We based our model on the identity of the H6 genotype of the macaques with one of the human shared epitopes—HLA DRB 01*01 for the 70–74 amino acids (QRRAA). However, comparison of the B- and T-cell response to the peptides did not show a clear effect of the H6 haplotype on the magnitude of the immune response to citrullinated peptides measured as specific antibody titers or specific IFNγ ELISPOT response, respectively. This could be considered surprising given what is usually admitted that there is a better presentation of citrullinated peptides by the shared epitope However, this assumption based on only two studies (3, 5) is still debated. Another study (18) that systematically analyzed T-cell reactivity to peptides derived from the whole alpha and beta chains of fibrinogen in RA patients did not confirm these results and showed that depending on the peptide, the citrullinated form can be more, equally or less reactive than its arginine counterpart. Finally, since we did not use anti-MHC blocking antibodies to block the reaction, we cannot eliminate the possibility that the IFN production we found could have been secreted by T cells not activated through MHC or by other PBMC like NK cells.

Moreover, a recent study of twins showed that bearing the shared epitope most likely favors declaring clinical signs of ACPA-positive RA [odds ratio (OR) 5.65 (95% CI 3.03–10.52)] rather than developing asymptomatic ACPAs alone [OR 1.85 (1.41–2.42)] (19). Among the three animals in our study with an IA boost of citrullinated peptides, only the two H6-positive animals showed prolonged articular swelling. Another explanation for the absence of the H6-carriage effect is that recent literature has highlighted the importance of the presence of the valine in the 11th position (20) with a relative influence of the 70–74 amino acids. The H6 haplotype displays a phenylalanine rather than a valine in the 11th position. Moreover, heterozygous carriage of the shared epitope (as for our animals) only moderately increases the risk of ACPAs [OR 1.85 (1.42–2.42)] as compared with homozygous carriers [OR 3.74 (2.7–5.18)] (19). Finally, interpretations about the effect of the H6 carriage must remain cautious because we only studied two H6 and two non-H6 animals injected with citrullinated peptides. A larger number of animals in each group would be needed to confirm these results, but studies on macaque are not easy to conduct.

One of the most interesting results of our study is the requirement of a multistep process to induce clinical symptoms, in favor of the second-hit hypothesis (21). The IA injection of the citrullinated peptides that had been used for the intradermic prime was chosen as a second hit. Surprisingly, the T-cell response induced by the IA boost was markedly more efficient than an intradermal boost. A similar strong systemic response has been described in staphylococcal septic arthritis (22, 23). However, a simple articular injection of peptides without previous immunization was inefficient to induce clinical signs. The requirement of adjuvant IFA suggests that transient local inflammation is necessary to trigger a prolonged effect linked to a specific immune response. With this IA boost strategy, long-term mono-arthritis developed in two of the three animals injected with citrullinated peptides + IFA. This clinical manifestation displayed many features of the human disease, including swelling and articular effusion, but limited to a single joint. Even if IFA was required, the role of a specific response against anti-citrullinated peptides was demonstrated by (1) an extended duration of arthritis as compared with the transient inflammation induced by IFA alone, (2) the requirement for a previous intradermic immunization with citrullinated peptides, and (3) the absence of prolonged arthritis in animals previously intradermally immunized with rhMOG protein and receiving an IA boost with rhMOG + IFA. These findings suggest that the citrullinated proteins may be a tissue-specific articular target on the RA joint inflammation and need to be locally present to perpetuate the clinical response. Indeed, fibrinogen (24), vimentin (25), and aggrecan (10) but not rhMOG are present in the joint and are citrullinated in the presence of inflammation, which perpetuates the immune response and possibly the clinical manifestation. Antigen specificity and not non-specific Arthus phenomenon or immune complexes seem involved here because the same course of immunization with rhMOG did not induce arthritis.

The main limitation of the current model is its restriction to clinical mono-arthritis despite a specific T-cell response associated with a strong systemic immune response after IA injection. However, histological analysis showed synovial tissue proliferation in joints distant from the knee, which suggests initiation of diffuse joint inflammation similar to human RA. The systemic inflammation, assessed by increased blood neutrophil count and serum CRP level, does not seem sufficient to cause clinically relevant joint inflammation in other non-injected joints. Neutrophils, which are probably implicated in the pathophysiology of RA (26), were present in the affected joint of our model. Such an acute inflammation leading to neutrophil extracellular trap (NET) or NETosis, could enhance citrullination of local proteins, making them targets for ACPAs and permitting the formation of ACPA immune complexes, responsible for the perpetuation of local inflammation (27, 28). To improve this model, an objective could be to initiate joint inflammation using viral infection to favor migration of neutrophils to other joints. IL-8 could be a good candidate for this spread because it attracts neutrophils and was found released by patient-derived osteoclasts (29). However, despite the absence of clinical polyarthritis, we observed elevated blood neutrophil count in the two animals with long-term mono-arthritis. As discussed previously, the absence of maturation of the ACPAs could, at least, be part of the explanation. Nevertheless, the histological examination of metacarpophalangeal and metatarsophalangeal joints in two animals immunized with citrullinated peptides displayed a synovial proliferation very similar to what is observed in human RA. This histological abnormality was not clinically detectable. Ultrasonography would thus be required for the follow-up of the animals in further experiments.

CONCLUSION

Immunization of macaques with citrullinated peptides followed by an IA boost with the same citrullinated peptides plus IFA induced prolonged mono-arthritis. The presence of the shared epitope did not restrict the T-cell response against citrullinated peptides but seemed to favor the prolonged swelling after the IA boost. This two-step model of prolonged mono-arthritis mimics what could happen in human RA except that the animals develop mono-arthritis and not polyarthritis. Further use of systemic viral infection and a neutrophil chemoattractant might lead to a polyarticular disease. Nevertheless, this model appears interesting to study the events occurring during the preclinical phase of RA from immunization against citrullinated peptides to development of the clinical disease.
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The CD40–CD40L dyad is an immune checkpoint regulator that promotes both innate and adaptive immune responses and has therefore an essential role in the development of inflammatory diseases, including multiple sclerosis (MS). In MS, CD40 and CD40L are expressed on immune cells present in blood and lymphoid organs, affected resident central nervous system (CNS) cells, and inflammatory cells that have infiltrated the CNS. CD40–CD40L interactions fuel the inflammatory response underlying MS, and both genetic deficiency and antibody-mediated inhibition of the CD40–CD40L dyad reduce disease severity in experimental autoimmune encephalomyelitis (EAE). Both proteins are therefore attractive therapeutic candidates to modulate aberrant inflammatory responses in MS. Here, we discuss the genetic, experimental and clinical studies on the role of CD40 and CD40L interactions in EAE and MS and we explore novel approaches to therapeutically target this dyad to combat neuroinflammatory diseases.
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INTRODUCTION

Multiple sclerosis (MS), a chronic inflammatory, demyelinating disease of the central nervous system (CNS), affects approximately 2.5 million people worldwide and is the most common cause of non-traumatic neurological disability in young adults (1). MS can be subdivided in different disease courses, including relapsing remitting MS (RRMS), secondary progressive MS (SPMS), and primary progressive MS (PPMS) (2). At disease onset, 85% of the patients have RRMS, which is characterized by acute attacks (relapses) followed by a period of partial or full recovery (remission) of the symptoms. Approximately 50% of these patients will subsequently develop SPMS. Although the etiology of MS is unknown, the disease is characterized by dynamic inflammatory lesions, consisting of activated T cells, B cells, macrophages and CNS-resident cells that eventually cause severe CNS tissue damage resulting in neurological deficits (3–6). Glucocorticoids are commonly used to inhibit the inflammatory response causing relapses. Although these drugs promote a faster recovery, there are no long-term neuroprotective effects (7, 8). In RRMS, reduced frequency of relapses and inhibition of disease progression is observed upon treatment with disease modifying drugs, including interferons, glatiramer acetate, sphingosine-1-phosphate receptor modulators and monoclonal antibodies directed against α4-integrin (natalizumab), CD52 (alemtuzumab), CD25 (daclizumab), and CD20 (ocrelizumab, ofatumumab) (7). These agents successfully extended the treatment strategies for RRMS, but disease modifying drugs lacked efficacy in progressive MS and may have potentially severe adverse effects including cytopenias, infectious diseases, and progressive multifocal leukoencephalopathy (9–12). Identification of additional therapeutic targets, especially for progressive MS, is therefore a widely recognized scientific goal with great clinical implications.

CD40 is a membrane-bound costimulatory protein and is a member of the tumor necrosis factor receptor (TNFR) family. CD40 is constitutively expressed by B cells and dendritic cells, but upon cell activation the protein is broadly expressed on hematopoietic cells, including T cells, monocytes and macrophages, but also on non-hematopoietic cells, such as endothelial cells (ECs) and CNS resident cells. The classical ligand for CD40 is the tumor necrosis factor (TNF) family member CD40 ligand (CD40L), which is expressed on both T cells and platelets. During inflammation CD40L is also expressed on B cells, dendritic cells, monocytes, macrophages, EC, and CNS resident cells, amongst others. CD40-mediated signaling depends on adaptor molecules, the TNF-receptor-associated factors (TRAFs) that bind to the cytoplasmic tail of CD40 and can activate multiple signaling cascades dependent on the TRAF family member that binds and the cell-type that is activated. The CD40 cytoplasmic domain has a proximal TRAF-6 binding site and a more distal TRAF-2/3/5 binding site (13). The CD40–CD40L dyad is an immune checkpoint regulator that promotes both humoral and cellular immune responses by regulating the inflammatory phenotype of immune and non-immune cells. Genetic and antibody-mediated inhibition of CD40 or CD40L successfully reduced disease burden in experimental models of atherosclerosis, Crohn’s disease, psoriasis, rheumatoid arthritis (RA), and experimental autoimmune encephalomyelitis (EAE) (14).

Experimental studies identified the CD40–CD40L dyad as a potent therapeutic target in MS (15–21). A pilot study with anti-CD40L mAb IDEC-131 in MS patients was successful, which led to the launch of a phase II trial. Unfortunately, this trial was halted after a case of severe thromboembolism in an IDEC-131 trial in Crohn’s disease patients (22). Clinical applicability of antibody-mediated blockage of CD40 is compromised by the risk of severe immunosuppression. Interestingly, recent insights in the downstream CD40 signaling pathways identified novel possibilities to inhibit the CD40–CD40L dyad without these side effects (13, 23).

In this review, we discuss genetic, experimental, and clinical studies on the role of CD40 and CD40L in the neuroinflammatory response underlying MS and we explore novel strategies that may eventually overcome the current limitations of antagonizing the CD40–CD40L dyad in MS.

EXPRESSION OF CD40L DURING MS

Our knowledge on the expression of CD40L and CD40 in MS is based on postmortal human studies and on reports from studying EAE, a widely used animal model of MS. In this model, neuroinflammation is initiated by T cells. However, for demyelination monocyte-derived macrophages, opsonizing antibodies and complement have been shown to play an essential role (24).

T Cells

In order to initiate a proper T cell-mediated immune response, cell–cell interactions between T cells and antigen-presenting cells (APCs), such as B cells, macrophages, and dendritic cells are required. Three distinct signals are needed for T cell activation: binding of the T cell receptor with the MHC class II complex on APCs is the first signal, the second signal is generated by costimulatory molecules, and the third signal originates from cytokines. CD40L expressing T cells can activate resting APCs via interaction with their CD40 receptors. Upon activation the APCs will upregulate cytokine receptors and other costimulatory molecules (25).

Both CD4+ and CD8+ T cells are abundantly present in MS lesions. During immune activation, both T cell subsets can express CD40L, however, in MS CD40L expression is only detected on CD4+ T cells, and not CD8+ T cells (26). CD40L is not detected in the healthy CNS, nor in the CNS of patients with other neurodegenerative disorders like Alzheimer’s Disease (15), suggesting that infiltrated CD40L+ T cells are the driver of CD40-mediated inflammation in MS. Infiltrated CD40L+ T cells induce activation of the various CD40-expressing cells (27) (Figure 1A). Likewise, in murine relapsing-remitting EAE, CD40L-expressing T cells infiltrate the CNS as early as day 4 postimmunization, and the number of CD40L+ T cells increased in the acute phase and peaked during remission, indeed suggesting that CD40L drives the initial phases of neuroinflammation (28).
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FIGURE 1 | The critical role of the CD40 ligand (CD40L)–CD40 dyad in the inflammatory response underlying multiple sclerosis (MS)/experimental autoimmune encephalomyelitis (EAE). (A) During MS/EAE, the number of CD40L+CD4+ T cells in the peripheral blood and central nervous system (CNS) increases. Besides a membrane bound form, CD40L also exists as soluble trimer, which is mainly derived from platelets. CD40L interacts with CD40 on endothelial cells (ECs) and circulating monocytes and B cells. Within the CNS, T cells activate CD40+ macrophages, microglia, B cells, and plasma cells. (B) CD40L-mediated activation of CD40 on EC results in the expression of adhesion molecules, including VCAM, ICAM, and E-selectin, which promotes the recruitment of inflammatory cells to the CNS. CD40L also induces B cell activation, characterized by CD69 expression, and proliferation. Furthermore, the antigen presenting capacity of B cells is improved as a result of increased MHC class II, CD54, CD80, and CD86 expression. CD40L also promotes the secretion of proinflammatory cytokines by circulating monocytes and macrophages and microglia in the CNS. Thus, the CD40L–CD40 dyad critically regulates both adaptive and innate immune responses.



Soluble CD40L (sCD40L)

Besides membrane-bound CD40L, CD40L also exists as a soluble protein: sCD40L, which is mainly derived from activated platelets (95%) and T cells (5%) (29, 30). After cleavage from the platelet surface, sCD40L remains trimeric and can bind to integrin αIIbβ3 on platelets or the CD40 receptor, which induces the expression of inflammatory mediators, such adhesion molecules, tissue factor, and chemokines (30).

Multiple population studies have demonstrated that serum sCD40L concentrations were increased in MS patients with active disease compared to healthy controls (5.65 ± 2.87 vs. 0.14 ± 0.12 ng/mL, p < 0.001) or patients with inactive MS (5.65 ± 2.87 vs. 0.64 ± 0.30 ng/mL, p < 0.001) (31, 32). A similar increase of sCD40L was detected in the CSF of MS patients compared to patients suffering from other inflammatory or neurological diseases (38.5 vs. 4.8 pg/mL, p < 0.002; SD not mentioned in the manuscript) (33). Although serum sCD40L concentrations, but not CSF sCD40L concentrations, positively correlated (Kendall tau-b = 0.29, p = 0.044) with the CSF/serum albumin ratio (“Qalb”), an indicator of blood-brain barrier permeability (33), it is currently unknown whether sCD40L directly contributes to BBB breakdown. Interestingly, serum concentrations of sCD40L decreased upon treatment with Glatiramer acetate (copaxone) (34), IFN-β (35), or natalizumab (36), suggesting that sCD40L can be used as a biomarker to monitor the effectiveness of these therapies.

In contrast to these results, a large cohort study with 833 MS patients showed decreased levels of sCD40L in patients with inactive MS compared to healthy individuals (86.3 ± 9.3 vs. 54.3 ± 5.4 pg/mL, p < 0.001) (37). Several factors may contribute to these conflicting findings, including the use of antiplatelet drugs, such as cyclooxygenase inhibitors or adenosine diphosphate receptor inhibitors, which limit the release of sCD40L from activated platelets (29). Importantly, the use of these agents has not been reported in the population studies. In addition, a circadian rhythm in serum sCD40L levels has been observed in patient suffering from myocardial infarction, sCD40L levels were 41.5% higher in samples obtained at 9 p.m. compared to samples drawn at 2 a.m., possibly due to diurnal fluctuations in proteinase levels (38). Whether a similar circadian rhythm is present in MS patients is currently unknown. Finally, differences in blood sample handling may affect serum sCD40L levels, as low temperatures limit the ex vivo release of sCD40L from platelets (29). Carefully monitoring of these factors in future studies is required to fully elucidate the role of sCD40L in MS.

EXPRESSION OF CD40 DURING MS

Macrophages and Microglia

Autopsy studies in MS patients revealed that monocytes, macrophages and activated microglia are the main cell types expressing CD40 in the CNS (15). Microglia in a resting state show low or no CD40 expression, while ~45% of the activated microglia and ~73% of recruited peripheral macrophages express CD40 during EAE (39). Macrophages form a functionally heterogeneous population, with proinflammatory M1 macrophages and anti-inflammatory M2 macrophages representing the extremes of a spectrum that is present in vivo (40). CD40 is an M1 marker for perivascular macrophages, activated microglia and myelin-loaded macrophages in MS lesions and its expression is associated with the coexpression of other M1-markers, such as CD86, CD64, and CD32. CD40L-induced activation of these cells results in the secretion of M1-associated cytokines and chemokines, including interleukin (IL)-1, IL-6, IL-12, IL-18, and TNF-α (41–43), which fuels the ongoing inflammation in the CNS (Figure 1B) (44–47). However, 70% of the CD40+ cells also express M2 markers, including CD163 and CD206, suggesting that a mixed M1/M2 phenotype exists in MS lesions (48). The abundant expression of CD40 on mononuclear cells in perivascular infiltrates was also found in the brain of marmoset monkeys (Callithrix jacchus) with acute EAE (24). In murine relapsing-remitting EAE, CD40 expressing cells infiltrate the CNS as early as day 4 postimmunization and the numbers of CD40+ cells peaked in the acute and relapsing phases of the disease and decreased during remission (28). The amount of CD40 present in the CNS correlated with the expression of the inflammatory cytokines IL-12, IFN-γ, and TNF-α (28). Correspondingly, in the mouse spinal cord CD40 was abundantly expressed by monocytes and monocyte-derived macrophages (17). The expression of CD40 in the CNS found in mice and marmoset monkeys suggests that there is HLA class II-restricted antigen presentation, and that effector functions of CD40 expressing macrophages are triggered by CD40L-expressing activated CD4+ T cells (17, 24). In vitro, interactions between T cells and macrophages can stimulate the production of proinflammatory cytokines, nitric oxide, and matrix metalloproteinases, which are all components that play a role in the immunopathogenesis of MS and other chronic inflammatory diseases (17).

B Cells

In order to initiate a humoral immune response, CD40L present on activated CD4+ T cells needs to interact with the CD40 receptor on antigen activated B cells. During this response, high titers of isotype-switched, high affinity antibodies are generated by the B cells and germinal centers (GCs) are formed (49, 50). Furthermore, CD40–CD40L signaling between follicular helper CD4+ T cells (TFH) and GC B cells is required for the formation of memory B cells, antibody-secreting plasma cells and the maintenance of GC (51, 52). The number of circulating CD40+CD20+ B cells did not differ between MS patients and controls; however, the density of CD40 on these cells was increased, which may have several effects on B cell function (53). First, CD40 activation on both naïve (CD19+CD27−) B cells and memory (CD19+CD27+) B cells results in the activation of these cells, characterized by CD69 expression (54). Second, the proliferative response of both naïve and memory B cells is increased upon CD40 activation (55). Third, the antigen presenting capacity of B cells was also affected as upon ligation of CD40 by CD40L, B cells from MS patients exhibited increased expression of MHC class I and II, CD54, CD80 and CD86, which promoted the activation and proliferation of T cells, especially CD4+ T cells. These CD4+ T cells subsequently induced the proliferation of CNS-antigen specific CD8+ T cells, at least in vitro (54, 56).

NF-κB and MAPKs (P38, ERK, and JNK) are essential components of signaling pathways downstream of CD40 binding in B cells. Following CD40 stimulation, memory and naive B cells from MS patients showed a significantly higher level of NF-κB activation, reflected by increased levels phosphorylated p65, compared with healthy controls (57). Treatment with glatiramer acetate (Copaxone) reduced the phosphorylation of p65 in B cells of RRMS patients to levels observed in healthy individuals. These results suggest that reducing CD40-mediated activation of the canonical NFkB pathways may be a common mechanism by which some existing treatments limit inflammation in MS (57).

In recent years, a novel subset of regulatory B cells, which secrete anti-inflammatory cytokines such as IL-10 and TGF-β, has been described (58). CD40-induced activation of these cells reduced inflammation and disease severity in a murine model of systemic lupus erythematosus in an IL-10-dependent manner (59). However, Michel et al. reported that both the frequency and function of regulatory B cells was not affected in MS patients, specifically, CD40L-induced cytokine secretion was unaffected, suggesting that a similar mechanism is not present in MS (60).

The clinical success of B cell depleting therapies implicates an important role for these cells in the pathogenesis of MS. Indeed, ectopic B cell follicles have been detected in the meninges of patients with progressive MS, immunoglobulin depositions are present in MS lesions and oligoclonal immunoglobulins are detected in the CSF of 90% of the patients (61). Although the pathologic effect of these autoantibodies is incompletely understood, several autoantigens have been detected, including MOG, neurofascin, sperm-associated antigen 16 (SPAG16), contactin-2 and inward-Rectifying Potassium Channel (KIR4.1) (62). Interestingly, the CD40–CD40L dyad has a critical role in B cell biology, as it regulates antibody production, immunoglobulin isotype switching and B cell follicle formation, accordingly, antibody-mediated inhibition of CD40 reduced anti-MOG antibody production in non-human primates subjected to EAE (20). Whether CD40 signaling plays a relevant role in the generation of autoantibodies in the context of MS is currently unknown.

CD40 Expression on T Cells

CD40 expression is mostly described on APCs, but CD4+ and CD8+ T cells can also express low levels of CD40 mRNA that increase after activation. Effector T cells deficient for CD40 have poor capacity to proliferate, and antigen stimulated cytokine secretion during the primary immune response and in the memory phase is as low as that of naive T cells. Priming with CD4+ T cells did not increase the proliferation and cytokine secretion capacity of CD40-deficient T cells, demonstrating that CD4 help to CD8+ T cells requires interactions with CD40 expressed by CD8+ T cells (63). The role of CD8+ T cells in MS and EAE is not completely understood and is rather controversial with evidence for both a pathogenic and a regulatory function (64). The role of CD4+ T cells expressing CD40 (CD40+CD4+ T cells) in EAE is recently investigated. CD40+CD4+ T cells are found in lesions in the CNS and stimulate a more severe EAE disease development than conventional CD4+ T cells (65). Adoptive CD40+CD4+ T cell transfer from EAE-induced donors transfers EAE without further in vitro expansion and without requirement of an EAE inducing procedure to the recipient animals. Coinjection of the CD40+CD4+ donor T cells with CFA in the recipient animals results in a more severe disease outcome (65), indicating that in addition to the specific T cell response to CNS antigen, a general activation of the immune system is necessary to induce severe disease. Moreover, this suggests that any event leading to CD40+CD4+ T cell expansion might result in susceptible individuals.

Endothelial Cells

In addition to immune cells, 25% of brain EC constitutively express CD40 in situ and in vitro and the expression is further increased by inflammatory stimuli (48, 66–68). Activation of endothelial CD40 by CD40L induces the expression of the adhesion molecules E-selectin, VCAM-1, and ICAM-1 (Figure 1B), which facilitates the migration of monocytes and CD4+ T and CD8+ T cells into the CNS. Brain ECs also induce T cell activation and proliferation via MHC-II-dependent antigen presentation and CD40-mediated costimulation (66). Thus, CD40–CD40L-mediated interactions between EC and immune cells promote CNS inflammation by facilitating transmigration of leukocytes across the BBB and subsequently inducing T cell activation and proliferation (67).

Resident CNS Cells

CD40 is also expressed on other resident CNS cell types like astrocytes and neurons. Astrocyte CD40 induces the secretion of proinflammatory cytokines and chemokines, which trigger an autocrine activation of these cells that aggravate EAE (69). CD40 is constitutively expressed on neurons (70). CD40L-induced activation of primary cultured neuronal cells results in activation of p44/42 MAPK signaling pathways, and increases neurofilament expression, a marker of neuronal differentiation. In addition, CD40 has a critical role in neuronal survival as neuronal cell injury induced by serum withdrawal can be rescued by CD40 ligation in wild-type neurons, but injury could not be reduced by CD40 ligation in CD40-deficient neurons. These in vitro findings are further supported by observations in aged Cd40−/− mice. Examination of the brain of CD40-deficient mice showed that at older age (16 months) CD40 deficiency results in decreased neurofilament expression, neuronal dysmorphology, reduced brain weights, and increased TUNEL reaction, indicating increased presence of apoptotic cells (70). Additionally, phenotypic analysis of Cd40−/− mice showed that CD40 regulates growth from excitatory and inhibitory neuron dendrites (71). In conclusion, neuronal CD40 has an important role in neuronal development, maintenance, and survival.

Expression of CD40–CD40L on Circulating Immune Cells in MS

In addition to the local alterations in the CNS discussed above, the systemic immune system is also affected in MS (1). The expression of CD40 and CD40L on peripheral blood monocytes, especially the CD16+ proinflammatory subset, is increased in MS patients, reflecting the higher activation status of these cells (53, 72–74). Besides inflammatory cytokines, monocytes also produce protective anti-inflammatory mediators upon CD40L-induced activation such as the neurotrophins BDNF, NT3, and NGFβ (39). Interestingly, this protective response is reduced in monocytes from MS patients, but restored upon IFNβ treatment (75–77).

Circulating CD40L+ CD4+ T cells and CD40L+ CD8+ T cells are also more abundant in MS patients compared to healthy controls (53, 78). Upon in vitro CD3-induced reactivation, CD4+ T cells from MS patients expressed more CD40L and produced increased levels of inflammatory mediators, compared to T cells from healthy controls, suggesting that CD40L is especially expressed by activated proinflammatory T cells (79). Interestingly, IFNβ reversed the increased expression of CD40L on CD4+ T cells (53, 80).

Taken together, during neuroinflammation, CD40L+ CD4+ T cells infiltrate the CNS and activate CD40+ monocytes, macrophages, B cells, ECs, and other CNS resident cells, which propagates the ongoing inflammatory response and aggravates lesion development (Figures 1A,B). Consequently, two strategies can be applied to therapeutically target the CD40–CD40L dyad in MS; (1) inhibition of CD40 on resident and immune cells; (2) inhibition of CD40L on T cells. While the role of CD40L-induced activation of CD40+ cells in immunity and inflammation is well known, only limited data exist on the reciprocal activation of CD40L+ cells. The intracellular domain of CD40L does not contain any signaling motifs, however upon activation its transmembrane domain associates with lipid rafts, thereby inducing AKT and p38 MAPKs pathways and the subsequent production of IL-2, based on in vitro experiments (81). Additionally, this may promote IL-4, IL-10, TNF-α, and IFN-γ production (82). However, the pathophysiological relevance of the reciprocal activation of CD40L+ cells in MS or other inflammatory diseases has not been explored and requires further attention as it may result in the identification of novel therapeutic targets.

CD40 SINGLE-NUCLEOTIDE POLYMORPHISMS (SNPs) AND MS

Genome-wide association studies have identified a correlation between SNPs in immune related loci, including the CD40 locus, and the incidence of MS (83). In particular, the SNP rs1883832C- > T in the CD40 gene was associated with an increased risk for MS. Compared to rs1883832CC individuals, heterozygous rs1883832CT and homozygous rs1883832TT individuals had a 1.5-fold and 2.5-fold increased risk for MS, respectively (84). Counterintuitively, the high-risk allele was associated with a 45.5% decreased expression of CD40 mRNA in an in vitro translation/transcription system (85, 86). A second CD40 SNP (rs6074022T- > C) was also associated with a minor decrease in the expression of CD40 mRNA in whole blood RNA from MS patients (87–89). Thus, at least two high risk SNPs are associated with a decreased expression of CD40, which seems contradictory and requires further attention, as in vivo studies have established the proinflammatory role of CD40 in neuroinflammation, as discussed below. In RA and Graves’ disease CD40 rs1883832 is associated with reduced CD40 expression and disease protection. These findings are in line with the role of CD40 as a costimulator in T cell activation supporting the autoimmune inflammatory process (86). How to explain the increased risk for MS upon decreased CD40 mRNA expression is so far unclear. Until now, no polymorphisms of the CD40L gene have been associated with MS (84).

PROMISING THERAPEUTIC POTENTIAL OF THE CD40L–CD40 DYAD FOR EAE AND MS

Several EAE studies in mice and non-human primates showed that the CD40–CD40L signaling pathway is an interesting target to reduce incidence and severity of neuroinflammation. Combination therapies can even further increase treatment efficiency. A discussion of this research is described here.

Genetic Deficiency of CD40 or CD40L in Mouse EAE

Both CD40- and CD40L-knock-out mice do not develop EAE after immunization. CD40–CD40L interactions are required for the B7.1 and B7.2 expression on APCs, essential for T cell activation. Lack of costimulation through B7.1 and B7.2 may result in a reduction of secondary signaling and prevention of T cell activation, possibly responsible for protection of CD40L-deficient mice from EAE (16). Experiments with Cd40−/− mice showed that in the absence of CD40, T cells both enter the CNS and induce disease. This suggests that activated T cell trans-migration through the endothelial BBB does not require CD40 (90). However, CD40 is necessary for Th1 cell activation as in the presence of CD40, there is an earlier entrance of Th1 cells into the CNS and more severe induction of disease (90). CD40 on peripheral hematopoietic cells is known to be pivotal to the development of autoimmunity (25). By using bone marrow (BM) chimeric mice, Becher et al. showed that lack of expression of CD40 on CNS-resident microglia also diminishes EAE severity and reduces the amount of leukocyte infiltration into the CNS (91). Reduced microglial expression of CD40 did not affect peripheral T cell priming or recall responses. Encephalitogenic T cells could not elicit the expression of chemokines in a CNS environment in which parenchymal microglia were CD40 depleted. So, outside of the systemic immune compartment CD40 increases organ-specific autoimmunity and within the CNS CD40 expressing cells regulate the EAE development in BM chimeric mice (91).

Antibody-Mediated Inhibition of CD40L in Mouse EAE

Treatment of EAE-induced mice with an antagonistic anti-CD40L mAb (MR1) during disease induction (days 0–4) completely prevented development of disease (15). Treatment during days 4–8 and days 7–11 after induction reduced disease burden by 80 and 67%, respectively (15). Antibody treatment inhibited CNS inflammatory processes, as the number and size of CNS infiltrates of animals treated with anti-CD40L antibodies during EAE induction were strongly reduced compared to animals treated with an irrelevant antibody (17). Besides treatment at disease induction, EAE disease development and CNS inflammation were also blocked effectively by anti-CD40L antibody treatment of animals at the peak of acute disease and by treatment during remission (18). Interestingly, transient anti-CD40L blockade at the peak of the acute phase of R-EAE in SJL mice reduced clinical relapses by 80%, and in mice that did develop a relapse, the duration and severity was reduced as compared to control antibody treated animals (19). Short-term (4 days) treatment with anti-CD40L during EAE induction could prevent clinical disease and did not affect the long-term Th1/Th2 balance (92).

Mechanism of Disease Reduction upon Anti-CD40L Treatment

Myelin-specific T cells in anti-CD40L-treated mice subjected to EAE secreted little IFNγ but exhibited strongly enhanced levels of IL-4, compared to control treated mice (Figure 2A). Anti-CD40L mAb did not result in systemic tolerance of encephalitogenic T cells (93) nor caused expansion of myelin-specific T cells. However, treatment with anti-CD40L antibody at the peak of acute disease or during remission inhibited Th1 differentiation and effector function. While T cell proliferation and secretion of the cytokines IL-2, IL-4, IL-5, and IL-10 were normal (18), antibody treatment strongly impaired IFN-γ production, delayed-type hypersensitivity responses against myelin peptide, and encephalitogenic effector cell activation (18, 93). Treatment with anti-CD40L antibody also reduced clinical disease expression in adoptive recipients of encephalitogenic T cells, suggesting involvement of CD40–CD40L interactions in their effector ability to activate CNS macrophages/microglia (18).
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FIGURE 2 | Strategies to target the CD40 ligand (CD40L)–CD40L dyad in experimental autoimmune encephalomyelitis (EAE). (A) Antagonistic CD40L antibodies limit detrimental T cell responses in multiple sclerosis (MS) by decreasing IFNγ production, reducing myelin peptide-specific delayed-type hypersensitivity responses, and limiting in effector T cell formation. In addition, antibody treatment enhances the production of the Th2 cytokine interleukin (IL)-4. (B,C) A novel strategy to target the CD40L–CD40 axis in monocytes and macrophages during EAE. The CD40L–CD40–TRAF6 axis activates the transcription factor NF-κB, which subsequently induces an inflammatory monocyte/macrophage phenotype that aggravates EAE. Small molecule-mediated inhibition of the CD40–TRAF6 interaction reduces ROS, TNFα, and IL6 production by macrophages and limits transendothelial migration of monocytes, thereby improving EAE in mice and rats.



CD40–CD40L interactions between APCs and T cells results in IL-12 secretion, an essential cytokine for Th1 responses and EAE induction. This has led to the hypothesis that the protective effects of CD40L blockade in EAE can be overcome by IL-12 administration. Mice cotreated with exogenous IL-12 and the anti-CD40L antibody developed severe EAE and anti-IL-12 antibody treatment protected mice from EAE (94). However, the protein IL-12 consists of a p35 and a p40 subunit, the IL-12p40 subunit is shared by other cytokines. Il-12p40−/− mice are protected against EAE, but Il-12p35−/− mice develop severe EAE, verifying that the p40 subunit, and not IL-12 is critical for the development of EAE (95). IL-23, another cytokine containing the p40 subunit, has later been shown to play a critical role in the EAE disease development instead of IL-12 (96, 97). Whether the beneficial effect of CD40 blockade in EAE is mediated through reduced levels of IL-23 is not yet investigated, and the role of CD40–CD40L interactions in IL-23 secretion is still unclear.

To investigate whether the mechanism of EAE inhibition by anti-CD40L mAb depends on its Fc effector interactions, Nagelkerken et al. compared an anti-CD40L mAb (produced in mammalian cells) with its a-glycosylated counterpart, which has strongly reduced FcγR binding and impaired complement binding activity. They found that both forms of the Ab have similar ability to inhibit clinical signs of EAE (98). Therefore, in the context of EAE, FcR interactions do not play a crucial role in the protective effect of anti-CD40L mAb (98). Activation of microglial cells is a multistep process and microglial cell CD40 expression facilitates EAE disease development. Activation of microglial cells at the onset of EAE is a process independent of CD40, and their activation is characterized by increased expression of CD45 and MHC class II. However, at the peak of disease, complete activation of microglial cells is dependent on their CD40 expression (39). These results show that in order to facilitate the progression of EAE clinical disease activation of microglial cells in the CNS is needed (39).

Anti-CD40 and CD40L Antibody Treatment in EAE in Non-Human Primates

As treatment of EAE-induced mice with anti-CD40L mAb effectively blocked clinical disease progression and CNS inflammation (15, 17, 18), CD40L–CD40 interaction inhibiting experiments were extrapolated to non-human primate models of EAE. Anti-CD40 mAb showed beneficial activities in a EAE model in non-human primates when administered early in disease development (20) or after the onset of neuroinflammation (21). Inhibition of CD40–CD40L interactions was tested in marmoset monkeys with anti-human CD40 mAb (ch5D12), a chimeric antagonist. Severe clinical signs of EAE were observed in all placebo-treated monkeys, whereas in the ch5D12-treated group the animals did not develop disease symptoms at all. Postmortem analysis of the CNS showed that ch5D12 treatment resulted in a reduced lesion load (20). The same model was used to test the anti-human CD40 monoclonal antibody in its parent murine form (mu5D12). mu5D12 mAb treatment interfered with development of clinical symptoms, even when mu5D12 mAb was given several weeks after T cell priming. In vivo localization shows that in addition to entering the secondary lymphoid organs, the mu5D12 mAb also enters the perivascular spaces of the CNS and to a smaller extent penetrates in the brain parenchyma. Therefore, anti-CD40 can inhibit activation of primary and secondary antigen-specific T cells and B cells in both the secondary lymphoid organs and CNS lesions. The activity in secondary lymphoid organs is important since pathogenic T cells are continuously activated in the periphery during established EAE (21). Supporting this data, serial MRI demonstrated that ch5D12 treatment prevented the expansion of existing white matter lesions (99).

Combination Therapy of CD40–CD40L Blockade and Other Disease Modifying Agents

Blocking CD40–CD40L has been proven to be effective in reducing EAE, as described above. Disruption of CD40–CD40L interaction blocks activation of autoantigen-specific T cells and decreased leukocyte infiltration into the CNS. Therefore, it would be interesting to restore self-tolerance by enhancing Tregs in addition to the inhibition of the proinflammatory mechanisms. To achieve this, we should block multiple costimulatory dyads simultaneously to further increase the efficiency of the treatment. In the oncology field it has already been shown that immune checkpoint inhibitor combination therapy results in better outcomes compared to the use of a single immune checkpoint inhibitor, an example is the combination of nivolumab (anti-PD-1) and ipilimumab (anti-CTLA-4) (100).

Inflammatory cytokine production by astrocytes is induced upon activation by the CD40–CD40L interaction in a mast cell coculture. These cytokines re-activate astrocytes leading to increased release of cytokines that contribute to aggravating EAE development. Pretreatment with a combination of anti-CD40 antibody and the Rac inhibitor 8-hydroxydeoxyguanosine (8-oxo-dG) decreased the EAE induced TNFR1 expression and colocalization of TNFR1 and astrocytes in the brain. This combination therapy was able to decrease the clinical scores further than one of the treatments alone (69). Moreover, analysis of EAE brain tissues show that anti-CD40 Ab and 8-oxo-dG treatment enhanced the number of Treg cells, increased OX40 expression, and increased production of cytokines associated with Treg cells and their suppressive function (101).

Treatment of EAE with a combination of the CD40L antagonistic MR1 antibody and CTLA4Ig, blocking the CD28-B7 interaction, provides additive protection in mice compared to single treatment, particularly in case of delayed administration. After treatment with the Anti-CD40L and CTLA4Ig combination mononuclear cell infiltrates were absent in the CNS, and in lymph nodes combination treatment is associated with a strong reduction in proliferation of primed T cells. According to these results, CD28 and CD40L might deliver different costimulatory signals for complete T cell activation, although there probably is an additional regulatory role for CD40L–CD40 interaction on B7 expression. Blocking both the CD40–CD40L and the CD28-B7 pathways in vivo possibly results in better suppression of pathogenic immune responses (102).

Simultaneous knock-down of CD40 and the p19 subunit of IL-23 expression on bone marrow-derived DCs (BMDCs) by injection of double-transduced CD40+p19LV− BMDCs in EAE mice resulted in reduced clinical scores, significant decreased production of IL-17 and an increase in IL-10 compared with EAE mice treated with control lentiviral vector-DCs-(p19LV-DCs and CD40LV-DCs) (103). These studies show that combination therapies including blocking of CD40–CD40L interactions and an additional blockade can, by different mechanisms, more efficiently reduce EAE disease severity than anti-CD40L Ab or anti-CD40 Ab treatment alone.

Anti-CD40L Treatment in Clinical Trials

The experimental studies in rodents and primates highlighted the therapeutic potential of CD40–CD40L targeting strategies in MS and (15–21) paved the way for clinical studies. Anti-CD40L mAb IDEC-131 treatment was found to be successful in a phase I clinical trial with 15 MS patients, in this trial no relapses were observed in the complete cohort for at least 6 months. After this pilot, a phase II clinical trial with 46 MS patients was initiated in 2002. However, due to a severe case of thromboembolism in a similar trial with anti-CD40L mAb in Crohn’s disease patients (22), these trials were halted. The thromboembolic complications were caused by disruption of CD40L-αIIbβ3 interactions between platelets in arterial thrombi (13, 104, 105). For this reason, but also because of potential immunosuppressive adverse effects of antibody-mediated inhibition of CD40–CD40L, alternative strategies are required to exploit the therapeutic potential of CD40–CD40L inhibition in MS.

NOVEL STRATEGIES TO TARGET THE CD40–CD40L DYAD

One approach to reduce side-effects in treatment of EAE is specific delivery of drugs to CD40L positive T cells. Based on CD40L crystal structure and molecular docking studies, Ding et al. designed a CD40L specific peptide ligand (A25). The peptide A25 was conjugated on the surface of liposomes and capable of facilitating specific liposomal drug delivery to CD40L+ cells. CD40L+ cell ratios in EAE mice were significantly reduced by the A25 modified liposome loaded with methotrexate (MTX), a cytostatic drug, resulting in markedly reduced clinical scores (106).

Based on our recent findings, we propose that more specific downstream inhibition of the CD40L–CD40 dyad may be another approach to overcome the current limitations. Using mice specifically lacking CD40-TRAF6 or CD40-TRAF2/3/5 interactions, we showed that only CD40-TRAF6-deficient mice had a skewing in the immune response toward an anti-inflammatory profile and were protected against atherosclerosis (107). Based on these results, we developed small molecule inhibitors (SMIs) that efficiently and specifically block CD40-TRAF6 interactions and leave CD40-TRAF2/3/5 interactions intact (108). These SMIs are able to reduce peritonitis, sepsis, obesity-associated adipose tissue inflammation, and diabetes (108–111). Using an in vitro model for (neuro-) inflammation, we were able to show that SMI 6877002 skews the phenotype of human monocytes toward a less inflammatory profile with reduced monocyte trans-endothelial migration capacity across brain ECs in vitro (23). Furthermore, upon SMI treatment EAE disease severity was reduced in Lewis rats, but not mice. However, in both models the SMI-treated animals had reduced levels of CNS-infiltrated monocyte-derived macrophages, but not T cells (23). The experiments with SMI 6877002 in EAE illustrate the therapeutic potential of CD40-TRAF6 targeting strategies (Figures 2B,C), with the ability to reduce monocyte recruitment and macrophage activation in the CNS and this approach could potentially be used as a cotreatment to ameliorate MS.

CONCLUSION AND FUTURE DIRECTIONS

This review emphasizes that besides the classical adaptive immunity-related CD40L–CD40 signaling, this dyad has an essential role in the establishment and pathogenesis of MS in multiple ways. In particular, CD40 and CD40L are widely expressed on both resident and CNS-infiltrated cells in MS lesions and CD40 gene SNPs associate with MS incidence. There are several treatments available for RRMS, but additional therapeutic targets are still necessary, especially for progressive MS. Progressive MS is characterized more by nerve degeneration rather than inflammation. Monocyte-derived macrophages play an essential role in demyelination. In MS patients increased expression of CD40 on peripheral monocytes, and high expression of CD40 on myelin-loaded macrophages in MS lesions was observed. Using EAE as a model for MS, inhibition of the CD40–CD40L dyad has found to be an effective strategy to reduce the onset and development of EAE in rodent and primates. However, treatment with anti-CD40/CD40L mAb resulted in unforeseen thromboembolic side effects in human clinical trials, and bears the risk of immune suppression, which hampered further development of this strategy. Nevertheless, novel insights regarding treatment with combinations of immune checkpoint regulators, the use of nanoparticles, and the pivotal CD40L–CD40–TRAF signaling pathway in inflammatory diseases have revived the therapeutic potential of the CD40–CD40L dyad. These novel approaches are examples that the current limitations of long-term CD40 and CD40L inhibition in MS and other inflammatory diseases can be overcome. CD40–CD40L plays an important role in the pathogenesis of MS and research has proven that this dyad is an important therapeutic target for treatment of MS.
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Bullous pemphigoid (BP) is by far the most common autoimmune blistering dermatosis that mainly occurs in the elderly. The BP180 is a transmembrane glycoprotein, which is highly immunodominant in BP. The structure and location of BP180 indicate that it is a significant autoantigen and plays a key role in blister formation. Autoantibodies from BP patients react with BP180, which leads to its degradation and this has been regarded as the central event in BP pathogenesis. The consequent blister formation involves the activation of complement-dependent or -independent signals, as well as inflammatory pathways induced by BP180/anti-BP180 autoantibody interaction. As a multi-epitope molecule, BP180 can cause dermal–epidermal separation via combining each epitope with specific immunoglobulin, which also facilitates blister formation. In addition, some inflammatory factors can directly deplete BP180, thereby leading to fragility of the dermal–epidermal junction and blister formation. This review summarizes recent investigations on the role of BP180 in BP pathogenesis to determine the potential targets for the treatment of patients with BP.
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INTRODUCTION

Bullous pemphigoid (BP), by far the most common autoimmune blistering disease, is induced by autoantibodies against the structural components of the dermal–epidermal junction (DEJ) (1). In most cases, the disease develops cryptically (2). The suggested causes of BP include silicosis (3), psoralen and ultraviolet A therapy (4), infections (5), physical or chemical insults (6–8), certain fruits (9), and medications (10, 11). However, the validation of these factors in the pathogenesis of BP remains be established. BP mainly affects the older age group of both sexes, or those 70 years old and above, but it can also affect infants, children, and adolescents (1, 12). This disease mainly involves the skin but occasionally the eyes, mouth, and genitals (1, 2). The cutaneous manifestations of BP are polymorphic and can be classified into three groups, namely classical BP, non-bullous cutaneous pemphigoid, and various rare variants (13, 14). Classical BP is clinically characterized by large (1–3 cm), tense, serous, or hemorrhagic blisters that appear on erythematous, urticarial, or eczematous lesions and even on apparently normal skin (1, 13). The biopsied lesions exhibit subepidermal splitting or blisters, which is the hallmark of BP, with dense inflammatory infiltration of eosinophils, basophils, neutrophils, lymphocytes, and mast cells in the dermis (1). Immunofluorescence analysis is necessary for the diagnosis of BP (15). Direct immunofluorescence is the most sensitive method for BP diagnosis, in which the lesion shows linear deposition of immunoglobulin G (IgG), C3 complement, and even IgE at the DEJ (16–18). Indirect immunofluorescence using the patient’s sera and a substrate, especially salt-split skin, reveals a linear deposition of IgG along the roof of the artificial split (18).

One typical serologic characteristic of BP is the presence of circulating autoantibodies, which are mostly against BP180 (collagen XVII) and BP230 (15, 19, 20). BP180 is a 180 kDa transmembrane glycoprotein with a 16th non-collagenous (NC16A) domain, which is the immunodominant part in BP (14). BP230 is an intracellular constituent of the hemidesmosomal plaque and belongs to the spectraplakin family (20, 21). The autoantibodies reported in BP include IgG and IgE (1, 22). Usually, IgG autoantibodies to BP180 are the ones first to be detected, and then IgG autoantibodies to BP230 subsequently appear (23). IgE antibodies to BP230 can also be detected in the blood of BP patients (24). Given the existence of autoantibodies, there have been commercially available enzyme-linked immunosorbent assay (ELISA) kits that target BP180 and BP230 antibodies for BP auxiliary diagnosis (25, 26).

Due to the age group involved and the application of more sensitive and specific diagnostic assay systems, the reported BP morbidity has increased (14, 19, 27, 28). Moreover, for disease-specific factors, due to the concomitant occurrence of neurodegenerative disorders, use of higher doses of oral corticosteroids, and the propensity to malignancies and venous thromboembolism, BP mortality showed an increasing trend as well (19, 29–36). These findings suggested the contributory role of activation of blood coagulation in the pathogenesis of BP (35, 36). Presently, topical or systematic corticosteroids, with or without immunosuppressive agents, are still the mainstays for BP treatment (1, 14, 37, 38). Intravenous Ig has also been introduced as an alternative therapy for BP (39–41), however, its effectiveness is still questionable (42, 43). Therefore, it is of highly importance to discover new targets to reduce BP morbidity and mortality. Recently, increasing evidences show that autoimmune responses to BP180 are important in the initiation and evolution of BP (44). The binding of autoantibodies to BP180 is a central step for blister formation. Moreover, BP180 is associated with severe and extensive lesions that require higher dose of steroids, which is a key risk factor for death (14, 28, 45). The serum level of anti-BP180 NC16A autoantibody correlates with the more active and severe disease, as well as poorer prognosis (33, 46). We, thus, consider BP180 as the most important culprit in the pathogenesis of BP and focused this review on recently updated knowledge on BP180 and its autoantibodies in BP.

THE BASIC STRUCTURE OF BP180

BP180 is a type II transmembrane protein with a cytosolic NH2 terminal and an extracellular COOH domain (47). The N-terminal domain, transmembranous stretch, and extracellular C-terminus have 466, 23, and 1,008 amino acids (aa) in length, respectively (48). The ectodomain contains 15 collagenous subdomains (COL1–COL15) interspersed by 16 non-collagenous sequences (NC1–NC16). The NC16A domain, a juxtamembranous linker region, appears to be biologically important, as it serves as the nucleus for the formation of a collagen-like triple helix (49, 50). The extracellular domain contains coiled-coil structures, which are physiologically shed from the cell surface by a disintegrin metalloproteinase (ADAM) (50). The ectodomain forms a loop structure as it spans the lamina lucida, extends to lamina densa, and then kinks back into the lamina lucida (49). BP180 contains multiple binding sites for hemidesmosome proteins, including the extracellular domains of integrin α6 and laminin-332 (laminin-5) and the cytoplasmic domains of integrin β4, plectin, and BP230 (20). The structure and location of BP180 indicate that it acts as a core anchor protein that connects the intracellular and extracellular hemidesmosomal proteins and plays a key role in the pathogenesis of BP.

THE EPITOPE PROFILES OF BP180

Previous studies mainly focused on extracellular NC16A domain (aa residues 490–562), which is the main target of BP autoantibodies. The NC16A domain has seven antigenic sites, including NC16A1, NC16A1-3, NC16A1-5, NC16A2, NC16A2.5, NC16A3, and NC16A3-4 (51–53) (Figure 1). Among these sites, NC16A2 and NC16A2.5 are the major antigenic sites, which can be targeted by all IgG and IgE antibodies. However, recent studies have described additional autoantibody-binding domains of BP180, such as the intracellular domain (ICD) and ectodomain (44, 54). The ICD (aa 1–452) has five target sites, namely ICD A, ICD B, ICD C, ICD D, and ICD A-D, and a central region (aa 112–199) (Figure 1). A previously published study reported that out of 18 sera of BP patients, 16 reacted with recombinant ICDs and that most of the antibodies bind to the central portion (55). A great number of sera combined with at least one of the ICD regions. With regard to ectodomain, it has been reported that 7.8–47% of BP sera recognized the C-terminal regions of the ectodomain (54, 56). Further mapping identified the six regions outside of NC16A that were recognized by the sera of the patients: aa 809–1106, aa 1080–1107, aa 1280–1315, aa 1331–1404, aa 1365–1413, and aa 1048–1465 (11, 52, 54, 57). aa 809–1106 and aa 1080–1107 were at the midportion, whereas aa 1331–1404 and aa 1365–1413 were at the COOH-terminal (Figure 1). Other epitopes embracing more than one domain, such as aa 467–567, aa 490–812, and aa 490–1497, were also reported (11, 52). It has been suggested that the pattern of epitope recognition may influence the course of the disease (23). Therefore, the recognition of target regions within BP180 is substantial in understanding the disease initiation and clinical characteristics of BP.
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FIGURE 1 | The target sites of the BP180 molecule. BP180 is a multi-epitope protein with three major domains-the intracellular domain (ICD), the NC16A domain and the ectodomain outside NC16A domain. The ICD include five target sites, including aa 1–452, aa 1–133, aa 103–266, aa 234–398, aa 36–452 and a central region aa 112–199. The NC6A domain contain seven targeted sites, that is, NC16A1-5, 1-3, 1, 2, 2.5, 3, 3-4. The ectodomain domain also have eight functional sites, namely aa 567–1497, aa 809–1106, aa 1080–1107, aa 1280–1315, aa 1331–1404, aa 1352–1465, aa 1365–1413, and aa 1048–1465. Additionally, there are also target sites crossing more than one domain, such as aa 46–567, aa 490–812, and aa 490–1497.



THE SOURCE OF AUTOANTIBODIES TO BP180

The etiology of BP is complex, but the presence of autoantibodies was widely accepted as the sine qua non of the condition. Anti-BP180 autoantibodies also exist in healthy people, even though these antibodies are conformationally different from pathogenic ones; however, only those bound to skin basement membrane can induce BP—suggesting that autoantibodies in the healthy may not be pathological per se (58, 59). The autoantibodies may assume function of surveillance and self-tolerance (60). In pathologic conditions, self-tolerance of the autoantibodies is dysfunctional, thus leading to the production of a higher-level of autoantibodies that bind to skin basement membrane and give rise to the occurrence of BP. The development of BP suggests that there is a threshold or checkpoint in terms of autoantibody generation (61). It remains unclear why immune tolerance to BP180 is dysfunctional in some individuals. Previous study suggests that CD4+ CD25+ Foxp3+ regulatory T (Treg) cells play an indispensable role in maintaining self-tolerance and in suppressing excessive production of autoantibodies deleterious to the host (62–65).

The reduction of CD4+ CD25+ Foxp3+ Treg cells in BP, as induced by triggers that are variants of pre-existing genetic factors, such as HLA-BQB1*0301, CYP2D6, MT-ATP8, and so on, leads to the breakage of self-tolerance, followed by the increase in autoreactive Th2, Th1, and B cells that can recognize different domains of BP180 mediated by epitope spreading to produce different autoantibodies (14, 44, 59, 65–69). The pathogens can exacerbate the process by sensitizing B cells via binding to toll-like receptors. The autoreactive T cells can interact with autoreactive B cells via combinations of CD40L–CD40, B-cell activating factor–transmembrane activator and CAML interactor (TACI)/B-cell maturation antigen, and proliferation-inducing ligand–TACI to further break peripheral tolerance and induce Ig production and class switching (70–74) (Figure 2). Moreover, the reactivity of T and B cells that target the NH2-terminal portion of the BP180 ectodomain is associated with severe BP, whereas the crosstalk of T and B cells targeting the central portion of BP180 is more frequently recognized in limited BP (75). The exploration in gene therapy might provide clues to retrieve Treg-mediated tolerance and to hinder the production of autoantibodies in skin-grafted animals (76).
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FIGURE 2 | A possible mechanism for the generation of anti-BP180 autoantibodies. Antibodies are generated for the breakage of self-tolerance which is caused by drugs, psoralen, and ultraviolet A therapy, infections, physical, or chemical insults. Autoactivated Th1 and Th2 and B cell can target different domains of BP180, leading to the generation of anti-BP180 autoantibodies via epitope spreading and Ig class-switch. Such autoantibodies could be present in the serum for a long time before occurrence of clinical features. Attacked BP180 can be a source of new antigens to initiate the further expansion of autoantibodies and acceleration of disease.



AUTOANTIBODIES TARGETING NC16A OF BP180

Previously, most studies pointed out that the NC16A might be the major pathogenic epitope in BP (47, 74). ELISA analysis using recombinant BP180 NC16A demonstrated that 22–100% of BP sera reacted to BP180 NC16A peptides and that autoantibodies targeting NC16A domain are associated with tense blisters, severe urticarial erythema, extensive lesions, and elevated eosinophils (45, 77). Therefore, there is a variety of autoantibody types that act on this domain and mediate various pathogenesis.

Anti-NC16A IgG

Anti-NC16A IgG is associated with BP-affected areas and with the occurrence of erosions and blisters in BP (46). High titers of anti-BP180 NC16A IgG at the time of therapy cessation represented the main factor in the prediction of risk of relapse in BP (78). Passive transfer of rabbit antimurine IgG antibodies against BP180 can lead to the development of BP-like skin phenotype, in which the mechanisms involved are complement activation, mast cell degradation, neutrophil infiltration, production of reactive oxygen species and proteases, and BP180 degradation (14, 79); and these mechanisms suggest a complement-dependent inflammatory pathway in BP development. The pathways induced by antimurine BP180 NC16A domain is further verified in studies using mast cell-deficient (80), C5-null (16), C4-null, alternative pathway component factor B-deficient (28, 81), membrane CD46 upregulated (82), Fab-IgG-deficient (83), and FcγR-deficient (84) mice. All these studies were able to identify the complement-dependent inflammatory pathway of anti-BP180 NC16A IgG (Figure 3A).
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FIGURE 3 | The possible pathogenic mechanism of the anti-BP180 NC16A autoantibodies. (A) The IgG1, IgG3, IgE, or IgA anti-BP180 NC16A autoantibodies-mediated pathways for blister formation in bullous pemphigoid (BP). The binding of IgG1, IgG3 with NC16A activates complements via FcγR followed by mast cell degradation and neutrophilic, eosinophilic, basophilic, and macrophage infiltration, which lead to the degradation of BP180 by releasing inflammatory factors and proteases. While the IgE anti-BP180 NC16A autoantibodies activate infiltration of mast cell, eosinophils, and basophils via FcεRI. (B) The immunoglobulin G (IgG) or IgE-mediated pathways for blister formation in BP. On the one hand, the binding of IgG or IgE with NC16A domain activates the protein kinase C followed by BP180 phosphorylation and degradation, which leads to the reduced adhesion. The binding, on the other hand, causes the release of interleukin (IL)-6 and IL-8 by keratinocytes, which prompts recruitment of neutrophils, release of inflammatory factors and neutrophil elastase (NE), and blister formation.



There are complement-independent mechanisms that account for the induction of BP by anti-NC16A IgG. Nearly one-fifth of BP cases may develop blisters in a complement-independent manner mainly through BP internalization (16) Immunofluorescence microscopy revealed that BP180 content in BP lesions is reduced by approximately 40% (85). As demonstrated by vibration assay in vitro, keratinocytes stimulated with anti-NC16A IgG demonstrated BP180 internalization and significant decrease in cell-plate adhesion (86). Further supporting data stem from an in vivo study using neonatal C3-deficient BP180-humanized mice without complement activation (87). The effects are attributed to the internalization of BP180/anti-BP180 complex via a macropinocytic pathway, which involves ICD phosphorylation by protein kinase C and potential degradation of BP180 through a ubiquitin/proteasome pathway (85, 88, 89). As BP-IgG-induced BP180 internalization is insufficient to induce blister formation, various inflammatory responses mediated by FcγR-independent and FcγR-dependent pathways must be involved, which further lead to a BP-specific split (85). At least interleukin (IL)-6 and IL-8, which are induced by autoantibodies, participate in the inflammatory responses (28, 90) In addition, neutrophils partly recruited by IL-8 are also essential for blister formation (91) (Figure 3B). These studies emphasized the complement-independent inflammatory pathway of anti-BP180 NC16A IgG.

However, the role of complements in BP pathogenesis, as mediated by anti-BP180 NC16A IgG autoantibodies, is still controversial. Negative C3 deposition along the epidermal basement membrane zone was found in 16.9% of BP lesions (16). Antihuman BP180 NC16A IgG4, which has low ability to bind to the Fc receptor and fixing complement, can induce dermal–epidermal separation in in vitro cryosection assays and blister formation in patients (89, 92). IgG4 autoantibodies are also the major IgG subclasses of autoantibodies found in more than 54.4% of BP patients, and it is parallel with the disease severity (93). An in vitro study found that anti-NC16A IgG4 might prevent the induction of BP blistering by competitively inhibiting the binding of IgG1 and IgG3 autoantibodies to the NC16A region and by blocking IgG1- and IgG3-induced complement fixation and neutrophil infiltration (94). Another study reported that anti-NC16A IgG4 has a protective role in BP (94). However, the provided C5a complement could successfully induce BP through anti-NC16A IgG4 (94). The revealed discrepancies may be explained by the different research methods used in the studies, as well as the complexity of BP, or by the possibility that the protective role of IgG4 autoantibodies in BP is due to the competitive blockade of IgG1 and IgG3 autoantibodies, which in turn gives rise to the suppression of complement-dependent blister formation. However, the “IgG4-dominant complement-independent BP” cannot be excluded. When the abovementioned studies are summarized, as well as the findings of complement fixation at basement membrane in BP patients, we can conclude that complement amplifies blister formation by inducing inflammation (16, 51, 95).

Anti-NC16A IgE

In addition to the IgG autoantibodies, 22–100% BP patients also produce IgE autoantibodies against BP180 NC16A (24, 46, 96, 97). The level of anti-NC16A IgE is correlated with disease activity (24, 46), occurrence of urticarial lesions and erythema (46, 98, 99), higher prednisolone dosage, longer duration before remission, and more intensive therapies (100). Immunofluorescence revealed the deposition of IgE autoantibodies along the DEJ in up to 41% of BP patients (101). Moreover, the early pathological changes in BP, including urticaria, eosinophil infiltration, and spontaneous blistering, can only be observed in models that utilized IgE autoantibodies from patient sera or recombinant monoclonal IgE antibodies specific for BP180 (102). These observations indicate that IgE autoantibodies may also be involved in the pathogenesis of BP and correlate with certain distinct clinical features. Furthermore, epitope mapping studies have demonstrated that these IgE autoantibodies preferably target the NC16A domain of the BP180 protein as IgG (46, 53, 103).

Injecting purified anti-BP180 NC16A IgE autoantibodies into human skin grafted on nu/nu mice can induce histologic dermal–epidermal separation, as well as erythematous and urticarial plaques; and the mechanisms of these processes include mast cell infiltration and degranulation and influx of eosinophils, lymphocytes, and neutrophils (104). An in vitro investigation showed that the injection of IgE into the dermis of a human cryosection model led to histologic separation at the DEJ through the binding of FcεRI on mast cell surface, which triggered mast cell degranulation, subsequent eosinophil infiltration, and direct activation of eosinophils and basophils mediated by high-affinity FcεRI (95, 105, 106). Interestingly, the amount of circulating eosinophils is correlated with the levels of both NC16A-specific IgG and IgE in BP sera (106). These results provide indirect evidence that anti-BP180 NC16A IgE autoantibodies contribute to BP-like damage and to certain distinct clinical features by triggering mast cell degranulation and basophil histamine release that is FcεRI dependent (106, 107) (Figure 3A). The successful use of omalizumab in preventing the interaction of IgE with FcεRI in BP patients further verifies the FcεRI-dependent pathways (108, 109). However, recent studies also revealed that IgE autoantibodies from BP patients could be internalized into cultured human keratinocytes or skin tissues where they stimulate production of IL-6 and IL-8 and lead to the depletion of hemidesmosomes, as observed through BP IgG autoantibodies and as the effect of anti-NC16A IgG on keratinocytes in vitro (110–112) (Figure 3B). These studies suggest that the direct function of anti-BP180 NC16A IgE autoantibodies is to promote inflammation and fragility of the DEJ in BP. Further studies utilizing IgE monoclonal antibody are necessary to explore the mechanisms underlying NC16A-specific IgE autoantibody-mediated tissue damage in BP (113).

Anti-NC16A IgA

An increasing number of studies reported the potential role of anti-BP180 IgA, aside from anti-NC16A IgG and IgE, in BP pathogenesis (52, 107, 114, 115). Comparable to IgG and IgE, IgA autoantibodies mainly target the NC16A domain (106). Anti-BP180 NC16A IgA can be found in sera of 20–65% of BP patients (51, 113); and it can also be detected in the saliva of 36%, parotid gland of 44%, and in sera of 28% of mucous membrane pemphigoid patients (114). Moreover, IgA basement membrane zone deposition has been reported in 13% of BP patients (17, 116). However, investigation that mechanistically elucidates the functions of IgA autoantibodies in BP are still lacking. Epitope spreading or antibody class switching are likely to be involved in the pathogenesis of BP, as there is a determined clinical association between BP and linear IgA bullous disease (LAD) (114, 117). Recent studies reported that there is a linear IgA deposition in basement membrane zone, which is dapsone-responsive and characterized by a flexural distribution of intensely pruritic subepidermal bullae, thus suggesting that IgA might be associated with specific clinical features of BP or that BP may have comparable or overlapping pathomechanisms with LAD (118, 119). Like LAD, the anti-BP180 IgA autoantibodies directly act on NC16A domain, leading to the release of inflammatory factors and neutrophils, degranulation of neutrophils and mast cells, and release of proteolytic enzymes—all of which are similar to the effects of IgG and IgE (118) (Figure 3A). In fact, most serum samples from LAD and BP patients contain both IgA and IgG antibodies against BP180 (114, 120, 121). Thus, the two diseases could be regarded as different ends of a continuous spectrum of autoimmune responses to BP180 in subepidermal blistering diseases (119). Further studies using cell and animal models are needed to comprehensively unveil the pathogenic role of anti-BP180 NC16A IgA autoantibodies.

AUTOANTIBODIES TARGETING ICD AND ECTODOMAIN OF BP180

Recent studies reported that 59–82% of BP sera can recognize the ICD of BP180, while 7.8–49% of BP sera are reactive against the ectodomain of BP180 (54, 77, 122, 123). All autoantibodies, including IgG, IgE, and IgA, can target ICD; however, these autoantibodies bind to different sites (55, 114, 122, 123). The autoantibodies can penetrate live cells, reach their intracellular targets, and alter cellular functions (124) (Figure 4). The central region of BP180 ICD harbors binding sites that are critical for the interaction of BP180 with β4 subunit of the α6β4 integrin, which is vital for the incorporation of the protein into the hemidesmosome (49). Thus, it implicates that autoantibodies against BP180 ICD impair the interaction of BP180 with other molecular constituents of the hemidesmosome. Otherwise, the damaged basal keratinocyte induced by the binding of autoantibodies to BP180 ectodomain leads to the exposure of the ICD to the immune system, which is referred to as “epitope spreading” (125) (Figure 4).
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FIGURE 4 | The potential pathogenesis of the anti-BP180 autoantibodies targeting the intracellular domain (ICD) or the ectodomain outside the NC16A. There are three possible mechanism associated the autoantibodies with ICD or ectodomain. (1) The autoantibodies penetrate cells, reach the ICD, and inhibit the interaction of BP180 with plectin, BP230, or β4. (2) The binding of autoantibodies with ectodomain interferes the interplay of BP180, α6, β4, and laminin-332. (3) The interaction between autoantibodies and ectodomain induces inflammatory and immune responses, which lead to the exposure of the ICD, initiating the effect of autoantibodies on ICD.



In addition, the COOH-terminal region of the BP180 ectodomain is shown to be recognized by 47% of BP sera (56). IgG, IgE, and IgA autoantibodies can all bind to the terminal region (52, 54, 103, 122). The presence of autoantibodies against N- or C-terminal portions of the BP180 ectodomain is associated with the mucosal lesions in BP patients (56, 126). In addition, there are existing autoantibodies against the midportion of BP180; and these are associated with the occurrence of hemiplegia, clinical presentation of lack of erythema around the bullae, and histopathologic eosinophil infiltration inside and around subepidermal bullae (57). Other studies revealed that high levels of autoantibodies against C-terminal portions are associated with older age, administration of dipeptidyl peptidase-4 inhibitors before BP onset, and a positive response to moderate doses of oral prednisolone (11, 123). However, there is also a report refuting the association of autoantibodies with dipeptidyl peptidase-4 inhibitors (127). As BP180 extends from the cytoplasm of the basal keratinocyte to the lamina densa, it is presumed that the autoantibodies against this region might be responsible for the scarring phenotype observed in cicatricial pemphigoid patients (56) (Figure 4). The development of novel ELISA kits to detect the autoantibodies against the ectodomain, or even ICD, is beneficial in diagnosing BP without NC16A domain (56, 128).

More novel animal models have been recently constructed, thus making it possible to determine the role of different domains. One of the animal models is the ΔNC14A mice, which have BP180 NC14A replaced with the homologous human BP180 NC16A epitope cluster region (129). BP lesion develops in these ΔNC14A mice after passive transfer of BP IgG (129). The NC14A region can also be genetically deleted in C57BL/6 mice, which then have less amount of BP180 in skin but have normal ectodomain shedding (130). They spontaneously produce IgG and IgA autoantibodies against BP180 and present eosinophilic infiltrations, as well as the clinical features of pruritus and crusted erosions (130). Hence, the ΔNC14A mice may be an ideal experimental model for investigating the early clinical changes in BP. However, in the absence of NC16A domain, it is impossible to explore the detailed functions of anti-NC16A autoantibodies. It is also presumed that the pruritus and eosinophils are associated with the ectodomain. Therefore, the ΔNC14A mice may be utilized as a model for the exploration of autoantibodies acting on the ICD or on the ectodomain. However, the mechanisms involved remain to be confirmed. Another animal model is the COL17-humanized mice, which can express human BP180, and it is suitable for the analysis of the pathogenesis of BP in humans (131). The spontaneous production of high titers of anti-BP180 antibodies in blisters and erosions on erythematous skin lesions makes the observation of dynamic immune reactions possible. The pathogenicity of autoantibodies against ICD and ectodomain of BP180 remains unclear, and further studies are warranted. The development of novel ELISA system to detect such autoantibodies is necessary (77).

IgM AUTOANTIBODIES IN BP

An IgM-mediated BP has been recently reported (132, 133). Direct immunofluorescence microscopy showed that linear deposition of IgM can be found at the DEJ of 6–22% of BP patients (17, 134, 135). However, the target of IgM autoantibodies is unknown, and immunoblotting with recombinant protein of BP180 C-terminal domain showed multiple non-specific bands (136). IgM is mainly associated with BP caused by lupus erythematosus (132); however, it is rarely associated with BP due to infections (137), macroglobulinemia (136, 138), and surgical factors (139). The presence of IgM autoantibodies seems to not influence the course or outcome of the disease; and the role of IgM autoantibodies in the pathophysiology of BP remains elusive.

THE CLEAVAGE AND DEPLETION OF BP180

Followed by various autoantibody-mediated inflammatory responses, the BP180 cleavage and depletion have been proposed as the terminal effect that causes reduced adhesion and blister formation. In vitro, the cleavage and shedding of BP180 ectodomain is an event related to detachment, migration, proliferation, differentiation, and wound healing of keratinocytes (50, 140–144). Generally, the cleaved ectodomain does not generate pathogenic epitopes. However, excessive cleavage, shedding, or depletion can lead to reduced adhesion and blister formation.

Bullous pemphigoid autoantibody-induced infiltration of mast cells, eosinophils, and neutrophils can lead to the production of various inflammatory factors and proteases that contribute to the induction of blister formation. Increased levels of IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, IL-17, IL-22, IL-23, IL-31, IL-36, interferon-γ, tumor necrosis factor (TNF)-α, transforming growth factor-β, RANTES (regulated on activation, normal T cell expressed and secreted), monocyte chemotactic protein 1, interferon gamma-induced protein 10, and C-C chemokine ligand (CCL) 17 have been detected in skin lesions, serum, or blister fluid of BP patients (14, 19, 97, 145–150). In addition, C-C chemokine receptor 3 ligands, such as CCL 11, CCL13, CCL18, CCL26, and CCL28, have been shown to be increased in skin and/or sera of BP patients (43, 146, 151, 152). Increased levels of CCL1, CCL2, and chemokine C-X-C motif ligand-10 were detected in sera of BP patients (153, 154). Moreover, increasing data revealed their functional involvements in BP (97, 149, 151, 153, 155–158) (Figure 5A). The proteases produced by inflammatory cells are functionally involved as well (79, 159) (Figure 5B). The inflammatory cells can release mast cell protease (MCP)-4, matrix metalloproteinase (MMP)-9, neutrophil elastase (NE), plasmin, and eosinophil cationic protein (ECP), which cleave and degrade BP180, thus leading to dermal–epidermal separation and blister formation (20, 149, 157, 160–164) Pathogenic anti-BP180 IgG failed to induce subepidermal blistering in mice that were deficient in either NE or MMP-9 (89). MMP-9 can regulate NE activity by inactivating α1-proteinase inhibitor (α1-PI) (159). Furthermore, α1-PI serves as a chemoattractant for neutrophils once it is cleaved and exacerbates tissue damage (165). MMP-9 can also cleave BP180 into small tripeptides Pro-Gly-Pro, which significantly enhance neutrophil chemotaxis and NE release (149). These infiltrated cells also release IL-17, which significantly upregulates the production of MMP-9 and elastase in neutrophils (149, 166). The released IL-17 could, in turn, stimulate neutrophils to produce more IL-17 and form an amplified loop (167) (Figure 5A). Therefore, inflammatory factors and proteases induced by inflammatory cells play key roles in the cleavage and depletion of BP180, and targeting these inflammatory networks may be a promising therapeutic strategy in the treatment of BP.
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FIGURE 5 | The crosstalk networks of the inflammatory cells and the proteases. (A) The autoactive Th2 cells secrete type II cytokines, which act on macrophages, keratinocytes, and fibroblasts and induce the chemotaxis of mast cells. The mast cells produce various cytokines and chemokines, which act on the regulatory T (Treg) cells, neutrophils, Th2, eosinophils, and macrophages. All these inflammatory cells can release interleukin (IL)-17, which not only act on neutrophils and Th2 but also prompt inflammatory response and proteases release. (B) The keratinocytes synthesize tissue plasmogen activator (tPA), which activates plasmin followed by the activation of matrix metalloproteinase (MMP)-9. The eosinophil cationic protein (ECP) and mast cell protease (MCP)-4 can also activate MMP-9. MMP-9 inhibits production of α1-proteinase inhibitor (α1-PI) while promote generation of neutrophil elastase (NE). All these proteases act on BP180 and dermal–epidermal junction (DEJ). The cleaved BP180 can release pro-gly-pro tripeptides and attract neutrophils.



However, BP180 cleavage may also occur in the absence of anti-BP180 autoantibodies (140). Such physiological cleavage is mediated by ADAMs (140). Our study further reveals that TNF-like weak inducer of apoptosis (TWEAK), which is a multifaceted cytokine that participates in various skin inflammatory responses, can exacerbate the BP180 reduction and keratinocyte adhesion (19). Moreover, the effect of TWEAK on BP180 cleavage involves the activation of extracellular signal-regulated kinase and nuclear factor-κB pathways as well as the downstream ADAMs, in which ADAM 8, 9, 10, 15, and 17 have been suggested to participate in BP180 cleavage or BP development (19, 168, 169). We also found high expression of MMP-9, ADAM9, ADAM10, and ADAM17 in BP lesions and in keratinocytes upon TWEAK/Fn14 activation (19). The upregulation of MMP-9 and ADAM10 is responsible for the shedding of membrane CD46, which further enhances BP180 NC16A IgG-mediated complement activation and blister formation (82). Therefore, the role of TWEAK in BP development can be mainly ascribed to the abnormally high expression of ADAMs and other proteases. By considering the absence or insignificant expression of TWEAK in noninvolved skin, we conclude that TWEAK likely plays a secondary inflammatory role rather than being a primary participant (19, 170). Further investigations are required to establish the clear-cut function of TWEAK in BP.

POTENTIAL THERAPEUTIC TARGETS

Considerable progress made by recent studies updated our understanding of BP pathogenesis. The availability of novel BP animal models provides important tools to further gain insights on the pathophysiology of the autoimmune disease. However, there is a limited progress regarding BP therapy. As BP180 is a molecule with multiple epitopes, a better insight on the mechanisms of immune responses induced by binding of autoantibodies to BP180 on different epitopes is crucial for the design of novel and more specific therapeutic strategies for this life-threatening autoimmune disorder (Table 1).

TABLE 1 | Potential treatment targets for bullous pemphigoid (BP).
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The Recovery of Immune Tolerance

Targeting immune tolerance is a coveted approach for the treatment of various autoimmune diseases, as current treatment options often involve non-specific immunosuppression. BP is closely associated with the disturbance of self-tolerance, in which the reduction in Treg cells plays a key role. Therefore, the increase in Treg cells will help to recover immune tolerance and prevent BP development. Previously, recombinant IL-10 has been used to increase circulating Treg cells and to lower CD4+ T cells (171). The use of low-dose recombinant IL-2 could also induce significant expansion of Treg cells in vivo and preferentially restore Treg cells (172). Low-dose IL-2-induced Treg cell proliferation is subsequently followed by increased programmed cell death 1 (PD-1) expression (173). PD-1 inhibitor causes BP eruptions, thus suggesting the value of targeting PD-1 upregulation in BP treatment (102, 189). Oxymatrine, a monosomic alkaloid extracted from the Chinese herb Sophora flavescens Ait, can upregulate FOXP3+ Treg cells and reduce the production of TNF-α and IL-17A, thus aiding in the recovery of immune tolerance (174). Previously, nanotechnology is therapeutically used to inhibit the detrimental immune responses in autoimmunity through its direct immunosuppressive effect on antigen-presenting cells B and T cells, or indirectly by delivering compounds that result in immunotolerance (190). Gene gun delivery of NC16A-encoding DNA on gold particles results in Treg cell-mediated tolerance to BP180 (175). Antigen-coupled biodegradable poly (lactic-co-glycolic acid) nanoparticles have been used to induce antigen-specific T cell tolerance, which is a promising method that targets organ-specific BP (176). All aforementioned methods could improve immune tolerance and block the potential production of autoantibodies.

Therapeutic Prevention of Excessive Antibody Production

Targeting the effector B and T cells to prevent the production of “pathogenic” autoantibodies may be a promising method in BP treatment. Rituximab used for depleting CD20+ B cells can reduce all subclasses of anti-BP180 IgG antibodies and has shown efficacy in case reports of patients with refractory BP (39, 177, 178). Autoreactive T cells are also associated with IgG autoantibodies production. Targeting autoreactive T cells using anti-CD25 antibodies and calcineurin inhibitors could modulate immune responses (181, 191). Anti-CD25 antibodies bind to high-affinity heterotrimeric IL-2 receptor on activated T cells, block the IL-2/IL-2 receptor signaling, and inhibit the propagation of T cell activation, thereby limiting the damaging effects of further T cell recruitment in autoimmune diseases (180). Calcineurin can dephosphorylate and inhibit nuclear factors of activated T cells and regulate T-cell activation and differentiation (181). The inhibition of nuclear factors of activated T cells may directly suppress skin injuries by blocking T-cell-dependent production of IgG, as IgG deposition is central to the development of bullae in BP. Additionally, the interaction between T and B cells needs co-stimulatory factors. Hence, targeting co-stimulatory molecules using special monoclonal antibodies could also disrupt the interaction of T and B cells and block the synthesis of autoantibodies (182–185, 192). For pathogen-induced BP, the suppression of dendritic cell-mediated autoimmunity or toll-like receptor antagonist is also practicable (193, 194).

Neutralization of Pathogenic Antibodies

Immunoglobulin G autoantibodies are the main pathogenetic antibodies that act on FcγR to induce blister production. SM101, a soluble FcγR, competes with the interaction of IgG and membrane FcγRs and prevents the development of BP (186). Omalizumab, which targets IgE autoantibodies, can neutralize the activity of IgE in BP and control the disease activity (108). Furthermore, therapies targeting IgE–mast cells–eosinophils/basophils interaction may also demonstrate promising results in the treatment of BP (112). Moreover, immunoadsorption with high-affinity matrices that selectively bind to human IgG and IgE provides an alternative way of removing autoantibodies (187, 195).

Prospective

Despite the complexity and diversity of the dermatosis, there is still hope for BP patients. Novel promising agents targeting different mechanisms of BP development are necessary. In addition, a multifactorial animal model for BP is warranted as well, and it should mimic not only the presence of specific pathogenic autoantibodies but also the additional triggers, such as environmental factors, medications, comorbid conditions, and infections, in disease initiation. Furthermore, future investigations are required as there may be the presence of unidentified antigenic epitopes that are indispensable for disease development.

CONCLUSION

Bullous pemphigoid has been regarded as a well-characterized, organ-specific, mainly anti-BP180 autoantibody-mediated blistering skin disorder. Both IgG and IgE play vital roles in BP development via complement-dependent or -independent inflammatory pathways. However, the roles of IgA and IgM are still uncertain, and further investigation is needed. Knowledge of the BP180 target sites and of the interaction between BP180 and anti-BP180 autoantibodies is pivotal for the exploration of novel and more specific therapeutic methods so as to reduce BP morbidity and mortality. The translation of bench findings into bedside strategies for the treatment of this complex disease still remains to be a challenge. Although BP180-based therapy appears not to be close at hand yet, a better understanding of the role of BP180 would further approximate that to practice.
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Skin injury is the second most common clinical manifestation in patients with systemic lupus erythematosus (SLE). Estrogen may affect the onset and development of SLE through its receptor. In this study, we investigated the role of estrogen membrane receptor G protein-coupled estrogen receptor 1 (GPER1) in skin injury of SLE. We found that skin injury induced by SLE serum was more severe in female mice and required monocytes. Estrogen promoted activation of monocytes induced by lupus IgG through the membrane receptor GPER1 which was located in lipid rafts. Blockade of GPER1 and lipid rafts reduced skin inflammation induced by SLE serum. The results we obtained suggest that GPER1 plays an important role in the pathogenesis of skin inflammation induced by lupus IgG and might be a therapeutic target in skin lesions of patients with SLE.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease characterized by high levels of autoantibodies and multi-organ tissue damage (including the kidney, skin, lungs, brain, and heart) (1, 2). The prevalence of SLE in population ranges from 20 to 150 cases per 100,000, with up to 90% affecting women of childbearing age (3, 4). The female-to-male ratio in prepuberty is 3:1, and this ratio increases to 10:1 during the reproductive age and decreases again to 8:1 after menopause (5). In SLE patients, serum estrogen levels are much higher than in healthy subjects and correlated with disease severity (6, 7). Using of exogenous estrogen could increase the risk of SLE development in healthy women and exacerbate the disease in SLE patients and mouse models (8–10). It was reported that in (NZB × NZW)F1 mice, lupus development was strongly influenced by gender, and lupus incidence was higher, and survival time was reduced in female mice compared with males (11). In addition, exogenous estrogens also could accelerate lupus development and autoantibody production in male and female (NZB × NZW)F1 mice (12, 13). These data suggest that estrogen may have an important role in the onset and development of SLE.

Estrogens have important influences on several immune functions (14). It has been shown that female sex hormones could affect T cell function and antibody production in B cells. Estrogens are a class of sex steroid hormones that were synthesized from cholesterol. Three forms of physiological estrogens exist in female animals: estrone (E1), estradiol (E2, or 17-β estradiol), and estriol (E3). E2 is the staple product of this process and the most potent estrogen during the childbearing age (15). Estrogen binds two types of receptors, which were named nuclear receptors (ERα and ERβ) and cell membrane receptors [G protein-coupled estrogen receptor 1 (GPER1) and ER-X], to trigger direct and indirect responses within the cell (16). ERα and ERβ which belong to the superfamily of nuclear receptors are soluble receptors that shuttle between the cytoplasm and the nucleus (17). After binding estrogen-responsive elements (EREs) and recruiting co-regulatory and chromatin remodeling proteins, ERα or ERβ regulates transcription of target genes (18). GPR30 which is now named GPER1 is a seven transmembrane-domain G protein-coupled receptor. As an integral membrane estrogen receptor, GPER1 can elicit rapid estrogen-responsive signaling independent of ERα and ERβ (19).

It has been shown that mortality and glomerulonephritis severity were significantly decreased in ERα-deficient female (NZB × NZW)F1 mice (20), and ERα activation has an immunostimulatory role in murine lupus, whereas ERβ activation performs mild immunosuppressive effects (21). In human studies, it has been found that polymorphisms of ERα but not ERβ may be associated with susceptibility or development of SLE (22, 23). These data suggest that ERα plays a main role in mediating the effects of estrogens in SLE. However, the role of estrogen membrane receptor GPER1 in the onset and development of SLE remains unclear.

In the patients with SLE, skin injury is the second most common clinical manifestation (24). However, the role of estrogen in the development of skin inflammation is not well known. In this study, we investigated the role and mechanism of estrogen in the development of skin inflammation in SLE. We found that estrogen could promote the development of skin injury induced by SLE serum through GPER1 and that lipid rafts serve an important function in the regulatory effect of GPER1 in skin inflammation induced by SLE IgG.

MATERIALS AND METHODS

Information of SLE Patients

A total of 398 SLE patients hospitalized in The First Affiliated Hospital of Bengbu Medical College between January 2010 and December 2011 were recruited. All patients fulfilled at least four of the American College of Rheumatology criteria for SLE (25). The local ethics committee approved the protocol and written informed consents were obtained.

Mice and Reagents

The Csf-1-deficient mice were purchased from The Jackson Laboratory, and C57BL/6 mice were purchased from Nanjing University. All mice were housed in the animal facility of Nanjing Medical University.

Sera of SLE patients were collected from The First Affiliated Hospital of Nanjing Medical University. We adopt the criteria of the American College of Rheumatology as the classification of SLE. All patients had SLE disease-activity index scores ranging from 0 to 20.

Protein G agarose was purchased from Millipore. FITC-conjugated CTB, methyl-β-cyclodextrin (MβCD) and β-estradiol 6-(O-carboxy-methyl)oxime: BSA (E2-BSA) were purchased from Sigma-Aldrich. G15 was purchased from TOCRIS bioscience. ICI 182,780 (Fulvestrant), a specific antagonist of nuclear estrogen receptors, was purchased from Santa Cruz Biotechnology.

Anti-CD11b, TNF-α, and MCP-1 antibodies were purchased from Abcam. Anti-phospho-NF-kB p65 rabbit mAb, NF-κB p65 rabbit mAb, and GAPDH rabbit mAb antibodies were purchased from Cell Signaling Technology. Anti-CD3, CD20, GPER1, and CD64 antibodies were purchased from Santa Cruz Biotechnology.

Injection Protocol

Systemic lupus erythematosus serum (100 µl) or SLE IgG (50 μg/100 μl) was injected intradermally in the back of the neck of treated mice and PBS (100 µl) was used as control. MβCD (1 mg/mouse, in a volume of 100 µl) or G15 (2 μg/mouse, in a volume of 100 µl) were intraperitoneally injected three times a week for 2 weeks before SLE serum injection. Control mice received the same volume of the PBS.

Histopathological and Immunohistochemical Examination of Skin Lesions

Histopathological examination of skin tissue was performed as described earlier (26). After routine fixation and paraffin embedding, tissue sections from skin were cut and stained with H&E. The slides were coded and evaluated in a blinded manner. Skin inflammation severity was scored as described before (26).

After deparaffinization and Ag retrieval, the skin tissues were stained with antibodies to CD3, CD11b, CD20, α-NAE, MCP-1, and TNF-α followed by incubation with biotinylated secondary antibodies, avidin–biotin–peroxidase complexes, and 3-amino-9-ethyl-carbazole-containing H2O2. All sections were counterstained with Mayer’s hematoxylin (26).

Monocyte Differentiation into Dendritic Cells (DCs)

Mononuclear cells isolated from spleens of C57BL/6 mice were incubated in 24-well plates at 37°C for 3 h and then monocytes were obtained after removing suspended lymphocytes. Monocytes were cultured in DMEM medium with 5% FBS, on 37°C, and 5% CO2. Monocytes were stimulated with SLE serum or SLE IgG for 3 and 48 h. Then, we examined the differentiation of monocytes into DCs by light microscopy. RAW264.7 cells were cultured in DMEM medium with 5% FBS, on 37°C, and 5% CO2.

Measurement of MCP-1 and TNF-α

The levels of MCP-1 and TNF-α in supernatants were determined by using a mouse MCP-1 Flex cytokine kit, mouse TNF-α Flex cytokine kit and cytometric bead array according to the manufacturer’s instructions (BD Biosciences).

Western Blotting and Coimmunoprecipitation

Raw264.7 cells were lysed in RIPA buffer, and the supernatants of homogenates were subjected to SDS-PAGE. Blotted onto polyvinylidene difluoride (PVDF) membranes and stained for p-NF-κB p65/NF-κB p65 and GAPDH.

Raw264.7 cells were lysed in RIPA buffer, and homogenates were incubated with protein G beads pre-absorbed with anti-CD64 antibody. Pre- and post-CD64-immunoprecipitated supernatants and anti-CD64 beads were subjected to SDS-PAGE, blotted onto PVDF membranes, and stained for GPER1.

Immunofluorescent Staining

After fixing with 3% paraformaldehyde in PBS and cytospuning onto slides, monocytes were permeabilized with 0.05% Triton X-100 for 5 min at room temperature and blocked with PBS containing 10% normal goat serum for 1 h. Then, the cells were incubated with primary antibodies (CD64 or GPER1) in 0.5% BSA at room temperature for 45 min. The cells were washed after incubating with a secondary antibody and FITC-conjugated CTB for 45 min; the slides were washed three times by PBS. After staining the nuclei with DAPI for 5 min, the slides were mounted with a coverslip using Fluoromount-G, and cells were observed using a Zeiss LSM 510 META confocal microscope (26).

Statistics

Statistical evaluations of skin inflammation severity, levels of MCP-1 and TNF-α were performed using Student’s t-test. P < 0.05 was considered statistically significant.

RESULTS

Estrogen Is Involved in the Pathogenesis of SLE

Because females have high estrogen levels, we investigated female SLE patients to determine the role of estrogen in the pathogenesis of SLE. We investigated 398 SLE patients and found that 374 (94.0%) of the patients were females and 279 (83.7%) were in the childbearing age (18–45 years) (Table 1). These data suggest that estrogen may play a role in the pathogenesis of SLE.

TABLE 1 | The demographics of systemic lupus erythematosus patients.
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To further investigate whether estrogen regulates SLE-related organ and tissue damage, we used an animal model in which SLE serum is administered to induce skin inflammation (26). We injected SLE serum intradermally in female and male C57BL/6 mice. Histopathological examination demonstrated that resulting skin lesions were more severe in female mice than in males (Figure 1A). These data suggest that female mice are more susceptible to SLE serum-induced skin inflammation and estrogen may be involved in the pathogenesis of skin inflammation in SLE. We also use serum from healthy volunteer as negative controls and we did not find skin inflammation induced by healthy volunteer and PBS (Figure S1 in Supplementary Material).
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FIGURE 1 | Analysis of systemic lupus erythematosus (SLE) serum-induced skin inflammation in mice and the role of monocytes in this progress. (A) Representative histopathological photomicrograph of the severity and incidence of skin inflammation in female and male C57BL/6 mice sacrificed 3 days after intradermal inoculation of serum (100 µl) from SLE patients (n = 8 per group). H&E, original magnification 20×. (B) Immunohistochemical staining for CD3, CD11b, CD20, and α-NAE expression in skin lesions of C57BL/6 mice 3 days after intradermal inoculation of serum (100 µl) from SLE patients (the scoring system: 0, no positive cells; 1, 1–5 positive cells; 2, 6–10 positive cells; 3, 10–20 positive cells; 4, >20 positive cells in a field). (C) Severity and picture of SLE serum-induced skin inflammation in female Csf-1−/− mice and wild-type mice (n = 5 per group) 3 days after intradermal inoculation of serum (100 µl) from SLE patients. (D) Immunohistochemical staining for MCP-1 and TNF-α expression in skin lesions of C57BL/6 mice 3 days after intradermal inoculation of SLE serum. *P < 0.05.



Monocytes Contribute to the Development of SLE Serum-Induced Skin Inflammation

Because estrogen may regulate the severity of SLE serum-induced skin inflammation, we investigated the role of its immune cell targets in this regulatory effect. Immunohistochemical staining demonstrated that there were abundant CD11b+ cells but very few CD3+, CD20+, and α-NAE+ cells in skin lesions (Figure 1B). These data indicate that monocytes/macrophages may play an important role in the development of SLE serum-induced skin inflammation. Previous work has shown that monocytes/macrophages, but not lymphocytes, were important in the development of this inflammation (26). To further verify the role of monocytes/macrophages in SLE serum-induced skin inflammation, we tried to induce skin inflammation in Csf-1−/− mice lacking mature monocytes. Compared to wild-type mice, we found that the severity and incidence of skin inflammation decreased significantly in Csf-1−/− mice (Figure 1C). In addition, the expression of MCP-1 and TNF-α was increased in skin lesions of mice (Figure 1D). These data suggest that monocytes may play an important role in the development of SLE serum-induced skin inflammation.

Lipid Rafts Have an Important Regulatory Role in the Activity of Monocytes Triggered by SLE IgG

Lipid rafts are sphingolipid- and cholesterol-rich domains of the plasma membrane that contain various signaling and transport proteins (27). These domains contribute significantly to the pathogenesis of organ and tissue damage in lupus-prone mice (28). Based on this information, we next investigated whether SLE serum triggered lipid raft aggregation on monocytes. We found that clustering of lipid rafts developed on monocytes 3 and 48 h after SLE serum treatment (Figure 2A). These data suggest that SLE serum-induced lipid raft clustering on monocytes.
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FIGURE 2 | Lipid rafts are important in the process of systemic lupus erythematosus (SLE) IgG-induced differentiation of monocytes into dendritic cells (DCs). (A) Confocal microscopy analysis of lipid raft clustering using FITC-conjugated CTB in monocytes cultured with SLE serum or medium control for 3 and 48 h. The arrows represent typical clustered lipid rafts. (B,C) Representative photographs of monocytes cultured with SLE serum with or without methyl-β-cyclodextrin (MβCD) for 48 h (B) or SLE IgG with or without MβCD for 48 h (C). Original magnification 20× and the arrows represent typical differentiation of monocytes into DCs. (D) Immunohistochemical staining for CD64 (FcγRI) expression in skin lesions of C57BL/6 mice 3 days after intradermal inoculation of SLE serum. The arrows represent CD64+ cells. (E) Confocal microscopy analysis of colocalization of CD64 and lipid rafts in monocytes cultured with medium control, SLE IgG, SLE IgG, and MβCD for 3 h. The arrows represent the cells which were analyzed. (F) Western blot analysis of expression of p-NF-κB p65/NF-κB p65 and GAPDH in Raw264.7 cells treated with medium control, SLE IgG, SLE IgG + MβCD, or MβCD for 30 min. (G,H) CBA-measured levels of MCP-1 or TNFα in supernatants of Raw264.7 cells treated with medium control, SLE IgG, SLE IgG + MβCD, or MβCD for 24 h. *P < 0.05.



Because SLE serum can induce differentiation of monocytes into DCs (26), we next investigated whether depletion of lipid rafts using MβCD would affect this differentiation. We found that lipid raft depletion inhibited both SLE serum-induced and SLE IgG-induced monocyte differentiation into DCs (Figures 2B,C). These data indicate that lipid rafts have an important role in monocyte differentiation into DCs.

To understand how lipid rafts regulate the effects of SLE IgG which is major contributor in SLE serum-induced skin inflammation, we assessed whether they contained Fcγ receptors (FcγRs) which are IgG receptors (29). First, we analyzed the expression of FcγRI (CD64) in skin lesions induced by SLE serum and found a large amount of CD64+ cells (Figure 2D). Then, we analyzed whether lipid rafts contain CD64. We observed colocalization of CD64 and lipid rafts in monocytes treated with SLE IgG and this colocalization was abolished by MβCD treatment (Figure 2E).

To further characterize the regulatory role of lipid rafts in the expression of intracellular signaling molecules induced by SLE IgG, we analyzed the expression of p-NF-κB p65/NF-κB p65 in Raw264.7 cells. We found that SLE IgG increased levels of p-NF-κB p65, MCP-1, and TNF-α in supernatants of Raw264.7 cells (Figures 2F–H). Conversely, MβCD decreased the expression of p-NF-κB p65, MCP-1, and TNF-α. These results indicate that lipid rafts are important in the expression of inflammatory and intracellular signaling molecules in monocytes triggered by SLE IgG.

E2 Promotes Activation of SLE IgG-Induced Monocytes via the Membrane Receptor GPER1

Estrogens exert their functions by binding nuclear receptors (ERα and ERβ) that act as ligand-dependent transcription factors or by binding membrane-bound receptors (GPR30 and ER-X) that initiate signal transduction pathways (16). Although several studies have shown that ERα plays a major role in mediating the effects of estrogens in SLE (20, 21), there are no data to describe the role of the estrogen cell membrane receptor GPER1 (also called GPR30) in SLE. To determine the role of GPER1 in SLE, we used E2-BSA, an activator specifically bound to GPER1.

First, we investigated whether monocytes express GPER1. We found a number of GPER1+ cells in the skin lesions induced by SLE serum (Figure 3A). We also saw GPER1 expression in monocytes from C57BL/6 mice and Raw264.7 cells by western blotting, and there was no significant difference of GPER1 expression between female and male mice (Figure 3B). Next, we determined whether E2-BSA regulates the activity of monocytes triggered by SLE IgG. We observed that SLE IgG or SLE IgG with E2-BSA could induce monocyte differentiation into DCs but not E2-BSA alone (Figure 3C). There were no significant differences between cells treated with SLE IgG or SLE IgG with E2-BSA. These data indicate that E2-BSA alone did not enhance SLE IgG-induced monocyte differentiation into DCs.
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FIGURE 3 | E2 promotes activation of systemic lupus erythematosus (SLE) IgG-induced monocytes via the membrane receptor G protein-coupled estrogen receptor 1 (GPER1). (A) Immunohistochemical staining for GPER1 expression in skin lesions of C57BL/6 mice 3 days after intradermal inoculation of SLE serum. The arrows represent GPER1+ cells. (B) Western blot-measured GPER1 expression in Raw264.7 cells and monocytes from C57BL/6 mice. (C) Representative photographs of monocytes cultured with medium control, E2-BSA, SLE IgG, or SLE IgG + E2-BSA for 48 h. Monocytes were isolated from spleen of C57BL/6 mice. Original magnification 20× and the arrows represent typical differentiation of monocytes into dendritic cells. (D) Western blot-measured levels of p-NF-κB p65/NF-κB p65 in Raw264.7 cells treated with medium control, SLE IgG, E2-BSA, or SLE IgG + E2-BSA for 30 min. (E) CBA-measured levels MCP-1 or TNF-α in supernatants of Raw264.7 cells treated with medium control, SLE IgG, E2-BSA, or SLE IgG + E2-BSA for 24 h. *P < 0.05. (F) Western blot-measured levels of p-NF-κB p65/NF-κB p65 in Raw264.7 cells treated with medium control, SLE IgG + E2-BSA, SLE IgG + E2-BSA + G15, or G15 for 30 min. (G) CBA-measured levels of MCP-1 or TNF-α in supernatants of Raw264.7 cells treated with medium control, SLE IgG + E2-BSA, SLE IgG + E2-BSA + G15, or G15 for 24 h.



To investigate the effect of E2-BSA on expression of intracellular signaling molecules induced by SLE IgG, we analyzed the expression of p-NF-κB p65/NF-κB p65 in Raw264.7 cells treated with SLE IgG in the presence or absence of E2-BSA. We found that E2-BSA increased levels of p-NF-κB p65 induced by SLE IgG compared with the cells treated with SLE IgG only (Figure 3D). We also measured the levels of MCP-1 and TNF-α in supernatants of Raw264.7 cells treated with SLE IgG in presence or absence of E2-BSA for 24 h and found that E2-BSA increased levels of MCP-1 and TNF-α triggered by SLE IgG (Figure 3E). To further confirm the effect of estrogen membrane receptor on SLE IgG, we used G15, a specific antagonist of GPER1 (30). We found that G15 abolished the effect of E2-BSA on expression of p-NF-κB p65 (Figure 3F) and expression of MCP-1 and TNF-α triggered by SLE IgG (Figure 3G).

To further determine whether estrogen nuclear receptors regulate activation of NF-κB p65 triggered by SLE IgG, we blocked the effect of ERα and ERβ by using ICI 182,780 (Fulvestrant), a specific antagonist of nuclear estrogen receptors. We found that blockade of estrogen nuclear receptors did not inhibit the effect of E2-BSA on activation of NF-κB p65 triggered by SLE IgG (Figure S2A in Supplementary Material).

In addition, we further investigated the effects of estrogen and G15 on activation of NF-κB p65 triggered by SLE IgG. We found that E2, E2-BSA, or G15 did not directly activate NF-κB p65; E2-BSA enhanced but G15 decreased activation of NF-κB p65 triggered by SLE IgG; E2 did not affect levels of p-NF-κB p65 induced by SLE IgG (Figure S2B in Supplementary Material). These results indicate that estrogen membrane receptor not nuclear receptors promote activation of NF-κB p65 triggered by SLE IgG.

To determine whether GPER1 activation enhances skin inflammation induced by SLE serum, we treated mice with intradermal injection of SLE serum in the presence or absence of E2-BSA. As shown in Figure S3 in Supplementary Material, E2-BSA alone did not induce skin inflammation, but enhanced the skin inflammation induced by SLE serum. These data suggest that activated membrane receptor of estrogen may promote skin inflammation induced by SLE serum.

E2 Promotes Activation of SLE IgG-Induced Monocytes through Lipid Rafts

E2 promotes SLE IgG-induced monocyte activation and cytokine production via GPER1 but the mechanism was still unknown. We hypothesized that GPER1 might bind to CD64 to promote this process. We used coimmunoprecipitation to identify the relationship between GPER1 and CD64. As shown in Figure 4A, we did not find direct binding of GPER1 and CD64.
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FIGURE 4 | E2 promotes activation of systemic lupus erythematosus (SLE) IgG-induced monocytes and skin inflammation through lipid rafts. (A) Relationship of G protein-coupled estrogen receptor 1 (GPER1) and CD64 measured by western blot and immunoprecipitation in Raw264.7 cells. (B) Immunofluorescent staining of GPER1 and lipid rafts or CD64 and lipid rafts on monocytes treated with SLE IgG. (C) Western blot-measured levels of p-NF-κB p65/NF-κB p65 in Raw264.7 cells treated with medium, SLE IgG + E2-BSA, SLE IgG + E2-BSA + methyl-β-cyclodextrin (MβCD), or MβCD for 30 min. (D,E) CBA-measured levels of MCP-1 (D) or TNF-α (E) in supernatants of Raw264.7 cells treated with medium, SLE IgG + E2-BSA, SLE IgG + E2-BSA + MβCD, or MβCD for 24 h. (F) Histopathological photomicrograph and severity of skin inflammation in female C57BL/6 mice treated with or without G15 and sacrificed 3 days after intradermal inoculation of SLE serum. G15 at dose of 2 µg was administered intraperitoneally three times a week for 2 weeks (n = 10 per group). (G) Histopathological photomicrograph and severity of skin inflammation in female C57BL/6 mice treated with or without MβCD (1 mg/mouse three times a week, i.p., for 2 weeks) sacrificed 3 days after intradermal inoculation of serum (100 µl) from a SLE patient (n = 8 per group). H&E, original magnification 20×. *P < 0.05.



Because GPER1 and CD64 are membrane receptors and we have shown that CD64 localized in clustered lipid rafts in SLE serum-treated monocytes, we investigated whether clustered lipid rafts contain GPER1 and CD64. We found that GPER1 and CD64 colocalized with clustered lipid rafts in SLE serum-treated monocytes (Figure 4B). These results indicate that lipid rafts serve as platforms for the interaction between GPER1 and CD64. To confirm this point, we used MβCD to inhibit the lipid raft clustering in Raw264.7 cells treated with SLE IgG in the presence or absence of E2-BSA. We found that MβCD decreased levels of p-NF-κB p65 trigged by SLE IgG with E2-BSA (Figure 4C). We also found that MβCD inhibited the effect of E2-BSA on SLE IgG-induced expression of MCP-1 and TNF-α (Figures 4D,E). These results indicated that E2 promoted SLE IgG-induced monocyte activation through lipid rafts.

Inhibition of GPER1 and Lipid Rafts Reduced SLE Serum-Induced Skin Inflammation

We have shown that G15 and MβCD could inhibit SLE IgG-induced monocyte activation and cytokine production. Here, we investigated the effect of G15 and MβCD in SLE serum-induced skin inflammation. We found that the severity of SLE serum-induced skin inflammation was significantly decreased in the mice treated with G15 (Figure 4F) and mice treated with MβCD (Figure 4G). In addition, we analyzed the serum E2 levels of female mice treated with MβCD or G15. There was no significant difference between the control mice (PBS treated) and MβCD or G15 treated mice (data not shown). These data indicate that inhibition of GPER1 and lipid rafts reduced SLE serum-induced skin inflammation.

DISCUSSION

Our study demonstrates that there is a higher incidence of SLE and more severe skin inflammation induced by SLE serum in female mice. We showed that monocytes are important in the development of SLE serum-induced skin inflammation and estrogen may enhance the activity of monocytes and SLE serum-induced skin inflammation through the membrane receptor GPER1. We also showed that lipid rafts exert an important role in estrogen mediating effects through GPER1.

Although the pathogenesis of SLE remains unclear, several lines of evidence suggest that SLE may be caused by immunological abnormalities including loss of B cell tolerance, abnormal interactions between T and B cell signaling, hyperactivity of immune cells, production of pathogenic autoantibodies, and defective clearance of auto-antigens and immune complexes (1, 31). The factor enhancing these abnormalities may promote pathological progression of SLE.

The observed female prevalence is highest after puberty. In (NZB × NZW) F1 (NZB/w F1) mice, the disease is more serious and has an earlier onset and higher mortality rate in females (32). This evidence suggests that estrogen may be involved in the onset and development of SLE. In this study, we examined 398 SLE patients and found that the female-to-male ratio was 15.5:1 and that 279 patients (83.7%) were in their reproductive age (18–45 years). Female mice had more serious skin lesions induced by SLE serum than males. Our data indicate that estrogen may play an important role in the development of SLE serum-induced skin inflammation.

We have previously reported that monocytes play a crucial role in the development of SLE serum-induced skin inflammation and that SLE serum IgG can induce monocyte differentiation into DCs (26). In this study, we confirmed our previous results. In addition, we found out that SLE IgG increased the levels of signaling molecules of cell activation (p-NF-κB p65) and inflammatory cytokines (MCP-1 and TNF-α) produced in monocytes. And we also found that FcγRs, which are widely expressed on cells throughout the hematopoietic system (33), were expressed on monocytes and that FcγRI (CD64) was expressed in skin lesions induced by SLE serum.

It has been shown that estrogens could modulate lymphoid cell growth and differentiation, activation and proliferation, cytokine secretion, and antibody production (14). Estrogens have been demonstrated to promote the pathological progression of SLE by inhibiting activation-induced apoptosis of SLE T cells through downregulating the Fas-L expression (34) and enhancing autoantibody levels in autoimmune diseases (35). Estrogens can also stimulate the production of IL-1, IL-4, IL-6, and IL-10 in macrophages and T cells (36). Estrogen exerts its effects by binding two types of receptors: nuclear receptors and cell membrane receptors (16). After binding EREs and recruiting coregulatory and chromatin remodeling proteins, ERα or ERβ could regulate the transcription of target genes (18). GPER1 is an integral membrane estrogen receptor that can trigger rapid estrogen-responsive signaling independent of ERα and ERβ (19). Our study indicates that GPER1 also plays an important role in skin injury of SLE. E2-BSA, which specifically binds to GPER1, increased the activation of monocytes and the production of inflammatory cytokines induced by SLE IgG and these effects were inhibited by G15, a specific GPER1 antagonist. On the other hand, a specific antagonist of nuclear estrogen receptors (ICI 182,780) did not inhibit the effect of E2-BSA on expression of p-NF-κB p65 induced by SLE IgG. In addition, we found that E2-BSA augmented skin inflammation induced by SLE serum and blockade of GPER1 reduced skin inflammation induced by SLE serum. These results indicate that estrogen promotes the monocyte activation induced by SLE IgG and skin inflammation induced by SLE serum through the membrane receptor GPER1 but not nuclear receptors.

Systemic lupus erythematosus IgG exerts its effect by binding FcγR on cell membrane. Our study supports that GPER1 regulates the effect of FcγR through lipid rafts. Lipid rafts which contain various signaling and transport proteins are sphingolipid- and cholesterol-rich domains of the plasma membrane (27). It has been reported that lipid rafts regulate the pathogenesis of organ and tissue damage in lupus-prone mice (28), play an important role in mediating the transport of substrates across the plasma membrane (27, 37, 38). In this study, we found that SLE IgG triggered lipid raft aggregation in monocytes and MβCD could inhibit the clustering of lipid rafts and monocyte differentiation into DCs. MβCD also inhibited monocyte activation and inflammatory cytokine production induced by SLE IgG. In addition, we demonstrated that aggregated lipid rafts contained CD64 and GPER1.

Our study suggests that the membrane estrogen receptor GPER1 is involved in the pathological progression of SLE and that estrogen may promote skin injury introduced by SLE serum through membrane receptor GPER1. Furthermore, lipid rafts play an important regulatory role in the effect of estrogen on the pathological progression of SLE through GPER1.
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FIGURE S1 | Skin inflammation induced by PBS, healthy serum, and systemic lupus erythematosus (SLE) serum. Histopathological photomicrograph (A) and severity of skin inflammation (B) in female C57BL/6 mice treated with PBS, healthy serum, and SLE serum (100 µl) in female C57BL/6 mice (n = 5 per group). H&E, original magnification 20×. **P < 0.01.

FIGURE S2 | Different effects of estrogen receptors on activation of NF-κB triggered by systemic lupus erythematosus (SLE) IgG. (A) Western blot detected activation of NF-κB in RAW cells treated with SLE IgG, SLE IgG + E2-BSA, SLE IgG + E2-BSA + ICI, SLE IgG + ICI, and ICI alone. ICI is a specific inhibitor of estrogen nuclear receptors. (B) Western blot detected activation of NF-κB in RAW cells treated with SLE IgG, E2, E2-BSA, SLE IgG + E2, SLE IgG + E2-BSA, G15, SLE IgG + G15, and SLE IgG + E2-BSA + G15. G15 is a specific inhibitor of estrogen membrane receptor G protein-coupled estrogen receptor 1. Band densities of p-NF-κB p65 were quantified with densitometric analysis using ImageJ and normalized to the negative control treated with medium.

FIGURE S3 | Effect of estrogen membrane receptor G protein-coupled estrogen receptor 1 (GPER1) on skin inflammation induced by systemic lupus erythematosus (SLE) serum. Histopathological photomicrograph (A) and severity of skin inflammation (B) in female C57BL/6 mice with intradermal injection of SLE serum (25 µl) in the presence or absence of GPER1 activator (E2-BSA, 250 nM) (n = 8 per group) and intraperitoneal injection of E2-BSA (250 nM). H&E, original magnification 20×. *P < 0.05.
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Bullous pemphigoid (BP) mainly targets type XVII collagen (COL17). Intravenous immunoglobulin (IVIg) is used to treat numerous autoimmune diseases, including BP. The major mechanism of action for IVIG is thought to be its immunomodulatory effect. However, little is known about the precise mechanisms of IVIg in BP. We investigate the cellular effects of IVIg, toward treatments for BP. Keratinocytes were treated with IgG from BP patients (BP-IgG) and with IVIg, and then the COL17 expression was detected by Western blotting. Cell adhesion and ex vivo dermal–epidermal separation were also investigated for the condition with BP-IgG and IVIg. BP-IgG targeting the non-collagenous 16A domain induces the depletion of COL17 in cultured keratinocytes (DJM-1 cells). The COL17 levels in DJM-1 cells were decreased by 50% after 4 h of BP-IgG stimulation as determined by Western blotting. By contrast, BP-IgG with IVIg was found to result in 70–90% increases in COL17 and to restore adhesion to the plate. Interestingly, IVIg significantly inhibited the binding of BP-IgG to the COL17-enzyme-linked immunosorbent assay plate, and this was due to anti-idiotypic antibodies against BP-IgG. When anti-idiotypic antibodies against BP-IgG in 0.02% of IVIg were depleted from IVIg, those antibodies did not exhibit inhibitory effects on COL17 depletion. When cryosections of human skin were incubated with BP-IgG in the presence of leukocytes, dermal–epidermal separation was observed. BP-IgG treatment with IVIg or anti-idiotypic antibodies did not induce such separation. These findings strongly suggest the presence of anti-idiotypic antibodies against anti-COL17 IgG in IVIg. This mechanism of IVIg could be a target for therapies against BP.

Keywords: bullous pemphigoid, type XVII collagen, intravenous immunoglobulin, idiotypic antibody, depletion, autoantibody

INTRODUCTION

The first uses of intravenous immunoglobulin (IVIg) were in immunodeficient individuals and individuals with severe infections. IVIg is currently used to treat numerous autoimmune diseases, including rheumatoid arthritis, systemic lupus erythematosus, and autoimmune blistering diseases (AIBDs) (1). Controlled studies of IVIg as a treatment for pemphigus and pemphigoid patients found IVIg to be a safe, effective treatment (2, 3). Furthermore, several case reports have described the use of IVIg to treat AIBDs such as pemphigoid and epidermolysis bullosa acquisita (EBA) (4–6). Although various modes of action for IVIg have been proposed in AIBDs, the mechanisms behind its effect are still not fully understood (7, 8). The major mechanism of action for IVIg in AIBDs is thought to be its immunomodulatory effect (1, 9–11). In addition, anti-idiotypic antibodies against pathogenic antibodies have been reported in autoimmune disorders (1, 12). Although there are many autoimmune disorders, anti-idiotypic antibodies against autoantibodies have been proved in only several autoimmune disorders (13–18).

Bullous pemphigoid (BP) is the most common AIBD (19). Two autoantigens, type XVII collagen (COL17, also called BP180) and BP230, which form a hemidesmosome, are targeted in BP, and COL17 is particularly relevant to the pathogenesis (19). Antibody-induced tissue damage is a major pathology in autoantibody-mediated autoimmune diseases (20). The activation of complements and/or inflammatory cells, including neutrophils and eosinophils, is crucial to the development of clinical phenotypes in animal models (21–23). In addition, molecular or cellular mechanisms have been proposed. IgG from BP patients (BP-IgG) targeting the non-collagenous 16A (NC16A) domain of COL17 induces the depletion of COL17 in cultured keratinocytes (24). It is thought that the shortage of COL17 causes an insufficiency of hemidesmosomes during remodeling that eventually results in weak cell adhesion to the basement membrane (25).

Regarding treatments for BP patients, it has been reported recently that IVIg provides therapeutic benefits to BP patients (3). A randomized, double-blind, placebo-controlled clinical study concluded that IVIg has therapeutic benefits for patients with BP who are resistant to systemic steroid therapy. The inhibition of autoantibody production and inflammatory cascades are major strategies in BP treatment. Prednisolone is thought to have dual effects and is commonly used. In most BP treatments, the targets are immune cells, including neutrophils and antigen-specific B cells and/or T cells. However, little is known about the effects of IVIg in keratinocytes expressing the autoantigens. This study focused on the cellular effects of IVIg, for the treatment of BP.

MATERIALS AND METHODS

BP Patients and Total IgG Purification

The BP patients fulfilled both inclusion criteria: (i) clinical blistering or erosions on the skin and (ii) circulating autoantibodies against COL17 as detected by BP180-NC16A enzyme-linked immunosorbent assay (ELISA)/CLEIA (MBL, Nagoya, Japan). BP-IgG was purified from plasma obtained by apheresis in a severe BP patient. Total IgG was purified using a protein G affinity column according to the manufacturer’s instructions (GE Healthcare, Amersham, UK). In accordance with the Hokkaido University Hospital bylaws and standard operating procedures approved by the Hokkaido University Hospital Review Board, we obtained patient consent for experimental procedures to be performed at Hokkaido University Hospital. A full review and approval by an ethics committee were not required, according to local guidelines. The studies were conducted in accordance with the Helsinki guidelines.

Anti-COL17 NC16A IgG Purification

Anti-COL17 NC16A IgG was purified from total IgG using a protein G affinity column by means of the HiTrap HNS-activated HP column according to the manufacturer’s instructions (GE Healthcare). Briefly, GST fusion COL17 NC16A was produced as previously described (26). The recombinant protein was coupled with the HiTrap NHS-activated HP column. The titer of anti-COL17-specific IgG was measured by indirect immunofluorescent staining. Indirect immunofluorescent staining using anti-COL17-specific IgG (concentration 0.1 mg/ml) demonstrated titers greater than 1:32,000.

Treatment Agents

Two different IVIgs (Nihon Pharmaceutical Co., Ltd., Tokyo, Japan, and Baxter International Inc., Deerfield, IL, USA; diluted with PBS) were purchased and used for this study. The concentrations of each agent for the treatment are given in Section “Results” and the figure legends.

Depletion of Anti-idiotypic Antibodies

To deplete anti-idiotypic antibodies against anti-COL17 NC16A IgG, anti-COL17 NC16A IgG was coupled to a HiTrap NHS-activated HP column according to the manufacturer’s instructions (GE Healthcare). IVIg was passed through the column to remove anti-idiotypic antibodies, and then flow-through fractions (the “IVIg-depleted” sample) and the elution fraction (the “idiotype” sample) were used for the depletion assay. To evaluate the depletion efficacy, 96-well microtiter plates (Maxisorp; Nunc, Roskilde, Denmark) were coated with purified anti-COL17 NC16A IgG (500 ng/well), normal human IgG and PBS. Nonspecific binding was reduced by blocking with protein-free blocking buffer (Thermo Fisher Scientific, Rockford, IL, USA) at room temperature (RT) for 1 h. Plates were subsequently incubated with biotin-conjugated IVIg (1 mg/ml). IVIg was conjugated with biotin using a biotin labeling kit according to the manufacturer’s instructions (Dojindo, Kumamoto, Japan). Finally, plates were incubated with HRP-conjugated streptavidin (Thermo Fisher Scientific) for IgG subclasses at RT for 0.5 h.

Cell Culture

DJM-1 cells isolated from human skin squamous cell carcinoma (27) were cultured in DMEM. To investigate the depletion of COL17, cells were cultured to approximately 40% confluence (24). DJM-1 cells were pretreated with agents for 1 h, and then BP-IgG (concentration 1 mg/ml) was added to the culture media for 4-h incubation. In some experiments, DJM-1 cells were treated with BP-IgG for 4 h followed by IVIg for 1 h.

Western Blotting

For Western blot analysis of whole-cell lysates, cells were lysed in RIPA buffer (Thermo Fisher Scientific) containing a protease inhibitor cocktail (Sigma Aldrich), and the lysates were centrifuged. Each fraction was subjected to SDS–PAGE in 6% polyacrylamide gel. The gels were transferred onto nitrocellulose membranes. Blotting was performed using rabbit anti-COL17 (1:2,000 dilution) (26), rabbit anti-β-tubulin (Abcam, Tokyo, Japan, 1:20,000 dilution), and anti-integrin α6 (Santa Cruz, Dallas, TX, USA, 1:500 dilution) as the primary antibodies, followed by incubation with HRP-conjugated goat anti-rabbit or anti-mouse IgG (Life Technologies, 1:5,000 dilution). Signals were visualized with Clarity Western ECL Substrate (Bio-Rad Laboratories, Hercules, CA, USA).

Enzyme-Linked Immunosorbent Assay

BP180-NC16A ELISA was performed according to the manufacturer’s instructions with minor modifications (MBL). Briefly, the ELISA plate was incubated with 100 μl of IVIg (5 mg/ml), bovine serum albumin (BSA, 5 mg/ml), or PBS. Subsequently, the plate was incubated with 1 mg/ml BP-IgG with/without PBS washing. The ELISA index value was calculated according to the manufacturer’s instructions. ELISA using sera from BP patients and healthy volunteers was performed without washing the plate after IVIg incubation.

Cell Adhesion Test

BP-IgG stimulation leads to reductions in COL17 amount and in cell adhesion to the culture plate (24). Cells were placed on a vortex mixer for 20 min after BP-IgG stimulation with/without IVIg pretreatment. The adhesion of DJM-1 cells to the bottom of the culture plate was assayed by determining the number of adherent cells after vibration. After PBS washing, cells that remained on the bottom of the culture plate were treated with 0.25% trypsin for 5 min at 37°C. The released cells were counted using a blood cell counter under a microscope.

Ex Vivo Dermal–Epidermal Separation Assay (Cryosection Assay)

Ex vivo autoantibody-induced, neutrophil-dependent dermal–epidermal separation was performed as described (28, 29). Briefly, 5-μm cryosections from normal human skin were incubated with BP-IgG (2 mg/ml) in the presence or absence of 5 mg/ml IVIg at 37°C for 1 h. After washing with PBS, the slides were covered with a second slide that was taped at each end to form a chamber. Subsequently, 107 cells/ml of freshly isolated normal human leukocyte suspension was injected into the chamber and incubated at 37°C for 5 h. Sections were subsequently stained with H&E. We tested the experiments using two different blood donors.

Statistical Analyses

Statistical calculations were performed using SigmaPlot (Version 12.0, Systat Software, Chicago, IL, USA). To compare the parameters in the COL17-depletion assay and COL17-ELISA, one-way ANOVA test was used. A comparison of the COL17-ELISA using patient sera with/without IVIg was performed using the Wilcoxon signed-rank test. A p-value of <0.05 was considered statistically significant. The graphs present the median ± SD.

RESULTS

IVIg Prevents COL17 Depletion of Keratinocytes Induced by BP-IgG

When DJM-1 cells are treated with BP-IgG, the amount of COL17 is decreased as determined by Western blotting (COL17-depletion assay) (24). In this study, we examined the effects of IVIg by means of a COL17-depletion assay. For a COL17-depletion assay, 40% confluent cells were incubated with BP-IgG (concentration: 1 mg/ml) for 4 h. The amount of COL17 relative to β-tubulin was determined by Western blotting. DJM-1 cells were treated with BP-IgG before (the pretreatment sample) or after (the posttreatment sample) the addition of serially diluted IVIg. BP-IgG without IVIg induced an approximately 50–60% reduction of COL17 in DJM-1 cells. By contrast, BP-IgG pretreated with 5 mg/ml IVIg restored the amount of COL17 by 70–90% (p < 0.05, Figure 1A). IVIg posttreatment after 4 h of BP-IgG stimulation did not influence COL17 depletion (Figure 1B). Given that IVIg has direct effects on keratinocytes, such as on caspase expression (30), we incubated BP-IgG with IVIg in advance and then added them to the culture medium together (simultaneous sample). The COL17 depletion was restored similar to that in Figure 1A (Figure 1C). The amount of integrin α6, which is a transmembrane protein that is a hemidesmosomal component, was unchanged (Figure 1D). The same concentration (5 mg/ml) of BSA and normal human IgG did not influence the amount of COL17 under any conditions (Figure 1D).
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FIGURE 1 | Intravenous immunoglobulin (IVIg) prevents BP-IgG-induced type XVII collagen (COL17) depletion. DJM-1 cells (40% confluency) were treated with 1.0 mg/ml BP-IgG. Western blotting using total cell lysate was performed for anti-COL17. (A) DJM-1 cells were treated with IVIg (5–0.5–0.05–0.005 mg/ml) for 1 h followed by BP-IgG for 4 h (pretreatment). (B) DJM-1 cells were treated with BP-IgG for 4 h followed by IVIg for 1 h (posttreatment). (C) BP-IgG and IVIg were incubated in advance, and then added to the culture medium together (simultaneous). (D) DJM-1 cells were treated with appropriate controls. The amount of integrin α6, which is a transmembrane protein and a hemidesmosome component, was not changed. The representative Western blot is presented. Each experiment was performed at least three times, with p < 0.05. BP, BP-IgG; N, normal human IgG.



The highest concentration of IVIg (5 mg/ml) was designed based on the estimated serum concentration with standard daily IVIg treatment (0.4 g/kg/day) (3).

IVIg Restores the Loss of Cell Adhesion That Is Induced by BP-IgG

Furthermore, cell adhesion was found to be reduced by approximately 60% under BP-IgG stimulation (Figure 2). Pretreatment with IVIg restored cell adhesion. Cells remaining in the culture plate were significantly increased with 5 mg/ml IVIg pretreatment (p < 0.05, Figure 2). Pretreatment with 5 mg/ml IVIg restored adhesion by 90% compared with normal IgG stimulation.
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FIGURE 2 | Intravenous immunoglobulin (IVIg) restores the loss of cell adhesion induced by BP-IgG. DJM-1 cells were treated with 1.0 mg/ml BP-IgG. Culture plates were placed on a vortex for 20 min. After PBS washing, cells that remained on the bottom of the culture plate were counted using a blood cell counter under a microscope. The experiment was performed three times, with p < 0.05.



IVIg Prevents BP-IgG Binding to COL17

We subsequently investigated the mechanism of action of IVIg in this COL17-depletion assay. The titer of BP-IgG used for the COL17-depletion assay was measured with IVIg (5 mg/ml), BSA (5 mg/ml) or PBS by ELISA. ELISA plates were preincubated with either IVIg or BSA, and BP-IgG was subsequently added. To rule out the possibility of IVIg masking the antigen, the ELISA plate was washed with PBS after IVIg pretreatment, and then BP-IgG was added. Interestingly, 5 mg/ml IVIg (without washing) significantly inhibited the binding of BP-IgG to the ELISA plate (p < 0.05, Figure 3A). IVIg pretreatment (without washing) reduced the average titer by 30% compared with PBS pretreatment (Figure 3A, black bar). This inhibition was not observed using IVIg (with washing) or the same concentration of BSA. These results suggest that IVIg impairs BP-IgG’s ability to bind to COL17, in which IVIg may function as an anti-idiotypic antibody. To confirm our results, samples from 10 BP patients were evaluated in the same manner. The serum titers for all 10 patients were found to be reduced by approximately 40% in the presence of IVIg (without washing) (p < 0.05, Figure 3B).
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FIGURE 3 | Intravenous immunoglobulin (IVIg) prevents BP-IgG from binding to type XVII collagen (COL17). (A) BP-IgG titers were measured using a COL17-non-collagenous 16A enzyme-linked immunosorbent assay (ELISA) in the presence of IVIg and bovine serum albumin (BSA). The ELISA plates were washed with PBS after IVIg pretreatment to remove IVIg. Each experiment was performed four times. (B) The ELISA indexes of 10 BP patients’ sera were measured with/without IVIg. Each experiment was performed three times, with p < 0.05.



IVIg Contains Anti-idiotypic Antibodies against Anti-COL17 IgG

Next, to confirm that anti-idiotypic antibodies were actually present in the IVIg, we performed experiments to identify them directly. Anti-idiotypic antibodies in the IVIg were depleted by anti-COL17 NC16A IgG (IVIg, IVIg depleted, and idiotype fractions, Figure 4A). IVIg contained approximately 0.02% of anti-idiotypic antibodies against COL17 IgG (Figure 4B). The depletion efficiency was more than 90% (Figure 4C). The titers of BP-IgG were measured in the presence of IVIg (IVIg 5 mg/ml and idiotype 2.6 μg/ml) and normal IgG (5 mg/ml). The titers were found to be decreased in the setting of BP-IgG with IVIg and idiotype, but not BP-IgG with IVIg depleted (Figure 4D). Next, a COL17-depletion assay was performed using IVIg (5 mg/ml) and anti-idiotypic antibodies (2.6 μg/ml). IVIg depleted did not show blocking effects on COL17-depletion (Figure 4E). Furthermore, adhesion was also tested using IVIg and anti-idiotypic antibodies. IVIg depleted did not restore the adhesive strength compared with IVIg and idiotype (Figure 4F).
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FIGURE 4 | Intravenous immunoglobulin (IVIg) contains anti-idiotypic antibodies against anti-type XVII collagen (COL17) IgG. (A) To deplete idiotypic antibodies, anti-COL17 non-collagenous 16A (NC16A) IgG was purified. Next, anti-COL17 NC16A IgG was coupled to a column. IVIg was passed through the column, and then the flow-through fraction (IVIg depleted) and the elution fraction (idiotype) were corrected. (B) To evaluate the depletion efficacy, 96-well microtiter plates were coated with anti-COL17 NC16A IgG and normal human IgG (500 ng/well). The plates were incubated with biotin-conjugated IVIg (1 mg/ml; idiotype sample: 0.1 mg/ml). Finally, the plates were incubated with HRP-conjugated streptavidin. The depletion efficacy was calculated as follows: [image: image1] (C) To calculate the depletion efficacy, the relative OD score of biotin-conjugated IVIg (5 mg/ml) against anti-COL17 NC16A IgG was determined. Using IVIg samples, the following were performed: (D) COL17 NC16A ELISA, (E) COL17-depletion assay, and (F) cell adhesion test. Bovine serum albumin (BSA) and normal human IgG at the same concentrations were used as controls. Data are based on duplicate samples, and each experiment was performed three times, with p < 0.05.



IVIg Mitigates BP-IgG-Induced Dermal–Epidermal Separation on Cryosections

According to our results, the therapeutic effects of IVIg potentially involve anti-idiotypic antibodies. We next examined the blocking effects of IVIg using an ex vivo assay, demonstrating the dermal–epidermal separation induced by BP-IgG in the presence of leukocytes (28, 29). In case of BP-IgG with PBS, dermal–epidermal separation was observed 5 h after incubation with normal human leukocytes (Figure 5, upper left). Next, we added IVIg, BSA and normal human IgG and incubated them with BP-IgG on the cryosections for 1 h, followed by incubation with normal human leukocytes for 5 h. IVIg depleted (5 mg/ml, upper right) and normal human IgG (5 mg/ml, lower middle) did not block the dermal–epidermal separations. By contrast, IVIg (5 mg/ml, upper middle) and the idiotype (2.6 μg/ml, lower left) protected the dermal–epidermal separation.
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FIGURE 5 | Intravenous immunoglobulin (IVIg) prevents dermal–epidermal separation ex vivo. Cryosections of human skin were incubated with BP-IgG in the presence of IVIg (5 mg/ml, idiotype 2.6 μg/ml) and normal human IgG (5 mg/ml) for 1 h. After washing with PBS, sections were incubated with freshly isolated human leukocytes (1 × 107 cells/ml) for 5 h. Arrows indicate dermal–epidermal separation. Each experiment was performed three times. Representative results for each setting are presented.



The Results Were Reproduced Using a Different Company’s Product

There is great concern about differences arising from differences in IVIg lots or in companies. Therefore, we tested an IVIg from the different company. An IVIg product from this different company was found to prevent the COL17 depletion of keratinocytes induced by BP-IgG (Figure 6A). Furthermore, we found the same blocking effects of IVIg using an ex vivo assay (Figure 6B).
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FIGURE 6 | A different company’s intravenous immunoglobulin (IVIg) reproduces the results. Using IVIg from a different company, the type XVII collagen (COL17)-depletion assay and ex vivo assay were performed. (A) COL17-depletion assay using IVIg from a different company (pretreatment). (B) Ex vivo assay using IVIg from a different company.



DISCUSSION

Intravenous immunoglobulin therapy is currently applied in autoimmune diseases, and various mechanisms of action for IVIg are involved. Previous clinical studies concluded that IVIg therapy for AIBD is a safe, effective strategy (2, 3, 31–34). The modes of action of IVIg are divided into two major mechanisms (1). One mechanism involves the F(ab)2 fragment, which is responsible for antigen recognition. The other mechanism involves the Fc fragment, which contributes to effector cell activation. Anti-idiotypic antibodies work via the F(ab)2 fragment, which neutralize the pathogenic antibodies in several autoimmune disorders (1, 12). However, until now, there have been no reports on anti-idiotypic antibodies in BP. According to our COL17-depletion results, we expected IVIg to contain anti-idiotypic antibodies against BP-IgG and to prevent BP-IgG binding to autoantigen COL17. We clearly demonstrated the presence of very small amounts of anti-idiotypic antibodies against anti-COL17 IgG (0.02%) in IVIg. Even very small amounts of anti-idiotypic antibodies can prevent COL17 depletion. In addition, after the depletion of anti-idiotypic antibodies from IVIg, the ability of IVIg to block COL17 depletion was not observed. IVIg is purified from serum pooled from healthy volunteers; therefore, the IVIg used in this study may have contained anti-idiotypic antibodies to BP-IgG by chance. However, we ruled this out by reconfirming similar results using IVIg from a different company.

Although there are several lines of clinical evidence, the precise mechanisms of IVIg have yet to be fully elucidated in AIBD. Li et al. reported that IVIg therapy inhibited an experimental model of AIBD by accelerating the degradation of pathogenic IgG (9). This inhibitory effect of IVIg in experimental BP was completely dependent on the neonatal Fc receptor (FcRn) via the Fc fragment. FcRn is associated with the half-life of IgG, and IgG recycled via FcRn increases that half-life (1). In an experimental model of EBA, IVIg exhibited therapeutic effects similar to those seen in systemic steroid therapy (10). In this EBA model, the disease was associated with neutrophil activation via the Fc gamma receptor (FcgR) IV (35). Interestingly, IVIg treatment was found to reduce circulating autoantibodies and to modulate FcgRIV expression on neutrophils (10). FcgR modulation on neutrophils is also mediated by the Fc fragment of IVIg (1).

Systemic prednisolone is the most common and the most recommended therapy for BP (19, 36, 37). Long-term prednisolone administration is associated with several risks, such as diabetes mellitus, infections, and osteoporosis. By contrast, IVIg is a safe, useful treatment for severe or high-risk cases, e.g., immunocompromised individuals or those with chronic viral infections, because it is less immunosuppressive. Although anti-idiotypic antibodies have been reported in several autoimmune disorders, a disease-specific therapy using anti-idiotypic antibodies has not been established. One major difficulty is that patients have polyclonal autoantibodies. Therefore, it is harder to neutralize polyclonal antibodies than it is in molecular-targeted therapies, such as anti-epidermal growth factor receptor therapy. BP may be a disease for which anti-idiotypic therapies have potential. The pathogenesis of BP-IgG has been clearly proved using animal models (38, 39). Autoantibodies from more than 80% BP patients target to N-terminal 72 amino acids of the COL17-NC16A domain (40, 41). Furthermore, a precise epitope mapping study showed that 14 amino acids within the NC16A domain are recognized by 50–60% of BP sera (42). These indicate that BP-IgG may be less variable than other autoimmune disorders and may be neutralized effectively by anti-idiotypic antibodies. In conclusion, we demonstrated the effects of IVIg in preventing COL17 depletion induced by BP-IgG due to anti-idiotypic antibodies. This study is the first to demonstrate the presence of anti-idiotypic antibodies against anti-COL17 IgG in IVIg. Disease-specific therapies using anti-idiotypic antibodies may have potential as treatments for BP.
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Regulatory T Cells Suppress Inflammation and Blistering in Pemphigoid Diseases
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Regulatory T cells (Tregs) are well known for their modulatory functions in adaptive immunity. Through regulation of T cell functions, Tregs have also been demonstrated to indirectly curb myeloid cell-driven inflammation. However, direct effects of Tregs on myeloid cell functions are insufficiently characterized, especially in the context of myeloid cell-mediated diseases, such as pemphigoid diseases (PDs). PDs are caused by autoantibodies targeting structural proteins of the skin. Autoantibody binding triggers myeloid cell activation through specific activation of Fc gamma receptors, leading to skin inflammation and subepidermal blistering. Here, we used mouse models to address the potential contribution of Tregs to PD pathogenesis in vivo. Depletion of Tregs induced excessive inflammation and blistering both clinically and histologically in two different PD mouse models. Of note, in the skin of Treg-depleted mice with PD, we detected increased expression of different cytokines, including Th2-specific IL-4, IL-10, and IL-13 as well as pro-inflammatory Th1 cytokine IFN-γ and the T cell chemoattractant CXCL-9. We next aimed to determine whether Tregs alter the migratory behavior of myeloid cells, dampen immune complex (IC)-induced myeloid cell activation, or both. In vitro experiments demonstrated that co-incubation of IC-activated myeloid cells with Tregs had no impact on the release of reactive oxygen species (ROS) but downregulated β2 integrin expression. Hence, Tregs mitigate PD by altering the migratory capabilities of myeloid cells rather than their release of ROS. Modulating cytokine expression by administering an excess of IL-10 or blocking IFN-γ may be used in clinical translation of these findings.

Keywords: regulatory T cells, autoimmunity, skin, pemphigoid disease, neutrophil activation, Th1, Th2

INTRODUCTION

Regulatory T cells (Tregs) are of major importance in modulating host responses to tumors and infections and in inhibiting the development of autoimmunity and allergies mostly through regulating adaptive immune functions. The effects of Tregs on adaptive immune functions are well characterized (1). Evidence also supports the notion that Tregs can indirectly, through the modulation of antigen-specific T cells, dampen myeloid cell-driven immune responses (2). However, if and how Tregs can directly modulate myeloid cell-dependent inflammation has been less studied. The role of Tregs in skin inflammation has previously been shown. The percentage of Tregs in skin infiltrate is considerable since in humans, 5–20% of resident T cells in the skin are Tregs (3), and in mice, the percentage is even higher (60–80%) (4). Thus, the skin, an outermost organ constantly exposed to external insults, appears to serve as a major site for the immunosuppressive action of Tregs. Reducing the number of Tregs in neonatal mice leads to the development of a scurfy-like disease in “depletion of regulatory T cell” (DEREG) mice. By contrast, the depletion of Tregs in adult mice is not sufficient to induce clinical symptoms (5), but Treg-deficient scurfy mice bear an autoimmune phenotype (6).

Further studies have attempted to unravel the mechanism by which Tregs modulate neutrophil functions. In a mouse melanoma model, Tregs limit neutrophil accumulation and survival. This effect is associated with decreased expression of the neutrophil chemoattractants CXCL1 and CXCL2, which promote the survival of inoculated tumor cells (7). Further in vitro coculture assays using LPS-stimulated human Tregs and neutrophils showed a decrease in CD62L shedding after 45 min of incubation and a decrease in IL-6, IL-8, and TNF-α production after 18 h of incubation. Neutrophil death was accelerated doubly in the presence of Tregs that had been stimulated with LPS (8). Currently, there is a knowledge gap concerning the influence of Tregs on immune complex (IC)-stimulated inflammation.

Prototypical IC-dependent diseases are pemphigoid diseases (PDs). Here, skin inflammation and subepidermal blistering are caused by autoantibodies directed against structural proteins. However, in most PDs, autoantibody binding alone is not sufficient to cause clinical disease manifestation. For the latter, myeloid cells are a prerequisite. By activating specific Fc gamma receptors, myeloid cells bind to skin-bound ICs, get activated and ultimately release reactive oxygen species (ROS) and proteases, leading to inflammation and blistering (9–12). The involvement of macrophages/monocytes was shown in ex vivo assays of human skin (13), but not in vivo. Regarding cell types besides myeloid cells, mast cells are required to induce the PD bullous pemphigoid [BP, mediated by autoantibodies against type XVII collagen (COL17)] (14), while in the PD epidermolysis bullosa acquisita [EBA, mediated by autoantibodies against type VII collagen (COL7)], mast cells were activated, but dispensable for inflammation and blistering (15). Of note, in these antibody transfer-induced models of PD, a role of natural killer T (NKT) cells and γδ T cells was recently shown; both cell types are able to increase CD18 expression and CD62L shedding in neutrophils, thereby contributing to a more inflammatory phenotype by releasing TNFα (16). The involvement of other T cells in the effector phase of PDs has not been shown yet. Interestingly, in BP patients, alterations in the T cell compartment have been noted. Specifically, compared with healthy controls or patients with pemphigus, BP patients had lower Treg numbers in the skin and circulation, while Th17 cells were found more frequently in the skin of these patients (17, 18). PD animal models allow distinguishing between effects of these cells on tolerance loss or autoantibody production and events leading to skin inflammation and blistering (19). For this reason, we used antibody transfer-induced disease models for the investigation of the role of Tregs during IC-induced inflammation.

MATERIALS AND METHODS

Mice

C57BL/6J mice were obtained from Charles River Laboratories (Sulzfeld, Germany). FoxP3DTR-eGFP (DEREG) mice were kindly provided by Tim Sparwasser, Hannover, Germany (5). Heterozygous DEREG mice were set up for mating with wild-type littermates. Gender-matched littermates aged 8–12 weeks were used for the experiments. The mice were fed with standardized mouse chow and acidified drinking water ad libitum. All clinical examinations, biopsies and bleedings were performed under anesthesia using intraperitoneal (i.p.) administration of a mixture of ketamine (100 mg/g, Sigma-Aldrich, Taufkirchen, Germany) and xylazine (15 mg/g, Sigma-Aldrich). All animal experiments were conducted according to the European Community rules for animal care, approved by the respective governmental administration [V242.29833/2016(49-4/16), V245-46582/2015(78-5/12), V312-7224.122-5(30-2/13)], Ministry for Energy, Agriculture, the Environment and Rural Areas and performed by certified personnel.

Generation of Anti-Mouse COL7 and Anti-COL17 IgG

Total rabbit anti-mouse COL7 IgG and rabbit anti-mouse COL17 IgG were prepared as previously described (16, 20). Rabbits were immunized with recombinant proteins of the non-collagenous (NC)-1 domain of murine COL7 or the extracellular portion of murine COL17 (NC15A), which were supplied commercially (Eurogentec, Seraing, Belgium). IgG from immune and normal rabbit sera was purified by affinity chromatography using protein G. The reactivity of all IgG fractions was analyzed by immunofluorescence microscopy of murine skin.

Induction of Experimental EBA and BP in DEREG Mice

Antibody transfer-induced studies for the induction of experimental EBA and BP followed published protocols with minor modifications (16, 20). To induce Treg depletion, mice were treated with 1 µg diphtheria toxin (DT, Sigma-Aldrich)/100 μl PBS/mouse on days 1, 2, 5, 8, and 11 after initial IgG injections. For experimental EBA induction, mice received a total of four i.p. injections of 1 mg rabbit anti-mCOL7 IgG on days 0, 3, 6, and 9 (in total 4 mg rabbit anti-mCOL7 IgG). For experimental BP induction, mice received a total of six i.p. injections of 5 mg rabbit anti-mCOL17 IgG on days 0, 2, 4, 6, 8, and 10 (in total 30 mg rabbit anti-mCOL17 IgG). Different body parts were individually scored by the appearance of crust, erythema, lesions and/or alopecia by blinded personal. Control animals were injected with a total of four i.p. injections of 1 mg normal rabbit IgG on days 0, 3, 6, and 9 (in total 4 mg IgG). The total body score is a composite of 2.5% per ear, snout and oral mucosa; 0.5% per eye; 9% for head and neck (excluding eyes, ears, oral mucosa, and snout); 5% per front limb; 10% per hind limb and tail; and 40% for the remaining trunk (21). Blood and tissue samples were collected on days 5 and 12. Serum was collected from the blood samples by centrifugation and was analyzed for cytokine release using the LEGENDplex™ Mouse Inflammation Panel (BioLegend) as described by the manufacturer’s protocol. Tissue samples were snap frozen in liquid nitrogen for the analysis of mRNA and for immunostainings.

All experiments were repeated with a minimum of two independent experiments using different batches of purified IgG.

Immunofluorescence, Immunohistochemistry, and Histological Studies

Direct immunofluorescence microscopy was performed to detect rabbit IgG and murine C3 in experimental PD as described (16, 20). Briefly, frozen sections were prepared from tissue biopsies and incubated with FITC-labeled goat anti-rabbit IgG antibody (Dako Deutschland GmbH, Hamburg, Germany). For histology, skin samples were fixed in 3.7% paraformaldehyde. The 8-μm-thick sections from paraffin-embedded tissues were stained with hematoxylin and eosin (H&E) according to standard protocols. For immunohistochemistry, paraffin sections from lesional skin were stained for T cells and granulocytes as previously described (16). Briefly, mAbs against CD4 (BD Biosciences, Heidelberg, Germany) and Gr-1 (BD Biosciences) were used as primary antibodies, and biotin rabbit anti-rat IgG (Dako) was used as the secondary Ab, followed by detection with ExtrAvidin® alkaline phosphatase (Sigma-Aldrich). Alkaline phosphate activity was visualized with Fast Blue (BB Salt, Sigma-Aldrich). Samples were stained by hematoxylin according to standard protocols.

Flow Cytometry

For FACS analysis, the following antibodies were used: Vio-Green; Brilliant Violet 421™; FITC-, Alexa 647-, PE-, allophycocyanin (APC)-, or APC-Vio770-conjugated anti-mouse CD4 (clone L3T4, or RM4-5); Gr-1 (clone RB6-8C5); CD45 (clone 30F11); CD18 (clone M18/2); CD62L (clone MEL-14); CD11b (clone M1/70); CD25 (clone PC61); Ly6G (clone 1A8); Foxp3 (clone MF23); or appropriate isotype control antibodies (eBioscience via Thermo Fisher Scientific, Dreieich, Germany, Miltenyi Biotec, Bergisch-Gladbach, Germany or BD). After erythrocyte lysis cell suspensions were blocked with anti-mouse CD16/CD32 mAb before staining, and dead cells were excluded from the analysis using propidium iodide (PI). Briefly, for the staining of CD45/Gr-1/CD11b and CD45/CD4 cells, blocked single cell suspensions from spleen and blood of mice suffering from experimental PD were first gated for singlets (FSC-H compared with FSC-A) and leukocytes (SSC-A compared with FSC-A). The leukocyte gates were further analyzed for their uptake of PI to differentiate between live and dead cells and for their expression of CD45, thus, selecting only the live, healthy leukocyte population. To further analyze the purity of isolated Tregs and PMNs for in vitro analysis, cells were stained with CD4/Foxp3/CD25 or Ly6G/CD45/PI, respectively. For PMNs, the purity and viability was ≥90%; for Tregs, the purity was 80%. To determine the activation status of PMNs after treatment w/o ICs and Tregs, the cells were stained with CD45/CD62L/CD18/Ly6G/PI. All stainings were performed using standard protocols for cell surface staining, except for CD4/Foxp3/CD25, where intranuclear staining was performed using FOXP3 Fix/Perm Buffer (BioLegend, San Diego, CA, USA) and BD Perm/Wash™ buffer following manufacturer protocols. FACS analysis was performed using Miltenyi MacsQuant10 or FACSCalibur with MACSQuantify™ (version 2.8) or BD CellQuest Pro (version 5.1) software.

Assessment of Neutrophil Activation by Analysis of Cell Surface Markers and Cytokine Release

PMNs were isolated from the femurs and tibias of healthy C57BL/6J mice as described in detail elsewhere (16). Tregs were isolated from the spleen of the same animal using a CD4+CD25+ Regulatory T Cell Isolation Kit, mouse (Miltenyi) following the manufacturer’s protocol. The enrichment of cells was determined by FACS. In total, 2 × 105 PMNs/100 μl were stimulated with ICs formed by 10 µg/ml mCOL7 and 2 µg/ml rabbit anti-mCOL7 IgG as described elsewhere (22) for 60 min at 37°C. Isolated Tregs were then cocultured with the IC-stimulated PMNs for an additional 4.5 h in a ratio of 1:4 (5 × 104 Tregs/2 × 105 PMN/200 μl). To evaluate the activation status, cells were stained for flow cytometry analysis using CD18-FITC, CD62L-PE-Vio770, Ly6G-APC-Vio770, and CD45-VioGreen (Miltenyi) following standard procedures. Dead cells were excluded using PI.

Assessment of Neutrophil Activation by ROS

Neutrophil activation was assessed by determining IC-induced ROS release using a previously published protocol (16). Isolated murine neutrophils (2 × 105 cells/100 μl) were preincubated w/isolated murine Tregs (5 × 104 cells/200 μl), for 1 h at 37°C (without ICs), followed by incubation on a 96-well plate (Lumitrac 600, Greiner Bio-One, Frickenhausen, Germany) coated with ICs formed by 10 µg/ml mCOL7 and 2 µg/ml rabbit anti-mCOL7 IgG. ROS release was analyzed using luminol (Sigma-Aldrich) (22). Each plate was analyzed for 99 repeats using a plate reader (GloMax®-Multi Detection System, Promega GmbH, Mannheim, Germany); the values are expressed as relative luminescence units.

Assessment of Neutrophil Activation by NETosis

Neutrophil activation was assessed by determining neutrophil extracellular trap (NET) formation using a previously published protocol (16, 23). Blood collection was conducted with the understanding and written consent of each participant and was approved by the Ethical Committee of the Medical Faculty of the University of Lübeck (09-140). Isolated human neutrophils (2 × 105 cells) were either stimulated with 20 nM PMA or with ICs formed by 10 µg/ml mCOL7 and 2 µg/ml rabbit anti-mCOL7 IgG. The stimulation was performed w/o isolated human Tregs (5 × 104 cells) on a 96-well FLUOTRAC™ 600 plate (Greiner Bio-One) in 10 mM HEPES-buffered medium. NET formation was analyzed for 7 h (IC) or 4 h (PMA) every 5 min at 37°C by using Tecan infinite M200 Pro reader and Tecan i-control 1.7 Software. CO2 control was achieved during the assay by the use of a Tecan gas module. For statistical analysis, the area under the curve was calculated.

RNA Extraction, Reverse Transcription, and Real-time Quantitative PCR

For gene expression analysis in skin sections, 10 cryo-sections (12 µm) were prepared and used for RNA isolation, reverse transcription, and real-time RT-PCR as previously described (24). Briefly, total RNA was isolated according the manufacturer’s protocol (innuPrep RNA Mini Kit, Analytic Jena AG). After reverse transcription, the cDNA was added to either qPCR Master Mix Plus or qPCR Master Mix SYBR Green Plus (Thermo Fisher Scientific Inc., Waltham, USA) and amplified using an SDS ABI 7900 system (Applied Biosystems, Darmstadt, Germany). The amount of cDNA copies was normalized to the housekeeping gene GAPDH using the 2^ΔCT method.

Primer sequences and concentrations of the analyzed genes were previously published (24, 25) or depicted below: Ccr5 (for: 5′-CCC ACT CTA CTC CCT GGT ATT C-3′; rev: 5′-GCA GGA AGA GCA GGT CAG AG-3′; 0.5 µM each), Ccr7 (for: 5′-TGG TGG TGG CTC TCC TTG-3′; rev: 5′-GGC CTT AAA GTT CCG CAC ATC-3′; 0.5 µM each), Cd11c (for: 5′-CCA CTG TCT GCC TTC ATA TTC-3′; rev: 5′-GAC GGC CAT GGT CTA GAG-3′; 0.5 µM each), Cd19 (for: 5′-GAA AAT GCA GAT GAG GAG CTG G-3′; rev: 5′-GCT GCA TAG AGG ATC CCT CTC-3′; probe: 5′-CAA CCA GTT GGC AGG ATG ATG GAC TTC CT-3′), Cd3 (for: 5′-ATA GGA AGG CCA AGG CCA AG-3′; rev: 5′-TCA GGC CAG AAT ACA GGT C-3′; probe: 5′-CCA GAC TAT GAG CCC ATC CGC AAA GG-3′), Cxcl-1/KC (for: 5′-CAG ACC ATG GCT GGG ATT C-3′; rev: 5′-GAA CCA AGG GAG CTT CAG-3′; probe: 5′-CCT CGC GAC CAT TCT TGA GTG TGG CTA TGA C-3′), Cxcl-10/IP-10 (for: 5′-GAG GGC CAT AGG GAA GCT TG-3′; rev: 5′-CGG ATT CAG ACA TCT CTG CTC-3′; probe: 5′-CAT CGT GGC AAT GAT CTC AAC ACG TGG-3′), Cxcl-2/MIP-2 (for: 5′-AGT GAA CTG CGC TGT CAA TG-3′; rev: 5′-GCT TCA GGG TCA AGG CAA AC-3′; 0.125 µM each), Cxcl-9/MIG (for: 5′-TTG GGC ATC ATC TTC CTG GAG-3′; rev: 5′-GCA GGA GCA TCG TGC ATT C-3′; probe: 5′-CTT ATC ACT AGG GTT CCT CGA ACT CCA CAC-3′), Gapdh (for: 5′-GAC GGC CGC ATC TTC TTG T-3′; rev: 5′-CAC ACC GAC CTT CAC CAT TTT-3′; probe: 5′-CAG TGC CAG CCT CGT CCC GTA GA-3′), Gr-1 (for: 5′-GCG TTG CTC TGG AGA TAG AAG-3′; rev: 5′-CTT CAC GTT GAC AGC ATT ACC-3′; 0.25 µM each), Ifn-g (for: 5′-GCA AGG CGA AAA AGG ATG C-3′; rev: 5′-GAC CAC TCG GAT GAG CTC ATT G-3′; probe: 5′-TGC CAA GTT TGA GGT CAA CAA CCC ACA G-3′), Il-10 (for: 5′-TCC CTG GGT GAG AAG CTG AAG-3′; rev: 5′-CAC CTG CTC CAC TGC CTT G-3′; probe: 5′-CTG AGG CGC TGT CAT CGA TTT CTC CC-3′), Il-13 (for: 5′-GGA GCT TAT TGA GGA GCT GAG-3′; rev: 5′-CAG GGA ATC CAG GGC TAC AC-3′; probe: 5′-CAT CAC ACA AGA CCA GAC TCC CCT GTG C-3′), Il-17a (for: 5′-TCA GAC TAC CTC AAC CGT TCC-3′; rev: 5′-CTT TCC CTC CGC ATT GAC AC-3′; probe: 5′-CAC CCT GGA CTC TCC ACC GCA ATG AAG-3′), Il-33 (for: 5′-GTG ATC AAT GTT GAC GAC TCT GG-3′; rev: 5′-GGG ACT CAT GTT CAC CAT CAG-3′; 0.5 µM each), Il-4 (for: 5′-GAG ACT CTT TCG GGC TTT TCG-3′; rev: 5′-AGG CTT TCC AGG AAG TCT TTC AG-3′; probe: 5′-CCT GGA TTC ATC GAT AAG CTG CAC CAT G-3′), Itgam/Mac-1 (for: 5′-CTT CAC GGC TTC AGA GAT GAC-3′; rev: 5′-CTG AAC AGG GAT CCA GAA GAC-3′; 0.5 µM each), Tnf-a (for: 5′-CCC TCA CAC TCA GAT CAT CTT CTC-3′; rev: 5′-TGG CTC AGC CAC TCC AG-3′; probe: 5′-CTG TAG CCC ACG TCG TAG CAA ACC AC-3′).

Statistical Analysis

The data were analyzed using SigmaPlot, version 12 (Systat Software Inc., Chicago, IL, USA). Applied tests and confidence intervals are indicated in the respective text and figure legends. A p-value < 0.05 was considered statistically significant.

RESULTS

Depletion of Tregs Induces Excessive Disease Progression during PD

To investigate the impact of Tregs on skin inflammation and blistering in PDs, we assessed the impact on Treg depletion in antibody transfer models of BP (20) and EBA (26). In brief, experimental PD was induced by repetitive injections of rabbit anti-mouse COL7 (Figure 1A) or anti-mouse COL17 IgG (Figure 2A) in wild-type or DEREG mice (5), which were both injected with DT. Subsequently, clinical disease manifestation, expressed as body surface area affected by PD skin lesions, was assessed as the primary endpoint.
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FIGURE 1 | Depletion of regulatory T cells (Tregs) increases disease progression in experimental epidermolysis bullosa acquisita (EBA). (A) EBA was induced by repetitive injections of 4× 1 mg rabbit anti-mouse COL7 in wild-type or depletion of regulatory T cell (DEREG) mice, which were injected with diphtheria toxin (DT). (B,C) Treg depletion in DEREG mice led to a significant (more than twofold) increase in skin inflammation and blistering over a period of 12 days. Panel (B) shows representative clinical images obtained on day 12 of the experiment. Panel (C) displays the development of the affected body surface area over the 12-day observation period. (D) Mice after 12 days of experimental EBA were analyzed for IgG binding, C3 deposition, leukocyte dermal infiltration, and presence of CD4-positive T cells and Gr-1-positive cells (neutrophils and macrophages): staining with an anti-rabbit IgG-FITC antibody or anti-rabbit C3-FITC antibody respective showed no differences in IgG and C3 deposition at the DEJ. Histology (hematoxylin and eosin staining) indicated stronger inflammation in the epidermis and more split formation at the DEJ of DEREG ear sections; the DEJ is marked by a dotted line. Both wild-type and DEREG mice had strong infiltrates of CD4 T cells and Gr-1 (Fast Blue)-positive cells. (E) The amount of different CD45-positive populations (Gr-1hi/CD11bpos macrophages, Gr-1int/CD11bpos neutrophils, and CD4pos T cells) was evaluated from lysed spleens at day 12 of experimental EBA or blood from days 2, 5, and 12. DEREG mice have increased numbers of CD4 T cells and Gr-1int/CD11bpos neutrophils. (F) The efficacy of Treg depletion after DT treatment was evaluated from the same time points. DEREG mice have significantly reduced numbers of Foxp3-positive cells. (C,E,F) Mann–Whitney U-test with a Bonferroni post hoc test (**p < 0.01, ***p < 0.001): (C) the mean (+SD), n = 8/group (E,F). The data are presented as medians (black line), 25th/75th percentiles (boxes), and max/min values (error bars); the dots represent actual results for each sample.
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FIGURE 2 | Depletion of regulatory T cells (Tregs) increases disease progression in experimental BP. (A) BP was induced by repetitive injections of 6× 5 mg rabbit anti-mouse COL17 in wild-type or DEREG mice, which were injected with diphtheria toxin (DT). (B,C) Treg depletion in DE REG mice led to a significant increase in disease progression. Panel (B) shows representative clinical images obtained on day 12 of the experiment. Panel (C) displays the development of the affected body surface area over the 12-day observation period. (D) Staining with anti-rabbit IgG-FITC antibody showed no differences in IgG deposition at the DEJ. Histology (hematoxylin and eosin staining) indicated increased inflammation in the epidermis of DEREG ear sections. (C) Mann–Whitney U-test (**p < 0.01): the mean (+SD), n = 9/group.



In antibody transfer-induced EBA, Treg depletion in DEREG mice led to a significant (more than twofold) increase in skin inflammation and blistering (Figure 1B,C), accompanied by an increase in leukocyte dermal infiltration, while IgG binding and C3 deposition at the dermal-epidermal junction were not affected (Figure 1D) compared with DT injected wild-type controls. In the dermal infiltrate, we could detect large numbers of Gr-1-positive cells (neutrophils and macrophages) and CD4-positive cells (Figure 1D). To verify whether these cell types are influenced by Treg depletion, we analyzed them in the spleens of DEREG and wild-type mice after 12 days of experimental EBA (Figure 1E). Here, in DEREG mice, the percentages of CD4 T cells and Gr-1int/CD11b neutrophils are significantly increased, but the number of Gr-1hi/CD11b macrophages is stable. These data implicate an effect of Treg depletion on CD4 T cells and neutrophils that will be investigated in more detail. Importantly, an injection of the same amount of normal rabbit IgG into DT-treated DEREG mice was not sufficient to induce a skin blistering phenotype, but an increase of Gr-1-positive cells in the dermis was detectable (Figure S1 in Supplementary Material). To control the depletory effect of the DT treatment on DEREG mice, we examined the number of Foxp3/CD25-positive CD4 T cells and showed that the depletion is valid throughout the whole experimental procedure in blood and spleen. The number of Tregs is reduced by half (Figure 1F).

Corresponding observations were made in antibody transfer-induced BP (Figure 2). Again, the depletion of Tregs in DEREG mice led to significant aggravation of skin inflammation and blistering (Figures 2A–C) and an increase in leukocyte dermal infiltration (Figure 2D), while IgG binding and C3 deposition (Figure 2D) at the dermal-epidermal junction were not affected. Taken together, we demonstrate the crucial role of Tregs in dampening (auto) antibody-induced, myeloid cell-driven skin inflammation and blistering.

Depletion of Tregs Induces a Pro-inflammatory Cytokine Milieu in Skin and Serum during PD

In principle, Tregs could modulate myeloid-driven skin inflammation by two mechanisms that are not mutually exclusive. First, Tregs could alter the migratory behavior of myeloid cells. Second, Tregs might dampen IC-induced myeloid cell activation. Both myeloid migration and activation are essential for inflammation and blistering in PD (12). To address the first possibility, chemokine and cytokine expression in lesional skin of wild-type or DEREG mice after experimental BP and EBA was evaluated (for comparison to healthy skin see Table S1 in Supplementary Material). Interestingly, the expression of innate cytokines, such as TNF, known as prominent cytokines in PD skin lesions (13, 27), did only slightly differ between wild-type and DEREG mice and was not significant in BP skin lesions (Tables 1 and 2). Of note, the Th2 cytokines IL-4, IL-10, and IL-13 were significantly higher expressed in lesional DEREG skin (Tables 1 and 2). The presence of these Th2 cytokines would implicate a rather anti-inflammatory cytokine milieu. By contrast, the expression of the inflammatory Th1 cytokine IFN-γ and the chemokine CXCL-9 was evaluated in DEREG lesions. Therefore, the increased dermal infiltrate observed in DEREG mice after PD induction is most likely driven by IFN-γ and CXCL-9 (28, 29), whereas the anti-inflammatory properties of the other differentially expressed cytokines, especially IL-10 (30), are not sufficient to prevent blistering. The ratio of Th2-specific IL-10 to Th1-specific IFN-γ is significantly shifted to a more Th1-specific phenotype in DEREG mice in EBA and BP (Figure 3). In accordance with this finding, we evaluated pro-inflammatory cytokine expression in the serum of wild-type or DEREG mice after 12 days of PD; here, the most prominent cytokine is IFN-γ, which is released in DEREG mice but nearly undetectable in wild-type mice in experimental EBA and BP (Tables 3 and 4). In addition, in experimental BP IL-1β that is slightly reduced. By contrast, IL-10 shows no significant change in the serum, which is in line with the assumption that the increased expression of anti-inflammatory cytokines in the skin is ineffective.

TABLE 1 | Analysis of mRNA in skin biopsies of wt or depletion of regulatory T cell (DEREG) mice after experimental epidermolysis bullosa acquisita.
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TABLE 2 | Analysis of mRNA in skin biopsies of wt or depletion of regulatory T cell (DEREG) mice after experimental pemphigoid disease.
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FIGURE 3 | Depletion of regulatory T cells increases Th1/Th2 ratio in depletion of regulatory T cell (DEREG) mice. (A) Epidermolysis bullosa acquisita (EBA) was induced by repetitive injections of 4× 1 mg rabbit anti-mouse COL7 in wild-type (wt) or DEREG mice, which were injected with diphtheria toxin (DT). The mRNA expression ratio of Th1-specific IFN-γ to Th2-specific IL-10 is significantly shifted to a more Th1-specific phenotype in the skin. (B) BP was induced by repetitive injections of 6× 5 mg rabbit anti-mouse COL17 in wild-type or DEREG mice, which were injected with DT. Mann–Whitney U-test (*p < 0.05), n = 8–9/group.



TABLE 3 | Analysis of inflammatory cytokines in serum of wt or depletion of regulatory T cell (DEREG) mice after experimental epidermolysis bullosa acquisita.
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TABLE 4 | Analysis of inflammatory cytokines in serum of wt or depletion of regulatory T cell (DEREG) mice after experimental pemphigoid disease.
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Coculture of Tregs with PMNs Changes the Surface Expression of Integrins after IC Stimulation

To investigate a potential direct effect of Tregs on PMN function in more detail, we performed in vitro assays and stimulated PMNs with ICs consisting of COL7/anti-COL7 in the presence or absence of Tregs (Figure 4). Whereas the expression of β2 integrin (CD18) is strongly reduced by Tregs (Figure 4A), the shedding of CD62L in Ly6G-positive neutrophils is unchanged (Figure 4B). This finding is in accordance with previous data that clearly show the importance of CD18 in experimental PD (31). An effect on the survival of PMNs in the observed time period could not be detected (Figure 4C). In contrast to the effects on the cell surface marker expression, Tregs do not influence the IC-induced ROS release of PMNs after 1 h preincubation of both cell types (Figures 5A,B) and had no effect on the production of NETs, which are released during a programmed cell death, the so-called NETosis induced by IC or PMA (Figures 5C–E).
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FIGURE 4 | Coculture of regulatory T cells (Tregs) and PMNs after immune complex (IC) stimulation changes surface marker expression in neutrophils. Freshly isolated murine PMNs were stimulated in presence of mCOL7/anti-mCOL7 ICs for 1 h. Tregs were added for additional 4.5 h, and the surface expression of (A) CD18 and (B) CD62L expression was evaluated on CD45pos/Ly6Gpos/PIneg neutrophils. Stimulation with ICs strongly increased the expression of CD18 and shedding of CD62L, but addition of Tregs inhibited only CD18 expression. (C) The survival of IC-stimulated PMNs was not affected by Tregs as indicated by measurement of propidium iodide (PI) negative CD45pos/Ly6Gpos cells. One-way ANOVA test with a Bonferroni post hoc test (*p < 0.05): the data are presented as medians (black line), 25th/75th percentiles (boxes), and max/min values (error bars). The dots represent actual results for each sample (n = 7–8/group).
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FIGURE 5 | Coculture of regulatory T cells (Tregs) and PMNs after immune complex (IC) stimulation does not affect reactive oxygen species (ROS) release and neutrophil extracellular trap (NET) formation. (A) Freshly isolated murine PMNs were pre-cultured with freshly isolated Tregs for 1 h followed by IC stimulation with addition of luminol stimulated in presence of mCOL7/anti-mCOL7 ICs for 2 h. Relative ROS release is indicated by chemiluminescence. Tregs have no influence on ROS release in PMNs. (B) Representative real-time kinetics of ROS release using mCOL7/anti-mCOL7 IC. (C) Human neutrophils were preincubated for 30 min under HEPES-buffered conditions at pH 7.4 and were then stimulated for 4 h with PMA, for 7 h with mCOL7/anti-mCOL7 IC, or left untreated w/o human Treg to induce NET formation. Area under the curve values (mean ± SD) of NET-dependent relative fluorescence intensities as measured by the SYTOXgreen assay and (D) representative real-time kinetics of NET release measured by staining with SYTOXgreen. (E) For fluorescence microscopy, cells were fixed and stained for DNA by using SYTOXgreen (green) Treg have no effect on NET formation. One-way ANOVA test with a Bonferroni post hoc test (***p < 0.001): the data are presented as medians (black line), 25th/75th percentiles (boxes), and max/min values (error bars). The dots represent actual results for each sample (n = 3–8/group).



DISCUSSION

Regulatory T cells are essential for establishing and maintaining self-tolerance and inhibiting immune responses to innocuous environmental antigens. Imbalances and dysfunction in Tregs lead to a variety of immune-mediated diseases because deficits in Treg function contribute to the development of autoimmune diseases and pathological tissue damage, whereas an overabundance of Tregs can promote chronic infection and tumorigenesis (4). To determine by what mechanism Tregs can contribute to the development of PDs, we used antibody transfer-induced models of experimental EBA and BP. By using DEREG mice, we depleted Tregs in these models and observed a twofold increase in clinical disease severity. Analysis of skin and serum of these mice, along with in vitro coculture experiments, revealed a dual mechanism by which Tregs can influence IC-induced inflammation in the skin (Figure 6). First, the mRNA expression of anti-inflammatory IL-10- and Th2-specific cytokines, such as IL-13, IL-4, and IL-10, is increased in the skin. These data are in accordance with the scurfy mouse phenotype, where the main effector cells are IL-6-, IL-10-, and IL-4-positive CD4 T cells (32). Under pathological conditions in the skin, these cells can contribute to allergic reactions and atopic dermatitis (33–36). Interestingly, no correlation with autoimmunity has been described thus far, indicating a possible insufficient counter mechanism, as described for IL-6 (19), where Tregs may self-inhibit their function in antibody-induced inflammation. Therefore, the anti-inflammatory properties of the other differentially expressed cytokines, especially IL-10 (30), are not sufficient to prevent blistering. Second, in addition to the fact that Th2 cytokines are increasingly expressed in the skin, the IFN-γ is strongly upregulated in the skin. IFN-γ, is secreted predominantly by T cells and natural killer (NK) cells (37) and, to a lesser extent, by other cell types such as macrophages, dendritic cells (DC) and B cells (38). It has been described, that during innate immune responses IFN-γ is produced by NK and NKT cells as well as macrophages and DCs whereas in adaptive immunity it is produced by CD8+ cells and Th1 cells (39). IFN-γ was linked to autoimmunity as upregulation is found in patients with different autoimmune diseases like systemic lupus erythematosus, Sjögren’s syndrome, polymyositis, dermatomyositis, and systemic sclerosis (39, 40). Fontolizumab, a humanized monoclonal antibody against IFN-γ, was well tolerated and showed some efficacy in patients with Crohn’s disease (41, 42). In this context, we could show that upregulation of IFN-γ in the skin, accompanied by an increase of IFN-γ in the serum after blocking Treg could be an important mechanism by which Treg normally contribute to the inhibition of immune responses. Together with the fact that inhibition of Treg led to an increase of the T cell chemoattractant CXCL-9 in the skin this could subsequently increase the number of neutrophils in the blood and the amount of infiltrating cells into the inflamed skin.


[image: image1]

FIGURE 6 | Schematic illustration of regulatory T cell (Treg) action during pemphigoid disease. Reduction of Tregs in depletion of regulatory T cell mice induces two independent pathways. First, the expression of anti-inflammatory IL-10- and Th2-specific cytokines, such as IL-13 and IL-4, is enhanced in the skin. Second, higher expression of the pro-inflammatory Th1 cytokine IFN-γ as well as the chemoattractant CXCL9 is detectable in the skin, accompanied by an increase of IFN-γ in the serum. The number of neutrophils in the blood and the amount of infiltration increase. Direct interaction of Tregs with neutrophils also blocks CD18 expression on neutrophils, indicating that an increase in CD18 after Treg depletion could be a possible mechanism by which more neutrophils infiltrate the skin. By contrast, the increase in Th2 cytokines may be a rather ineffective counter mechanism induced by the absence of Tregs.



In addition to the effect on T cells, the absence of Tregs in DEREG mice also directly affect the number of neutrophils within the dermal infiltrate in PDs. Direct interaction of Tregs with neutrophils also blocks CD18 expression on neutrophils, indicating that an increase in CD18 after Treg depletion could be a possible mechanism to attract more neutrophil infiltrates in the skin. The fact that Tregs block CD18 expression in IC-stimulated neutrophils is in accordance with previous data where CD18-deficient mice were resistant to experimental EBA due to defective recruitment of PMNs into the inflamed dermis (31, 43). In addition, previous publications using a mouse melanoma model described that Tregs limit neutrophil accumulation and survival and thus, promoted survival of the inoculated tumor cells. This effect was associated with decreased expression of the neutrophil chemoattractants CXCL1 and CXCL2 (7). Further in vitro coculture studies of LPS-stimulated human Tregs and neutrophils demonstrated a decrease in CD62L shedding after 45 min of incubation and a decrease in IL-6, IL-8, and TNF-α production after 18 h of incubation. Neutrophil death was doubled in the presence of Tregs that had been stimulated with LPS (8). In our hands, the coculture was performed using IC-stimulated neutrophils rather than LPS-activated neutrophils. During 4.5 h of incubation, ICs induced a significant increase in neutrophil cell death, but this observation was independent from Tregs. Still, it remains unclear whether the influence of Treg on IC-activated neutrophils is mediated by direct cell–cell contact or by Treg cytokines but earlier studies showed a possible effect of IL-10 on neutrophils (7).

These findings, however, do not allow to distinguish between cause and effect; i.e., the altered cytokine expression levels in DEREG mice may be either due to the absence of Tregs or they could merely reflect the degree of disease severity. Although, since in this study we compared the cytokine concentrations in lesional skin, the differential expression of cytokines is likely caused by the absence or presence of Tregs. Yet, further studies are needed to fully unravel the mechanisms by which Treg contribute to the inflammatory processes in PD. In addition, it is unclear whether these mechanisms are completely overlapping in humans and mice. It has been shown that the number of Tregs increase in mice and man under inflammatory conditions (44). In humans, specialized populations of Treg cells may be recruited to different types of inflammatory responses, and it has been discussed that these may share molecular characteristics with pro-inflammatory helper T cell populations (4). Therefore, in humans, the Foxp3-positive cells are more heterogeneous in function than mouse Foxp3-positive cells. This fact makes it difficult to use autologous Tregs transplantation as therapeutic targets (45).

In summary, we demonstrated that Tregs control myeloid cell-mediated skin inflammation in experimental PD. Furthermore, our data suggest this novel property of Tregs to be mediated by the modulation of cytokine production and by a change in the expression of neutrophil surface markers in the skin, thus regulating leukocyte extravasation into the skin.
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Chemokines and their receptors play critical roles in the progression of autoimmunity and inflammation. Typically, multiple chemokines are involved in the development of these pathologies. Indeed, targeting single chemokines or chemokine receptors has failed to achieve significant clinical benefits in treating autoimmunity and inflammation. Moreover, the binding of host atypical chemokine receptors to multiple chemokines as well as the binding of chemokine-binding proteins secreted by various pathogens can serve as a strategy for controlling inflammation. In this work, promiscuous chemokine-binding peptides that could bind and inhibit multiple inflammatory chemokines, such as CCL2, CCL5, and CXCL9/10/11, were selected from phage display libraries. These peptides were cloned into human mutated immunoglobulin Fc-protein fusions (peptibodies). The peptibodies BKT120Fc and BKT130Fc inhibited the ability of inflammatory chemokines to induce the adhesion and migration of immune cells. Furthermore, BKT120Fc and BKT130Fc also showed a significant inhibition of disease progression in a variety of animal models for autoimmunity and inflammation. Developing a novel class of antagonists that can control the courses of diseases by selectively blocking multiple chemokines could be a novel way of generating effective therapeutics.
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INTRODUCTION

Chemokines have been shown to be selective chemo-attractants for leukocyte sub-populations in vitro and to elicit a selective accumulation of immune cells in vivo. In addition to chemotaxis, chemokines mediate leukocyte degranulation (1) and adhesion receptor upregulation (2).

Chemokines are small (5–20 kDa, ~70–90 amino acids) proteins that are rich in basic amino acids and contain conserved cysteine motifs that form essential disulfide bonds between the first and third as well as the second and fourth cysteine residues. The numbers and spacing of the first cysteine residues in the amino acid sequence are used to classify chemokines into four subfamilies: CXC (or α), CC (or β), CX 3 C, and C chemokines. Currently, 20 chemokine receptors mediate the effects of more than 50 known chemokines (3). Interestingly, chemokines and their receptors have overlapping specificities for each other, unlike other types of G protein-coupled receptors. For this reason, the chemokine system is often thought to show significant redundancy, as one receptor can bind multiple ligands, and conversely, a single ligand can bind several chemokine receptors (4, 5).

Chemokines and their receptors have received increased attention due to their critical roles in the progression of inflammation and associated conditions, such as asthma, atherosclerosis, graft rejection, AIDS, autoimmune conditions (e.g., multiple sclerosis, arthritis, myasthenia gravis, lupus, and AMD) and cancer (3). The role of chemokines has been thoroughly investigated in pathogen conditions, such as rheumatoid arthritis (RA) and multiple sclerosis (MS). RA is a chronic inflammatory disease that eventually leads to joint destruction. RA is characterized by the infiltration of neutrophils, T and B lymphocytes, and macrophages into the synovial membrane and fluid compartment (6). The infiltrating cells, such as macrophages, T cells, B cells, and dendritic cells, play important role in the pathogenesis of RA. Chemokines have an important role in the pathogenesis of RA by recruiting leukocytes and by controlling other important processes, such as release of mediators of inflammation, cell proliferation, and angiogenesis. Synovial fluid from actively involved joints contains a number of chemokines, including CCL2, CCL3, CCL5, CXCL8, and CXCL10. Both synovial-lining cells and infiltrating cells are sources of these chemokines. The receptors CCR2, CCR5, CXCR2, and CXCR3 have been detected in infiltrating cells. MS is an inflammatory, demyelinating disease of the central nervous system (CNS), suspected to be of autoimmune origin, in which CNS myelin proteins serve as autoantigens. MS is characterized by the recruitment of T lymphocytes (predominantly Th1/Th17) and macrophages into the CNS. Infiltration of these cells into the CNS contributes to the disease pathology and is mediated by several chemokines. The chemokines that were found to be involved in the pathogenesis of MS were CCL5, CCL2, CCL3, CCL4, CXCL9, CXCL11, and CXCL10 (7, 8).

Despite the extensive involvement of chemokines in many pathological conditions, except for selective CCR5 antagonists for HIV and a selective CXCR4 antagonist for stem cell mobilization, obtaining new therapeutics related to targeting single chemokine receptors and chemokines against autoimmunity, therapies for inflammation and cancer has been unsuccessful (5, 9). The lack of significance clinical results in these studies could be due to a variety of reasons, including the lack of predictability of animal models for inflammatory and autoimmune diseases, relevance of the target to the human disease, genetic diversity between the tested patient population, unsuitable PK/PD properties of the drug candidate which lead to reduced chemokine receptor coverage, ineffective dosing, and the redundancy of the chemokine/chemokine receptor system (4, 5).

Binding to multiple chemokines as a strategy for inhibiting inflammation is a natural phenomenon. As quoted by Heidarieh et al. (10), atypical chemokine receptors, such as ACKR1, ACKR2, or ACKR4, that bind multiple chemokines, do not transduce signals function as chemokine scavengers to control the magnitude of inflammation (11). Furthermore, pathogens such as herpesviruses, ticks, and the trematode Schistosoma mansoni secrete chemokine-binding proteins (CKBPs) that also inhibit inflammatory chemokines and inflammation (12).

The aim of this study was to use phage display peptide libraries to identify and develop novel promiscuous anti-chemokine-binding peptides to inhibit autoimmune and inflammatory disease progression. Since peptides are usually rapidly cleared due to the combined effects of having poor metabolic stability and hydrodynamic radii that fall below the limit of kidney glomerular filtration, we choose to present these peptides on mutated human Fc domain which have reduced antibody-dependent cell-mediated cytotoxicity (ADCC) and mitogenicity properties (13–15). This approach retains certain desirable antibody features, including increased apparent affinity through the avidity conferred by the dimerization of two Fcs and a prolonged PK. Peptide–Fc fusion or peptibodies are an attractive alternative therapeutic format to monoclonal antibodies and have already been used in the clinic (16).

MATERIALS AND METHODS

Materials

Amplification buffer was obtained from Invitrogen (CA, USA); Dextran T-500 was obtained from Pharmacosmos A/S (Denmark); Dulbecco’s Modified Eagle’s Medium (DMEM) was obtained from Biological Industries (Beit Haemek, Israel); ECL solution was obtained from Amersham Biosciences (Buckinghamshire, UK); EcoRI was obtained from New England Biolabs; enhancer solution was obtained from Invitrogen; EX-CELL® 293 medium was obtained from SAFC Biosciences; fetal calf serum (FCS) was obtained from Biological Industries (Beit Haemek, Israel); Ficoll 1077 was obtained from Sigma-Aldrich (Israel).

Freund’s complete adjuvant (CFA) was obtained from Sigma-Aldrich or Difco; FuGENE® 6 was obtained from Roche; methylated bovine serum albumin (mBSA) was obtained from Sigma-Aldrich; NotI was obtained from New England Biolabs; NuPAGE® Bis-Tris gels were obtained from Invitrogen; the pIRESpuro3 vector was obtained from BD Biosciences Clontech; Protein A-Sepharose® beads were obtained from Amersham; RPMI medium was obtained from Biological Industries (Beit Haemek, Israel); Taq polymerase (Platinum® Pfx DNA polymerase) was obtained from Invitrogen; VCAM-1 (human) was obtained from R&D Systems, Inc. (Minneapolis, MN, USA); and all the recombinant human chemokines were ordered from PeproTech, Inc. (Rocky Hill, NJ, USA).

Phage Selection

Phage display libraries (Ph.D-12™ and Ph.D-C7C Peptide LibrariesKits) were purchased from New England Biolabs (Beverly, MA, USA). Peptides were fused to the N-terminus of the M13 phage gene III protein with a GGGS spacer.

For phage selection, 60 × 15 polystyrene Petri dishes were coated with CCL11, CXCL8, CXCL12, CXCL9, and CCL2 (1 ml, 0.1–1 µg/ml in 0.1 M NaHCO3, pH 8.6) overnight at 4°C or 3–6 h at room temperature (RT) with gentle agitation in a humidified container. Coating the plates with the chemokine resulted in an immobilized, but still active (i.e., capable of binding), chemokine. The plates were blocked with BSA (5 mg/ml) in 0.1 M NaHCO3 for 1 h at RT or overnight at 4°C. The plates were washed six times with TBST (50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 0.1% Tween), and incubated for 1 h at RT with the phage suspension [1 ml containing 109–1011 plaque forming units (PFU)]. Unbound phages were removed by washing with TBST 10 times. After each round of selection, bound phages were eluted with 1 ml of 0.2 M glycine-HCl (pH 2.2) and 1 mg/ml BSA for 10 min at RT with gentle rocking. Eluted phages were immediately neutralized in 150 µl of 1 M Tris–HCl (pH 9.1). Eluted phages were titered to assess the number of phages that were bound to the plate and then amplified by infection with an overnight ER2738 Escherichia Coli culture in LB medium (diluted 1:100) for 4.5 h at 37°C with vigorous shaking. Phages were obtained by double precipitation with a 1:5 polyethylene glycol (PEG)-NaCl solution (20% PEG, 2.5 M NaCl) and dissolved in TBS (50 mM Tris–HCl (pH 7.5), 150 mM NaCl) to a final concentration of ~1012 PFU/ml. In total, 3 or 4 rounds of selection were performed. Single phages from the third or fourth selection were analyzed for their ability to specifically bind the chemokine of interest using ELISA. The specific peptides were DNA sequenced.

Phage Titration

For phage titration, 200 µl of mid-log phase (OD600~0.5) EΠ2738 Escherichia Coli cultures were infected with 10 µl of 10-fold serial phage dilutions in TBS for 1–5 min at RT. The infected cells were transferred to culture tubes containing 4 ml of 45°C melting top-agar and immediately poured onto pre-warmed LB/IPTG/X-Gal-coated plates. The phages were incubated overnight at 37°C. PFU values were calculated by counting the blue plaques that appeared on the plates.

ELISA for Phages

NUNC-immuno maxisorp plates were coated with the appropriate chemokine (0.1 ml/well, 0.1–1.0 µg/ml in 0.1 M NaHCO3, pH 8.6) for 3 h at RT or overnight at 4°C. The plates were then blocked with 5 mg/ml BSA (0.2 ml/well) in 0.1 M NaHCO3 (pH 8.6) overnight at 4°C or for 1 h at RT. Control wells were treated with blocking buffer alone with no target protein added. The plates were washed six times with TBST and then incubated with individually eluted phages (each representing individual peptides, 107–109 PFU in 0.1 ml of blocking buffer/well) for 45 min at RT. After the plates were washed six times with TBST, the bound phages were probed with an HRP/anti-M13 monoclonal conjugate [horseradish peroxidase conjugated to a mouse anti-M13 monoclonal antibody (mAb, Amersham Pharmacia Biotech, diluted 1: 5,000 to 1: 10,000 in blocking buffer, 0.1 ml/well)] for 45 min at RT. Target-bound phages were determined using a DAKO TMB one-step substrate system [3,3′,5,5′-tetramethlbenzidine, DAKO, CA USA (100 µl/well)]. The reaction was stopped by adding an HCl–H2SO4 mixture (1 N HCl, 3 N H2SO4). The results were analyzed by an ELISA reader (Anthos Labtec HT2, version 1.06) at OD450.

DNA Purification and Sequence Analysis

In total, 1012–13 phages were amplified by infecting an overnight ER2738 Escherichia Coli culture diluted 1:100 in 10 ml of LB medium for 4.5 h at 37°C while vigorously shaking. Phages were obtained by precipitating with a 1:5 PEG–NaCl solution (20% PEG, 2.5 M NaCl). Single-stranded DNA (soda) was extracted by thoroughly suspending the phage pellet in 300 µl of iodide buffer (10 mM Tris–HCl (pH 8.0), 1 mM EDTA, 4 M NaCI) and then pelleting for 10 min. The pellet was incubated with 750 µl of ethanol and then centrifuged at RT for 10 min at 14,000 g. After being washed with cold 70% EtOH, the ssDNA pellet was re-suspended in 30 µl of water (double processed tissue culture water) (Sigma-Aldrich Co., Irvine KA, UK), and 0.5 µg of ssDNA was sequenced with a 10 pmol primer (5′-CCCTCATAGTTAGCGTAACG-3′, -96glll sequencing primer, New England Biolabs) by the Sequencing Unit at the Weizmann Institute of Science in Israel.

Peptide Synthesis

Peptides were synthesized at the Weizmann Institute of Science in Rehovot, Israel to perform characterization tests on their ability to influence the biological activity of chemokines. The format of the various synthesized peptides was as follows: Cyclic peptides (ACX7CGGGSK-biotin-G) and linear peptides (X12GGGSK-biotin-G) were used. The peptides were biotinylated at their C-termini; biotin served as the detector during the subsequent experiments. Each synthetic peptide was dissolved to a final concentration of 1 mg/ml (~0.6 mM) in 4% DMSO (dimethyl sulfoxide, Sigma).

ELISA of Synthetic Chemokine-Binding Peptides (CBPs)

NUNC-immuno maxisorp plates were coated with the appropriate chemokine (0.1 ml/well, 0.1–1.0 µg/ml in 0.1 M NaHCO3, pH 8.6) and incubated overnight at 4°C. The plates were then blocked with 0.2 ml/well of 5 mg/ml BSA in 0.1 M NaHCO3 (pH 8.6) for 3 h at RT. Control wells were treated with blocking buffer alone with no target protein added. The plates were washed six times with TBST, followed by incubation with 10-fold serial dilutions of the peptides (10 µg–10 pg in 0.1 ml TBST with 5 mg/ml BSA (TBST-BSA)/well) for 45 min at RT. After the plates were washed six times with TBST, the bound peptides were probed with either an HRP-SA conjugated antibody [horseradish peroxidase conjugated to streptavidin (R&D systems, diluted 1: 10,000 to 1: 20,000 in TBST–BSA, 0.1 ml/well) or AP-anti-biotin (alkaline phosphatase conjugated to a monoclonal anti-biotin antibody, clone BN-34, Sigma, diluted 1: 2,500 to 1: 5,000)] for 45 min at RT. The target-bound peptides that were probed with HRP-SA were determined using a DAKO TMB one-step substrate system (3,3′,5,5′-tetramethlbenzidine, DAKO) (100 µl/well). The reaction was stopped by the addition of an HCl–H2SO4 mixture (1 N HCl, 3 N H2SO4). The results were analyzed by an ELISA reader (Anthos Labtec HT2, version 1.06) at OD450. The target-bound peptides that were probed with AP-anti-biotin were determined using a Sigma 104 phosphate substrate [(p-nitrophenyl phosphate, disodium, hexahydrate), 5 mg tablets, Sigma]. The 5-mg Sigma 104 tablets were dissolved in 10 ml of developing buffer (50 mM Na2CO3, 0.2 mM MgCl2, pH 9.8) (100 µl/well). The results were analyzed by an ELISA reader (Anthos Labtec HT2, version 1.06) at OD405.

Western Blot

Cell sample media were collected and centrifuged (1,000 rotations per minute, 7 min), and 1 ml of cell-deprived media was incubated with 50 µl of Protein A-Sepharose® beads for 45 min at RT. The proteins were then eluted from the beads with 50 µl of sample buffer containing 100 mM citrate phosphate buffer (pH 3.5) and 10 mM DTT (dithiothreitol). The samples were boiled for 3 min, and 25 µl of the samples was then loaded onto 12% NuPAGE® Bis-Tris gels. The proteins were transferred to nitrocellulose membranes and blocked with 10% low-fat milk in PBST (PBS supplemented with 0.05% Tween-20). The membranes were then blotted for 1 h with a human anti-IgG Fc fragment antibody followed by a goat anti-human antibody conjugated to HRP (horseradish peroxidase) diluted 1: 40,000 in blocking solution at RT. Following incubation with an ECL solution, the membrane was exposed to film.

Cloning the Peptides into Fc–Peptides (Peptibodies)

Two-Step PCR for Obtaining IL6-BKT Peptide DNA Fragments

In the first PCR step, the IL6 signal peptide DNA sequence was added to the DNA sequence corresponding to the first nine amino acids of each peptide. The product of this PCR was used in the second PCR step as the template to which a DNA sequence corresponding to the remaining three amino acids of the peptide, a spacer sequence, and a 3′-end BstBI restriction site was added.

IL6-Fc pIRES puro DNA served as the DNA template for all three of the first-step PCR. All three PCR were performed using the same forward primer (T7). Using the universal T7 primer resulted in a PCR product that contained multiple cloning sites at the 5′ end, including an NheI site, which was used for later sub-cloning. The reverse primers were specific for each peptide; ctgtggatgc tgtggctggg gatgctgggg ggcacggggg caggg was used for BKT130, cacggtctga gggatagggt agtccagggg gggcacgggg gcagg was used for BKT120, and gtcgtagtcgaaagaaggtggtcacgggggcacgggggcagg. was used for BKT110Fc. BKT110 VTTFFDYDYGAPC-FC peptide was derived from the CCR2 n-terminal region and was used as a control peptibody.

The PCR conditions were as follows: 20 ng of DNA template, 5 µl of amplification X10 buffer, 0.2 mM of each deoxyribonucleotide (dNTP), 0.5 mM MgSO4, 5 µl of X10 enhancer solution, 0.2 µM of each primer, 2.5 units of Taq polymerase, and water added to a total reaction volume of 50 µl.

Amplifications were performed with an initial denaturation step at 94°C for 3 min, followed by 30 cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 30 s, and a final step at 72°C for 10 min.

At the end of PCR amplification, 5 µl of each reaction mixture was analyzed on 2% agarose gels stained with ethidium bromide and visualized with UV light.

The PCR products obtained by the above procedures were used as templates for the second PCR step. The abovementioned T7 primer was used as the forward primer in all three reactions, while the reverse primer was specific for each peptide; SEQ cgcttcgaag cccttgctgc cgccgccggc cttggcgctg tggatgctgt ggctgg was used for BKT130, SEQ cgcttcgaag cccttgctgc cgccgccgtg gtgcagcacg gtctgaggga taggg was used for BKT120 and SEQ cgcttcgaagcccttgccgccgccgcatggggcgccgtagtcgtagtcgaagaagg was used for BKT110. Each reverse primer encoded amino acids 10–12 of the desired peptide, a hexapeptide spacer sequence (Gly Gly Gly Ser Lys Gly) and a BstB1 restriction site.

The PCR conditions were as follows: 0.5 µl of the DNA template; 5 µl of X10 amplification buffer, 0.2 mM of each dNTP, 0.5 μM MgSO4, 5 µl of X10 enhancer solution, 0.2 µM of each primer, 2.5 units of Taq polymerase, and water added to a total reaction volume of 50 µl.

Amplifications and analysis of the PCR products were performed as described above for the first PCR step. After PCR amplification, the products were analyzed on 2% agarose gels stained with ethidium bromide and visualized with UV light. The PCR products were extracted from gels using a QiaQuick™ Gel Extraction kit (Qiagen™).

Ligation of IL6-BKT Peptide DNA Fragments to the Fc Sequence

Extracted IL6-BKT peptide DNA products were digested with NheI and BstBI, purified from agarose gels as described above, and ligated into Fc N297A pIRESpuro3 that was previously digested with the same enzymes.

This N297A Fc is a well-known mutation that prevents glycosylation and has a markedly decreased capacity to bind Fc receptors. This humanized Fc was found to be not mitogenic and circumvent the side effects that are linked to mitogenicity and ADCC (13–15).

The ligation mixture was then transformed into DH5a competent cells. Ampicillin-resistant transformants were screened, and positive clones were further analyzed by colony PCR.

DNA was extracted from ampicillin-resistant colonies and subjected to a 2-h digestion at 37°C with the EcoRI and NotI restriction enzymes. The reaction was resolved on an agarose gel. Positive colonies were expected to yield two bands corresponding to 5,123 and 868 bp. The positive colonies were verified by DNA sequencing.

Transfection

The constructs were transfected into HEK-293T cells using FuGENE 6 (Roche). Each BioPep construct was transfected into two wells of a 6-well plate. One well was dedicated for Western blot (WB) analysis, and the second well was dedicated for the establishment of a stable pool. The cells were plated in 6-well plates at a concentration of 500,000 cells per well. A day later, the cells were transfected with 6 µl of FuGENE and 2 µg of DNA (ratio of). Media from the wells that were dedicated for WB was replaced with serum-free media after 24 h and collected 48 h later. Media in the other wells was replaced with DMEM containing 10% FCS, and 48 h later, the cells were trypsynized and transferred to a T75 flask containing selection medium (DMEM, 10% FCS and 5 µg/ml puromycin) to obtain stable clones.

T Cell Purification from Fresh Blood

Briefly, 50 ml of blood was added to 10 ml of dextran [Dextran T-500, 6% w/v in phosphate buffered saline (PBS)] and 7 ml of citrate buffer (25 g citrate and 8 g citric acid in 500 ml of PBS). The solution was incubated for 30 min at 25°C and separated using Ficoll 1077 (Sigma). The interphase was collected and washed twice with 8 ml of PBS-5% FCS, followed by centrifugation at 1,400 rpm for 5 min at 18°C. The cells were re-suspended in PBS-5% FCS at a concentration of less than 108/ml. Next, 2 ml of the cell solution was applied, and the mixture was incubated for 45 min at 25°C on a Perspex nylon wool column, which was pre-soaked in PBS-5% FCS. Each column was washed with 8 ml of PBS-5% FCS, and the cells (T cells and erythrocytes) were eluted using 50 ml of 5 mM EDTA in PBS. A red pellet was obtained by centrifugation at 1,400 rpm for 5 min at 4°C. To lyse the erythrocytes, the red pellet was re-suspended in 5 ml of lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, 0.1 M PBS) for 4 min, followed by the immediate addition of 50 ml of PBS–EDTA.

Following centrifugation at 1,400 rpm at 4°C for 5 min, the pellet was washed again with 50 ml of PBS–EDTA and re-centrifuged under the same conditions. The pellet was re-suspended in RPMI/10% FCS/L-glutamine/sodium pyruvate/antibiotics at a concentration of 3 × 106 cells/ml. The cells were incubated for 2 h at 37°C, and the non-adherent cells were collected. The cells were ready for use in experiments after overnight incubation at 37°C.

Preparation of Adhesive Subsites

Human VCAM-1 (1 µg/ml) and CXCL12 (intact or heat-inactivated) (2°μg/ml) were dissolved in PBS buffered with 20 mM bicarbonate (pH 8.5) and incubated on polystyrene plates overnight at 4°C. The plates were then washed three times and blocked with human serum albumin (HAS) (20 µg/ml in PBS) for 2 h at 37°C.

Biovalidation

Adhesion Assay Using Laminar Flow

Laminar flow assays were performed as described below. Polystyrene plates (Becton Dickinson) were coated with soluble VCAM-1 at 10 µg/ml in the presence of a 2 µg/ml HSA carrier. The plates were washed three times with PBS and blocked with HSA (20 µg/ml in PBS) for 2 h at RT. Alternatively, washed plates were coated with 10 µg/ml of the CCL2, CCL5, CCL11, CXCL8, CXCL9, MIG CXCL10, CXCL11, and CXCL12 chemokine in PBS for 30 min at RT before being blocked with HSA. The plates were assembled as the lower wall of a parallel wall flow chamber and mounted on the stage of an inverted microscope. The peptide, as described previously (10 µg/ml), was allowed to settle on the substrate-coated chamber wall for 10 min at 37°C and was then washed. T cells (5 × 106/ml, purity >98%) were suspended in binding buffer, perfused into the chamber and allowed to settle on the substrate-coated chamber wall for 1 min at 37°C. Flow was initiated and increased in 2- to 2.5-fold increments every 5 s, generating controlled shear stress on the wall. Cells were visualized using the 20× objective of an inverted phase-contrast Diaphot microscope (Nikon, Japan) and photographed with a long integration LIS-700 CCD video camera (Applitech, Holon, Israel) connected to a video recorder (AG-6730 S-VHS, Panasonic, Japan). The number of adherent cells resisting detachment by the elevated shear forces was determined after each interval by analyzing the videotaped cell images and was expressed as the percentage of originally settled cells. All the adhesion experiments were performed at least three times in multiple test fields.

ELISA for the Binding of BKT130 to Different Chemokines

ELISA assay was performed in order to evaluate the binding of BKT130Fc to different chemokines. Plates were pre-coated with different chemokines at concentration of 150 ng/well/100 μl in coating buffer (0.1 M Carbonate pH 9.5) and incubated over night at 4°C. Plates were than washed once with washing buffer (PBS with 0.05% Tween) and blocked with 200 µl of blocking buffer (4% BSA in PBS). Following 1 h of incubation at RT the plates were washed once with washing buffer and 100 µl of BKT130 (0, 1, 10, and 50 µg/ml) were added into each well. Following 2 h of incubation at RT plates were washed five times with washing buffer and second antibody (Goat anti-Human IgG HRP conjugate) was added at dilution of 1:1000 for 2 h at RT. Following incubation plates were washed five times with washing buffer and 3,3′-5,5′-tetramethylbenzidine (TMB) substrate was added (100 µl/well). 30 min later the reaction was stop with 50 µl of stop solution (1 M H2SO4) and the absorbance was measured by ELISA Reader at wavelength of 450 nm.

BiAcore Analysis of Peptibodies

The binding of the peptibodies (BKT130Fc and BKT120Fc) to the chemokines CXCL11, CXCL10, CXCL9, CCL2, CCL11, and CCL5 was done using BiAcore analysis.

Biomolecular Interaction Analysis using surface plasmon resonance (SRP) was performed.

To immobilize the chemokines to the CM5 sensor chip (BIAcore), the carboxyl groups on the matrix were activated by adding 10 µl of 1:1 mixture of succinimide (NHS) and carbodiimide (EDC) to form active esters which react spontaneously with amine groups on the chemokines (BIAcore kit, according to the manufacturer orders). Then the chemokines were immobilized by using standard amine-coupling chemistry to a level of ~1,000 response units (RU; 1000 pg/mm2) onto a CM5 sensor chip using a BIAcore 3000 biosensor.

In order to test the interaction of the peptibodies to the chemokines, serial dilutions of the peptibodies, 1, 0.5, 0.25, 0.125, and 0.032 mM were tested by the BIAcore analysis at a flow rate of 10 µl/min. Real-time binding data of the peptibodies to the different chemokines immobilized were plotted as the mass of peptide binding to immobilized chemokines in RU as a function of time. Data were globally analyzed with the analysis software BIAEVALUATION 3.0 (BIAcore) using a 1:1 mass transport mode. The equilibrium dissociation constant was calculated using the relationship between the mean values for Kon and Koff (KD = Koff/Kon). To demonstrate reproducibility, sensorgrams of four concentrations of the peptide in question were overlaid.

In Vitro Migration Assay

The migration of cells in vitro toward the various chemokines was assessed using transmigration plates that were 6.5-mm in diameter and 5-µm in pore size (Costar). Migration toward CCL2 (10 ng/ml) and CCL5 (20 ng/ml) was assessed using THP-1 cell monocytes (ATCC cat# TIB202), while migration toward CXCL12 (100 ng/ml) was assessed using freshly isolated human CD4+ T cells, and migration toward CXC10 (500 ng/ml) and CXCL11 (500 ng/ml) was assessed using Jurkat cells overexpressing CXCR3. Briefly, 600 µl of RPMI supplemented with 1% FCS was added to the lower chamber of transwells supplemented with the different chemokines. The chemokines were incubated with BKT130Fc, BKT120Fc, or BKT110Fc (10 µg/ml) for 30 min prior to the initiation of the migration assay. After 30 min of incubation, 2 × 105 cells/well were added to the upper chambers of the transmigration plates in a total volume of 100 μl of RPMI plus 1% FCS. Cells that migrated to the bottom chamber of the transwell within 3 h were counted using FACScalibur.

When Jurkat-CXCR3 cells were used, the upper wells were pre-coated with fibronectin (10 µg/ml) for 1 h at 37°C prior to the migration assay.

CD4+ T cells were obtained from fresh whole blood using a RosetteSep Human CD4+T Cell Enrichment Cocktail (STEMCELL Technologies) according to the manufacturer’s instructions.

In Vivo Assay

Animals

C57BL/6, SJL, and BALB/c mice (7–10 weeks old) were purchased from Harlan (Rehovot, Israel) and maintained under specific pathogen-free conditions at the Hebrew University Animal Facility (Jerusalem, Israel). All studies were carried out in accordance with the recommendations of Hebrew University Animal Facility (Jerusalem, Israel). The protocols were approved by the Animal Care and Use Committee of Hebrew University. The protocol numbers of the animal ethics committee that were used in this study are: MD-08-11724-2, MD-13-13659-3, MD-08-11460-4, MD-11-12355-5, and MD-09-12250-4.

Pharmacokinetics (PK) in Mice

Pharmacokinetic analysis of the peptibodies in mice was performed in C57BL/6 mice. First the mice were intravenously (i.v.) injected with different doses of BKT130Fc (25, 50, and 100 μg/mouse) The mice were bled for 2 h, 24 h, and 6 days post-injection, and serum was extracted. The level of peptibodies in their serum was tested using a Human Total IgG ELISA kit (ICL) according to the manufacturer’s instructions.

Next the mice were i.v. injected with 50μg/mouse of BKT130Fc or BKT120Fc. The mice were bled for 2 h, 24 h, or 6, 11, and 18 days post-injection, and the level of peptibodies in their serum was tested using a Human Total IgG ELISA kit.

Production of Antibodies against BKT130Fc

C57BL/6 mice were i.v. injected with 50 μg of BKT130Fc once or twice a week for total of four injections. One-week after the last injection serum was extract and ELISA was performed.

ELISA assay was performed in order to evaluate the level of antibodies against BKT130Fc or BKT120Fc in the mice serum. Plates were pre-coated with either BKT130Fc, BKT120Fc or BSA at concentration of 150 ng/well/100 μl in coating buffer (0.1 M Carbonate pH 9.5) and incubated over night at 4°C. ELISA was done as described at section 2.12.2.

Delayed-Type Hypersensitivity (DTH)

Female BALB/c mice were sensitized on their shaved abdominal skin with 100 µl of 2% oxazalone dissolved in acetone/olive oil [4:1 (vol/vol)] applied topically (day 0). DTH sensitivity was elicited 6 days later by challenging the mice with 20 µl of 0.5% oxazalone in acetone/olive oil, with 10 µl being administered topically to each side of their right ears. BKT130Fc, BKT120Fc, or BKT110Fc were intravenously injected (50 µg/mouse) on day 0 and 24 h before the challenge (day 5) (total of 100 µg/mouse). Control group mice were subcutaneously injected with dexamethasone (100 µg/mouse in a total volume of 200 µl). Right ear swelling was measured 24 h after the challenge using a micrometer digital caliper (Mitutoyo Corp, Tokyo, Japan). Swelling of the left ear served as the control.

Antigen-Induced Arthritis (AIA)

Antigen-induced arthritis was induced as previously described by Coelho et al. (17). Briefly, the mice (8- to 10-week-old male C57BL/6 mice) were immunized intradermally at the base of their tail with 500 µg of mBSA (Sigma) in 100 µl of a saline emulsion and an equal volume of CFA (Difco Detroit, MI, USA) on day 0. Twelve days later, the mice were challenged with antigens. Each mouse received an injection of 10 µg of mBSA in 10 µl of sterile saline in their left knee joint (17, 18). In some mice, BKT130Fc or BKT120Fc (50 µg/mouse) were i.v. injected 24 h before the challenge. Naïve mice challenged with sham PBS served as the controls. Mice were killed 24 h after the antigen challenge.

The mouse knee cavities were washed with 3% BSA in PBS. The number of infiltrated cells was evaluated using FACScaliber. Periarticular tissue was removed from their joints to evaluate myeloperoxidase (MPO) activity.

For histology, the other knee joint form each mouse was removed and fixed with 8% paraformaldehyde for 12 h. The joints were then incubated in 20% EDTA at pH 7.2 for 6 days to decalcify the bones. Samples were washed with PBS and dehydrated. After being embedded in paraffin, the joints were sliced into 6-µm-thick sections and stained with hematoxylin and eosin (H&E) (17, 19).

The extent of neutrophil accumulation in the mouse tissues was measured by assaying MPO activity as described (20, 21). Briefly, the knee joint was removed and frozen at −20°C. Upon thawing of the sample, the tissue (0.1 gm of tissue per 1.9 ml of buffer) was homogenized and processed for the determination of MPO activity. The assay included 3,3′-5,5′ TMB (Sigma) in PBS as the color reagent.

Experimental Autoimmune Encephalomyelitis (EAE)

Experimental autoimmune encephalomyelitis was induced in female SJL and C57BL/6 mice. Mice were immunized subcutaneously in their flanks (day 0) with 100 µg of PLP139-151 or 250 µg MOG35-55, respectively. Proteolipid protein (PLP) and myelin oligodendrocyte glycoprotein (MOG) peptides were emulsified in an equal volume of CFA containing 800 µg of mycobacterium tuberculosis H37RA (Difco). Mice were injected intraperitoneally with 300 ng of pertussis toxin (PTX) on days 0 and 2.

Mice were i.v. injected once with either BKT130Fc, BKT120Fc, or BKT110Fc (50 µg/mouse) on day 9 post-immunization. Spinal cord tissue samples were collected 30 days after the induction of disease, fixed in 4% paraformaldehyde, dehydrated and embedded in paraffin. Spinal cord sections were cut at 6 µm and processed for histological analysis by H&E staining to evaluate immune cell infiltration and by luxol fast blue to mark the area of demyelination.

Blood samples were collected on day 30 post-immunization, and serum was extracted for cytokine analysis. Cytokine levels were evaluated using a Mouse Th1/Th2 Cytokine kit/BD cytometric bead array according to the manufacturer’s instructions.

Clinical assessment of EAE was performed according to the following criteria: 0, no disease; 1, decreased tail tone; 2, hind limb weakness or partial paralysis; 3, complete hind limb paralysis; 4, front and hind limb paralysis; 5, moribund state. For all EAE experiments, there were 10 to 12 mice per group.

Statistical Analysis

Data are presented as the mean ± SD. Statistical comparisons of the means were performed using two-tailed unpaired Student’s t-tests. Differences of p ≤ 0.05 were considered statistically significant.

RESULTS

Identification of CBPs that Inhibited the Chemokine-Induced Adhesion and Migration of Immune Cells

Phage display libraries were screened for their ability to bind five immobilized human chemokines CCL11, CXCL9, CXCL8, CXCL12, and CCL2 as described in the Section “Materials and Methods.” Following three to four cycles of panning 156 different phages were identified (Table S1 in Supplementary Material). Sixty-nine different phages were further selected for their ability to bind CCL2 using ELISA assay (Table S2 in Supplementary Material). Whereas most of the CCL2-binding phages appeared in only one bacterial colony following three cycles of enrichment (n = 65), the phage carrying the BKT130 peptide appeared in 12 different colonies, suggesting a significant enrichment for this CCL2-binding phage throughout the process (Table S2 in Supplementary Material).

Next, we synthesized biotinylated peptides and analyzed their ability to bind CCL2. We found that BKT120, BKT130, and other peptides, interacted with CCL2 and, to a lesser extent, with CXCL12 (Figure 1). The ability of BKT120, BKT130, and peptide 23 [P23 that was fished from the library by another chemokine (CCL11)] to prohibit CCL2 (Figure 2A), CCL5 (Figure 2B), and CXCL12 (Figure 2C) from inducing immune cell-dependent adhesion to the endothelial adhesion molecule VCAM-1 was tested. BTK120 and BTK130 inhibit CCL2- and CCL5-mediated adhesion to VCAM-1 but have not effect on adhesion mediated by CXCL12 (Figure 2). Peptide 23 (P23), which was used as the control, did not affect the CCL2-, CCL5-, or CXCL12-dependent adhesion of T cells to VCAM-1.
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FIGURE 1 | ELISA of chemokine-binding peptides (CBPs) with CCL2 and CXCL12. ELISA was performed on biotinylated peptides to detect their interaction with (A) CCL2 or (B) CXCL12. The data are presented as the fold binding that was obtained using two concentrations of the various peptides (10 and 100 ng/ml).
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FIGURE 2 | Effect of various peptides on the chemokine-induced immune cell-dependent adhesion to VCAM-1. Adhesion was measured using the laminar flow assay. The number of adherent cells resisting detachment by elevated shear forces (dyn/cm2) is expressed as the percentage of originally settled cells. The effects of the peptides BKT130, BKT120, and peptide 23 (P23) on the (A) CCL2-, (B) CCL5-, and (C)CXCL12-induced immune cell-dependent adhesion to VCAM-1 were measured. All the adhesion experiments were performed at least three times on multiple test fields.



Turning CBPs into Peptibodies Enhanced Their Biological Activity

Two of the CCL2-binding peptides (BKT120, BKT130) as well as control peptide (BKT110) were cloned into Fc-peptides (peptibodies). The BKT120, BKT130, and BKT110 peptibodies are composed of two moieties, a biologically active peptide and an Fc region. The effect of BKT120Fc and BKT130Fc on the ability of (Figure 3A), CCL5 (Figure 3B), CCL11 (Figure 3C), CXCL8 (Figure 3D), CXCL9 (Figure 3E) CCL2, CXCL10 (Figure 3F), CXCL11 (Figure 3G), and CXCL12 (Figure 3H) to induce immune cell-dependent adhesion to the endothelial adhesion molecule VCAM-1 was tested. BKT120Fc and BKT130Fc both inhibited the function of CCL2, CCL5, CXCL9, and CXCL11 but did not inhibit the function of CXCL8, CXCL12, and CCL11. BKT130Fc, but not BKT120Fc, inhibited CXCL10 function (Figure 3F). BKT110Fc did not inhibit the function of CCL2, CCL11, CXCL8, and CXCL10 (Figures S1A–D in Supplementary Material).
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FIGURE 3 | Effect of the peptibodies BKT130Fc and BKT120Fc on the chemokine-induced immune cell-dependent adhesion to VCAM-1. Adhesion was measured using the laminar flow assay. The number of adherent cells resisting detachment by elevated shear forces (dyn/cm2) is expressed as the percentage of originally settled cells. The effects of the peptibodies BKT130Fc and BKT120Fc on the (A) CCL2-, (B) CCL5-, (C) CCL11-, (D) CXCL8-, (E) CXCL9-, (F) CXCL10-, (G) CXCL11-, and (H) CXCL12-induced immune cell-dependent adhesion to VCAM-1 were measured. All the adhesion experiments were performed at least three times on multiple test fields.



The effect of BKT110Fc, BKT120Fc, and BKT130Fc on the ability of CCL2, CCL5, CXCL10, CXCL11, and CXCL12 to induce the migration of immune cells was studied in more detail. BKT130Fc (10 µg/ml) was more effective then BKT120Fc in inhibiting the migration of immune cells in response to CCL2, CCL5, CXCL10, and CXCL11 but did not inhibit the migration of cells in response to CXCL12. BKT110 had no effect on the migration toward CCL2, CCL5, CXCL10, and CXCL11 whereas it has significant inhibition on the migration of cells in response to CXCL12 (Figures 5A–E).

Binding of BKT130Fc and BKT120Fc to Different Chemokines

In order to analyze the binding characteristics of the interaction between BKT130Fc/BKT120Fc and the chemokines CXCL11, CXCL10, CXCL9, CCL2, CCL11, and CCL5, a BiaCore assay was performed (Table 1). The affinity of BKT130Fc to CXCL11, CXCL10 and CCL5 was the highest with KD of 8.3 E−0.8, 3.8 E−0.8, and 1.8 E−0.8, respectively. The KD for CXCL9 binding was 1.3 E−0.7 and lower affinity binding to CCL2 and CCL11 with KD of 6.5 E−0.6 and 2.7 E−0.5 were observed. The affinity of BKT120Fc to CXCL10, CCL2, and CXCL9 was the highest with KD of 6.3 E−0.9, 4.6 E−0.8, and 1.8 E−0.8, respectively. The KD for CXCL11 and CCL11 was lower with KD of 3.7 E−0.7 and 5 E−0.6, respectively (Table 1).

TABLE 1 | BiAcore KD Values for the interactions of BKT130Fc and BKT120Fc with various chemokines.
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ELISA assay was developed to further study the binding of BKT130Fc to different chemokines (Figure 4). BKT130Fc demonstrated a strong binding to CXCL11, CXCL9, CCL5, and CXCL12 and lower binding to CXCL11 and CCL2. No binding of BKT130Fc was found to CCL11, CXCL8, CXCL13, CCL3, CCL19, CX3CL1, and CCL4.
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FIGURE 4 | ELISA for the binding of BKT130Fc to different chemokines. ELISA was performed with several dilutions of BKT130Fc (1, 10, and 50 μg/ml) to detect the interaction to different chemokines that were bound to the plates. The data are presented as the optical density (O.D.) obtained at wavelength of 450 nm. (A) presents the chemokines that demonstrate binding to BKT130Fc and (B) presents the chemokine with no binding to BKT130Fc.



The results obtained from the BiaCore and ELISA assays correlate with the ability of the peptibodies to inhibit the function of CCL5, CXCL9, CXCL10, CXCL11, and to lesser extent CCL2 (Figures 3 and 5). BKT130Fc/BKT120Fc did not bind or inhibit the function of CCL11 and CXCL8 (Figures 3C,D). BKT130Fc did not inhibit the migration and adhesion of immune cells in response to CXCL12 (Figures 3H and 5E). However, BKT130Fc strongly bind CXCL12 suggesting that binding to chemokines does not always inhibit their function (Figure 4A). Similar results were obtained for BKT120 peptide (Figure 1) which interacts with CXCL12 in ELISA assay but do not inhibit its function (Figure 2).
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FIGURE 5 | The peptibodies BKT130Fc and BKT120Fc inhibit the in vitro migration of different chemokines. A transmigration assay was performed to study the effects of the BKT130Fc, BKT120Fc and BKT110Fc peptibodies on in vitro migration. (A) Migration toward CCL2 was assessed using THP-1 cells. (B) Migration toward CCL5 was assessed using THP-1 cells. (C) Migration toward CXCL10 was assessed using Jurkat cells overexpressing CXCR3. (D) Migration toward CXCL11 was assessed using Jurkat cells overexpressing CXCR3. (E) Migration toward CXCL12 was assessed using CD4+ T cells. BKT130Fc, BKT120Fc, and BKT110Fc were added at 10 µg/ml. The results, analyzed using Student’s t-tests (*p ≤ 0.05), are expressed as the mean percentage of migration ±SD. (F) Dosing of BKT130Fc pharmacokinetics (PK). C57BL/6 mice (n = 3) were intravenously (i.v.) injected with 25, 50, or 100 μg of BKT130Fc. The serum peptibody levels were tested after 2 h, 24 h, and 6 days. (G) PK of BKT130Fc and BKT120c in mice. C57BL/6 mice (n = 5) were i.v. injected with BKT120Fc or BKT130Fc at 50 µg/mouse. The serum peptibody levels were tested after 2 h, 24 h, and 6, 11, and 18 days. (H) BKT130Fc and BKT120Fc inhibited delayed-type hypersensitivity (DTH) in vivo. DTH model was established in female BALB/c mice (n = 12). BKT120Fc, BKT130Fc, or BKT110Fc were intravenously injected (50 μg/mouse) on day 0 and 24 h before the challenge (day 5) (total of 100 μg/mouse). Dexamethasone (100 µg/muse) served as the positive control. The two dotted lines indicate the normal range of ear swelling. The results, analyzed using Student’s t-tests (*p ≤ 0.05), are expressed as the mean ± SE of ear swelling (mm). All the DTH experiments were performed at least four times.



PK of BKT130Fc and BKT120Fc in Mice

To evaluate the PK of BKT130Fc in mouse sera the peptibody was injected i.v once at three different doses of 25, 50, and 100 μg/mouse. The level of BKT130Fc in the sera was tested following 2h, 24h, and 6 days. The best PK for BKT130Fc was observed following injection of 50 and 100 μg of BKT130Fc. Injection of 25 μg/mouse gave a significant less effective PK for BKT130Fc (Figure 5F). Therefore, we choose to use the 50 μg/mouse of BKT130Fc throughout all the in vivo experiments. When 50 μg of peptibodies were injected into mice, BKT120Fc and BKT130Fc retained certain desirable antibody features, including an increased apparent affinity through the avidity conferred by the dimerization of two Fcs and a prolonged PK, of IC50 = 6 days (Figure 5G).

Production of Antibodies against BKT130Fc

In order to check the immunogenicity of BKT130Fc, mice were i.v injected with BKT130Fc once or four times. Antibodies against BKT130Fc were not produced following single injection of 50 μg of BK130Fc. The level of antibodies against BKT130Fc was increased following four injections (Figure S2A in Supplementary Material). Interestingly, these antibodies could not recognize BKT120Fc (Figure S2B in Supplementary Material). These results suggest that the antibodies produced recognize the BKT130 peptide and not the Fc portion.

BKT130Fc and BKT120Fc Inhibited DTH

Delayed-type hypersensitivity is a process immunologically similar to cell-mediated immunity, and the inflammatory DTH reaction is mediated by effector TH1/TH17 memory T lymphocytes (22). In this in vivo assay, lymphocytes infiltrate to the injection site (ear) of an antigen against which the immune system has been primed. The inflammatory reaction is characterized by the redness and swelling of the ear following antigenic challenge. The chemokines CXCL10, CXCL9, CCL3, and CCL5 were shown to regulate this inflammatory process (23, 24). The ability of BKT110, BKT120Fc and BKT130Fc, i.v. administered at 50 µg/per a mouse once, on days 1 and 6, to inhibit the DTH response in mice 24 h before the second sensitization was tested. Dexamethasone, BKT130Fc, and BKT120Fc significantly inhibited the inflammatory process (80, 60, and 30%, respectively) (Figure 5H). Importantly, BKT110 had no effect on DTH. Overall, our results suggest that BKT130Fc has a more potent inhibitory effect than BKT120Fc on inflammatory chemokines in vitro and in vivo.

BKT130Fc and BKT120Fc Inhibited the Infiltration of Inflammatory Cells into the Synovial Cavity in an Antigen-Induced Mouse Arthritis Model

The effect of BKT130Fc and BKT120Fc on RA was studied using an AIA model. BKT130Fc or BKT120Fc were i.v. administered once, at 50 µg/per a mouse 24 h before the challenge. BKT130Fc partially inhibited the infiltration of neutrophils into the synovial cavity, while it completely abrogated the infiltration of MNCs (including monocytes and lymphocytes) (Figure 6). BKT120Fc had less significant effect compare to BKT130Fc.
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FIGURE 6 | BKT130Fc and BKT120Fc inhibited the infiltration of inflammatory cells into the synovial cavities of mice of the antigen-induced arthritis (AIA) model. Male C57BL/6 mice (n = 12) were immunized with methylated bovine serum albumin. BKT130Fc or BKT120Fc were administered via i.v. once at 50 µg/per a mouse, 24 h before the challenge. The control group represents normal mice, the AIA group represents untreated AIA mice and the BKT130Fc or BKT120Fc groups represent AIA mice treated with BKT130Fc or BKT120Fc, respectively. The number of infiltrated cells into the knee cavity was evaluated by FACScaliber: (A) number of neutrophils, (B) number of MNCs. Representative FACS analysis of cells within the knee cavity is presented in (D). The R1 gate shows the neutrophil population and the R2 gate shows the MNCs. The level of myeloperoxidase (MPO) activity is presented in (C) as the relative number of neutrophils per mg of wet periarticular tissue. (E) Histology analysis of the knee joint shows the infiltration of inflammatory cells following hematoxylin and eosin (H&E) staining.



BKT130Fc and BKT120Fc Reduced the Severity of EAE by Inhibiting the Infiltration of Immune Cells into the CNS

The best animal model for MS is an EAE model, which can be induced by immunization using antigens derived from myelin, such as PLP fragments and MOGs.

The effect of BKT130Fc and BKT120Fc on EAE was studied in two different models. The PLP induced relapsing-remitting EAE and the MOG induced chronic EAE (25). BKT130Fc or BKT120Fc were intravenously administered once (50 μg/mouse) on day 9 after disease induction. In the SJL/PLP model, both BKT130Fc and BKT120Fc significantly prolonged the remission time and reduced the severity of the second relapse (Figure 7A), with an observed accumulating clinical score of 159 in the control group and an observed accumulating clinical score of 62 and 63 following BKT130Fc and BKT120Fc treatment, respectively. In the second relapse (starting from day 27), clinical signs appeared in 70–80% of the control mice compared to only 20% of the mice treated with BKT130Fc or BKT120Fc. This effect was accompanied by a lack of weight loss in the treated animals (data not shown). Histology of the spinal cord sections demonstrated that treatment with BKT130Fc or BKT120Fc inhibited the infiltration of immune cells into the CNS while also reducing the demyelination area (Figure 7E). Interestingly, BKT130Fc did not affect the peripheral balance between the Th1 and Th2 cytokine levels (Figure 7F).
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FIGURE 7 | BKT130Fc and BKT120Fc reduced the severity of experimental autoimmune encephalomyelitis (EAE) by inhibiting the infiltration of immune cells into the central nervous system (CNS). (A) Female SJL mice (n = 12) were immunized with the proteolipid protein (PLP) peptide to induce relapsing-remitting EAE. BKT130Fc or BKT120Fc were intravenously administered once (50 μg/mouse) on day 9 post-disease induction. (B) Female C57BL/6 mice (n = 12) were immunized with a myelin oligodendrocyte glycoprotein (MOG) peptide to induce chronic EAE. BKT130Fc or BKT120Fc were intravenously administered once (50 μg/mouse) on day 9 post-disease induction. The data are presented as the EAE mean clinical score measured for 47 days post-immunization. (C) Female C57BL/6 mice (n = 8) were immunized with a MOG peptide to induce chronic EAE. BKT110Fc was intravenously administered once (50 μg/mouse) on day 9 post-disease induction. (D) Accumulating score of MOG induced EAE after treating with BKT130Fc, BKT120Fc, or BKT110Fc. (E) Histology analysis of the spinal cords from SJL mice shows the infiltration of immune cells into the CNS following hematoxylin and eosin (H&E) staining and the area of demyelination marked with luxol fast blue (light blue staining = demyelination area). (F–G) Cytokine levels in the sera of mice on day 30 post-immunization as measured by the Mouse Th1/Th2 Cytokine Kit Array in (F) SJL mice immunized with PLP and (G) C57BL/6 mice immunized with MOG. The results, analyzed using Student’s t-tests (*p ≤ 0.05), are expressed as the mean ± SE. All the EAE experiments were performed at least three times.



Similar to the effect in the relapsing-remitting EAE model, a single i.v. injection of BKT130Fc (50 μg/mouse on day 9) significantly inhibited disease severity in the chronic EAE model (Figure 7B). BKT120Fc had less significant effect compare to BKT130Fc.

The control mice demonstrated an accumulating clinical score of 250.8 compared to 165.7 in mice treated with BKT130Fc and 193 following treatment with BKT120Fc. Importantly, BKT110 had no effect on MOG induced EAE with accumulating clinical score of 255 (Figures 7C,D).

The effect of BKT130Fc was accompanied by a lack of weight loss in the treated animals (data not shown). Like the first model, BKT130Fc did not affect the peripheral levels of Th1/Th2 cytokines (Figure 7G).

DISCUSSION

Effective inflammatory responses involve chemokine-dependent homing, retention, and the resolution of immune cell trafficking to damaged tissues (3). In addition to their physiological roles, chemokines and their receptors play a key role in the pathogenesis of autoimmune diseases, inflammation, viral infection, and cancer (3). However, except for selective CCR5 antagonists for HIV (Maraviroc) and a stem cell mobilizer (Mozobil), the promise of obtaining new therapeutics related to blocking chemokine receptor function in autoimmune diseases, inflammation, and cancer has not yet been realized.

In the past 15 years, several phase II/III clinical trials with antagonists against the chemokine receptors CCR1, CCR2, CCR3, CCR5, CCR9, CXCR1, CXCR2, and CXCR3 have failed to have significant clinical benefits in patients with autoimmune and inflammatory diseases, such as RA, multiple sclerosis (MS), IBD, psoriasis, and asthma (4, 5).

Reasons for such failures may be the lack of animal model predictability, relevance of the target to the human disease, diversity in the molecular and genetic drives of the disease within patient population, poor drug-like properties of small-molecule antagonists, ineffective dosing, target disease redundancy, and the use of multiple chemokine receptors (4, 5).

As quoted in the paper by Horuk et al. (5) CCR1, CCR2, CCR5, CCR6, and CXCR3 have all been implicated in the pathophysiology of MS. Moreover, MS is an extremely heterogeneous disease that consists of at least four distinct patterns of demyelination. Patients with MS that are enrolled in clinical trials could feasibly have varying pathophysiological subtypes that are perhaps driven by different chemokines and chemokine receptors. Multiple chemokine receptors, including CCR1, CCR2, CCR5, CXCR2, and CXCR3, seem to have roles in RA. Therefore, there is a strong possibility that receptor redundancy could account for the failure of CCR1 and CCR2 antagonists in RA clinical trials (4, 5).

In an elegant paper by Schall and Proudfoot the authors suggested that the chemokine/chemokine receptor system works as a network of signals in which redundancy is rare (26). They suggested that chemokine expression and chemokine receptor usage by immune cells is regulated in a cell type, time, and tissue-specific manner that is very specific and those not support the idea of redundancy in the system. It was, therefore, suggested that reasons for clinical failures is imbedded in the in vivo potency of the drug tested; in sufficient bioavailability, in sufficient metabolic stability and toxicity that prevented achieving high levels of free drug in the plasma. In addition, it was suggested that our miss understanding of the multidimensional nature of the inflammatory diseases, prevent us from effectively selecting the target and time of the intervention. It was, therefore, hypothesized that by deepen our understanding of the chemokine/chemokine receptor network in disease and improving our drugs a successful chemokine-targeted drugs for inflammatory diseases is visible.

Binding to multiple chemokines as a strategy for inhibiting inflammation is a phenomenon used by hosts as well as by different pathogens to reduce inflammation and immunity. Therefore, the inhibition of single chemokine receptors as an anti-inflammatory strategy most likely did not prevail during the evolution of hosts and pathogens.

As mentioned in the paper by Heidarieh (10), the immune system uses atypical chemokine receptors ACKR1, ACKR2, or ACKR4 that scavenge chemokine to control inflammation (27). These receptors are expressed mainly by erythrocytes and endothelial cells (11). ACKR1 (DARC) binds over 20 inflammatory chemokines (28) and is expressed by erythrocytes and endothelial cells (29). ACKR1 function as a scavenge receptor to limit excessive leukocyte trafficking (30). In addition, ACKR1 express on endothelial cells may reduce chemokine concentration in inflamed tissues and by that create a gradient that increases inflammation (11). ACKR2 which binds an inflammatory CC chemokines is also expressed lymphatic endothelial cells, placental trophoblasts, and leukocytes (31). ACKR2 is also a chemokine scavenger receptor (32, 33). ACKR2 control chemokine concentration by activating a β-arrestin without affecting its internalization rate (34, 35). ACKR2 promotes chemokine concentration by regulating lymphatic vessel function (36) and compactness (37), and ACKR2 KO mice in different pathological conditions show unregulated increased inflammation (38).

ACKR4 binds the homeostatic chemokines CCL19, CCL21, CCL25, and CXCL13 and is expressed by thymic epithelial cells, bronchial cells, and keratinocytes. ACKR4 is a constitutive internalization receptor with a chemokine-scavenging function (39). After chemokine binding, it recruits β-arrestin 2, but whether it activates signal transduction pathways is unknown. Few data are available on the in vivo role of ACKR4 in the context of inflammation. It appears to be important for the correct trafficking of dendritic cells to induce adaptive immune responses. Indeed, ACKR4 expression in lymph nodes is needed for generating a gradient of the CCR7 ligands CCL19 and CCL21 in the subcapsular sinus (40). In addition, ACKR4 KO mice were used to show that homeostatic chemokine clearance is necessary to control excessive Th17 responses that can lead to immunopathologys (41).

Herpesviruses have been shown to target the chemokine system (42, 43) by adopting and modifying chemokine and chemokine receptor genes to benefit their own survival and propagation (43–45). Interestingly, as quoted by Proudfoot et al. (46), two chemokine homologs with antagonistic activity were reported. The first one, MC148, is encoded by molluscum contagiosum virus 1, a poxvirus that infects humans and causes skin lesions lacking inflammatory cell infiltrates. MC148 does not induce by itself the migration of mononuclear cells (47, 48). However, it does inhibit the migration of immune cells mediated by CCL1, CCL2, CCL3, CCL5, CCL7, CXCL8, and CXCL12 (48, 49). The second viral chemokine, the viral macrophage inflammatory protein II (vMIP-II), also binds several chemokine receptors without inducing cell migration. vMIP-II compete with several chemokine receptors, including CCR1, CCR2, CCR5, CCR10, CXCR4, CX3CR1, and XCR1 (46).

Furthermore, in Heidarieh paper (10) it was mentioned that herpesviruses have been found to encode CKBPs to modulate the expression and function of chemokines (50–52). CKBPs were found to be expressed by non-viral pathogens. For example, a CKBP secreted by Schistosoma mansoni (53) interacts with chemokines such as CCL2, CCL3, CCL5, CXCL8, and CX3CL1, and inhibit their function (53). Another example is Evasins, which is expressed by ticks (54) and inhibit chemokine-induced inflammation (12). The main function of CKBPs is to inhibit chemokine activity and subsequently inhibit inflammation.

We hypothesize that lessons learned from our own immune system and from the anti-chemokine strategies that have evolved in pathogens will help us design potent and selective molecules with novel modalities that may have better success in the clinic in the future. We chose to screen for promiscuous CBPs using combinatorial libraries of random dodecapeptides (5 × 1012 for the linear library and 2 × 1013 for the circular library, of electroporated sequences) fused to a minor coat protein (pIII) of the M13 phage. We performed the screen on immobilized CCL11, CXCL9, CXCL8, CXCL12, and CCL2, and successfully identified two CBPs, BKT120 and BKT130, that could bind and inhibit the function of the chemokines CCL2 and CCL5. To improve the affinity and bioactivity of the peptides, we prepared BKT120 and BKT130 as peptide-Fc fusions protein (peptibodies). BKT130Fc peptibody bind at high affinity to inflammatory chemokines CXCL11, CXCL10, and CCL5 with KD of 8.3 E−0.8, 3.8 E−0.8, and 1.8 E−0.8, respectively. BKT120Fc peptibody bind at high affinity to inflammatory chemokines CXCL10, CCL2, and CXCL9 was with KD of 6.3 E−0.9, 4.6 E−0.8, and 1.8 E−0.8, respectively. Both inhibited cell adhesion in response to the inflammatory chemokines CCL2, CCL5, CXCL9, and CXCL11. BKT130Fc, also inhibited CXCL10 function, but both did not inhibit the function of the homeostatic chemokine CXCL12, the eosinophils chemokine CCL11 or the neutrophil chemokine CXCL8. Cell migration inhibition in response to the inflammatory chemokines CCL2, CCL5, CXCL10, and CXCL11 was also demonstrated and was significantly better when BKT130Fc was used. In vivo, BKT120Fc and BKT130Fc had a prolonged PK in mice and were inhibitory to immune-mediated, chemokine-dependent DTH. Furthermore, we also demonstrated that both could inhibit immune cell migration, inflammation, and disease progression in RA and MS mouse models. Our work has demonstrated for the first time that CBPs can be identified and developed into potential therapeutic agents in diseases that are dependent on chemokines for their progression.
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FIGURE S1 | Effect of the peptibody BKT110Fc on the chemokine-induced immune cell-dependent adhesion to VCAM-1. Adhesion was measured using the laminar flow assay. The number of adherent cells resisting detachment by elevated shear forces (dyn/cm2) is expressed as the percentage of originally settled cells. The effects of BKT110Fc on the (A) CCL2-, (B) CCL11-, (C) CXCL8-, (D) CXCL10-induced immune cell-dependent adhesion to VCAM-1 were measured. All the adhesion experiments were performed at least three times on multiple test fields.

FIGURE S2 | Production of antibodies against BKT130Fc. C57BL/6 mice were i.v. injected with 50 μg of BKT130Fc once or twice a week for total of four injections. One week after the last injection serum was extract and ELISA was performed. Sera were diluted at 1:5, 1:50, and 1:500 and loaded on plates that were pre-coated with (A) BKT130Fc, (B) BKT120Fc, or (C) BSA. The data are presented as the optical density (O.D.) obtained at wavelength of 450 nm.
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Antibodies against MYC-Associated Zinc Finger Protein: An Independent Marker in Acute Coronary Syndrome?
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Introduction: Atherosclerosis is considered the pathophysiology underlying cardiovascular (CVD), cerebrovascular, and peripheral vascular diseases. Evidence supporting an autoimmune component is emerging, with imaging studies correlating MYC-associated zinc finger protein antibody (MAZ-Ab) optical density (OD) with plaque activity. This study compares MAZ-Ab OD on ELISA testing among patients presenting with acute coronary syndromes (ACSs) to healthy controls and investigates the association of MAZ-Ab to traditional CVD risk factors.

Methods: Patients admitted with ACSs between August 2007 and July 2011 were included. Serum samples taken at presentation were retrospectively tested for MAZ-Ab and compared with serum from healthy volunteers with no CVD risk factors. Large-scale assessment of post-ACS prognostic relevance was performed using the established PLATO cohort.

Results: In total 174 ACS patients and 96 controls were included. Among ACS patients, median MAZ-Ab OD was higher compared with controls (0.46 vs. 0.27; p = 0.001). Although the majority of ACS patients (116/174; 67%) had suffered from a ST-elevation myocardial infarction, no significant differences in MAZ-Ab titers were evident between ACS subtypes (p = 0.682). No associations between MAZ-Ab OD and conventional CVD risk factors were identified. Large-scale testing revealed no prognostic stratification regarding reinfarction (OR 1.04 [95% CI: 0.94–1.16]; p = 0.436).

Conclusion: MAZ-Ab OD was higher or all ACS phenotypes compared with controls. Given current understanding of MAZ-Ab function, these findings support an autoimmune component to CVD independent of conventional risk factors and indeed the extent of end-organ damage.

Keywords: antibodies, MYC-associated zinc finger protein, acute coronary syndrome, cardiac risk factor, atherosclerosis

INTRODUCTION

Atherosclerosis is the pathophysiological process behind most cardiovascular, cerebrovascular, and peripheral vascular diseases. Consequently, it is associated with considerable morbidity and mortality (1). Numerous factors such as dyslipidemia, smoking, arterial hypertension, diabetes, and abdominal obesity appear to promote atherosclerotic plaque development within arterial vessel walls (2). Recently, the influence of multiple inflammatory and autoimmune promoters in atherosclerosis has been evaluated (3). While exact mechanisms remain unknown, autoantibodies such as anti-phospholipid antibodies, anti-oxidized low density lipid (oxLDL) antibodies, anti-phosphorylcholine antibodies, anti-apoA-1 IgG antibodies, and anti-heat shock protein antibodies have all demonstrated associations with atherosclerosis (3–5).

MYC-Associated Zinc Finger Protein (MAZ)

MAZ is a synonym for serum amyloid A binding protein 1 (SAF-1), the function of which appears variable and incompletely understood. Activation and induction of MAZ by minimally modified LDL and lipopolysaccharides have been shown, leading to expression of serum amyloid A (SAA), a known inflammation-responsive protein within macrophages (6, 7). SAA has been long considered influential in atherosclerosis, with SAA mRNA having been identified in the endothelial and macrophage foam cells of atherosclerotic lesions of coronary and carotid arteries. Subsequently, MAZ has proven to be a transcription factor in active macrophages within atherosclerotic plaques triggering the formation of matrix metalloproteinases (MMPs) (8). Active macrophages are the hallmark of vulnerable plaques, with a high tendency to rupture. Originally identified in patients with coexisting CVD and autoimmune disease, MAZ-Ab has recently been evaluated in atherosclerosis using 18F-Fluorodeoxyglucose (18F-FDG) positron-emission and computer tomography (9). 18F-FDG uptake in vessel walls is known to correlate with macrophage activity in atherosclerotic plaques (10), with calculated plaque burden correlating with serum MAZ-Ab optical density (OD) (9).

Data regarding the further MAZ function have been emerging, with evidence supporting a role in certain cancers as regulator of oncogene transcription and angiogenesis (11–14). Furthermore, MAZ is known to regulate various inflammatory response genes (15), and associations to Alzheimer’s disease have been suggested in transcription factor analysis of 1,372-probe gene expression signatures (16).

Study Aim

The aim of this study was to examine the clinical relevance of MAZ-Ab in patients with a confirmed cardiovascular event, compared with healthy controls. Furthermore, the relationship of MAZ-Ab to traditional cardiovascular risk factors and its prognostic value were evaluated.

MATERIALS AND METHODS

Acute Coronary Syndrome (ACS) Cohort

To assess the risk of premature ischemic heart disease, unselected adult patients below the age of 65 years admitted to Hannover Medical School between August 2007 and July 2011, and subsequently diagnosed with ACS were included. All patients provided both verbal and written informed consent before participation in the study, with the ethics committee of Hanover Medical School approving the study (Ethics Number: 2614). All patients completed a questionnaire assessing cardiac risk profile and provided a serum sample, which was subsequently used for MAZ-Ab testing. The questionnaire assessed age, gender, past-history of hypertension, hypercholesterolemia, statin treatment, diabetes, tobacco exposure, as well as previous vascular events including myocardial infarction and stroke. All patients underwent routine ACS diagnostics including laboratory investigations, electrocardiogram (ECG), and coronary angiography. Laboratory tests included N-terminal propeptide brain natriuretic peptide (NT-proBNP), cardiac TroponinT (cTnT), growth-differentiation factor-15 (GDF-15), total cholesterol, and low-density lipoproteins (LDL). Serum samples were stored at −70°C.

Acute coronary syndrome patients were divided into three groups: patients with ST-elevation myocardial infarction (STEMI), with non-ST elevation myocardial infarction (NSTEMI) and with unstable angina pectoris (AP).

Patients with AP required at least 1 angiographically documented stenosis ≥70% in a major coronary artery. Based on ECG changes and cTnT, using a decision threshold of 0.03 µg/L, STEMI or NSTEMI was diagnosed.

Control Group

Serum samples of an apparently healthy control group, which has previously been described in detail (17), underwent MAZ-Ab testing. Control patients received cardiac magnetic resonance imaging with dobutamine or adenosine stress, 12-lead ECGs, and physical examination without any pathological findings. In addition, all patients exhibited normal serum creatinine, aspartate aminotransferase, alanine aminotransferase, thyroid-stimulating hormone, hemoglobin concentrations, leukocyte, platelet counts, oral glucose tolerance test, and N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels. None were in receipt of current medications and had no conventional cardiovascular risk factors. All were aged ≥18 years at inclusion and previously provided written informed consent.

MAZ-Ab Testing

MAZ-Ab has been detected via protein array technique in patients with CVD as described in an earlier publication (9). A specially developed anti-MAZ-antibody ELISA kit (EUROIMMUN AG, Lübeck, Germany) based on our previously described ELISA protocol was used to test serum for MAZ-Ab (9).

MAZ-Ab optical densities were compared between ACS patients and controls, as well as within the ACS groups. Furthermore, MAZ-Ab values were correlated to traditional risk factors. To rule out an influence on MAZ-Ab by statins, LDL and cholesterol values of all patients with and without statins were analyzed additionally.

Testing Prognostic Value of MAZ-Antibody after ACS

A well-defined group of 197 ACS patients, experiencing myocardial infarction, with up to 12 months subsequent follow-up were identified within the Platelet Inhibition and Patient Outcomes (PLATO) database (http://www.ClinicalTrials.gov NCT00391872) (18). An equal number (n = 199) of patients surviving 12 months follow-up without a subsequent spontaneous myocardial infarction were randomly drawn from the same cohort. Being matched for initial STEMI/NSTEMI, age, gender, and nationality the latter acted as controls. Serum taken at the time of initial admission was tested for MAZ-Ab in both groups.

Statistical Analysis

Continuous variables were assumed non-parametric and tested using either the Mann–Whitney U test or Kruskal–Wallis test. Categorical variables were assessed using chi-square test or Fisher’s exact test. Correction for age and gender between groups was performed using Propensity Score matching, employing logistic regression with nearest neighbor matching and a 0.2 caliper. Prognostic relevance regarding reinfarction was calculated in conditional logistic regression. All p-values are two-tailed, with 95% cutoff being the declared level of significance. Statistical analysis was performed using IBM SPSS Statistics for Macintosh, Version 23 (IBM Corp. Armonk, USA), Prism 7 (GraphPad Software, La Jolla, CA, USA), and R Version 3.2.3 (R Foundation for Statistical Computing, Vienna, Austria).

RESULTS

In total, serum from 270 individuals was tested for MAZ-antibody. Of these, 174 (64%) were performed on patients at the time of admission for a cardiac event (ACS group). The remaining 96 (36%) were randomly selected healthy volunteers (Table 1). The median MAZ-Ab OD was significantly higher among ACS patients compared with controls (0.46 vs. 0.27; p = 0.001).

TABLE 1 | Summary of the relevant laboratory parameters at the time of hospital admission for an acute coronary syndrome.
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Influence of Age and Gender on MAZ-Antibody

Taking the entire cohort, the median age of the controls was significantly lower than the ACS group (41 vs. 53 years; p < 0.001). Similarly, a far greater proportion of the ACS group was male (87 vs. 47%; p = 0.001). To eliminate these potential confounders, a logistic regression analysis was performed using propensity score matching for age and gender between groups. In total, 206/270 patients (76%) were included in the sub-analysis, 168 from the ACS group and 38 control patients. The median ages were 49 [45–57] years among the controls and 53 [47–60] years in the ACS group (p = 0.46). While improved, a significant disparity in gender composition remained between groups, with a significantly greater male domination in the ACS group (83 vs. 68%; p = 0.003). Having eliminated age as a confounder, a significant difference in MAZ-Ab between groups remained with significantly higher ODs in the ACS group (0.47 vs. 0.24; p = 0.001 Figure 1).
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FIGURE 1 | MAZ-antibody ± ACS: propensity score matched (age and gender), ACS group had significantly higher MAZ-Ab titers than the healthy control group. Control, control group; ACS, acute coronary syndrome patients; MAZ-Ab, MAZ-antibody.



MAZ-Antibody Independent of ACS Phenotype

Within the ACS group, 116/174 patients (67%) were diagnosed with a STEMI, 44 patients (25%) with NSTEMI, and 14 (8%) with AP. Within the different ACS phenotypes, no differences in MAZ-Ab OD were observed between groups (p = 0.682), all of which proved higher than that observed among controls (Figure 2), suggesting that MAZ-Ab was independent of the extent of myocardial damage occurring. Supplementing this further, a comparison of all the relevant blood markers (Table 1) revealed no significant correlations between these and MAZ-Ab OD.


[image: image1]

FIGURE 2 | Comparing MAZ-optical density (OD) in the control group with the various acute coronary syndrome (ACS) phenotypes. MAZ-Ab OD was significantly lower in the control group compared with each ACS subgroup. Between ACS phenotypes, no significant differences in MAZ-Ab OD were observed, suggesting that MAZ-Ab was independent of the extent of myocardial damage occurring. Key: MAZ-Ab, MYC-associated zinc finger protein antibody; AP, unstable angina pectoris; NSTEMI, non-ST elevation myocardial infarction; STEMI, ST-elevation myocardial infarction.



MAZ-Antibody and Traditional Cardiovascular Risk Factors

Comprehensive data relating to the incidence of hypertension, diabetes mellitus, hyperlipidemia including treatment with statins as well as smoking habits and family history of CVD were available for all patients. No known risk factors were present among the entire control group. In the ACS group, the most prevalent risk factors were tobacco consumption (84%), hypertension (56%) and hyperlipidemia (49%). For all CVD risk factors assessed, MAZ-Ab optical densities were lower among control patients than in ACS patients without a given risk factor (Figures 3A–F). With the exceptions of evident hyperlipidemia at original admission and preexisting HMG-CoA reductase inhibitor use, no differences in MAZ-Ab OD were evident within the ACS group. Taken collectively, these findings would strongly support that MAZ-Ab is independent of hypertension, diabetes, dyslipidemia, smoking, and family history in terms of generating cardiovascular risk.


[image: image1]

FIGURE 3 | (A–F) Summarizing MAZ-Ab optical densities in all patients, with patients in the acute coronary syndrome (ACS) group being sub-classified on the presence or absence of specific cardiovascular risk factors. For all risk factors, MAZ-Ab optical densities were higher in ACS patients regardless of risk factor status compared with controls. Among ACS patients, only statin use resulted in a difference in MAZ-Ab optical density, with treated patients having higher values. Key: MAZ-Ab, MYC-associated zinc finger protein antibody; HTN, arterial hypertension; DM, diabetes mellitus; LIP, dyslipidemia; STAT, current treatment with HMG-CoA reductase inhibitors; Cig, any smoking history; FHX, any first-degree family history of cardiovascular disease.



MAZ-Antibody Independent of Cholesterol Levels and Use of Statins

The findings regarding existing statin use are less clear (Figure 3D). In total, 35 patients in the ACS group were taking statins at admission. Considering the recommended European Society of Cardiology cutoff values for blood lipid concentrations (cholesterol <190 mg/dL, LDL <115 mg/dL), 6/35 (17%) still had elevated cholesterol at admission. 59/109 (54%) of those admitted without statin had an elevated cholesterol, showing no significant difference between the two groups (p = 0.384). Of those on statin 22/35 (63%) and 75/109 (69%) of those without had raised LDL levels at admission (p = 0.59).

Patients on statins did, however, have significantly higher MAZ-Ab ODs (p = 0.009). It is worth noting that while these patients were older 58 [52–60] vs. 52 [46–58] years (p = 0.004), no association between age and raised LDL (p = 0.145) or cholesterol (p = 0.553) was observed. Similarly, neither cholesterol >190 (p = 0.945) nor LDL >115 (p = 0.946) influenced MAZ-Ab OD. An alternative explanation, however, may exist that the findings are the result of a selection bias, in that only high MAZ-Ab patients on statins subsequently experienced an event. This, however, remains speculative and requires further evaluation in future studies.

MAZ-Antibody Has No Prognostic Relevance Regarding Reinfarction

Of the 197 PLATO patients experiencing a second cardiovascular event within one year of the initial ACS event, 42 died. No significant difference in MAZ-Ab OD between these patients and their 1997 matched controls was observed (OR 1.04 [95% CI: 0.94–1.16]; p = 0.436).

DISCUSSION

Taking a proven ACS as unequivocal evidence of atherosclerosis, this study clearly demonstrates a difference in MAZ-Ab OD on ELISA between these patients and healthy controls. This provides the first confirmed clinical association between MAZ-Ab OD and clinically apparent atherosclerosis. This augments existing data, which demonstrated an association between MAZ-Ab and the cumulative burden of inflammatory atherosclerosis on 18F-FDG-PET/CT scanning (9).

Previous research has shown that MAZ production is promoted by inflammatory interleukins including IL-1 and IL-6, along with TNF-alpha and oxLDL (8), all of which are known to increase cardiovascular risk (3, 4). Although the exact role of the transcription factor MAZ remains unclear, it has been implicated in macrophage function within atherosclerotic plaques (8, 19). The principal functions appeared to include inducing MMPs involved in atherosclerotic plaque rupture. Other studies have suggested a wider MAZ effect, such as influencing angiogenesis and inducing VEGF expression. The latter appears integral in triple-negative breast cancer cells (13, 14) as well as regulation of inflammation-responsive genes (15).

It is important to reiterate that current data suggests that MAZ-Ab is a biomarker of atherosclerosis rather than a particular cardiovascular disease. This study highlights this, when the various ACSs included are considered. In essence, the current classification of ACSs reflects the extent of end-organ, myocardial, damage. The measured cTnT values confirm this, increasing sequentially from angina pectoris, non-ST elevation and STEMIs (Table 1). No perceptible difference in MAZ-Ab OD across these groups was evident. Furthermore, no correlation between all cTnT values and MAZ-Ab OD were observed (Spearman rank, p = 0.391). Further comparisons with other known biomarkers revealed no relationship to MAZ-Ab OD, again supporting the concept that MAZ-Ab is myocardium independent.

It is, however, noteworthy that MAZ-Ab OD was independent of GDF-15. GDF-15 is an accepted independent prognostic biomarker for NSTEMI and acute chest pain, with increasing levels impacting negatively on 1-year post-event survival (20, 21).

It is well recognized that traditional cardiovascular risk factors are inextricably linked to the development of atherosclerosis. Considering only the patients in the ACS group, MAZ-Ab OD was not influenced by hypertension, diabetes, lipid or smoking status. However, comparing ACS patients lacking a particular risk factor with healthy controls returned uniformly raised MAZ-Ab ODs among the former.

MAZ antibodies were associated with statin use. Sub-analysis within the current cohort failed to identify any clear explanation for our findings. The most likely explanation appears to be selection bias and the demographics for statin use. Furthermore, it is reasonable to assume that all of those treated were at some point either diagnosed with dyslipidemia of unknown duration or as secondary prevention following a previous cardiovascular event and that the actual duration of statin treatment is unknown. All of these characteristics are likely confounders of increased atherosclerosis risk.

Given the limited follow-up in the ACS group we collaborated with the PLATO trial group to evaluate the prognostic value of MAZ-Ab following a vascular event, both in terms of survival and treatment response. Among these 396 matched patients, actual MAZ-Ab OD demonstrated no prognostic relevance, again suggesting that. MAZ-Ab OD may be a better marker for atherosclerosis than myocardial damage. This complements current understanding of the pathophysiological role of MAZ, a known transcription factor in active macrophages within atherosclerotic plaques (8).

Given the single-center, retrospective nature of this study there are several incumbent limitations that require consideration. The number of patients included is comparatively small, and significant demographic differences were evident between the groups, limiting somewhat the validity of data analysis.

In conclusion, however, this study corroborates clinically the findings of previous imaging studies, demonstrating an association between MAZ-Ab OD and proven atherosclerotic disease in the form of ACSs. The exact autoimmune role of MAZ-Ab in atherosclerosis may be related to plaque macrophage activity but more research into the pathophysiological function of MAZ is needed. Most importantly, current evidence suggests that the association between MAZ-antibody and atherosclerosis is independent of established conventional risk factors of atherosclerotic disease.
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β1-Adrenergic Receptor Contains Multiple IAk and IEk Binding Epitopes That Induce T Cell Responses with Varying Degrees of Autoimmune Myocarditis in A/J Mice
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Myocarditis/dilated cardiomyopathy (DCM) patients can develop autoantibodies to various cardiac antigens and one major antigen is β1-adrenergic receptor (β1AR). Previous reports indicate that animals immunized with a β1AR fragment encompassing, 197–222 amino acids for a prolonged period can develop DCM by producing autoantibodies, but existence of T cell epitopes, if any, were unknown. Using A/J mice that are highly susceptible to lymphocytic myocarditis, we have identified β1AR 171–190, β1AR 181–200, and β1AR 211–230 as the major T cell epitopes that bind major histocompatibility complex class II/IAk or IEk alleles, and by creating IAk and IEk dextramers, we demonstrate that the CD4 T cell responses to be antigen-specific. Of note, all the three epitopes were found also to stimulate CD8 T cells suggesting that they can act as common epitopes for both CD4 and CD8 T cells. While, all epitopes induced only mild myocarditis, the disease-incidence was enhanced in animals immunized with all the three peptides together as a cocktail. Although, antigen-sensitized T cells produced mainly interleukin-17A, their transfer into naive animals yielded no disease. But, steering for T helper 1 response led the T cells reacting to one epitope, β1AR 181–200 to induce severe myocarditis in naive mice. Finally, we demonstrate that all three β1AR epitopes to be unique for T cells as none of them induced antibody responses. Conversely, animals immunized with a non-T cell activator, β1AR 201–220, an equivalent of β1AR 197–222, had antibodies comprising of all IgG isotypes and IgM except, IgA and IgE. Thus, identification of T cell and B cell epitopes of β1AR may be helpful to determine β1AR-reactive autoimmune responses in various experimental settings in A/J mice.
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INTRODUCTION

Myocarditis is one major cause of dilated cardiomyopathy (DCM) that can lead to heart failure in young adults in the developed countries. Approximately, half of those affected with DCM undergo heart transplantation due to lack of effective therapeutic options (1–4). Clinically, majority of DCM patients (up to 80%) are designated to be idiopathic DCM (IDCM), and the detection of heart infiltrates in those affected suggests that immune dysfunction may be an underlying mechanism in the DCM pathogenesis (5–8). Growing evidence suggests that autoimmune responses may be an important trigger, since DCM patients can show autoantibodies for various antigens such as cardiac myosin, cardiac troponin I, adenine nucleotide translocator 1 (ANT), β1-adrenergic receptor (β1AR), and branched chain alpha-ketoacid dehydrogenase (BCKD) (9–12). For example, β1AR-reactive antibodies can be detected in 26–60% of IDCM patients as compared to ischemic cardiomyopathy (10–13%) or healthy controls (<10%) (6, 7, 13). While, DCM patients can show antibody reactivity to cardiac myosin heavy chain-α (Myhc) (66%) and troponin-I (50%), up to 80% of the end-stage IDCM patients or more than 90% of patients using left ventricular assist device were shown to be positive for antibodies to β1AR (6, 7). These observations suggest that β1AR may be a major autoantigen in the initiation and progression of DCM.

β-adrenergic receptors are classified into four subtypes with β1AR being found primarily in the heart, whereas β2AR is expressed in the lung, kidney, blood vessels and heart, and β3AR-expression occurs primarily in the adipose tissue (14, 15). Although, mRNA and protein data are lacking, existence of β4AR has been reported, which appears to represent the low-affinity state of β1AR (16). Belonging to G-protein-coupled receptors, β1AR contains three each of extracellular (EC) and intracellular loops. The natural ligands of β1AR namely, adrenaline and nor-adrenaline trigger activation of cyclic adenosine monophosphate (cAMP) and protein kinase A leading to influx of calcium (Ca2+) through L-type Ca2+ channel and cardiac contractility (17, 18). Similar events can be expected under conditions of autoimmunity as might occur with the presence of β1AR-reactive autoantibodies. In fact, antibodies recognizing epitopes localized within the EC loops, particularly EC loop II (β1AR 197–222), can agonistically trigger Ca2+ release and cAMP activation, without affecting interaction of β1AR with its natural ligands (6, 19). Such antibodies have been detected in DCM patients indicating their pathological significance (13, 20).

Experimentally, monthly immunizations for 6–18 months with β1AR 197–222 can result in the production of antibodies in various species such as rabbits, rats, and mice, and the immunized animals can develop features of cardiomyopathy during the course of ~1 year with little or no myocarditis (21–25). While, an assumption made in these studies that a single epitope of β1AR can act as an immunogen in various species despite the major histocompatibility complex (MHC) alleles to be different was found valid, identification of other potential immunodominant epitopes, if any, was not explored. Likewise, it was unknown whether β1AR possesses T cell epitopes and contributes to disease. This is particularly important because, for B cells to produce antibodies of different isotypes, T cell help is critical, and identification of T cell epitopes may thus provide another layer of evidence for pathologic importance of β1AR in the DCM pathogenesis. To this end, we sought to characterize the T cell epitopes of β1AR in A/J mice that are highly susceptible to lymphocytic myocarditis leading us to identify several epitopes that induce differential T cell and/or antibody responses. By testing for myocarditogenicity, we noted that the antigen-primed T cells could induce severe myocarditis in naive recipients, but the T cells needed to produce primarily, T helper (Th) 1 cytokines, in addition to Th17 cytokines.

MATERIALS AND METHODS

Mice

Six- to eight-week-old, female A/J mice (H-2a) procured from the Jackson Laboratory (Bar Harbor, ME, USA) were maintained in accordance with the institutional guidelines of the University of Nebraska-Lincoln. Approval for animal studies was granted by the Institutional Animal Care and Use Committee, University of Nebraska-Lincoln, Lincoln, NE, USA (protocol #: 1398). Euthanasia was performed using a carbon dioxide chamber as recommended by the Panel on Euthanasia, the American Veterinary Medical Association.

Peptide Synthesis

An overlapping peptide library that included a total of 46 peptides of 20-mers, except one peptide, β1AR 451–466 (16-mer) was created. In addition to these, bovine ribonuclease (RNase) 43–56 (VNTFVHESLADVQA), biotinylated hen egg lysozyme (HEL) 46–61 (YNTDGSTDYGILQINSR) (Neopeptide, Cambridge, MA, USA), and moth cytochrome c (MCC) 82–103 (FAGLKKANERADLIAYLKQATK) (GenScript, Piscataway, NJ, USA) were synthesized by 9-fluorenylmethyloxycarbonyl chemistry. Where indicated, acetylated β1AR (β1ARAc) that contain acetyl group at the N-terminal end were used. All peptides were high-performance liquid chromatography-purified (>90%), and their identities were confirmed by mass spectroscopy. Ultrapure water was used to dissolve peptides and stored at −20°C.

Immunization Procedures

Peptide emulsions were prepared in complete Freund’s adjuvant (CFA) containing Mycobacterium tuberculosis H37RA extract (Difco Laboratories, Detroit, MI, USA) to a final concentration of 5 mg/ml. To induce disease, animals were immunized twice s.c., in inguinal and sternal regions on days 0 and 7, and all animals received pertussis toxin (PT, List Biological Laboratories, Campbell, CA, USA; 100 ng/mouse) i.p., on days 0 and 2 after the first immunization (26–29). In pooled settings, 50 µg of each peptide was used, and when peptides were used individually, 100 µg was used per animal. To measure T cell responses in some experiments, a single dose of peptide emulsions were used.

Histology

Hearts, and non-cardiac tissues (brain, lung, liver, and kidney) collected at termination on day 21 postimmunization were fixed by immersing in 10% phosphate-buffered formalin (26, 28). Longitudinal tissue layers were cut from hearts, and also from non-cardiac tissues. Serial sections with 5 µm thickness were then obtained and stained with hematoxylin and eosin (H&E). Analysis was performed by a board-certified pathologist blinded to treatment. After ascertaining the inflammatory changes, total number of inflammatory foci were determined by sections with the largest number of foci or by adding non-overlapping foci across sections as reported previously (26, 28, 30, 31).

Immunohistochemistry (IHC)

To detect T cells in hearts, formalin-fixed paraffin-embedded tissue sections were stained with rabbit anti-mouse CD3 (clone SP7, 1:100, Abcam, Cambridge, MA, USA), rabbit anti-mouse CD4 (polyclonal, 1:100, Novus Biologicals, Littleton, CO, USA), and rabbit anti-mouse CD8 (clone EP1150Y, 1:100, Novus Biologicals) or their isotype controls. For non-T cells namely, neutrophils, macrophages, and B cells, rat anti-mouse Ly6G (clone 1A8, 1:250, Leinco Technologies, Fenton, MO, USA), rabbit anti-mouse CD11b (clone EPR1344, 1:3,500, Abcam) (30), and rat anti-mouse CD19 (clone 6OMP31, 1:1000, Thermo Fisher Scientific, San Diego, CA, USA) and their isotype controls were used, respectively. In brief, after deparaffinization, rehydration, and blockade of endogenous peroxidase activity, antigen retrieval was performed by treating the sections with 10 mM sodium citrate buffer (pH 6.0) in a water bath at 98°C for 15–40 min or using a pressure cooker. Sections were then blocked with 5% non-fat dry milk for 30 minutes, incubated with primary antibodies (Abs) at 4°C overnight; followed by incubation with horseradish peroxidase (HRP)-conjugated, goat anti-rabbit IgG or goat anti-rat IgG (Abcam) as secondary antibodies for 2 h at room temperature (RT). Diaminobenzoic acid was used as a substrate for color development before counterstaining with hematoxylin (26, 30). For quantitative analysis (T cells: CD3+, CD4+, and CD8+; and non-T cells: Ly6G+, CD11b+, and CD19+) in the heart, five random areas were selected from the representative sections and nuclear staining was confirmed using nuclear V9 software (Aperio Technologies, Vista, CA, USA). Cells positive for each marker were then enumerated and normalized to 1 mm2 area using Aperio ImageScope Analysis Software (Leica Biosystems, MN, USA) as we have described previously (30).

Echocardiography and Image Analysis

Transthoracic echocardiography was performed in anesthetized animals immunized with or without a cocktail of β1ARAc 171–190, β1ARAc 181–200, and β1ARAc 211–230 on day 20. Scanning was performed by a research sonographer, blinded to the study groups, using a commercially available echocardiography system (Vivid 7, General Electric, Wauwatosa, WI, USA) with an M12-L linear array transducer as we reported previously (30). The mice were anesthetized with isoflurane and images were captured in the short-axis view at the mid-left ventricle (LV) level, verified by the presence of prominent papillary muscles. Three consecutive cardiac cycles, defined from the peak of one R wave to the peak of the following R wave were measured and used for analysis as previously reported (30). In brief, linear measurements were performed using the M-mode view to assess width of the intraventricular septum at diastole and the internal diameter of the LV at diastole and systole. The Teichholz formula {LV volume = [7/2.4 + left ventricular internal diameter (LVID)] × LVID3} was used to calculate end-diastolic and end-systolic volumes (30). The relative wall thickness (RWT) was calculated as the ratio of 2 × LV posterior wall thickness and LV internal diameter at end-diastole. The RWT normal range is between 0.32 and 0.42. Total body surface area (BSA) was calculated using the Meeh’s formula (BSA = 10 × [weight]2/3) (32). All measurements were indexed to BSA to account variation in size.

T Cell Proliferation Assay

At termination, lymph nodes (maxillary, mandibular, axillary, inguinal, and popliteal) and spleens were harvested from immunized animals to prepare single cell suspensions. Similarly, splenocytes were prepared from naive animals. After lysing the erythrocytes and washing, cell pellets were suspended in RPMI medium containing 10% fetal bovine serum, 1 mM sodium pyruvate, 4 mM L-glutamine, 1 × each of non-essential amino acids and vitamin mixture, and 100 U/ml penicillin–streptomycin (Lonza, Walkersville, MD, USA; hereafter called growth medium). In some experiments, CD4 T cells and CD8 T cells were enriched to a purity of ~95% by negative selection based on magnetic separation using IMAG (BD Biosciences, San Jose, CA, USA) (31). To stimulate CD4 and CD8 T cells, syngeneic naive irradiated splenocytes loaded with peptides were used as antigen-presenting cells at a ratio of 1:1. Cells were stimulated at a density of ~5 × 106 cells/ml in triplicates with or without the immunizing peptides (0–100 µg/ml) in growth medium. RNase 43–56 or HEL 46–61 were used as irrelevant controls. After 2 days, cells were pulsed with tritiated 3[H]-thymidine (1 μCi/well; MP Biomedicals, Santa Ana, CA, USA), and 16 h later, proliferative responses were measured as counts per minute (cpm) using a Wallac liquid scintillation counter (Perkin Elmer, Waltham, MA, USA) (26, 28, 30).

MHC Class II-Binding Assay

A/J mice express two MHC class II alleles, IAk and IEk (33, 34), and to determine the affinities of β1AR peptides, soluble IAk and IEk monomers were expressed (34, 35). In brief, the β-chain in each of IAk and IEk constructs contain sequence for class II-associated invariant-chain peptide 88–102 (VSQMRMATPLLMRPM) linked with thrombin cleavage site (34, 35). After expressing in the baculovirus, soluble IAk and IEk monomers were treated with thrombin (20 U/mg; Novagen, Madison, WI, USA) to release class II-associated invariant-chain peptide leading us to obtain empty IAk and IEk molecules. Reaction mixtures were prepared to include empty IAk or IEk monomers (0.35 µg), competitor peptides (β1ARAc 171–190, β1ARAc 181–200, β1ARAc 201–220, and β1ARAc 211–230) (0.00001–100 µM), and constant amounts of the biotinylated reference peptides HEL 46–61 (for IAk) or MCC 82–103 (for IEk) (1 µM) in a buffer containing 50 mM sodium phosphate pH 7.0, 100 mM sodium chloride, 1 mM EDTA, and 1 × protease inhibitor (Sigma-Aldrich, St. Louis, MO, USA) (36–38). After incubating overnight at RT, the mixtures were transferred to 96-well white fluorescence plates coated with anti-IAk (clone 10-2.16, BioXcell, West Lebanon, NH, USA), and anti-IEk (clone M5/114, BioXcell) Abs (10 µg/ml) in 0.2 M sodium phosphate buffer, pH 6.8, blocked with 2% bovine casein; and the plates were incubated on a rocker at RT for 1 h. Finally, after adding 100 µl of europium-labeled streptavidin (0.1 µg/ml) and dissociation-enhanced lanthanide fluoroimmunoassay (DELFIA) enhancement solution (Perkin Elmer) sequentially, fluorescence intensities were measured at excitation/emission wavelengths of 340/615 nm using a Victor Multilabel Plate Reader (Perkin Elmer). The IC50 values were determined based on the concentrations of competitor peptides needed to prevent 50% binding of the reference peptides as we have described previously (26, 28, 30).

Creation of MHC Class II/IAk or IEk Dextramers to Determine Antigen-Specificity of T Cells

To enumerate the frequencies of antigen-specific CD4 T cells, we created IAk dextramers for β1AR 171-190 and β1AR 211–230, and IEk dextramers for β1AR 181–200. To create IAk dextramers, the nucleotide sequence for β1AR 171–190 (acgcgcgcgcgagcgcgggccctcgtgtgcacagtgtgggccatctcggcgttggtgtcc) and β1AR 211–230 (aacgaccccaagtgctgcgatttcgtcaccaacagggcctacgccatcgcctcgtccgtc) was inserted into the IAk-β construct that we had described previously (35, 39), whereas IAk/RNase 43–56 (control) dextramers were readily available in our laboratory (30, 35, 40). The soluble, IAk/β1AR 171–190 and IAk/β1AR 211–230 molecules were expressed in sf9 cells using baculovirus expression system. After purifying through anti-IAk-affinity column, the IAk/β1AR 171–190 and IAk/β1AR 211–230 monomers were biotinylated and dextramers were derived using streptavidin (SA)/fluorophore-conjugated dextran molecules as described previously (35, 39). IEk/β1AR 181–200 and IEk/MCC 82–103 (control) dextramers were prepared based on peptide-exchange reaction as we have described previously (34).

To stain with dextramers, lymphocytes obtained from lymph nodes and spleens from immunized animals were stimulated with the immunizing peptides namely, β1ARAc 171–190, β1ARAc 181–200, and β1ARAc 211–230 (20 µg/ml) for 2 days and growth medium containing interleukin (IL)-2 (IL-2 medium) was then added. After harvesting viable cells by ficoll density-gradient centrifugation on day 5, cells were rested in the IL-2 medium. During 7–10 days poststimulation, cells were stained with IAk-[β1ARAc 171–190 (37°C) or β1ARAc 211–230 (RT), and RNase 43–56, control] or IEk-dextramers [β1ARAc 181–200 (RT) and MCC 82–103, control] followed by anti-CD4 and 7-aminoactinomycin-D (7-AAD). After washing, and acquisition by flow cytometry, percent dextramer+ (dext+) cells were analyzed within the live cells (7-AAD−) using Flow Jo software (34, 35, 39).

Cytokine Secretion

Supernatants were obtained from lymph node cell (LNC) cultures prepared from immunized animals that were stimulated with or without acetylated or non-acetylated, β1AR 171–190, β1AR 181–200, and β1AR 211–230 and RNase 43–56/HEL 46–61 (controls) (50–100 µg/ml) on day 3 poststimulations. Cytokine analysis was performed using beads conjugated with capture and detection Abs with the standard curves being derived from serial dilutions of mouse cytokine standard mixtures, consisting of IL-2, interferon (IFN)-γ, IL-4, IL-6, IL-10, IL-17A, and tumor necrosis factor (TNF)-α as recommended by the manufacturer’s guidelines (BD Biosciences). Briefly, capture bead/cytokine antibody conjugates were first prepared, and the mixtures were added to a tube containing diluted standards or test samples, followed by addition of detection antibodies. After acquiring by flow cytometry, FCAP Array Software was used to analyze the data (BD Biosciences) (26, 30).

Induction of Myocarditis by Adoptive Transfer of Antigen-Sensitized T Cells

Lymph node cells obtained from animals immunized with individual peptides, β1ARAc 171–190, β1ARAc 181–200, or β1ARAc 211–230 on day 21 postimmunizations were stimulated with the corresponding immunizing peptides (20 µg/ml) for 2 days followed by resting in IL-2 medium. In a separate set of experiments, animals were immunized with a mixture of β1ARAc 171–190, 181–200, and 211–230 peptides and their lymphocytes were stimulated with the immunizing peptides individually (50 µg/ml) for 2 days and then IL-2 medium was added. On day 3, one of the two aliquots of cells were exposed to a mixture of Th1- and Th17-polarizing conditions by adding recombinant mouse IL-12 (20 ng/ml), IL-1β (30 ng/ml), IL-6 (30 ng/ml), IL-23 (50 ng/ml) (all cytokines were procured from BioLegend, San Diego, CA, USA), and human transforming growth factor-β1 (10 ng/ml; eBioscience, San Diego, CA, USA) as reported previously (41–44), and the other was maintained in IL-2 medium alone. Flow cytometrically, we analyzed the percentages of cytokine-producing cells on days 3 and 6 following polarization as we have described previously (28, 31, 40). Viable cells harvested on days 8–10 were administered through i.p., or retro-orbital sinus (4–14 × 106 cells/animal) into naive mice primed with lipopolysaccharide (LPS, 25 µg/mouse i.p., day −4 and day 0). PT was administered i.p., (100 ng/mouse) on days 0 and 2 posttransfer (26, 30, 45). Saline recipients and the LPS/PT-primed naive mice were used as controls. Animals were euthanized on 14–21 days after transfer to collect hearts for histology.

Detection of Antibodies That React with β1ARAc Peptides

ELISA was used to measure antibodies that react with β1ARAc peptides in the serum samples collected from immunized animals at termination on day 21 as described previously (26). Microtiter polystyrene plates were coated with or without β1ARAc 171–190, β1ARAc 181–200, β1ARAc 191–210, β1ARAc 201–220, and β1ARAc 211–230 or irrelevant control (RNase 43–56) (10 µg/ml) in 1 × coating buffer (eBioscience) and the plates were incubated at 4°C overnight. After washing/blocking, serum samples (1:100) were added in duplicates, and the plates were incubated at 37°C for 1 h followed by addition of HRP-labeled goat anti-mouse immunoglobulins (Igs), IgG1, IgG2a, IgG2b, IgG3, IgM, IgA, and IgE (Southern Biotech, Birmingham, AL, USA) as secondary antibodies. Two hours after incubation at RT, 1 × tetramethylbenzidine solution was added as a substrate (eBioscience), and reactions were stopped using 1 M phosphoric acid. The plates were read at 405 nm using an automated ELISA reader (BioTek instruments, Winooski, VT, USA) to measure OD values (26, 46).

Statistics

Kruskal–Wallis test was used to compare differences in cytokine production, inflammatory foci and antibodies where more than two groups were involved. When significant differences were noted (P < 0.05), analyses were continued with post hoc tests via Dunn–Sidak multiple test correction. Differences in the incidence of myocarditis between groups were compared using the Fisher’s exact test. Student’s t-test was used to determine differences in the T cell proliferative responses, echocardiography parameters, MHC-binding affinities, frequencies of dext+ cells, and cytokine producing cells.

RESULTS AND DISCUSSION

In this report, we describe identification of T cell epitopes of β1AR in A/J mice that are highly susceptible to lymphocytic myocarditis induced by various cardiac antigens namely, Myhc (28), cardiac troponin I (47), ANT (26), and BCKD kinase (30). Importance of β1AR in the cardiac disease has long been investigated in that patients with myocarditis/DCM, in particular, IDCM show β1AR-reactive antibodies. Such a reactivity has been proposed to signify a marker of disease-progression and/or to predict prognosis (6, 20). β1AR-reactive antibodies localized to EC loop II particularly for β1AR 197–222 was also helpful to screen DCM patients in clinical settings (13, 48). Because the sequence of β1AR 197–222 is found conserved with 100% identity between humans, mice and rats, and 96.1% with rabbits (Table S1 in Supplementary Material), perhaps, rodent studies were undertaken to determine the pathogenic significance of β1AR 197–222 in the development of myocardial disease. Expectedly, rats and rabbits immunized with β1AR 197–222 developed cardiac dysfunctions suggestive of DCM, with minimal or no heart infiltrates (21–25). But all these disease-inducing protocols required biweekly or monthly immunizations for a period of 6–18 months. In addition, animals immunized with β1AR had agonistic antibodies of IgG isotype that trigger cardiac arrhythmias by activating cAMP/protein kinase A pathway and apoptosis of cardiomyocytes (19). In these conditions, however, relevance of β1AR-reactive T cell responses in the causation of cardiac autoimmunity remained uninvestigated. Thus, we made efforts to identify T cell epitopes of β1AR and their ability to induce myocarditis in A/J mice.

To identify T cell epitopes, we created an overlapping peptide library that included 46 peptides of 20-mers spanning the entire length of mouse β1AR (466 amino acids; Table S2 in Supplementary Material). For initial screening, we made nine pools with four to five peptides in each, and immunized A/J mice using the standard myocarditis-inducing protocol by administering peptide emulsions twice with a week interval as we and others have reported for various cardiac antigens (26, 28, 49). These analyses revealed detection of myocarditis in animals that received peptides from pools namely, IV, VII, VIII, and IX, with a disease incidence of 20–40% and the inflammatory foci were in the range of 2–42 (Table S3 in Supplementary Material). However, by evaluating T cell responses using RNase 43–56 as an irrelevant control, a trend was noted in that animals receiving a pool of peptides starting from β1AR 171–190 to β1AR 211–230 (pool IV) had good T cell responses up to ~2- to 5-fold that also had diffused inflammatory foci in one animal (Table S3 in Supplementary Material). Similar pattern was noted for one other group (pool VII) with the proliferative responses noted up to two-fold for three peptides (β1AR 321–340, β1AR 351–370, and β1AR 361–380), whereas T cell responses were not significant in the peptide pools, VIII and IX (Table S3 in Supplementary Material). Likewise, significant T cell responses although noted for few peptides in pools, I, II, III, V, and VI, inflammation was absent in the hearts of immunized animals (Table S3 in Supplementary Material). These observations suggest that occurrence of myocarditis might not be due to T cell responses in all the pools.

Since, our intent was to identify T cell epitopes which are capable to induce myocarditis, and the peptides spanning a stretch of 60 aa (β1AR 171–230, pool IV; Table S3 in Supplementary Material) that also encompasses β1AR 197–222 which was previously reported to be a B cell epitope (13, 48), we focused on all the five peptides from pool IV (Table S4 in Supplementary Material). For comparative analysis, we also randomly chose two other peptides from pool VIII namely; β1AR 381–400 and β1AR 391–410 that did not show T cell responses, but showed myocarditis (Table S3 in Supplementary Material). In the individual immunization settings, the disease incidence was noted to be 20–40%, but unexpectedly, none of the animals had significant disease, except two peptides that induced mild disease (β1AR 181–200 and β1AR 211–230) (Table S4 in Supplementary Material).

We and others had previously reported that the peptides modified to include acetyl group at N-terminal end can induce significant myocarditis such as Myhc 614–643 in Balb/c mice (26, 29). It has been proposed that acetylated peptides can be prevented from intracellular degradation leading to their stable binding to MHC molecules (29, 50). Thus, we decided to use the acetylated peptides, and focused only the peptides that were located within the stretch of β1AR 171–230 (Table 1). While, some enhancement was noted with the ability of acetylated peptides (β1ARAc 171–190 and β1ARAc 181–200) to induce myocarditis, only 25% of animals had the disease (Table 1). Expectedly, hearts from control groups (naive and CFA/PT) were negative for inflammatory changes. The T cell responses however were consistently noted for β1ARAc 171–190, β1ARAc 181–200, and β1ARAc 211–230 (Figure 1), whereas β1ARAc 191–210 and β1ARAc 201–220 remained as non-T cell activators (Figure S1A in Supplementary Material). The proliferative responses noted in the immunized animals were dose-dependent, and also specific to antigen, since responses to control antigen (RNase 43–56/HEL 46–61) were lacking (Figure 1). We then asked whether T cells primed with a pool of all three peptides that showed T cell responses (β1ARAc 171–190, β1ARAc 181–200, and β1ARAc 211–230) can collectively contribute to myocarditis-induction. These experiments led us to note a significant increase in the disease incidence (63%), but the disease-severity remained unaltered (Table 1, P = 0.03).

TABLE 1 | Induction of myocarditis by β1ARAc peptides.
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FIGURE 1 | T cell responses induced by β1ARAc peptides. Lymph node cells (LNCs) obtained from animals immunized with β1ARAc 171–190, β1ARAc 181–200, and β1ARAc 211–230 were restimulated with or without the corresponding peptides and RNase 43–56/HEL 46–61 (negative control) for 2 days. After pulsing with 3[H]-thymidine for 16 h, proliferative responses were measured as cpm. Mean ± SEM values derived from three to four individual experiments, each involving three to eight mice are shown. *P < 0.05 and **P < 0.01 vs. negative controls.



Histologically, in contrast to normal heart sections, inflammatory foci consisting of mononuclear cells (MNCs) involving pericardium, myocardium and endocardium were detected in animals immunized with β1ARAc 171–190, β1ARAc 181–200, or β1ARAc 211–230 individually or as a mixture, but necrosis or fibrosis were absent (Figure 2A). Consistent with these observations, echocardiographic analysis also revealed mild cardiac abnormalities as indicated by trends with increased heart rate relative to control animals (384.0 ± 10.10 vs. 337.67 ± 20.98 beats/min; P = 0.08, Table S5 in Supplementary Material). Immunized animals showed decreased LVID index at end-systole (0.26 ± 0.01 vs. 0.33 ± 0.01 mm; P = 0.047) and end-systolic volume (17.50 ± 2.89 vs. 33.33 ± 8.33 µl; P = 0.09, Table S5 in Supplementary Material) associated with an increase in left ventricular systolic function reported as ejection fraction and fractional shortening. The immunized mice showed the absence of hypertrophy and dilation as indicated by the lack of significant increase in the diastolic septal/posterior wall thickness indices and end-diastolic volume. However, the RWT of 0.43 in the immunized mice (normal RWT = 0.32–0.42) identifies concentric remodeling without hypertrophy whereas RWT of 0.39 identifies a normal morphology as seen in the naive mice (51). No differences with body weight (19.20 ± 0.32 vs. 18.23 ± 0.44 g), heart weight (87.25 ± 1.11 vs. 84.00 ± 1.73 mg) or heart/body weight ratio (4.55 ± 0.03 vs. 4.61 ± 0.07 mg/g) were observed between immunized and control groups (Figure S2 in Supplementary Material). Previous reports indicate that rats immunized with β1AR 197–222 for a prolonged period showed early cardiomyopathic changes at 1 year, but with no necrosis or fibrosis including changes in heart to body weight ratios (21). Likewise, cardiac abnormalities could be detected in Balb/c mice only at 25 weeks but not at 14 weeks postimmunization (22). These observations support the notion that β1AR-induced cardiomyopathy may be a slow progressive disease.
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FIGURE 2 | Histological evaluation of hearts from animals immunized with β1ARAc peptides. (A) Hematoxylin and eosin (H&E) staining. Groups of mice were immunized with or without indicated peptides in complete Freund’s adjuvant (CFA) twice with an interval of 7 days. At termination on day 21, hearts were collected to determine inflammatory changes by H&E staining analysis. Mild myocarditis as indicated by infiltrates containing mononuclear cells (MNCs) were noted in all groups. Boxed areas are shown at higher magnifications to the right in each panel. Arrows, inflammatory foci. Scale bar: 120 µm (overview images, 10×), 30 µm (magnifications, 40×). (B) Immunohistochemistry. Heart sections obtained from animals immunized with a mixture of β1ARAc 171–190, 181–200, and 211–230 were evaluated for the presence of T cells (CD3, CD4, and CD8) and non-T cells (Ly6G+ neutrophils, CD11b+ macrophages and CD19+ B cells) using antibodies for each marker or their isotype controls. After washing and addition of horseradish peroxidase (HRP)-conjugated secondary antibodies, cells positive for each marker were identified as shown with arrows. Representative sections from groups involving five to eight mice are shown. Naive and CFA/PT, controls; and scale bar, 60 µm.



Nonetheless, we further characterized the immune cells by IHC and the analysis revealed that heart sections from animals immunized with a mixture of three peptides as indicated above had CD3+ (136 ± 9 cells/mm2), CD4+ (92 ± 1 cells/mm2), CD8+ (66 ± 21 cells/mm2) T cells, and CD11b+ (65 ± 13 cells/mm2) macrophages, whereas Ly6G+ neutrophils, and CD19+ B cells were absent (Figure 2B: bottom panel). Expectedly, sections from control groups were negative for all the markers tested except rare CD11b+ cells. While, detection of T cells, mainly CD4 T cells and macrophages suggest the features of delayed-type hypersensitivity (DTH) reaction as noted with other myocarditis models (26, 28–30), detection of CD8 T cells was not expected although they can form a component of DTH reaction. This led us to test a possibility that both CD4 and CD8 T cells may have a role in myocarditis-induction. We sorted both subsets of T cells by magnetic separation from animals immunized with β1ARAc 171–190, β1ARAc 181–200, or β1ARAc 211–230 to a purity of ~95% (Figure S3A in Supplementary Material), and tested their ability to respond to antigens in a proliferation assay. As shown in Figure S3B in Supplementary Material, both CD4 and CD8 T cells responded to the corresponding immunizing peptides dose-dependently, and also antigen-specifically, since responses to HEL 46–61 were lacking. While, these data suggest that the disease induced with β1ARAc 171–190, β1ARAc 181–200, and β1ARAc 211–230 might have involved the mediation of both CD4 and CD8 T cells, existence of three CD8 T cell epitopes in as many CD4 T cell epitopes for a single autoantigen is unusual. But, we and others have previously reported that CD4 T cell epitopes of 19–21-mers can act as common epitopes for both CD4 and CD8 T cells as shown with Myhc 334–352 (31), myelin oligodendrocyte glycoprotein 35–55 (52), and interphotoreceptor retinoid-binding protein 1–20 (53). In the present study however, we did not investigate localization of CD8 T cell epitopes in the β1AR peptides, and such an identity may then create opportunities to determine how CD8 T cells independently or together with CD4 T cells can induce myocarditis, since their effector functions are distinct (CD8 cytotoxic vs. CD4 Th).

Further, we made efforts to characterize CD4 T cell responses as to their antigen-specificity. First, we determined MHC class II-binding affinities of β1ARAc peptides using soluble MHC class-II/IAk and IEk monomers (26, 28, 30). These analyses revealed two of the three peptides that induced T cell responses (Figure 1) namely, β1ARAc 171–190 and β1ARAc 211–230 could bind IAk molecules as indicated by their respective IC50 values, 26.14 ± 12.41 and 18.64 ± 1.23 µM, whereas the binding affinity of β1ARAc 181–200 was low (97.15 ± 2.07 µM) (Figure 3, left panel; P < 0.01). Of note, in a comparative analysis, another peptide, β1ARAc 201–220 that did not induce T cell response failed to bind IAk molecule (Figure S1B in Supplementary Material), and it was not chosen for further characterization. Since, β1ARAc 181–200, a T cell activator was found to be a poor binder of IAk, we generated IEk monomers to determine its ability to bind IEk molecule, since A/J mice express both IAk and IEk molecules (33, 34). By using IEk monomers, and MCC 82–103 as a reference peptide, we determined that β1ARAc 181–200 to be a good binder of IEk molecule as indicated by the IC50 value 6.12 ± 0.69 µM (Figure 3, right panel). Based on this information, we decided to create two sets of dextramers: IAk dextramers for β1ARAc 171–190 and β1ARAc 211–230 with RNase 43–56 as control, and IEk dextramers for β1ARAc 181–200 and MCC 82–103 (control). Using these reagents, we tested the antigen-specificity of T cell responses in animals immunized with β1ARAc 171–190, β1ARAc 181–200, and β1ARAc 211–230, respectively. CD4 T cells from cultures stimulated with the respective peptides were found to bind dextramers antigen-specifically, whereas the staining intensity obtained with the control dextramers was low as determined by flow cytometry (Figure 4). As we have reported previously for various self- and foreign-antigens (28, 34, 35, 54), we noted that the dextramers for all the three T cell epitopes of β1AR were also preferentially found to bind activated CD4high than CD4low subset. The percent dext+ CD4high T cells were: β1ARAc 171–190 (3.27 ± 0.56%) vs. RNase 43–56 (0.52 ± 0.08%) (P = 0.049, Figure 4A), β1ARAc 181–200 (0.71 ± 0.09%) vs. MCC 82–103 (0.33 ± 0.03%) (P = 0.028, Figure 4B), and β1ARAc 211–230 (0.51 ± 0.01%) vs. RNase 43–56 (0.12 ± 0.01%) (P = 0.0003, Figure 4C). The data point to a possibility that the antigen-sensitized CD4 T cells might be the mediators of disease.
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FIGURE 3 | Determination of major histocompatibility complex (MHC) class II-binding affinities of β1ARAc peptides. Mixtures containing thrombin-cleaved IAk and IEk soluble monomers (0.35 µg), competitor peptides—β1ARAc 171–190, β1ARAc 181–200, and β1ARAc 211–230 (0.00001–100 µM)—and biotinylated hen egg lysozyme (HEL) 46–61 (reference for IAk) and moth cytochrome c (MCC) 82–103 (reference for IEk) (1 µM) were prepared and added to fluorescence plates coated with anti-IAk or IEk in duplicates as described in the methods. After washing, and addition of europium-labeled streptavidin (SA) and dissociation-enhanced lanthanide fluoroimmunoassay (DELFIA) enhancer, fluorescence intensities were measured at excitation/emission wavelengths of 340/615 nm to calculate the IC50 values. Mean ± SEM values from three individual experiments with two replicates in each are shown. **P < 0.01 and ***P < 0.001 vs. IC50 of IAk/β1ARAc 181–200.
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FIGURE 4 | Antigen-specificity of T cell responses induced by β1ARAc peptides. Lymph node cells (LNCs) or splenocytes prepared from animals immunized with β1ARAc 171–190, β1ARAc 181–200, and β1ARAc 211–230 were restimulated with the corresponding peptides for 2 days and cells were rested in interleukin (IL)-2 medium. Cells harvested on days 7–10 poststimulation were stained with three sets of dextramers namely, IAk dextramers (β1ARAc 171–190 and RNase 43–56 as control), panel (A); IEk dextramers [β1ARAc 181–200 and moth cytochrome c (MCC) 82–103 as control], panel (B); and IAk dextramers (β1ARAc 211–230 with RNase 43–56 as control), panel (C); followed by staining with anti-CD4 and 7-aminoactinomycin-D (7-AAD). Cells were acquired by flow cytometry, and the dext+ cells were analyzed corresponding to CD4low or CD4high populations using Flow Jo software (bar graphs on the right side in each panel). Representative flow cytometric plots are shown from two to three individual experiments, with two to five mice per group. *P < 0.05 and ***P < 0.001 vs. control dextramers.



Next, we sought to determine the pathogenic potential of T cells sensitized with β1AR 171–190, β1AR 181–200, or β1AR 211–230 by analyzing their ability to produce various inflammatory cytokines (Figure 5). Supernatants from cultures stimulated with or without specific or control (RNase 43–56/HEL 46–61) antigens revealed the presence of all cytokines, except IL-4. Data revealed no striking differences for any of the cytokines except that IL-17A was tended to be elevated in β1AR 171–190 and β1AR 181–200 cultures (P = 0.06, Figure 5). Conversely, production of IFN-γ, another key cytokine was not altered including other proinflammatory (IL-6 and TNF-α) or anti-inflammatory (IL-4 and IL-10) cytokines. Accumulated literature suggests that IFN-γ can act as a disease-protective or disease-inducing cytokine in various myocarditis models, and such differential effects may be antigen-dependent (55). Likewise, IL-17A appears not to be required for initiating the disease, but plays a critical role for progression of myocarditis (56). We have also seen that cardiac-reactive T cells produce mostly IFN-γ (30) and/or IL-17A in addition to IL-6 and TNF-α in A/J mice (26, 28). Since, IFN-γ-production was found to be unaltered with β1AR peptides, production of IL-17A alone might be insufficient to initiate myocarditis which is consistent with the observations made in Myhc 614–629-induced myocarditis (56). TNF-α and IL-6, being inflammatory cytokines may have a role in myocarditis (57, 58), but their amounts were low in cultures stimulated with β1AR peptides to predict their impact. The finding that IL-4 or IL-10 were detected in insignificant amounts in all the cultures, suggests that the mild nature of disease in the immunized animals appear not due to immune deviation occurring toward Th2 phenotype.
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FIGURE 5 | Cytokine responses induced by β1ARAc peptides. Lymph node cells (LNCs) were prepared from animals immunized with acetylated or non-acetylated β1AR 171–190, β1AR 181–200, or β1AR 211–230, and after restimulating with or without the immunizing peptides or RNase 43–56/HEL 46–61 (negative controls), culture supernatants were harvested on day 3. Samples were analyzed for indicated cytokines by bead array analysis as described in the methods section. Each bar represents mean ± SEM values derived from four to five individual experiments, with three to eight mice per group.



To investigate whether β1AR-reactive cells producing differential amounts of Th1 and Th17 cytokines could determine the disease outcome, we performed adoptive transfer experiments using antigen-primed T cells treated with or without a cocktail of cytokines that polarize toward Th1 and Th17 responses (41–44). As shown in Figure S4 in Supplementary Material, we noted increase in the frequencies of cells expressing Th1 (IL-2 and IFN-γ) and Th17 (IL-17A and IL-22) including Th2 (IL-4 and IL-10) cytokines as reported by others (41–44, 59, 60). However, comparative analysis revealed Th1-producing cells to be significantly enhanced in β1AR 181–200 cultures as opposed to Th2 cytokine-producing cells in β1ARAc 171–190 and β1ARAc 211–230 cultures but with no significant increase in the Th17 subset in any of the groups. Table 2 shows that the naive animals receiving unpolarized lymphocytes specific to β1ARAc 171–190 and β1ARAc 211–230 had no inflammatory foci in their hearts, where as one animal receiving β1ARAc 181–200-primed lymphocytes had heart lesions. When the cells were exposed to the polarizing conditions as described above, it was clear that the naive animals receiving β1ARAc 181–200-primed lymphocytes had severe myocarditis (25.8 ± 7.4 foci; Table 2; Figure 6A; Figure S5 in Supplementary material). Under similar conditions, β1ARAc 171–190-and β1ARAc 211–230-responsive lymphocytes did not result in disease, which may be due to their enhanced ability to produce Th2 cytokines (Table 2; Figure S4 in Supplementary Material). Expectedly, heart sections from control groups (saline and LPS/PT) also were negative for inflammatory changes (Table 2; Figure 6A). Furthermore, by IHC analysis, we noted detection of CD3+, CD4+ and CD8+ T cells and also CD11b+ macrophages in heart sections from animals that received β1ARAc 181–200-primed/polarized lymphocytes (Figure 6B). These findings may reinforce the notion that the disease induced with β1ARAc peptides represents a T cell-mediated, disease as we have demonstrated with other antigens namely, Myhc, ANT, and BCKD kinase (26, 28, 30). While, cytokine-polarized experiments provided explanations as to why the disease-severity was mild in animals that received CFA/β1ARAc peptide emulsions by active immunizations, occurrence of disease with only β1ARAc 181–200-sensitized T cells, but not for two other peptides (β1ARAc 171–190 and β1ARAc 211–230) in adoptive transfer experiments may indicate that both Th1 and Th17 cytokines are critical for disease induction. Alternatively, it is possible that cytokines other than Th1 and Th17 subsets may have a role in the disease-mediation with β1ARAc 181–200-sensitized T cells because comparison of frequencies of cytokine-producing cells between groups did not reveal striking differences for any of the cytokines tested.

TABLE 2 | Myocarditis induced by T cells sensitized with β1ARAc peptides in naive A/J mice.
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FIGURE 6 | Evaluation of hearts for inflammatory changes in naive recipients of T cells sensitized with β1ARAc 181–200. (A) Hematoxylin and eosin (H&E) staining. Groups of mice were immunized with a mixture of β1ARAc 171–190, β1ARAc 181–200, and β1ARAc 211–230 and after 14–21 days, lymph node cells (LNCs) were restimulated with the corresponding peptides for 2 days. After exposing to T helper (Th)1- and Th17-polarizing conditions, cells harvested on day 7 postpolarization and administered into naive mice primed with lipopolysaccharide (LPS). Representative normal heart sections in saline and LPS/PT controls are shown in the top panel. The bottom panel represents recipients of β1ARAc 181–200-sensitized/polarized T cells. Circled areas are shown at higher magnifications to the right in each panel (arrows, inflammatory foci). Scale bar: 120 µm (overview images, 10×), 30 µm (magnifications, 40×). n = 4 mice per group. (B) Immunohistochemistry. Heart sections were examined for T cells and non-T cells using the antibodies for indicated markers. Detection of cells positive for each marker (arrows) was analyzed by adding HRP-conjugated secondary antibodies as described in the methods section. Representative sections from four animals in each group are shown. Scale bar, 60 µm.



Finally, we evaluated antibody responses for a panel of β1ARAc peptides. These include peptides that induced both T cell responses and disease (β1ARAc 171–190, β1ARAc 181–200, and β1ARAc 211–230), and those that did not induce T cell responses or disease (β1ARAc 191–210 and β1ARAc 201–220). Serum samples collected from immunized animals were tested for their reactivity to the immunizing peptides as indicated above or an irrelevant control, RNase 43–56. The analyses revealed detection of total Igs specific to β1ARAc peptides, since such a reactivity was found lacking for RNase 43–56 (Figure 7A). However, comparison of antibody responses between different peptides revealed antibody response to β1ARAc 201–220 and to some degree, β1ARAc 191–210 (Figure 7A). By further characterizing various isotypes, we noted that the antibody response induced with β1ARAc 201–220 involved the production of all IgG isotypes (IgG1, IgG2a, IgG2b, IgG3) including IgM, except IgA and IgE (Figure 7B). By being a non-T cell activator (Figure S1A in Supplementary Material), production of various isotypes of Abs specific to β1ARAc 201–220 may mean that the antigen-specific B cells might have received cytokines from non-T cell sources for isotype switching to occur. One potential source is the adjuvant (CFA) that can promote isotype switching through the secretion of Type I IFNs from dendritic cells as shown previously (61). Furthermore, it is to be noted that β1ARAc 201–220 encompasses 20 amino acids of the previously reported B cell epitope, β1AR 197–222 that was shown to induce antibodies in various rodent species (21, 24, 25). Our data also supports this observation. Detection of antibodies to β1ARAc 191–210 may be due to the presence of overlapping sequence between β1ARAc 191–210 and β1ARAc 201–220. However, the observation that β1ARAc 201–220 failed to induce myocarditis in our model may not necessarily mean that the β1ARAc 201–220-induced antibodies are not pathogenic. The reason for this discrepancy is that animals needed to be repeatedly immunized with β1ARAc 197–222 for a period of 12 months in rats and rabbits, and mice were also to be immunized with six doses of CFA/peptide emulsions (21–25). We did not investigate whether A/J mice immunized for such a prolonged period can develop myocarditis, since we limited our focus to the extent of identifying T cell epitopes, and their ability to induce myocarditis in a standard disease-inducing protocol.
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FIGURE 7 | Antibody responses induced by β1ARAc peptides. Groups of mice were immunized with β1ARAc 171–190, β1ARAc 181–200, β1ARAc 191–210, β1ARAc 201–220, or β1ARAc 211–230 and after 21 days, serum was collected. Samples with dilutions of 1:100 were added to low-binding plates coated previously with or without the above peptides or RNase 43–56 (control). After adding horseradish peroxidase (HRP)-conjugated, goat anti-mouse detection antibodies for Igs and different isotypes, plates were read at 405 nm to measure the OD values. Each bar represents mean ± SEM values derived from five animals per group. **P < 0.01 vs. controls. (A) Total immunoglobulins and (B) antibody isotypes.



In summary, we demonstrate existence of multiple immunodominant epitopes that are unique to T cells or B cells, but not both. Use of a single motif, β1AR 197–222 as a B cell epitope to determine the mechanisms of antibody-mediated myocardial disease in several rodent species was perhaps on the idea that the epitope was found conserved (Table S1 in Supplementary Material). Along the same lines, comparison of sequences between humans, mice, rats and rabbits revealed 100% identity for all T cell epitopes that we have described namely, β1AR 181–200, and β1AR 211–230 with only one residue being different for β1AR 171–190 between humans and mice (Table S6 in Supplementary Material), suggest that these epitopes may be relevant to evaluate T cell responses in humans. In addition, we noted that splenocytes from naive animals responded to two out of three T cell epitopes namely, β1ARAc 171–190, and β1ARAc 181–200 (Figure S6 in Supplementary Material) indicating that the naive repertoire can contain a proportion of β1AR-reactive T cells that might have responded in response to peptide immunizations. Reports suggest that β1AR proteins are differentially expressed in the thymus with a predominant form being β2AR (62). It is possible that the developing thymocytes may escape from thymic tolerance mechanisms due to low β1AR-expression in the thymus leading to their emigration to the periphery. Thus, we speculate that the preexisting β1AR-reactive T cells can be activated under conditions of self-tolerance to be broken by environmental triggers. Of note, cross-reactive immune responses have been noted between Trypanosoma cruzi and β1AR and it might be interesting to determine whether such responses are directed against the T cell epitopes in A/J mice which are also highly susceptible to T. cruzi infection (63, 64). Additionally, we have demonstrated that the β1AR-reactive T cells producing insufficient amounts of IFN-γ can become pathogenic under Th1-polarized conditions. Thus, we could envision a scenario that IL-12 produced by the innate immune cells such as macrophages and dendritic cells in response to intracellular pathogens like T. cruzi can possibly trigger IFN-γ-producing β1AR-reactive T cells to become pathogenic. Such a possibility exists for three reasons: (a) β1AR is preferentially expressed in the heart; (b) evaluation of non-cardiac tissues such as brain, liver, lung, and kidney in animals immunized with β1AR peptides did not reveal any significant inflammatory changes relative to control groups (Table S7 in Supplementary Material); and (c) all the three T cell epitopes are unique to β1AR because they share only 40–65% similarity with β2AR and β3AR (Table S8 in Supplementary Material). Thus, the pathogenic β1AR-reactive T cells are expected to mediate damage preferentially in the heart.
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Autoimmune hemolytic anemia (AIHA) results from breakdown of humoral tolerance to RBC antigens. Past analyses of B-cell receptor transgenic (BCR-Tg) mice that recognize RBC autoantigens led to a paradigm in which autoreactive conventional B-2 B cells are deleted whereas extramedullary B-1 B cells escape deletion due to lack of exposure to RBCs. However, BCR-Tg mice utilized to shape the current paradigm were unable to undergo receptor editing or class-switching. Given the importance of receptor editing as mechanism to tolerize autoreactive B cells during central tolerance, we hypothesized that expansion of autoreactive B-1 B cells is a consequence of the inability of the autoreactive BCR to receptor edit. To test this hypothesis, we crossed two separate strains of BCR-Tg mice with transgenic mice expressing the BCR target on RBCs. Both BCR-Tg mice express the same immunoglobulin and, thus, secrete antibodies with identical specificity, but one strain (SwHEL) has normal receptor editing, whereas the other (IgHEL) does not. Similar to other AIHA models, the autoreactive IgHEL strain showed decreased B-2 B cells, an enrichment of B-1 B cells, and detectable anti-RBC autoantibodies and decreased RBC hematocrit and hemoglobin values. However, autoreactive SwHEL mice had induction of tolerance in both B-2 and B-1 B cells with anti-RBC autoantibody production without anemia. These data generate new understanding and challenge the existing paradigm of B cell tolerance to RBC autoantigens. Furthermore, these findings demonstrate that immune responses vary when BCR-Tg do not retain BCR editing and class-switching functions.
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INTRODUCTION

Establishment and maintenance of immunological tolerance is essential to prevent autoimmunity, and breakdown of tolerance to red blood cell (RBC) antigens may lead to autoantibody production. Development of anti-RBC autoantibodies can occur secondary to lymphoproliferative disorders, infections, or blood transfusions (1, 2); however, in some cases, autoantibodies to RBCs appear to be the result of primary immunodysregulation (3). The process of autoantibody generation to RBC antigens occurs much more frequently than is generally appreciated, since the vast majority of RBC-specific autoantibodies do not cause any detectable hemolysis or illness. Indeed, up to one out of every 1,000 asymptomatic healthy blood donors have detectable autoantibodies specific for RBCs. However, in the instances where RBC autoantibodies do induce hemolysis, then autoimmune hemolytic anemia (AIHA) can ensue, leading to a severe and sometimes fatal disease (4).

Our understanding of the mechanisms by which B cell tolerance to self-antigens is established and maintained has been significantly advanced through the use of B-cell receptor transgenic (BCR-Tg) mice (5–8). Detailed analyses of BCR-Tg systems have established that developing B cells are tolerized to self-antigens in the bone marrow through receptor editing, deletion, and/or anergy. Applying this approach to the study of B cells specific for autoantigens on RBCs has been carried out in a series of elegant studies using the autoAb 4C8 BCR-Tg mouse model, in which transgenic mice carry immunoglobulin (Ig) genes derived from an anti-erythrocyte autoantibody, 4C8 (9). AutoAb 4C8 BCR-Tg mice show a relative absence of autoreactive conventional (B-2) B cells in the bone marrow and secondary lymphoid organs. By contrast, autoreactive B-1 B cells are enriched in the peritoneal cavity and lamina propria (10, 11). Experimental introduction of a B cell mitogen induces expansion of autoreactive B-1 B cells, correlating with increased autoantibody secretion (12). As a consequence of autoantibody production and hemolysis, the autoAb 4C8 BCR-Tg mice become anemic. Autoantibodies and disease pathology are resolved after elimination of B-1 B cells through hypotonic shock or antigen-induced cross-linking of the BCR (13). Together, these data lead to a model in which B-1 B cells represent a dangerous population in which BCRs specific for RBC autoantigens are not tolerized, presumably because B-1 B cells can develop in extramedullary spaces in which RBC antigens are not likely to be encountered. These data are the basis for the prevailing paradigm of B cell tolerance to RBC autoantigens.

Although the autoAb 4C8 BCR-Tg mouse model led to substantial generation of new knowledge, there are several limitations. The transgenic BCR of the autoAb 4C8 mouse recognizes Band 4.1 (14), a ubiquitous RBC antigen required for RBC membrane stability. Band 4.1 knockout mice are viable (15, 16); however, they exhibit moderate AIHA and their unstable RBC membranes result in abnormal morphology. As such, Band 4.1 knockout mice are not a good control to analyze the effects of the anti-RBC B cells in the absence of autoantigen in the autoAb 4C8 model. In addition, autoAb 4C8 BCR-Tg mice were designed with random integration, are genetically restricted to IgM, and cannot undergo BCR rearrangement, receptor editing, or class-switching. Finally, while the severe hemolysis and chronic inflammation resulting from autoantibody production models AIHA pathology, the presence of autoantibodies simultaneously complicate analysis of baseline immunology. To circumvent these limitations, we engineered a novel model of B cell tolerance to an RBC antigen by utilizing HOD transgenic mice. The HOD mouse expresses a triple fusion protein consisting of hen egg lysozyme (HEL), ovalbumin, and human blood group antigen Duffy (HOD), driven by an RBC-specific promoter (17). Similar to many human RBC autoantibodies, antibodies specific for the HOD antigen do not promote hemolysis.

Two separate BCR-Tg mice with specificity for HEL (contained within HOD) have been described (7, 18). IgHEL mice are random transgenic animals with heavy and light chains specific for HEL, and like autoAb 4C8 BCR-Tg mice, are incapable of undergoing BCR rearrangement, receptor editing, or normal class-switching (7). By contrast, the SwHEL mice were generated with the same Ig transgene as the IgHEL mice, but the heavy chain VDJ region was inserted into the Vh10 locus by homologous recombination; the same light chain was used in both IgHEL and SwHEL animals (18). In this way, anti-HEL B cells in the SwHEL mouse can undergo BCR editing in the bone marrow and can participate in germinal center reactions that result in class-switching to each of the natural antibody isotypes. To further study the mechanisms of B cell tolerance to an RBC autoantigen, we bred HOD mice with either IgHEL or SwHEL mice. This approach allows a direct juxtaposition of the experimental effects of allowing (or preventing) BCR receptor editing, recombination, and class-switching of an Ig specific for an RBC autoantigen.

RESULTS

Peritoneal B-1 B Cells Are Enriched in Autoreactive IgHEL But Not SwHEL Mice

Both IgHEL and SwHEL mice are on a C57BL/6 (B6) background and both were generated using the HyHEL10 heavy and light chain genes, which confer specificity for HEL (6, 18). Accordingly, BCR-Tg B cells found in either IgHEL or SwHEL mice express a BCR with the same HEL-specific paratope. To track and enumerate HEL-reactive B cells in either IgHEL or SwHEL mice, cells were stained with anti-B220 and tetramerized-HEL-APC (HEL-tet). Consistent with previously published data (18, 19), over 90% of B cells from IgHEL mice and 40–60% of B cells in SwHEL mice reacted with HEL-tet (Figure 1A, left and representative flow plots, right).
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FIGURE 1 | B-1 B cells are enriched in autoreactive IgHEL+HOD+ but not SwHEL+HOD+. Splenocytes and peritoneal cells were harvested and evaluated for expression of cell surface markers to determine the number, frequency, and phenotype of hen egg lysozyme (HEL)-reactive B cells. (A) Splenocytes from B6 (left), IgHEL (middle), and SwHEL (right) mice were stained with anti-CD19, anti-B220, and fluorescently labeled HEL (HEL-tet) to determine the frequency of HEL-reactive B cells. Data are representative data from three independent experiments (with at least three mice per group), bar graphs are mean ± SD. Bar graphs and flow plots are gated on CD19+ cells. Peritoneal cells were stained with anti-CD19, anti-IgM, anti-CD43, anti-IgD, and HEL-tet to delineate (B) B-1 and (C) B-2 B cell subsets and to determine reactivity with HEL. Data shown in (B,C) are compiled from three independent experiments with at least three mice per group. Selective p values are shown on graphs and * ≤ 0.05, ** ≤ 0.01, and *** ≤ 0.001. For complete statistical analysis with all significant differences, see Table S1 in Supplementary Material.



Previous data with the autoAb 4C8 BCR-Tg mouse model provided evidence that autoantibodies were a consequence of incomplete tolerance in the B-1 B cell compartment in the peritoneal cavity (10). To test the association of peritoneal autoreactive B-1 B cells in tolerance to RBC-specific autoantigens, both IgHEL and SwHEL mice were crossed with HOD mice, whereby HEL is part of the HOD fusion construct that has RBC-specific expression (20). B-1 B cells were defined as CD19+IgM+CD43+ events whereas B-2 B cells were defined as CD19+IgM+IgD+CD43− events. HEL-reactive B cells in these populations were determined by binding to HEL-tet.

Control B6 mice had fewer than 1,000 HEL-reactive B-1 B cells detectable in the peritoneum, representing the normal background staining for these mice (Figure 1B, left panel; Table S1 in Supplementary Material). No significant difference in this signal was observed in HOD, SwHEL, or IgHEL mice; thus, neither the presence of the HOD antigen nor a HEL-specific Ig transgene increased the number of HEL-reactive B-1 B cells in peritoneal cavity. Co-expression of the Ig transgene and the cognate autoantigen (HEL) in the IgHEL+HOD+ and SwHEL+HOD+ mice yielded different observations; the number of HEL-reactive peritoneal B-1 B cells was similar between SwHEL and autoreactive SwHEL+HOD+ mice; however, unlike the observations made with SwHEL animals, there was a significant increase in HEL-reactive B-1 B cell numbers in IgHEL+HOD+ mice, compared to the IgHEL mice (Figure 1B, left panel; Table S1 in Supplementary Material).

The observed increase of HEL-reactive B-1 B cells in IgHEL+HOD+ mice was not due to a general increase in B-1 B cells, as the absolute number of peritoneal B-1 B cells (of any specificity) was not increased in IgHEL+HOD+ mice compared to other groups (Figure 1B, middle panel). On the contrary, a 10-fold decrease in absolute numbers of B-1 B cells was observed in IgHEL mice, compared to control strains; something not observed in SwHEL mice (Figure 1B, middle panel). However, within the decreased B-1 population in IgHEL mice, there was substantial enrichment in the percentage of B cells that were HEL-specific (Figure 1B, right panel), thus accounting for the decrease in total number of B-1 B cells but not in the number of HEL-specific B cells in IgHEL mice. Together, these data indicate that expression of the anti-HEL IgM Ig in the IgHEL mouse (in the absence of the HEL antigen) decreases total B-1 B cell numbers, but the surviving population has a high percentage of HEL-specific B cells. Furthermore, co-expression of HEL with the IgHEL BCR (IgHEL+HOD+ mice) resulted in significantly higher numbers of HEL-reactive peritoneal B-1 B cells. Thus, for the IgHEL mouse, autoantigen promotes the expansion of autoreactive peritoneal B-1 B cells, consistent with the data obtained with the autoAb 4C8 mouse model.

Analysis of the SwHEL mouse gave a very distinct outcome compared to IgHEL. On its own, the SwHEL mouse was not significantly different from the B6 mice with regard to number of B-1 B cells (total or HEL-specific) in the peritoneum, with only a slight (but non-significant) increase in percentage of HEL-specific B-1 B cells (Figure 1B). In stark contrast to the IgHEL mouse, crossing SwHEL with HOD mice failed to significantly alter the number or percentage of B-1 B cells, either HEL specific or total. Moreover, the small increase in HEL-specific B-1 B cells in SwHEL mice was not increased by presence of HOD autoantigen (as observed in IgHEL+HOD+), but was decreased to baseline levels seen in control mice (Figure 1B, right panel). Together, these data draw a sharp distinction between the fates of autoreactive B-1 B cells in IgHEL vs. SwHEL mice, with a preferential increase in autoreactive peritoneal B-1 B cells in IgHEL+HOD+ but not SwHEL+HOD+ animals.

Analysis of B-2 B cells demonstrated that both B6 and HOD mice have similar numbers and percentages of B-2 B cells in the peritoneal cavity, both for absolute numbers and HEL-specific B-2 B cells (Figure 1C, left and middle panels). Consistent with carrying an anti-HEL Ig transgene, both the SwHEL and IgHEL mice have increased B-2 B cells specific for HEL (numbers and percentages) (Figure 1C, left and right panels), but in neither instance is this simply the result of increased total numbers of B-2 B cells as numbers of total B-2 B cells is unaltered in SwHEL or IgHEL mice compared to control strains (Figure 1C, middle panel). Crossing IgHEL or SwHEL with HOD gave distinct results. Numbers of HEL-reactive B-2 B cells were significantly reduced in IgHEL+HOD+ mice compared to IgHEL alone; however, despite this decrease, there remain a significantly elevated number of HEL-reactive B-2 B cells in IgHEL+HOD+ mice compared to controls (Figure 1C, left panel). By contrast, in SwHEL+HOD+ mice, HEL-reactive B-2 B cells were decreased (although this reduction was not statistically significant), returning to control baseline numbers. Some of the decrease in HEL-reactive B-2 B cells in SwHEL+HOD+ mice may be due to a reduction in the total number of B-2 B cells (Figure 1C, middle panel); however, analysis of percentages of HEL-reactive B-2 B cells shows a large percentage of HEL-reactive B-2 B cells in SwHEL mice that were absent in SwHEL+HOD+ animals. A similar trend was observed in the percentage of B-2 B cells that are HEL-reactive in IgHEL+HOD+ mice, but to a much lesser extent.

In aggregate, these findings demonstrate a significant enrichment of RBC autoreactive B-1 B cells in IgHEL+HOD+ mice that is absent in SwHEL+HOD+ mice. Moreover, RBC autoreactive B-2 B cells largely persisted in IgHEL+HOD+ mice, but were essentially absent in SwHEL+HOD+ mice. Thus, the question of how RBC autoantigens educate autoreactive B cells yields a very different answer depending upon whether the BCR transgene is a random integrant that cannot undergo BCR recombination, receptor editing, or class-switching vs. a knock-in that retains the ability to participate in these processes.

B Cell Development in the Bone Marrow Is Altered in IgHEL BCR-Tg Mice

To test the effects of RBC-specific antigen expression upon central tolerance mechanisms, B cell development in bone marrow was analyzed by flow cytometry. The baseline percentages of B cells in SwHEL mice was equivalent to B6 and HOD control strains, whereas a slight decrease was observed in IgHEL mice (Figure 2A; Table S2 in Supplementary Material). SwHEL+HOD+ had no decrease in B cell percentages in bone marrow compared to SwHEL mice; by contrast, IgHEL+HOD+ mice had a significant decrease in B cells compared to control B6 and HOD mice and a slight reduction compared to IgHEL+ mice (Figure 2A; Table S2 in Supplementary Material). Thus, the presence of autoantigen results in a decrease in B cell percentages for IgHEL+HOD+ but not SwHEL+HOD+ mice.
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FIGURE 2 | Effect of red blood cell (RBC) autoantigen on B cell development in bone marrow. Bone marrow was harvested, RBCs were lysed, and residual cells were stained with anti-B220, anti-CD43, anti-CD24, anti-IgD, anti-IgM, anti-BP-1, HEL-tet, and control Albumin-tet to delineate the stages of bone marrow development. (A) The percentage of B cells in bone marrow was determined for each indicated genotype. (B) Bone marrow cells were evaluated for cell surface markers to determine the stages of B cell development, and (C) Fractions A–F are shown for each indicated genotype. (D) The percent of total B cells, and (E) percent and (F) number of hen egg lysozyme (HEL)-reactive B cells were determined for Fraction F, the final stage of bone marrow development. Flow plots are representative data from three independent experiments with at least three mice per group. Scatter dot plots in (A,D–F) are compiled data from three independent experiments with at least three mice per group. Selective p values are shown on graphs and * ≤ 0.05, ** ≤ 0.01, and *** ≤ 0.001. For complete statistical analysis with all significant differences, see Table S2 in Supplementary Material.



To analyze individual stages of B cell development, total B220+ cells were categorized into developmental Fractions A–F using surface expression of B220, CD43, BP-1, CD24, IgD, and IgM. Stages of B cell development consist of A = pre–pro-B, B = pro-B, C = early pre-B, D = IgM − IgD− late pre-B cells, E = new B, and F = antigen naïve, mature B (gating strategy shown in Figure 2B) (21, 22). Percentages of B cells in bone marrow from SwHEL mice (Figure 2C, top row) had similar frequencies of B cells in each developmental stage as was observed in control B6 and HOD mice (data not shown). By contrast, IgHEL mice had a significantly smaller percentage of B cells in Fraction C, the developmental stage for rearrangement of the heavy chain locus (Figure 2C, bottom row). In addition, IgHEL mice had a decrease in the percentage of B cells detected in Fraction D (pre-B cells with phenotype IgM − IgD−), during which light chain rearrangement occurs. Concomitantly, IgHEL mice had a significant increase in the percentage of cells detected in Fraction F, the final stage of B cell maturation where B cells express IgM+IgD+. Accordingly, IgHEL and SwHEL mice have different baseline B cells at each stage of development (in the absence of autoantigen), likely as a result of the different genetic constructs.

Bone marrow from IgHEL and SwHEL mice was juxtaposed with IgHEL+HOD+ and SwHEL+HOD+, respectively, to determine the effects of RBC autoantigen expression on B cell development (representative flow plots are shown in Figure 2C, right panels). Whereas B6, HOD, and SwHEL mice had a similar percentage of B cells in fraction F (mature B cells), a significant increase was observed in IgHEL mice (Figure 2D). The presence of autoantigen resulted in a 2-fold decrease in the percentage of B cells in Fraction F in SwHEL+HOD+ mice compared to SwHEL+ animals (Figure 2D). By contrast, IgHEL animals had a substantial increase in B cells in fraction F compared to controls, and only a slight decrease was observed in IgHEL+HOD+ mice compared to IgHEL animals (Figure 2D). Correlating with a decrease in mature B cells in SwHEL+HOD+ mice, the percentage of B cells reactive with HEL-tet was decreased 4-fold, compared to SwHEL [Figure 2E, average percentages: SwHEL+ (48%) and SwHEL+HOD+ (12%)]. Similarly, the percentage of B cells reactive with HEL was decreased 2.5-fold in IgHEL+HOD+ mice, compared to IgHEL [Figure 2E, average percentages: IgHEL (88%) and IgHEL+HOD+ (35%)]. Enumeration of HEL-reactive B cells in Fraction F revealed a reduction of 6.8-fold in SwHEL+HOD+ and 5.4-fold in IgHEL+HOD+ mice compared to their respective BCR-Tg control mice [Figure 2F, mean HEL-reactive B cell numbers: SwHEL+ (6,789), SwHEL+HOD+ (998), IgHEL+ (22,172), and IgHEL+HOD+ (4,123)]. Thus, central tolerance mechanisms in both IgHEL+HOD+ and SwHEL+HOD+ mice decreased the numbers of autoreactive B cells to an RBC-specific antigen. However, while SwHEL+HOD+ mice appeared more efficient than IgHEL+HOD+ mice in decreasing HEL-specific B cells, mature autoreactive B cells were observed in both strain combinations.

HEL-Reactive Marginal Zone (MZ) B Cells Are Enriched in Autoreactive IgHEL Mice

The extent to which peripheral tolerance mechanisms act upon the mature autoreactive B cells detected in SwHEL+HOD+ and IgHEL+HOD+ mice was investigated by analyzing autoreactive splenic B cells that escaped central tolerance. IgHEL+HOD+ mice had significantly fewer splenic B cells, compared to all other groups, including IgHEL (Figure 3A; Table S3 in Supplementary Material). By contrast, no decrease in total B cells was detected in SwHEL+HOD+ mice compared to SwHEL mice. Once B cells leave the bone marrow, they pass though several transient transitional stages (T1, T2, and T3) in the spleen, which serve to dictate the final B cell maturation into follicular (FO) or MZ B cells (representative gating strategy shown, Figure 3B). There was no significant change in the percentage of T1 B cells in SwHEL+HOD+ mice compared to SwHEL mice, both of which were likewise similar to control B6 and HOD mice (Figure 3C). Analysis of the HEL specificity of B cells in these populations demonstrated that the percentage of HEL-specific B cells in T1 in SwHEL mice was significantly decreased in SwHEL+HOD+ mice (Figure 3D). Analysis of absolute numbers showed a similar pattern of decrease in HEL-reactive B cells in T1 in SwHEL+HOD+ compared to SwHEL, although to a lesser extent than predicted by percentage (Figure 3E). A similar trend was observed with percentages of total and HEL-reactive B cells in T2 (Figures 3F,G). The percentages of total and HEL-reactive B cells in T3 for SwHEL and SwHEL+HOD+ were similar to controls (Figures 3H,I). As T3 B cells have been correlated with anergy (23, 24), these findings make it unlikely that a large number of cells are arrested in an anergic T3 state in SwHEL+HOD+ mice.
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FIGURE 3 | Effect of red blood cell autoantigen on B cell transition and maturation. Splenocytes were harvested from mice and stained with antibodies against IgD, IgM, CD93, CD21/35, CD23, and B220 to define the stages of B cell development in the spleen. To evaluate reactivity to hen egg lysozyme (HEL), cells were stained with albumin-tet to control for nonspecific binding followed by HEL-tet. (A) The percentage of B220+ splenic B cells was determined and (B) the stages of B cell maturation was outlined. The (C) percentage of B cells, (D) frequency, and (E) absolute number of HEL-reactive B cells was computed for transitional stage 1 (T1). The (F) percent and (G) number of HEL-reactive B cells was assessed for transitional stage 2 (T2). Similarly, the percent of (H) total B cells and (I) HEL-reactive B cells was determined for transitional stage 3 (T3). Likewise, the (J) percentage of FO B cells, and (K) frequency, and (L) number of HEL-reactive mature FO B cells were evaluated. The (M) percent of MZ B cells was calculated and HEL-reactive MZ B cell (N) percentages and (O) numbers were determined. Flow plots in (B) are representative data from three independent experiments with at least three mice per group. Scatter dot plots in (A) and (C–O) are compiled data from three independent experiments with at least three mice per group. Selective p values are shown on graphs and * ≤ 0.05, ** ≤ 0.01, and *** ≤ 0.001. For complete statistical analysis with all significant differences, see Table S3 in Supplementary Material.



In contrast to SwHEL, the percentage of B cells was significantly increased in T1 and T2 for IgHEL mice, compared to controls (Figures 3C,F, respectively). In the presence of HEL autoantigen, IgHEL+HOD+ mice had percentages of B cells in T1 similar to IgHEL. However, there was a significant decrease in the percentage of B cells in T2 compared to IgHEL (Figure 3F). Within T1 and T2, the frequency of HEL-reactive B cells was similar between IgHEL and IgHEL+HOD+ (Figures 3D,G) while the absolute number of HEL-reactive B cells in T1 and T2 were decreased in IgHEL+HOD+, compared to IgHEL (Figure 3E and data not shown). Together, these data suggest the peripheral tolerance mechanisms were initiated between T1 and T2. Coupled with the overall decrease of B cells observed in IgHEL+HOD+ mice but a similar percentage of HEL-reactive B cells within each transitional stage, it is hypothesized that clonal deletion occurred. Lastly, there were similar percentages of B cells in T3 from IgHEL mice and IgHEL+HOD+ mice (Figure 3H).

Functionally mature B cells in the spleen comprise FO and MZ B cell subsets; FO B cells localize in primary and secondary lymphoid follicles and require T cell help to secrete antibodies, class-switch, and establish memory B cells. SwHEL and SwHEL+HOD+ mice had statistically significant decreases in the percentage of FO B cells, compared to controls (Figure 3J). In addition, the B cells that comprised the FO B cell compartment were largely not HEL-reactive (autoreactive) (Figure 3K), which is consistent with previous data demonstrating that autoreactive B cells are excluded from participating in germinal center reactions (25, 26). Similarly, IgHEL and IgHEL+HOD+ had a statistically significant reduction in the percent of FO B cells (Figure 3J). However, the frequency of HEL-reactive B cells within FO remained high (Figure 3K, mean 55% for both groups). Again, correlating with the overall decreased numbers of B cells in IgHEL+HOD+ splenocytes, the absolute number of HEL-reactive B cells in FO were significantly reduced compared to IgHEL (Figure 3L).

Marginal zone B cells play a key role in early adaptive immune responses and share many similarities with B-1 B cells, including expression of a poly-reactive BCR and T cell-independent antibody secretion. SwHEL and SwHEL+HOD+ mice had similar frequencies of innate-like MZ B cells, compared to controls; however, the percent and absolute number of HEL-reactive MZ B cells was decreased in SwHEL+HOD+ autoantigen-expressing mice (Figures 3M–O). By contrast, while the percentage of MZ B cells in IgHEL was similar to controls, IgHEL+HOD+ had an increased frequency of MZ B cells (Figure 3M). IgHEL mice had a significant increase in percentage and number of HEL-reactive MZ B cells, compared to controls. However, despite HOD autoantigen expression, the frequency and number of autoreactive MZ B cells in IgHEL+HOD+ mice remained unaltered (Figures 3N,O, respectively).

In aggregate, these data demonstrate that SwHEL BCR-Tg mice follow a similar trend for B cell development as control mice but IgHEL BCR-Tg mice do not. IgHEL BCR-Tg mice had an abnormally high percentage of B cells in transitional stages, which result in decreased frequencies of mature B cells. In the presence of HOD, SwHEL B cells were reduced in each developmental stage and in the mature subsets of B cells. By contrast, autoreactive IgHEL B cells were increased in number in the MZ B cell compartment, a subtype that is most similar to B-1 B cells.

Autoantibodies Induce Anemia in IgHEL+HOD+ Mice But Not SwHEL+HOD+ Mice

To assess whether tolerance mechanisms employed in SwHEL+HOD+ and IgHEL+HOD+ mice were sufficient to prevent autoantibody production, sera was collected and assessed for anti-HOD autoantibodies by flow crossmatch. Briefly, experimental sera was tested for binding to control B6 and experimental HOD RBCs, as previously described in Ref. (27). No HOD-specific antibodies were detectable in control B6 or HOD mice (Figure 4A; Table S4 in Supplementary Material). Both SwHEL and IgHEL BCR-Tg mice had detectable anti-HOD antibodies in their sera. As a consequence of expression of the HOD antigen on RBCs, total anti-HOD antibodies decreased in SwHEL+HOD+ mice. Further analysis of antibody isotype and subtype revealed that SwHEL+HOD+ mice had significantly less circulating HOD-specific IgM and IgG2c antibodies compared to SwHEL BCR-Tg mice (Figures 4B,D). Similarly, anti-HOD IgG1 and IgG2b antibody subtypes were decreased in SwHEL+HOD+ mice compared to SwHEL BCR-Tg controls, but not significantly whereas anti-HOD IgG3 was slightly increased (Figures 4E–G). By contrast, a bimodal distribution of total anti-HOD autoantibodies was observed in IgHEL+HOD+ mice; elevated autoantibodies were detectable in a subset of IgHEL+HOD+ mice, compared to IgHEL controls (Figure 4A). Similarly, IgHEL+HOD+ mice had a bimodal distribution of anti-HOD IgM autoantibodies (Figure 4B). Given that the frequency of many autoimmune diseases are elevated in females (28, 29), anti-IgM titers in IgHEL+HOD+ mice were compared across gender; female IgHEL+HOD+ mice had significantly higher titers of anti-HOD IgM autoantibodies, compared to their male littermates thereby accounting for the bimodal distribution of autoantibodies (Figure 4C). No HOD-specific IgG antibodies were detected in IgHEL or IgHEL+HOD+ mice, as predicted due to the inability of the transgene to class-switch (data not shown).
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FIGURE 4 | Autoantibodies are detected in SwHEL+HOD+ and IgHEL+HOD+ mice. To evaluate whether B cells that escaped central and peripheral tolerance secreted autoantibodies, sera was collected from experimental mice and assayed for anti-HOD antibodies. (A) Total anti-HOD immunoglobulins (Igs) was determined by flow crossmatch against HOD and control B6 red blood cell targets. Anti-HOD IgM antibodies were evaluated in (B) BCR-Tg mice and (C) the role of gender in autoantibody production was assessed in IgHEL+HOD+ mice. Production of (D) IgG2c, (E) IgG1, (F) IgG2b, and (G) IgG3 subtype-specific antibodies were evaluated in SwHEL and SwHEL+HOD+ mice. Scatter dot plots shown are compiled from three independent experiments with at least three mice per group. Selective p values are shown on graphs and * ≤ 0.05, ** ≤ 0.01, and *** ≤ 0.001. For complete statistical analysis with all significant differences, see Table S4 in Supplementary Material.



The observation that lower levels autoantibodies were detectable in IgHEL+HOD+ compared to SwHEL+HOD+ mice was unexpected due to the enrichment of peritoneal B-1 B cells and incomplete deletion of B-2 HEL-reactive B cells (Figures 1B and 2D–F). Modulation of circulating antibody levels is consistent with autoantibodies bound to their cognate antigen. Thus, to test the hypothesis that anti-HEL autoantibodies were bound to the RBCs in SwHEL+HOD+ and IgHEL+HOD+ mice, direct anti-globulin tests were performed. SwHEL+HOD+ RBCs had significantly more antibodies bound to their surface, compared to SwHEL controls (Figure 5A; Table S5 in Supplementary Material). Similarly, more antibodies were detected on RBCs from IgHEL+HOD+ mice, compared to IgHEL controls. However, there was a bimodal distribution of antibody-bound RBCs, with some IgHEL+HOD+ RBCs not bound by antibodies. Presence of HOD-specific antibodies but absence of bound antibodies on RBCs suggest that circulating RBCs may not express the HOD antigen. Antigen loss is a well-described antibody-mediated phenomenon that occurs frequently to RBC antigens whereby RBCs cease to express that particular antigen and cannot re-synthesize new protein due to the absence of a nucleus (30). Thus, to test the hypothesis that expression of the HOD antigen is modulated in SwHEL+HOD+ and IgHEL+HOD+ mice, RBCs were stained with anti-Duffy and anti-HEL antibodies to detect components of the HOD antigen. RBCs from both SwHEL+HOD+ and IgHEL+HOD+ had significant reductions in the expression of both Duffy and HEL components of the HOD antigen, compared to naïve HOD mice, suggesting HOD antigen loss has occurred (Figures 5B,C).
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FIGURE 5 | Autoantibodies effect red blood cell (RBCs). To determine whether the presence of autoantibodies affected erythrocytes, RBCs from experimental mice were collected and assayed for (A) antibodies bound to their surface and surface expression of (B) Duffy and (C) hen egg lysozyme (HEL) antigens. To assess whether autoantibodies affect RBCs, a hematology profile was generated with a HemaVet. RBCs from experimental mice were evaluated for (D) hemoglobin, (E) hematocrit, and (F) mean corpuscular volume (MCV). Scatter dot plots shown are compiled from three independent experiments with at least three mice per group. Selective p values are shown on graphs and * ≤ 0.05, ** ≤ 0.01, and *** ≤ 0.001. For complete statistical analysis with all significant differences, see Table S5 in Supplementary Material.



Some RBC-specific antibodies can be pathogenic and lead to hemolysis. To determine whether the autoantibodies detected in SwHEL+HOD+ and IgHEL+HOD+ were pathogenic thereby resulting in anemia, whole blood samples were analyzed. No significant differences were detected in total RBC counts in any experimental group (data not shown). SwHEL+HOD+ mice had comparable levels of hemoglobin and hematocrit as B6, HOD, and SwHEL controls (Figures 5D,E), but decreased RBC mean corpuscular volume (MCV) (Figure 5F). By contrast, IgHEL+HOD+ mice had decreased hemoglobin, hematocrit, and MCV, compared to IgHEL BCR-Tg and control animals. Thus, taken together, RBCs in autoreactive IgHEL+HOD+ mice have altered hematological parameters consistent with anemia, which was not observed in SwHEL+HOD+ animals. In aggregate, these data suggest that the pathogenicity of RBC-specific autoantibodies is influenced by the ability of B cells to undergo class-switching; by extension, the method utilized in generating BCR-Tg mice (random integration vs. knock-in) may bias subsequent immune tolerance and responses.

DISCUSSION

The current understanding of tolerance to RBC-specific antigens has largely been generated using the autoAb 4C8 BCR-Tg mouse model, which has provided substantial data to support a paradigm in which B-1 B cells are the source of autoantibodies in AIHA (5–9). However, the autoAb 4C8 BCR-Tg mouse was constructed using a fully rearranged IgM, regulated by recombinant elements, and located outside the natural Ig locus due to random integration from pro-nuclear injection. While this approach was widely used in the first generation of BCR transgenics, it has since been appreciated that more physiological data are obtained through homologous recombination of VDR domains into Vh regions of the Ig locus (knock-in BCR mice), to allow normal receptor editing and class-switching. In this report, we directly compare a random integrant vs. a knock-in BCR-Tg mouse in a model of RBC autoreactivity. In order to control for other variables, both BCR mice utilize the same VDR (anti-HEL HyHEL10) and are crossed with the same mouse expressing HEL epitopes on RBCs (HOD mouse) (6, 17, 18). In mice with intact receptor editing (SwHEL+HOD+ mice), autoreactive B-1 B cells were reduced to almost background levels, whereas autoreactive B-2 B cells were likewise decreased but to a lesser extent. By contrast, in mice with the inability to receptor edit (IgHEL+HOD+), there was a selective enrichment of B-1 B cells in the peritoneum and splenic MZ B cells, and a concomitant decrease in B-2 B cells. Moreover, anti-HOD autoantibodies are detected in both SwHEL+HOD+ and IgHEL+HOD+ mice, but autoantibodies significantly affect RBCs and may cause anemia only in IgHEL+HOD+ mice. Thus, these data demonstrate that the genetic approach to generate BCR-Tg mice significantly impacts the B cell repertoire and may not accurately recapitulate normal immune education and tolerance. Importantly, the existing paradigm for B cell education to RBC antigens rests almost entirely upon the autoAb 4C8 BCR-Tg mouse, which gives similar results to the IgHEL mouse, neither of which receptor edit or class-switch; whereas a very different outcome is observed with the SwHEL mouse, which retains the ability to receptor edit away from autoreactivity and class-switch into additional antibody isotypes and subtypes.

The data obtained from the IgHEL+HOD+ BCR-Tg model are similar to the findings reported by Murakami and colleagues with the autoAb 4C8 BCR-Tg system (10, 11). Of note, because the RBC antigen recognized by the autoAb 4C8 BCR-Tg mouse is essentially conserved in all known strains, the autoAb 4C8 BCR system has no control to study baseline B cells in the absence of autoantigen. In IgHEL BCR-Tg mice alone (no autoantigen), HEL-reactive B cells were detectable in secondary lymphoid organs and the peritoneal cavity demonstrating that there was not a preferential development of the B-1 B cell compartment at baseline. In addition, IgHEL B cells were observed in all stages of B cell development in the bone marrow and spleen. However, due to expression of a “fixed” BCR, there were significant increases in the numbers of IgHEL B cells in the bone marrow and transitional stages of B cell development in the spleen when compared to controls (Figures 2D and 3C,F). This could be attributed to the forced expression of affinity matured IgM and IgD, the inability to undergo class-switching, or an altered regulation of expression of cell surface markers utilized to delineate subtype.

Analysis of IgHEL+HOD+ mice demonstrated that the absolute numbers of autoreactive HEL-specific B-2 cells are reduced in the bone marrow and spleen (Figures 2A and 3A). This reduction is most likely due to clonal deletion, which has been observed in other BCR-Tg autoreactive models (31, 32). In contrast to the conventional B-2 B cells, there was a selective enrichment of B-1 B cells in the peritoneum. The increase of autoreactive B-1 B cells could be due to lack of exposure to the autoantigen due to development in extramedullary compartments. However, the substantial reduction of autoreactive B-2 B cells in the peritoneum, presumably due to encountering autoantigen, may argue against this notion (Figure 1C, right). Of course, we cannot rule out autoreactive B-2 but not B-1 B cells trafficking out of peritoneum to encounter autoantigen (thus prompting deletion), but B-1 B cells also have the capacity to migrate to and from the spleen (33, 34). An alternative explanation is that B-1 B cells have encountered autoantigen, but due to the inherent properties of B-1 B cells, they undergo activation and proliferation instead of deletion (35). This is plausible, as developmentally, newly forming B cells that receive a strong signal upon encounter with autoantigen are selected into the B-1 B cell compartment; B-2 B cells are more sensitive to ligation with autoantigen and are instructed to rearrange their BCR, undergo deletion, or become anergic.

In the SwHEL+HOD+ mouse, B-1 B cells are not preferentially enriched; on the contrary, autoreactive HEL-specific B cells are reduced to background levels (Figure 1B, right). Similar to IgHEL+HOD+ mice, numbers of autoreactive B-2 B cells in the peritoneum are significantly decreased (Figure 1C, right), suggesting that B-1 and B-2 B cells are capable of being tolerized upon autoantigen encounter. As such, we hypothesize that receptor editing plays a substantial role in tolerizing autoreactive B cells, as the total numbers of B cells in each population analyzed from SwHEL and SwHEL+HOD+ mice were similar to controls, but the frequency and number of autoreactive HEL-reactive B cells were significantly reduced in HOD+SwHEL+ mice. However, despite reductions in autoreactive B cells, autoantibodies were detectable in SwHEL+HOD+ mice. Autoantibody production in SwHEL+HOD+ mice was not predicted as Phan et al. observed anergy and significant reductions in autoantibodies in SwHEL mice that were bred with soluble HEL animals (18). Thus, these data further illustrate that the type of autoantigen may also influence B cell tolerance mechanisms.

An additional unexpected finding in our studies was a bimodal distribution of anti-IgM autoantibodies in IgHEL+HOD+ mice. Previously, Phan et al. demonstrated significant reductions of autoantibodies in IgHEL mice bred with soluble HEL animals (18). However, when IgHEL mice were bred with HOD mice, which express membrane-bound HEL antigen, a subset of IgHEL+HOD+ mice made higher titers of IgM autoantibodies compared to IgHEL controls. Upon further investigation, our data revealed sex-based differences in autoantibody production in IgHEL+HOD+ mice whereby females made significantly higher titers of anti-HOD IgM compared to their male littermates (Figure 4C). Despite the disparity in autoantibody titers, no significant sex-based differences were observed in other RBC parameters evaluated, such as hemoglobin, hematocrit, or MCV (data not shown). Moreover, the presence of autoantibodies did not affect B cell development as similar frequencies of total and HEL-reactive B cells in Fraction F of the bone marrow, splenic MZ, and FO B cells were observed between female and male IgHEL+HOD+ mice (data not shown). By contrast, no gender-based differences were observed in SwHEL+HOD+ mice. While a female predilection for autoimmunity has been described in many autoimmune models, it is unclear why a gender bias was observed in IgHEL but not SwHEL crosses. Regardless, these data further draw a distinction between data obtained with the two BCR-Tg mice.

Taken together, these data reject the hypothesis that there is a single population or subset of B cells that serve as a reservoir for RBC-specific autoreactive B cells. Instead, the data suggest a more complex model, in which several phenotypes of B cells persist in the bone marrow and periphery despite tolerance mechanisms. Thus, these findings challenge the current paradigm that views B-1 B cells as the dangerous population of autoreactive B cells with respect to RBC antigens. Such a challenge also questions efforts to generate therapeutics for AHIA (either prophylactic or interventional) that specifically target B-1 B cells. Our findings demonstrate the necessity of a conceptual re-evaluation of B cell tolerance to RBC antigens and ongoing studies into baseline tolerance to RBCs, and the mechanisms by which it is lost in the pathogenesis of AIHA.

MATERIALS AND METHODS

Mice

C57BL/6 (B6) and IgHEL mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). IgHEL mice are listed as MD4 animals; IgHEL has been used in the current paper for clarity of nomenclature. SwHEL mice were a kind gift from Dr. Robert Brink. HOD (with RBC-specific expression of HEL, a portion of ovalbumin, and the human blood group antigen Duffy), IgHEL (also known as MD4), and SwHEL mice were bred at Bloodworks NW Vivarium. Mice were maintained on standard rodent chow and water in a temperature- and light-controlled environment and used at 8–12 weeks of age. All experiments were performed according to approved Bloodworks Northwest Institutional Animal Care and Use Committee (IACUC) procedures.

Tetramerization of HEL and Albumin

Hen egg lysozyme (Sigma) was resuspended to a concentration of 1 mg/mL in PBS and biotinylated with the EZ-Link Sulfo-NHS Biotinylation Kit according to the manufacturer’s recommendations (Pierce). Albumin (Sigma) was similarly biotinylated. Both HEL and albumin were tetramerized with 10 additions of APC (Molecular Probes) and APC-Cy7 (Molecular Probes), respectively.

Staining Leukocytes

Bone marrow, splenocytes, and peritoneal cavity cells were harvested. RBCs were lysed with lysis buffer (Sigma). Leukocytes were stained with Albumin-APC-Cy7 for 30 min on ice followed by HEL-APC (HEL-tet). After cells were stained with both tetramers, organ-specific surface antibodies were added. Bone marrow cells were stained with antibodies against B220, CD43, BP-1, IgM, IgD, CD24, and CD93. Splenocytes were stained with antibodies directed against IgM, IgD, CD93, CD23, B220, CD19, and CD21/35. Peritoneal leukocytes were stained with antibodies against CD3, CD11b, CD5, IgD, IgM, F480, and CD43. All antibodies were purchased from eBioscience. Absolute cell counts were determined by use of APC beads (BD Biosciences). Cells were washed with FACS buffer [PBS + 0.2 mg/mL bovine serum albumin (Sigma) + 0.9 mg/mL EDTA (Sigma)] and analyzed on an LSRII flow cytometer.

Antibody Detection and RBC Analysis

Flow crossmatch and direct anti-globulin test were performed as previously described (27, 36). Isotype (IgM and IgG) and subtype-specific (IgG1, IgG2b, IgG2c, and IgG3) were utilized. To assess for HOD antigen expression, RBCs were stained with monoclonal antibodies specific for HEL (4B7) and Duffy (MIMA-29), as previously described (17, 20). Hemogram data on whole blood was collected with a HemaVet Hematology Analyzer (Drew Scientific).

Statistical Analysis and Graphing

Statistical significance for two groups was determined by an unpaired Student’s T-test, whereas multiple groups were evaluated by a one-way ANOVA followed by a Bonferroni’s multiple test comparison post-test was utilized for three or more groups. Significance was set at p ≤ 0.05 and * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001. P values for selective groups are shown on graphs but for a more detailed and complete list of statistically significant differences, please refer to the Supplementary Tables. Flow plots were generated using Flow Jo software (TreeStar) and graphs were generated using Graphpad Prism (La Jolla, CA, USA).
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Primary Sjögren’s syndrome (pSS) is characterized by a panel of autoantibodies, while it is not clear whether B cells and autoantibodies play an essential role in pathogenesis of the disease. Here, we report a novel mouse model for pSS which is induced by immunization with the Ro60_316-335 peptide containing a predominant T cell epitope. After immunization, mice developed several symptoms mimicking pSS, including a decreased secretion of tears, lymphocytic infiltration into the lacrimal glands, autoantibodies, and increased levels of inflammatory cytokines. Disease susceptibility to this novel mouse model varies among strains, where C3H/HeJ (H2-k) and C3H/HeN (H2-k) are susceptible while DBA/1 (H2-q) and C57BL/6 (H2-b) are resistant. Depletion of B cells using anti-CD20 monoclonal antibodies prevented C3H/HeN mice from development of the pSS-like disease. In addition, HLA-DRB1*0803, a pSS risk allele, was predicted to bind to the hRo60_308-328 which contains a predominant T cell epitope of human Ro60. Therefore, this study provides a novel mouse model for pSS and reveals an indispensable role of B cells in this model. Moreover, it suggests that T cell epitope within Ro60 antigen is potentially pathogenic for pSS.
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INTRODUCTION

Primary Sjögren’s syndrome (pSS) is an autoimmune disorder mainly targeting salivary and lacrimal glands and leading to xerostomia (dry mouth) and xerophthalmia (dry eye) (1). The pSS is characterized by lymphocytic infiltrates into the exocrine glands as well as by a specific panel of circulating autoantibodies (2). In contrast to the unknown disease-related autoreactive T cells, many autoantibodies have been identified in patients with pSS, including anti-SSA/Ro and anti-SSB/La autoantibodies, rheumatoid factor, anti-nuclear antibody, anti-muscarinic type 3 acetylcholine receptors (M3R), and anti-α fodrin antibodies (3). Although B cell hyper-activation resulting hypergammaglobulinemia and production of autoantibodies is a predominant feature of pSS, it is not clear whether B cells and autoantibodies are indispensable for the development of the disease. Clinical evidence from B cell-targeting therapy show an inconclusive result. Although several studies with small number of patients have shown that Rituximab (anti-CD20 IgG) therapy can significantly improve the secretion function of the exocrine glands in pSS patients (4–6), a very recent large randomized controlled trial of Rituxmab did not confirm the effectiveness (7). In addition, since most B cell targeting therapies target CD20 (8), they are unable to deplete autoantibody-producing plasma cells, making it difficult to use this clinical evidence for reflecting the role of autoantibodies in pathogenesis of pSS.

Animal models provide a powerful tool for understanding the pathogenesis of disease. So far, several mouse models for pSS have been established and they provide some evidence for the role of autoantibodies in the disease pathogenesis (9). An essential role of B cells and autoantibodies in the impairment in secretion function of exocrine glands has been demonstrated NOD mouse model, where NOD.Igμnull mice show no impairment in the secretion function (10). In addition, two mouse lines, mice overexpressing B cell activating factor and mice deficient in ACT1, a negative regulator of B cell survival, develop a pSS-like disease spontaneously (11, 12), also supporting an important role of B cell in the pathogenesis of experimental pSS. By contrast, in the Id3−/− mouse model (13) and the M3R immunization-induced mouse model (14), transfer of purified autoreactive T cells has been shown to be sufficient for inducing pSS-like symptoms, arguing that B cells and autoantibodies are dispensable in their pathogenesis. Since pSS is an autoimmune syndrome of which pathogenesis might differ from patient to patient, one animal model can only represent pathogenesis of a small part of patients. Therefore, to better explore the role of B cells, more animal models are required.

In 2013, Jonsson et al. reported that the presymptomatic presence of anti-SSA/Ro autoantibodies shows the highest odds ratio for the risk of development of pSS, followed by anti-SSB/La autoantibodies and ANA (15). This finding identifies anti-SSA/Ro autoantibodies as a good predictive marker of pSS but also suggests that immune response against SSA/Ro antigen might play a role in the development of pSS. Since no evidence has been shown so far that anti-SSA/Ro autoantibodies itself have pathogenic properties (16), an alternative possibility is that autoimmune response to T cell epitopes within SSA/Ro antigen play an important role in the pathogenesis of pSS. This notion is supported by the evidence that autoimmune response against the predominant T cell epitope within Ro60 antigen can induce production of autoantibodies against multiple antigens via intermolecular epitope spreading (17). In the latter study, Deshmukh et al. determined the T cell epitopes of both human and murine Ro60 protein by immunization of mice with the intact protein and a subsequent evaluation of the T cell response directed against small synthetic peptides derived from the Ro60 sequence. Using this strategy, the authors identified several regions within human Ro60 containing T cell epitopes, including the hRo60_316-335 peptide. Regarding murine Ro60, the most dominant T cell epitope was identified within the mRo60_311-330 peptide, which overlapped hRo60_316-355 (17). Furthermore, immunizing mice with mRo60_316-335 peptide resulted in the generation of a variety of autoantibodies against multiple antigens, confirming that this peptide contains a dominant T cell epitope of mRo60 (17).

In this study, we hypothesized that autoimmune response to the T cell epitope of SSA/Ro antigen contribute to the pathogenesis of pSS by producing pathogenic autoantibodies via intermolecular epitope spreading. To verify this hypothesis and to establish a novel mouse model for pSS, we immunized mice with a murine Ro60_316-335 peptide containing the predominant T cell epitope of Ro60 antigen (17). Furthermore, we investigated the role of B cells in this novel mouse model of pSS.

MATERIALS AND METHODS

Mice

All mice used in this study were female. C3H/HeJ, DBA/1J, and C57BL/6J mice were purchased from Shanghai SLAC laboratory Animal Co. (Shanghai, China), while C3H/HeN mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All mice were housed in the animal facility with a 12-h light–dark cycle at the Xiamen University. Mice were held at specific pathogen-free conditions and fed standard mouse chow and acidified drinking water ad libitum. Protocols of all animal experiments were approved by the Institutional Animal Care and Use Committee of Xiamen University.

Peptides and Immunization

Murine Ro60_316-335 (KARIHPFHVLIALETYRAGH) peptides used in this study were synthesized at Research Center Borstel, Germany. Mice of the age from 8 to 10 weeks were immunized at the hind footpad with 100 µg peptide emulsified (1:1) in nonionic block copolymer adjuvant Titermax (Alexis Biochemicals, Lorrach, Germany). Control mice were treated with PBS emulsified in Titermax. The mice were followed until 12 weeks after immunization.

Measurement of Saliva and Tears

Mouse saliva and tears were measured at week 0, 6, and 12 after immunization as described previously (18), with slight modification. Briefly, mice were starved for 16– h before the measurement, deeply anesthetized, and stimulated by pilocarpine hydrochloride (0.5 mg/kg body weight) (Sigma-Aldrich). Saliva was collected with a sponge immediately after the injection of the pilocarpine for a duration of 20 min. Tears was collected using Phenol Red Thread (Jingming Ltd., Tianjin, China) at the 10 and 20 min time points after the injection of the pilocarpine. Since the body weight of mice increased during the time of the experiments (e.g., from 18.6 to 21.7 g mean body weight of C3H/HeJ mice during 12 weeks), both saliva and tears secretion volumes were normalized to their individual body weight.

Histopathological Assessment and Immunohistochemistry Staining

Histology of exocrine glands or kidney was evaluated by Hematoxylin and Eosin (H&E) staining with 6-μm-thick sections prepared from formalin-fixed tissues. Immunochemistry in exocrine gland specimens was performed using antibodies against murine CD3 (ab5690, Abcam) and B220 (RA3-6B, eBioscience) with 6-μm-thick paraffin sections.

Enzyme-Linked Immunosorbent Assay

An enzyme-linked immunosorbent assay (ELISA) was used to detect antibodies against mRo60_316-335 peptides. The SSA peptides (10 mg/ml in 0.5 M Na2CO3 buffer; pH 9.6) were absorbed onto Costar EIA/RIA Plates (Corning Incorporated, Corning, NY, USA), washed and blocked with 3% BSA in PBS with 0.05% Tween-20 (PBS-T), incubated with the respective mouse sera (1:200), and further washed with PBS-T. Bound antibodies were detected using peroxidase conjugated goat anti-mouse IgG antibodies (Sigma, USA) and tetramethylbenzidine (Solarbio, Beijing, China). Concentrations of IFN-γ, IL-17A, IL-4, and IL-10 in mouse sera were determined by commercially available ELISA kits (Peprotech, USA) according to the manufacturer’s protocols. The detection range of the assay for IFN-γ, IL-17A, IL-4, and IL-10 was 7.5–1,000 pg/ml, 7.5–1,000 pg/ml, 40–5,000 pg/ml, and 15–2,000 pg/ml, respectively. All sera were diluted 1:3 before quantification.

Immunoblotting

Samples of total proteins extracted from lysates of salivary or lacrimal glands from healthy C57BL/6J mice were subjected a 10% SDS-PAGE gel and then separated proteins were transferred to PVDF membranes. Membranes were blocked using 5% de-fated milk in PBS-T for 2 h at room temperature. After washing, membranes were incubated with mouse sera (1:200 dilution in blocking buffer) from immunized or control mice overnight at 4°C and subsequently incubated with peroxidase conjugated goat anti-mouse IgG antibodies for 1 h at room temperature followed by visualization of bands using chemiluminescent substrate.

In Vivo B Cell Depletion

To deplete B cells, we injected C3H/He mice i.v. with 10 mg/kg anti-CD20 antibody 1 day before the immunization. To maintain the depletion, the same dose of anti-CD20 antibody was injected at the third, sixth, and ninth week after the immunization. Both anti-CD20 monoclonal antibody (18B12) and isotype control IgG were kind gift from Biogen (Biogen Inc., San Diego). Efficiency of depletion of the B cells was evaluated by determining B cells in the peripheral blood using FITC-conjugated anti-mouse CD19 IgG (6D5, Biolegend, USA).

Epitope Prediction and Sequence Similarity Search

The protein sequence of Homo sapiens Ro60 ribonucleoprote in isoform 3 (NP_001035829.2) was retrieved from the NIH database (http://www.ncbi.nlm.nih.gov/protein). By using the IEDB Analysis Resource Consensus tool (19), retrieved data were used to develop a prediction model that could identify the peptides binding to pSS-associated HLA-DR1*0803 allele. The percentile rank was applied for the output, and the binding affinity to the epitope was artificially set as 1/percentile rank. Amino acid sequence similarity search was performed by BLASTP software (https://blast.ncbi.nlm.nih.gov/).

Statistical Analysis

All analyses were performed with GraphPad Prism statistical software (GraphPad Software Inc., version 5.01, La Jolla, CA, USA). Normality and equality of variances of the quantitative data was determined first. At P values > 0.05, data were considered as normally distributed with equal variances. Depending on the quality of the data, data with normal distribution were further analyzed by unpaired Student’s t-test with or without Welch’s correction, while data displaying a non-parametric distribution were analyzed by using Mann–Whitney U test. P values below 0.05 were considered as statistically significant.

RESULTS

Induction of a pSS-Like Disease in C3H/HeJ Mice by Immunization with a Ro60-Derived T Cell Epitope

Previously, Deshmukh and colleagues reported that the predominant T cell epitope of mRo60 antigen is located within mRo60_316-335 peptide (17). We first investigated whether immunization with the mRo60_316-335 peptide could induce a pSS-like disease in mice. As described by others (13), tear secretion in control mice typically increased during the life span of the animals. As compared to the controls, C3H/HeJ mice immunized with mRo60_316-335 peptide showed a decreased production of tear at both 6 and 12 weeks after immunization (Figure 1A), suggesting an impaired function of the tear secretion. However, no significant difference was observed in the secretion of saliva between the two groups (Figure 1B).
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FIGURE 1 | Immunization with the Ro60_316-335 peptide induces a primary Sjögren’s syndrome-like disease in C3H/He mice. C3H/HeJ mice were immunized with Ro60_315-336 (n = 17) or treated with PBS as control (n = 15) and secretion of tears (A) and saliva (B) was determined after pilocarpine stimulation. Values were normalized to the respective body weights and subsequently to the levels of secretion determined before immunization. Results two experiments were pooled and data are presented as mean ± SEM. Statistically significant differences between peptide-immunized mice and controls were calculated by using the Mann–Whitney U-test (*p < 0.05 and **p < 0.01). (C) Representative sections with lymphocytic foci (LF) derived from lacrimal (upper panel) and salivary glands (lower panel) of Ro60_315-336 immunized mice or controls after Hematoxylin and Eosin staining. Black arrows indicate LF. Bars, 100 µm. (D) Incidence of mice with LF in lacrimal and salivary glands. Numbers above bars indicate the ratio of number of mice with LF/total number of mice examined.



Lymphocytic foci (LF), a hallmark of pSS, were observed in both lacrimal and salivary glands (Figure 1C). Unexpectedly, LF were observed in both groups of experimental mice, with a none-significant trend of higher incidence in Ro60_316-335 peptide-immunized mice (9 out of 17 in salivary gland and 5 out 17 in lacrimal gland) than in controls (5 out of 15 in salivary gland and 2 out 15 in lacrimal gland) (Figure 1D).

In the next step, we investigated the production of autoantibodies. As expected, C3H/HeJ mice immunized with the mRo60_316-335 peptide generated autoantibodies against the antigen while corresponding control mice did not (Figure 2A). To determine the interaction of serum-autoantibodies with glandular proteins, binding of antibodies to protein extracts derived from lacrimal or salivary glands of healthy mice were analyzed by western blot and bands were visualized by using a second antibody to murine IgG. While blots developed with sera from control mice showed only two major binds which corresponds to the heavy and light chains of murine IgG, sera from mRo60_316-335 peptide-immunized C3H/HeJ mice displayed multiple bands, suggesting that sera from mRo60_316-335 peptide-immunized C3H/HeJ mice contained multiple autoantibodies against exocrine glands-derived proteins (Figure 2B). Furthermore, immunochemistry staining of the salivary gland demonstrated that the LF were composed of both T cell and B cells, with a predominance of B cells (Figures 2C,D). Finally, we determined the serum levels of T cell associated cytokines, including IFN-γ, IL-17A, IL-4, and IL-10. Sera of C3H/HeJ mice immunized with mRo60_316-335 showed significantly higher levels of IFN-γ and IL-17A as compared to control mice, while no significant difference in the levels of IL-4 or IL-10 were observed between both groups (Figure 2E).
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FIGURE 2 | Immunological features of the primary Sjögren’s syndrome-like disease in C3H/He mice. (A) Autoantibodies against the Ro60_316-335 peptide in sera of Ro60_316-335 immunized (n = 9) C3H/HeJ mice or controls (n = 9). Results derived from one of two experiments performed are shown and data are presented as mean ± SEM. Statistically significant differences (*p < 0.05 and **p < 0.01) were calculated by using the Mann–Whitney U-test. (B) Immunoblotting of lacrimal glands (LG) or salivary glands (SG) tissue lysates from healthy mice with sera from control or Ro60_316-335 immunized mice. Representative results are shown. (C,D) immunochemistry staining of murine CD3 T cells (C) and CD19 B cell (D) in the lymphocytic foci (bar length = 50 µm). (E) Concentrations of IFN-γ, IL-17A, IL-4, and IL-10 in the sera of Ro60_316-335 immunized C3H/HeJ mice (n = 16) and controls (n = 11). Statistically significant differences (*p < 0.05) were calculated by the Mann–Whitney U-test.



Since SSA autoantibodies are also found in systemic lupus erythematosus (SLE), we examined whether immunized mice express SLE-like symptoms. No obvious difference was observed in the H&E staining of kidney sections between the mRo60_316-335 peptide immunized mice and controls. In consistence with this, no significant difference was found in the concentration of proteins in the urine of the two groups of mice (Figure S1 in Supplementary Material). Therefore, immunization with Ro60_316-335 peptide induced a pSS-like disease in both, C3H/HeJ and C3H/HeN mice.

Development of the pSS-Like Disease among Mouse Strains

Since genetic background plays an important role in the development of experimental autoimmune disorders, we then investigated the development of the Ro60_316-335 peptide-induced pSS-like disease in other mouse strains. We first investigated C3H/HeN mice, a strain closely related to C3H/HeJ. Six weeks after immunization, C3H/HeN mice treated with the mRo60_316-335 peptide showed a significant decrease in the production of tears as compared to control mice (Figure S2A in Supplementary Material). No significant difference was observed in the secretion of saliva between the two groups (Figure S2B in Supplementary Material). Similar to C3H/HeJ mice, C3H/HeN mice immunized with mRo60_316-335 peptide generated autoantibodies against the peptide and protein extracts from lacrimal and salivary glands (Figure S2C,D in Supplementary Material). With regard to inflammatory cell infiltration, in C3H/HeN mice, LF were almost exclusively observed in Ro60_316-335 peptide-immunized mice but not in control mice, although the frequency of mice with LF was rather low (Figures S2E,F in Supplementary Material).

We next investigated other two mouse strains carrying different MHC allele, DBA1/J and C57BL/6J mice. DBA/1J mice treated with mRo60_316-335 peptide did not show any impairment in secretion function of salivary or lacrimal glands as compared to control mice. Furthermore, neither LF nor infiltrated cells was observed in the immunized mice. Although autoantibodies against Ro60_316-335 peptide can be detected in sera of DBA/1J mice treated with the peptide, no autoantibodies against proteins from lachrymal and salivary glands were detectable. In addition, serum levels of IL-17A but not IFN-λ, IL-4, or IL-10 was increased in peptide immunized mice as compared to control mice (Figure S3 in Supplementary Material). Similar to DBA/1J mice, C57BL/6J mice were also resistant to the Ro60_316-335 peptide-induced pSS-like disease, without impairment in secretion of tears, infiltration of lymphocytes in exocrine glands or production of autoantibodies binding to proteins from exocrine gland (Figure S4 in Supplementary Material).

Table 1 summarizes the disease symptoms and immunological features in four tested mouse strains. Besides impairment in tears secretion, there are two major differences between susceptible C3H/He strains, and resistant strains, DBA/1J and C57BL/6J. One is that susceptible mice produced autoantibodies against proteins of the exocrine glands but resistant mice did not. The other is that lymphocytic infiltration into exocrine glands was observed in the susceptible mice but not resistant mice.

TABLE 1 | Summary of the development of the Ro60_316-335 induced primary Sjögren’s syndrome -like disease among mouse strains.
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B Cell-Depletion Prevents the Development of pSS-Like Disease in C3H/He Mice

We next investigated the role of B cells in this novel mouse model of pSS. C3H/HeN mice were injected i.p. with anti-CD20 antibody before immunization as well as at third, sixth, and ninth weeks after immunization. We evaluated the efficiency of B cell depletion by detecting B cells in peripheral blood. As shown in Figure 3A, the percentage of CD19 + B cells in peripheral blood mononuclear cell decreased from 12.67% before depletion to 2.94% 1 week after the first anti-CD20 injection, further decreased to less than 1.5% 2 weeks after the anti-CD20 injection, and maintained at a level of lower than 1.5% during the whole experiment period, while the B cell levels in mice treated with isotype IgG did not change significantly (Figure 3A). Furthermore, after immunization with Ro60_316-335 peptide, mice treated with anti-CD20 antibodies did not produce autoantibodies against the peptide, while animals which received irrelevant antibodies of the same isotype did (Figure 3B), confirming that B cells were depleted efficiently. Clinically, mice treated with isotype IgG showed a decreased production of tears at 6 weeks after the immunization with Ro60_316-335 peptide, while this impaired secretion function was not observed in mice treated with anti-CD20 IgG (Figures 3C,D), suggesting that B cell-depletion prevented the impairment in the tears secretion.
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FIGURE 3 | B cell depletion prevents mice from Ro60_315-336-induced primary Sjögren’s syndrome-like disease. Before and after immunization with Ro60_316-335 peptide, C3H/HeN mice were injected i.p. with anti-CD20 IgG (red line) or isotype IgG (blue line). The control group (green line) represents mice immunized with PBS and adjuvants alone. (A) Efficiency of depletion of murine B cells in C3H/HeN mice. The time points of B cell-depleting anti-CD20 antibody injection are indicated by red arrows, the percentage of B cells in the peripheral blood mononuclear cells were determined at 0, 1, 2, 4, 8, and 12 weeks after immunization using CD19 as marker for B cells. (B) Autoantibodies against the mRo60_316-335 peptides in sera of isotype IgG treated (n = 7) or anti-CD20 IgG treated (n = 8) mRo60_316-335-immunized C3H/HeN mice, or PBS-treated control mice (n = 6). Tears (C) and saliva (D) production in isotype IgG treated (n = 7) or anti-CD20 IgG treated (n = 8) mRo60_316-335-immunized C3H/HeN mice, or control mice (n = 6). Data are presented as mean ± SEM. Statistically significant differences between isotype IgG (n = 7) or anti-CD20 IgG treated (n = 8) mice were calculated by the unpaired Student’s t-test with Welch’s correction (*p < 0.05, **p < 0.01, unpaired Student’s t-test).



Prediction of Epitope within hRo60 for pSS-Associated HLA-DRB1 Alleles

Our data suggest a pathogenic role of the predominant T cell epitope of Ro60 in the development of pSS-like but not SLE-like disease in mice. Previously, we performed a comprehensive meta-analysis and demonstrated that HLA-DRB1*0301 and HLA-DRB1*0803 are two major alleles associated with an increased risk of pSS (20). We then investigated whether these two pSS-associated HLA alleles could bind the T epitopes within human Ro60 antigen using IEDB Analysis Resource Consensus tool. Within human Ro60, there is a predominant T cell epitope located within the amino acid sequence of 308aa–328aa (Figure 4), a region which has been shown to contain a T cell epitope of hRo60 (17). Another pSS associated allele, HLA-DRB1*0301, was predicted to bind three strong T cell epitopes within the hR60 antigen (Figure 4).
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FIGURE 4 | Prediction of the epitopes for the primary Sjögren’s syndrome (pSS)-risk associated HLA-DRB1 alleles within the hRo60 protein. The protein sequence of Homo sapiens Ro60 ribonucleoprote in isoform 3 (NP_001035829.2) was retrieved from the NIH database (http://www.ncbi.nlm.nih.gov/protein). By using the IEDB Analysis Resource Consensus tool, retrieved data were used to develop a prediction model that could identify the peptides binding to pSS-associated HLA-DRB1*0803 (A) and HLA-DRB1*0301 (B) alleles. The percentile rank was applied for the output, and the binding affinity to the epitope was artificially set as 1/percentile rank.



DISCUSSION

In this study, we induced a pSS-like disease by immunizing mice with a partial structure derived from the mRo60 protein, a peptide containing the predominant T cell epitope. Previously, Scofield et al. established a mouse model of pSS by repetitive immunization with Ro60 peptide containing predominant B cell epitopes (21). In the current study, susceptible mice developed pSS-like disease with only single immunization with peptide containing predominant T cell epitope, indicating that immunization with a T cell epitope might be more effective than a B cell epitope in induction of the disease. T cell epitopes within disease-associated autoantigens have been already identified in many systemic autoimmune disorders, e.g., SSc-associated topoisomerase I (22, 23) or SLE-associated histones (24). Therefore, the experimental approach in our current study might provide a good strategy for establishing further mouse models for different systemic autoimmune diseases.

The Ro60_316-335 peptide induced novel mouse model of pSS demonstrates that T cell epitope in this region is pathogenic in mice. Moreover, a T cell epitope in this section is predicted to bind to the pSS-risk associated HLA-DRB1*0803 allele, a HLA allele associated with pSS but not SLE (25), indicating that such epitope could indeed play a role in the development of pSS. Viral infections are currently seen as one potential risk factor in the development of autoimmune disease, including pSS (26). A reason for this may be sequence similarities between viral and host proteins leading to an unwanted immune response by molecular mimicry. A search of the sequence similarity between virus proteins and the hRo60 revealed that proteins from multiple virus proteins share five to six continuous amino acid residues with hRo60_310-335 peptide (Figure 5). Among those virus, human immunodeficiency virus type 1 (HIV-1) may be of specific interest since several lines of epidemiological and serological evidence suggest that HIV-1 represents a triggering factors for the development of SS (27, 28). Thus, a possible link between the HIV-1 infection and SS disease could be based on molecular mimicry.
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FIGURE 5 | Analysis of the sequence homology between hRo60_310-335 and human virus proteins. Sequence homologies were analyzed by BLASTP software (https://blast.ncbi.nlm.nih.gov/).



As expected, different mouse strains show diverse susceptibility to these novel mouse models of pSS, which might reflect the situation in human where genetic factor contribute to the development of disease (29, 30). Therefore, examining differences among susceptible and resistant mouse strains can provide hints for understanding the pathogenesis of this mouse model. Notably, susceptible strains immunized with the mRo60_316-335 peptide did not only develop autoantibodies directed against the peptide but also some autoantibodies with a specificity unrelated to the antigen, indicating intermolecular antigen spreading (17). Since these autoantibodies produced via intermolecular antigen spreading were not observed in disease-resistant strains, these observations support our hypothesis that immunization with a T cell epitope might lead to intermolecular antigen spreading and to a consequent production of potentially pathogenic autoantibodies against further autoantigens which may mediate disease symptoms. Moreover, the susceptible strains carry H2-k (C3H/HeJ and C3H/HeN) in the MHC locus, while the resistant strains carry H2-q (DBA/1J) or H2-b (C57BL/6J), supporting the important role of the HLA in the development of the disease (20, 31). In addition, only susceptible strains but not resistant strains are characterized with lymphocytic infiltration in the exocrine glands, indicating a contribution of infiltrated lymphocytes.

Despite the similarities in the pathogenesis of experimental pSS in C3H/HeJ and C3H/HeN, it should be noted that there are some fine differences in the disease phenotypes developed in both substrains. For example, C3H/HeJ mice showed a higher level of inflammatory infiltration in exocrine glands in both Ro60_316-335 peptide immunized and PBS treated groups than C3H/HeN mice. Since the only known relevant genetic difference between these closely related substrains can be referred to the expression of TLR4, which is absent in C3H/HeJ but present in C3H/HeN mice (32), a contribution of TLR4 to the pathogenesis of pSS can be suggested.

Notably, in this new model, the mice developed specifically pSS-like but not SLE-like symptoms. In humans, the anti-SSA/Ro60 antibodies have been detected in the presymptomatic phases of both, pSS and SLE (15, 33). Our model provides a first hint to explain the fine difference between pSS and SLE in the immune response to SSA/Ro60. Previously, the observed difference between both disorders was explained by disease-specific B cell epitopes (34). According to this hypothesis, autoantibodies against hRo60_169-190 should be specific for SLE and hRo60_211-232 for pSS (34). However, this idea was in contrast to further studies performed with larger numbers of samples (35). Results from our study provide a new explanation here: instead of disease-specific B cell epitopes, disease-specific T cell epitope on the Ro60 antigen may be responsible for the development of disease-specific pathologies.

Perhaps the most important finding of this study is that B cell-depletion prevents the impairment of secretion function of exocrine glands. However, this result may have two reasons. In autoimmune responses, B cells are involved in two essential processes, the presentation of antigen to T cells and producing autoantibodies. Since B cells were depleted before immunization and, thus, both processes were potentially affected, we are currently unable to delineate the individual contribution of each mechanism to the disease development. To address this issue, B cell depletion at different time points after the initiation of the immune responses will help to explore the underlying mechanism. The essential role of B cell in this novel mouse model of pSS provides some helpful evidence for clinical treatment of the human disease because it strongly argues for therapeutic approaches targeting B cells. Therefore, although the efficacy of current therapeutics targeting B cells have been proved not to be consistently effective (4, 5, 7), therapeutic approaches targeting plasma cells or autoantibodies might be of interest (36).

It should be mentioned that our model does not cover the entire pathology of pSS. First, disease symptoms are rather mild and impairment in secretion is observed only for tear but not for salivary glands. Second, although the formation of LF as a hallmark of pSS was observed in susceptible mice after immunization, no significant difference in incidence of LF between peptide-immunized mice and controls occurred. Finally, although the incidence of LF in salivary gland was higher than that in lacrimal glands, saliva production was found not to be impaired in this setting. This result argues against a direct association between LF development and secretion function which is not consistent with findings for the pSS in humans.

In conclusion, in the current study, we have established a novel mouse model of pSS based on a single immunization with a Ro60 peptide containing a predominant T cell epitope, demonstrating that T cell epitope within SSA/Ro60 antigen is potentially pathogenic. Furthermore, our results support that B cells play an essential role in the development of pSS.
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Human leucine-rich glioma-inactivated protein 1 encephalitis (LGI1) is an autoimmune limbic encephalitis in which serum and cerebrospinal fluid contain antibodies targeting LGI1, a protein of the voltage gated potassium channel (VGKC) complex. Recently, we showed that a feline model of limbic encephalitis with LGI1 antibodies, called feline complex partial seizures with orofacial involvement (FEPSO), is highly comparable to human LGI1 encephalitis. In human LGI1 encephalitis, neuropathological investigations are difficult because very little material is available. Taking advantage of this natural animal model to study pathological mechanisms will, therefore, contribute to a better understanding of its human counterpart. Here, we present a brain-wide histopathological analysis of FEPSO. We discovered that blood–brain barrier (BBB) leakage was present not only in all regions of the hippocampus but also in other limbic structures such as the subiculum, amygdale, and piriform lobe. However, in other regions, such as the cerebellum, no leakage was observed. In addition, this brain-region-specific immunoglobulin leakage was associated with the breakdown of endothelial tight junctions. Brain areas affected by BBB dysfunction also revealed immunoglobulin and complement deposition as well as neuronal cell death. These neuropathological findings were supported by magnetic resonance imaging showing signal and volume increase in the amygdala and the piriform lobe. Importantly, we could show that BBB disturbance in LGI1 encephalitis does not depend on T cell infiltrates, which were present brain-wide. This finding points toward another, so far unknown, mechanism of opening the BBB. The limbic predilection sites of immunoglobulin antibody leakage into the brain may explain why most patients with LGI1 antibodies have a limbic phenotype even though LGI1, the target protein, is ubiquitously distributed across the central nervous system.

Keywords: hippocampus, amygdala, tight junctions, limbic encephalitis, neuroinflammation

INTRODUCTION

In recent years, autoimmune epilepsies with antibodies against various antigens have been described. Among these are cases with antibodies targeting surface receptors such as the N-methyl-D-aspartate receptor (1), the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (2), the γ-aminobutyric acid-B receptor (GABABR) (3), or the voltage-gated potassium channel (VGKC) complex (4). For the latter, it is now known that, in most cases, the antibodies are directed to leucine-rich glioma inactivated protein 1 (LGI1) (5, 6). Patients with LGI1 antibodies typically develop limbic encephalitis and suffer from amnesia, confusion, personality change or psychosis, seizures, and often hyponatremia (7, 8).

In human LGI1 encephalitis, magnetic resonance imaging (MRI) studies have shown increased volume and T2 signal of temporomesial structures with the hippocampus most prominently affected. Initial swelling of these structures is often followed by atrophy (8, 9). Whereas seizures, amnesia, and confusion likely result from autoantibody-mediated inflammation and lesions in the hippocampus (10), the neuropsychiatric symptoms, such as personality changes, psychosis or mood disorders, can be explained by the involvement of the amygdala, which is known for its key role in processing emotions and behavior (11–14).

The involvement of the hippocampus in human LGI1 encephalitis has been confirmed in histopathological studies. Parenchymal T cell infiltrates are present, but sparse. In addition, neurodegeneration caused by immunoglobulin G and complement deposition has been shown (15, 16). Two different pathogenic mechanisms may play a role in the action of LGI1 antibodies. First, the LGI1 antibodies seem to bind to LGI1, resulting in a functional change in LGI1, which can be reversed as steroids and plasma exchange swiftly ameliorate the disease symptoms (8, 17). Second, complement-mediated neuronal destruction occurring in the hippocampus may contribute to temporomesial atrophy and persisting cognitive deficits in nearly all patients, despite treatment options (9, 11, 15).

Recently, we described an acute seizure disorder with orofacial involvement in cats. This disorder was coined feline complex partial seizures with orofacial involvement (FEPSO) (18). Besides the distinct clinical features, these cats in MRI scans showed bilateral hippocampal T2 signal increase. Importantly, cell-based assays revealed that almost all tested sera of these cats contained anti-LGI1 antibodies (16, 18–20). Subsequent analysis of the hippocampus of these animals revealed the presence of inflammatory T cells, B cells, and plasma cells in the parenchyma. Moreover, neurodegeneration in these animals was caused by immunoglobulin and complement deposition (16). Overall, clinical, neuropathological and MRI analysis, therefore, indicate that FEPSO is the feline equivalent of human LGI1 encephalitis and might be used as a natural model for this disease.

In both human LGI1 encephalitis and in FEPSO, little is known about pathologic changes outside the hippocampus. Extrahippocampal pathology is expected since human LGI1 antibody-positive sera not only bind to the hippocampus but also to other regions, including the molecular layer of the cerebellum where LGI1 is expressed in high amounts (6, 21, 22). Nevertheless, in human patients, cerebellar features such as ataxia have been found much less frequently than limbic affection (23, 24). MRI studies in LGI1 encephalitis have shown T2 signal increase and sclerosis of the whole mesial temporal lobe (6, 8) but also in the basal ganglia, which are thought to contribute to faciobrachial dystonic seizures (25–27). Less frequently, white matter atrophy (28) and blurring, suggestive of mild de- or hypomyelination, was shown (29).

Taken together, although the limbic system displays the most frequent and most prominent signs and symptoms, recent publications point toward the involvement of other brain areas. The limited amount of human material, especially of brain structures other than the impaired hippocampus, poses a problem in the study of these extrahippocampal structures.

Since a relatively high number of FEPSO brains are available, we took the opportunity to perform a detailed neuropathological analysis of limbic and non-limbic structures. Our analysis shows that inflammatory infiltrates can be found brain-wide. A disturbance of the blood–brain barrier (BBB), occurring with prominent loss of tight junctions and resulting in leakage of immunoglobulin and complement, however, was more restricted. This leakage was found in brain areas such as the hippocampus but also in the subiculum, amygdale, and piriform lobe and, to a lesser degree, in the basal ganglia and hypothalamus. Moreover, in these areas, immunoglobulin and complement deposition to neurons was present and was associated with severe neurodegeneration. Importantly, this finding suggests that BBB disturbance and immunoglobulin leakage does not depend on T cell inflammation but that other, yet unknown, mechanisms are responsible.

MATERIALS AND METHODS

Animals

In this study, 16 cats with FEPSO, characterized by facial seizures and hippocampal sclerosis or hippocampal necrosis (18), were included. Five of these cats were tested positive for serum antibodies against VGKC complex and showed positive reactivity to LGI1 in a cell-based binding assay as shown previously (16). The remaining 11 cats showed seizures typical of FEPSO but could not be tested for LGI1-reactive antibodies due to absence of sera. Throughout the manuscript, the definitive LGI1 antibody-positive FEPSO animals are indicated and separated from the FEPSO animals with unknown LGI1 antibody status. LGI1-positive animals are indicated in red and untested animals in black dots in all graphs. Of the 16 animals, 2 died spontaneously; all others were euthanized due to resistance to therapy or severe clinical course between 2 days and 34 months after onset of neurological signs. One cat (case 1) had papillary adenomas, whereas in the other cats, no tumors were found. Cats received antiepileptic therapy with phenobarbital, gabapentin, levetiracetam, potassium bromide, or a combination of those. Additionally, five cats were treated with prednisolone 1–2 mg/kg twice daily. For an epileptic control group, seven cats with epileptic seizures not fitting the classification of FEPSO (18) were used. Five suffered from temporal lobe epilepsy, four of which also had HS, one cat had an edema, and one a meningioma. Additionally, seven cats without neurological implication, which died as a result of other, non-neurological problems, were selected for the normal control group. For animal details, please refer to Table S1 in Supplementary Material.

Ethics Approval

The project was discussed and approved by the institutional ethics committee (University of Veterinary Medicine, Vienna) in accordance with GSP guidelines and national legislation.

Neuropathology and Immunohistochemistry

In all cats, a general necropsy was performed, and brains were fixed in 4% neutral-buffered formalin, embedded in paraffin, and coronal sectioned. Immunohistochemistry was performed as shown previously (15) at the level of the frontal cortex, nucleus accumbens, amygdala, hippocampus, and cerebellum. Luxol Fast Blue-Periodic Acid Schiff staining was performed to study changes (demyelination or hypomyelination) in white matter. Immunohistochemistry was performed with antibodies for T lymphocytes (anti-CD3), endothelial cells [transglutaminase 2 (TG2)], early constituents of the complement cascade (C1q), fully assembled complement system end complex (C9neo), feline immunoglobulin, and neurons [neuronal nuclei (NeuN)], and myelin-associated protein 2 (MAP-2). Antigen retrieval was done by heating the sections for 45 min in EDTA (0.05 M) in tris(hydroxymethyl)aminomethane (Tris) buffer (0.01 M, pH 8.5) or citrate buffer (0.01 M, pH 6) in a household food steamer device for all antibodies except for C9neo, and immunoglobulin, in which case antigen retrieval was performed by incubating the tissue for 15 min in proteinase (bacterial proteinase Type XXIV, #SLBQ7212V, Sigma Life Science) at 37°C. For more detailed information regarding antibodies, dilutions used, and antigen retrieval, please refer to Table S2 in Supplementary Material.

Fluorescent Immunohistochemistry

We investigated BBB damage in more detail by double-labeling for the tight junction marker zona occludens 1 (ZO-1) and cat immunoglobulin in FEPSO animals in the hippocampus, the amygdala, basal ganglia, cortex, and cerebellum. Additionally, we investigated the hippocampus in normal and epileptic controls. Cats showing an average degree of BBB leakage were selected and investigated. To check for endothelial cell integrity of the blood vessels, we performed a triple staining for ZO-1, cat immunoglobulin, and von Willebrand Factor (vWF) as endothelial marker. Antigen retrieval was done with proteinase for 15 min at 37°C, and standard staining procedures were followed as described previously (15). For more detailed information regarding antibodies, dilutions used, and antigen retrieval, please refer to Table S2 in Supplementary Material.

Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling

Qualitative assessment of chronic cell loss was conducted in stained coronal sections at the level of the frontal cortex, basal ganglia, amygdala, hippocampus, and cerebellum. For the detection of cells with DNA fragmentation, TUNEL staining was performed with the In Situ Cell Death Detection Kit® (Roche, Basel, Switzerland) as described elsewhere (15) and developed with Fast Blue. To identify dying neurons, this step was followed by immunohistochemical staining for MAP-2 or NeuN, which was developed with 3-amino-9-ethylcarbazole as a substrate.

Quantification of Cells

CD3+ cells were quantified by light microscopy using a morphometric grid in 1.25 mm2 (20 grids in 400× magnification) or 2.5 mm2 (40 grids in 400× magnification), depending on the number of brain slices containing the region of interest. C9neo+ cells were counted in 1.25 mm2 (20 grids in 400× magnification) for the cortex, cerebellum, and caudate nucleus. In the amygdala and the hippocampus, C9neo+ cells were counted in the whole area. For the determination of cell loss, the number of TUNEL+ cells among 100 cells was determined in the respective areas. For the determination of neuronal loss in the hippocampus, the number of NeuN+ cells was counted in 0.75 mm2 (3 grids in 200× magnification) of each hippocampal subfield in normal controls and FEPSO cats. The percentage of remaining NeuN+ cells in comparison with normal controls was calculated for each subfield. The statistical difference to 100% (equal to “no neuronal loss”) was calculated.

Quantification of Immunoglobulin

For quantification of immunoglobulin in different brain areas as well as in the hippocampus between FEPSO and controls, all slides were incubated and developed for the final color reaction for the exact same time. Images were analyzed using ImageJ by digital optical densitometry, as shown previously (30).

Magnetic Resonance Imaging

MR studies of two cats, acquired with a high-field MR unit (Magnetom Espree, 1.5T, Siemens Healthcare, Erlangen, Germany), were retrospectively evaluated. In each case, transverse T2-weighted fluid attenuation inversion recovery (FLAIR), sagittal 3D T2-weighted turbo spin echo (T2), transverse 2D and sagittal 3D pre- (T1) and post-contrast T1-weighted turbo spin echo images (T1C) were available. Slice thickness was 0.8–3 mm.

Graphical Presentation of Inflammation, Neurodegeneration, and Complement Deposition

For a full overview on neuropathological changes, a brain-wide investigation for inflammation, neurodegeneration, and complement deposition was performed. Graphical representations of coronal cat brain slices containing the hippocampus, amygdala, cortex, basal ganglia, and cerebellum, were produced with CorelDRAW X4 based on images present on www.brainmaps.org (31). Infiltrates, neurodegeneration, and complement deposition in 16 cats with FEPSO were drawn into the cat brain images using Adobe Photoshop CS4.

Statistical Analysis

For statistical analysis, GraphPad Prism 6 was used. First, we tested for differences between FEPSO animals positive for LGI1 antibodies and FEPSO animals with unknown LGI1 antibody status. To this end, a two-way ANOVA was used, but no differences were found. Therefore, datasets were pooled for further analysis, which was performed with Kruskal–Wallis tests with Dunn’s correction for multiple testing. Neuronal loss within the hippocampus was evaluated by the percentage of remaining neurons with regard to normal control hippocampal subareas (corresponding to 100% NeuN+ cells). To this end, a Wilcoxon-signed rank test was performed. All graphical data are represented as medians with the interquartile ranges. Animals tested positive for LGI1 antibodies and animals with unknown status are graphically separated (data points and error bars). Data of LGI1 antibody positive animals indicated in red and animals with unknown status indicated in black. Results were considered statistically significant at p ≤ 0.05.

RESULTS

Inflammation

In the hippocampus of normal controls, parenchymal inflammatory T lymphocytes were very rare (1.2 cells/mm2). The hippocampus of epileptic controls showed higher numbers of T cells (2.4 cells/mm2). These T cell numbers were comparable to T cell numbers in hippocampi of FEPSO animals (3.2 cells/mm2). Statistical analysis of hippocampal T cell numbers between normal controls, epileptic controls, and FEPSO, possibly due to the high variance, however, revealed no significant difference. In brains of FEPSO animals, T cells were mostly found in perivascular cuffs and the meninges, with only moderate parenchymal infiltrating T cells. Parenchymal CD3+ T cells were found in all investigated regions of the brain, including the hippocampus, amygdala, basal ganglia, cortex, and cerebellum (Figures 1A–E and 6). T cell infiltrates, besides in gray matter, also were found in white matter tracts (Figure 1F). To determine if brain regions with high LGI1 abundance, such as the cerebellum or the hippocampus, showed increased levels of T cells, we quantified the number of CD3+ T cells in these different regions. However, no significant difference in cell number was found (Figure 1G).


[image: image1]

FIGURE 1 | Inflammatory infiltrates in FEPSO can be found all over the brain in gray and white matter. Immunohistochemical staining for CD3+ and transglutaminase 2 showed that T cells are mainly located in perivascular cuffs with moderate parenchymal infiltrates in all inspected areas, namely the (A) hippocampus, (B) amygdala, (C) basal ganglia, (D) cortex, (E) cerebellum, and (F) white matter. (G) Quantification of parenchymal T cell infiltrates in the abovementioned areas did not reveal differences in T cell densities. Data shown as median with interquartile range, LGI1 antibody-positive animals are indicated in red and untested animals in black; (ns p > 0.05 Kruskal–Wallis test with Dunn’s post hoc correction, hippocampus n = 15, amygdala n = 9, basal ganglia n = 12, cortex n = 15, cerebellum n = 13, normal controls n = 6) Scale bar corresponds to 50 µm.



BBB Leakage

Immunoglobulin leakage was not found in the parenchyma of normal controls (Figure 2A). Epileptic controls, on the other hand, showed slightly increased levels of parenchymal immunoglobulin in the hippocampus and, to a lesser extent, in the cortex (Figure 2B). In FEPSO brains, leakage of immunoglobulin over the BBB was prominent in all limbic structures (Figures 2C–F). Most prominently affected were several nuclei of the amygdala, namely, the lateral and medial basal amygdala (N. basalis), the lateral (N. lateralis), medial (N. medialis) and central (N. centralis) amygdala, periamygdaloid area, and anterior cortical nucleus of the amygdala (N. corticalis) (Figure 2D), as well as, bilaterally, the hippocampus, adjacent subiculum, and entorhinal cortex (Figure 2E). These regions overlapped with signal and volume increase found in MR imaging (Figure 2G). In some animals, immunoglobulin leakage was also observed in the prepiriform cortex, putamen, claustrum, olfactory tubercle, nucleus accumbens, tenia tecta, septo-olfactory junction, hypothalamus, and anterior commissure (Figure 6). In the cerebellum, no significant immunoglobulin leakage was found (Figure 2F). Quantification of the mean optical density of immunoglobulin in the hippocampi confirmed the absence of immunoglobulin leakage of normal control cats. FEPSO cats showed a significant increase of immunoglobulin leakage compared to the baseline of normal controls (median of 70% increase). When compared with epileptic controls, no significant difference was found (Figure 2H). Within FEPSO animals, different brain areas showed large differences in immunoglobulin abundance. The amount of immunoglobulin in the hippocampus was significantly elevated compared to that in the basal ganglia, cortex, and cerebellum. Interestingly, we found no significant difference between the hippocampus and the amygdala, indicating comparable leakage in both areas. Moreover, the amount of immunoglobulin in the amygdala was significantly elevated compared with the cortex and the cerebellum (Figure 2I). We could not detect a significant difference in immunoglobulin signal intensities between hippocampal subareas.
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FIGURE 2 | Selective blood–brain barrier leakage overlaps with MR signal changes in the amygdala. (A–F) Staining for immunoglobulin in representative images of coronal brain sections in (A) normal controls, (B) epileptic controls, and in FEPSO at the level of (C) frontal cortex and nucleus accumbens, (D) amygdala and piriform lobe, (E) hippocampus, and (F) cerebellum. Immunoglobulin leakage is seen prominently in the hippocampus but also in the amygdala and adjacent regions. Scale bar corresponds to 5 mm. (G) Transverse T2-weighted MR image at the level of the hippocampus and piriform lobe in a 1-year-old female neutered European shorthair cat, orientated along the long axis of the hippocampus on a sagittal slice. The MR signal is bilaterally abnormally increased, and the area of the amygdala (arrow) appears bilaterally enlarged. (H) Optical density quantification of Ig leakage in FEPSO, epileptic, and normal control hippocampus. The hippocampi of FEPSO have higher values than normal controls. Data shown as median with interquartile range, LGI1 antibody-positive animals, are indicated in red and untested animals in black (**p < 0.01, Kruskal–Wallis test with Dunn’s post hoc correction, FEPSO n = 15, epileptic controls n = 7, normal controls n = 7). (I) Significant elevation of immunoglobulin signal in hippocampus and amygdala in FEPSO cats compared to other brain areas of the same cats. LGI1 antibody-positive animals are indicated in red and untested animals in black. Data shown as median with interquartile range (*p < 0.05, ***p < 0.001; Kruskal–Wallis test with Dunn’s post hoc correction, hippocampus n = 15, amygdala n = 9, basal ganglia n = 12, cortex n = 15, cerebellum n = 13).



Magnetic Resonance Imaging

Because our study revealed pathological changes outside the hippocampus, especially in the amygdala, we analyzed MRIs from two FEPSO brains (#2 and #15) to support our findings. Bilateral T2-weighted signal and volume increase changes were found in the hippocampus as well as at the level of the amygdala and the piriform lobe (Figure 2G).

Tight Junction Breakdown in Blood Vessels

Blood–brain barrier disruption might be associated with a loss of tight junctions. We, therefore, decided to investigate these structures in our animals. In control animals, the tight junction marker ZO-1 was strongly expressed around vessels. When viewed in longitudinal sections of capillaries, a continuous staining could be observed. Double labeling with Ig showed that, in such vessels, no leakage was observed and Ig was only seen on the luminal side of the vessel (Figure 3A). Under pathological conditions, in the hippocampus of epileptic controls, ZO-1 reactivity was weaker and discontinuous. Here, moderate immunoglobulin leakage could be observed in the surrounding brain parenchyma (Figure 3B). In the hippocampus of FEPSO animals, we observed a drastic decrease in ZO-1 reactivity. Here, ZO-1 immunoreactivity was very weak and visible in small patches instead of showing a continuous staining pattern. Furthermore, this loss of ZO-1 was associated with severe immunoglobulin leakage in the surrounding parenchyma (Figure 3C). The ZO-1 reactivity in the amygdala was comparable to what was seen in the hippocampus, with severe loss of ZO-1 intensity and loss of integrity. Additionally, also in the amygdala, strong immunoglobulin immunoreactivity was observed in the parenchyma, showing similar BBB breakdown and leakage as in the hippocampus (Figure 3D). This was different in basal ganglia (Figure 3E), cortex (Figure 3F), and cerebellum (Figure 3G) of FEPSO animals where ZO-1 reactivity was strong and in a regular continuous staining pattern. Immunoglobulin in these regions again was restricted to the lumen of the vessels, and Ig leakage in the parenchyma could not be found. To indicate the endothelial lining of the blood vessels, vWF was added in the merged images.


[image: image1]

FIGURE 3 | Selective tight junction breakdown leads to blood–brain barrier leakage. Staining of tight junctions [zona occludens 1 (ZO-1), green], immunoglobulin (red), and von Willebrand Factor (blue) in (A) normal controls, (B) epileptic controls, and (C–G) FEPSO cats positive for LGI1 antibodies. The tight junction protein ZO-1 is found between endothelial cells in a strong and (in longitudinal cuts) continuous staining in (A) normal controls in the hippocampus. Therefore, weak immunoglobulin staining is restricted to the luminal side of the blood vessels. (B) In hippocampi of epileptic controls, the ZO-1 staining is weaker, less continuous, and associated with some immunoglobulin reactivity in the parenchyma. (C) In FEPSO, blood vessels in the hippocampus have very weak and discontinuous ZO-1 signal, indicating tight junction breakdown. Here, immunoglobulin has clearly leaked into the parenchyma. (D) In the amygdala, the same pattern of tight junction breakdown was seen, indicated by a weak and discontinuous ZO-1 staining, and immunoglobulin leakage into the parenchyma. In all other investigated brain areas such as (E) basal ganglia, (F) cortex, and (G) cerebellum, in FEPSO cats, no ZO-1 breakdown was observed and immunoglobulin only was found on the luminal side of the vessels or perivascular space. Scale bars correspond to 10 µm (A–D,F,G) or 5 µm (E).



Immunoglobulin and Complement Deposition

Normal control animals did not show any immunoglobulin deposition on neurons and epileptic controls showed immunoglobulin deposition in some cats. In FEPSO cats, brain areas with BBB leakage revealed strong membranous immunoglobulin deposition on severely damaged neurons. This was found in all limbic structures but was especially prominent in the hippocampus, (pre-) subiculum, entorhinal cortex, and amygdala. In some animals, immunoglobulin deposition was observed in the prepiriform cortex, putamen, claustrum, olfactory tubercle, nucleus accumbens, tenia tecta, septo-olfactory junction, hypothalamus, and anterior commissure. amygdala.

In order to analyze early constituents of the complement cascade, we stained for complement factor C1q. In normal controls, C1q was occasionally found on the surface of cortical neurons. However, in none of these animals, C1q was found on neurons in the hippocampus (Figure 4A). A similar staining pattern was observed in epileptic controls (Figure 4B). In FEPSO animals, besides on the surface of some cortical neurons, C1q was mostly present on the surface of hippocampal neurons while single neurons in addition showed granular staining in the cytoplasm (Figure 4C).
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FIGURE 4 | Complement deposition in LGI1 antibody-positive FEPSO animals. Staining for early constituent, C1q of the complement cascade shows the absence of C1q on neurons of (A) the hippocampus of a normal control and (B) the hippocampus of an epileptic control animal. (C) The hippocampus of a FEPSO cat shows C1q reactivity on the surface of hippocampal neurons with occasional granular staining inside the cells (inset). (D–K) The brain areas affected by BBB leakage are also affected by complement activation as shown by immunohistochemistry for C9neo. (D) In the hippocampus, complement-positive cells are visible, which show a [(G), enlargement] granular staining pattern inside the cells. (E) The amygdala shows very similar staining with C9neo positive cells, which [(H), enlargement] show the same granular staining inside the cells. Neither (F) the basal ganglia, (I) cortex, (J) cerebellum nor (K) white matter showed any complement positive cells or structures. (L) Quantification of C9neo positive cells revealed significantly higher numbers in the hippocampus as well as in the amygdala. Data shown as median with interquartile range, LGI1 antibody-positive animals are indicated in red, and untested animals in black (*p < 0.05, Kruskal–Wallis test with Dunn’s post hoc correction, hippocampus n = 15, amygdala n = 9, basal ganglia n = 12, cortex n = 15, cerebellum n = 13). Scale bars correspond to (A,B,D,E) 100 µm, (C) 50 µm, (G,H) 20 µm, (F,I,K) 25 µm, and (J) 200 µm.



Complement activation, indicated by the complement end complex marker C9neo, was not seen in normal controls. In epileptic controls, although immunoglobulin deposition was observed in some of these brains, C9neo reactivity was completely absent. In cats with FEPSO, regions with Ig deposition also showed complement C9neo immunoreactivity in a punctate appearance on the membrane as well as inside of neurons. This was most prominently seen in the hippocampus (Figures 4D,G) and in the amygdala (Figures 4E,H). Neither in the basal ganglia nor in the cerebellum were C9neo+ cells found (Figures 4F,J). Besides the entorhinal and prepiriform cortex, no complement deposition could be detected in the cortex (Figure 4I). Also, the white matter did not show any sign of complement activation (Figure 4K). In some animals, neurons with complement deposition were present in the dorsal hypothalamic area, tenia tecta, anterior prepiriform cortex, putamen, olfactory tubercle, and anterior commissure (Figure 6). Quantitative analysis of the number of C9neo+ neurons revealed that complement deposition was significantly elevated in the hippocampus and amygdala compared to other brain areas such as basal ganglia, cortex, and cerebellum (Figure 4L).

Neurodegeneration and Neuronal Cell Loss

None of the normal control animals showed neuronal loss. Epileptic control animals, however, showed variable neuronal loss in the hippocampus and subiculum. In FEPSO animals, regions showing neurodegeneration largely correlated with immunoglobulin and C9neo deposition and were found in both hemispheres in the limbic structures (Figure 6). The hippocampus and the subiculum showed high numbers of TUNEL+ cells, indicating a high degree of cell death (Figures 5A,B). Additionally, we found TUNEL+ cells in the amygdala (Figures 5C,D). The affected areas comprised the lateral and medial basal amygdala (N. basalis), the lateral (N. lateralis), medial (N. medialis) and central (N. centralis) amygdala, periamygdaloid area, and anterior cortical nucleus of the amygdala (N. corticalis). In single animals, we also found neuronal loss and some TUNEL+ cells in the tenia tecta, septo-olfactory junction, entorhinal cortex, anterior commissure, nucleus accumbens, claustrum, or the posterior prepiriform area (Figure 6). In none of the FEPSO animals was neurodegeneration observed in the cortex (except the entorhinal cortex, see above) or cerebellum (Figures 5E–G). Moreover, the white matter did not show any sign of hypo- or demyelination (Figure 5H). Quantification of the number of TUNEL+ cells showed a significant increase of cell death in the hippocampus compared with the amygdala, basal ganglia, cortex, and cerebellum (Figure 5I).
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FIGURE 5 | Acute neuronal degeneration and cell loss in LGI1 antibody-positive FEPSO animals. Staining for terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) (blue) and MAP2/neuronal nuclei (NeuN) (red). (A) TUNEL+ cells and severe loss of neurons and processes is visible in the hippocampus. (B) Shows the areas indicated by the rectangle in Figure 5A, revealing TUNEL+ neurons and loss of myelin-associated protein 2 reactivity (arrowheads). (C) In the amygdala, a high number of TUNEL+ nuclei are visible, while in (D), enlargement of rectangle in Figure 5C and loss of MAP2-reactivity around TUNEL + nuclei is observed. Neither in the (E) basal ganglia, (F) cortex, (G) cerebellum nor (H) white matter TUNEL+ cells or de-hypomyelination was observed. (I) The percentage of TUNEL+ cells in different areas was quantified. This graph shows significant cell loss in the hippocampus of FEPSO animals. Data are shown as median with interquartile range, LGI1 antibody-positive animals are indicated in red, and untested animals in black (***p < 0.001, Kruskal–Wallis test with Dunn’s post hoc correction, hippocampus n = 15, amygdala n = 9, basal ganglia n = 12, cortex n = 15, cerebellum n = 13). (J) Hippocampal cornu ammonis (CA) subfields revealed severe loss of NeuN-positive cells compared with normal controls (equals 100%) in CA1-4, but not in DG. CA4 subfields exhibits reveal the most severe cell losses, which was significantly different from the loss in the DG. Data shown as median with interquartile range (***p < 0.001, Wilcoxon signed-rank test with hypothetical value: 100, n = 14, **p < 0.01, Kruskal–Wallis test with Dunn’s post hoc correction for evaluation of inter-hippocampal differences, n = 14). Scale bar corresponds to (A) 200 µm, (B,D) 20 µm, (C) 100 µm, (E,F,H) 50 µm, and (G) 200 µm.
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FIGURE 6 | Brain-wide mapping of pathological changes in FEPSO. Cumulative graphical presentation of T cell infiltrates (green), neurodegeneration (red), and complement deposition (blue) in the brains of 16 cats suffering from FEPSO. This presentation shows that inflammatory lesions are brain-wide. Neurodegeneration and complement deposition show strong overlap and is most prominent in the hippocampus, amygdale, and adjacent areas.



Additionally, we questioned whether hippocampal subfields were equally affected. Quantification of neurons in these subfields in normal controls and FEPSO showed that CA4 was the most severely affected (median cell loss of 78.3%). In CA1, 52.2% were lost, and in CA2 and CA3, 37.5 and 46.7% were lost, respectively. The dentate gyrus, with a median of 98.2% remaining neurons, did not show significant neuronal loss, although three FEPSO animals also showed severe neurodegeneration in the dentate gyrus with less than 50% of neurons remaining. Finally, CA4 showed significant neuronal loss compared with the dentate gyrus (Figure 5J). This neuronal loss in FEPSO corresponds to human hippocampus sclerosis type 1 according to the classification of the international league against epilepsy (32). One recent MRI study on human LGI1 encephalitis found volume loss in CA3 only (33), whereas another one found all areas except CA1 to be affected (9). These intrahippocampal differences, however, cannot be explained by differential expression of LGI1, as, at least in mice, it is most prominently expressed in CA3 and the dentate gyrus (22), and these two subareas in FEPSO strongly differ in the amount of neurodegeneration.

DISCUSSION

LGI1 encephalitis is a form of autoimmune epilepsy, an expanding group of disorders with antibodies against various neural antigens and epileptic seizures as one of the broad range of neurological signs. The similarities between human LGI1 encephalitis and FEPSO have only recently been discovered (16, 20). These similarities comprise not only the presence of antibodies against LGI1 and the pathological changes seen in the hippocampus but also clinical symptoms such as radiological changes and facial seizures (15, 16).

The findings that human LGI1-positive sera show strong staining of the cerebellum and that human patients can (very rarely) develop cerebellar symptoms (24, 34) and the MRI studies that show involvement of the amygdala (35, 36) and basal ganglia (25–27) piqued our interest to investigate pathological changes in brain structures other than the hippocampus. Here, we show that inflammatory infiltrates are not restricted to the hippocampus but are also found in most other parts of the brain. Since inflammatory lesions do not overlap with areas affected by neurodegeneration, it can be assumed that T cells do not directly contribute to cell death. Interestingly, in human VGKC-limbic encephalitis, T cell infiltrates have also been found in the amygdala and the uncus in similar numbers as in FEPSO (15). The number of these infiltrating T cells is much lower than those found in T cell-mediated neurodegeneration, such as in paraneoplastic encephalitis in humans (15). In line with our results, a human MRI study found brain-wide metabolic changes, in gray as well as white matter, pointing toward brain-wide neuroinflammation (28). Here, we also found prominent T cell infiltrates in the white matter. This might explain the recently reported supratentorial white-matter blurring in MRI scans of human LGI1 encephalitis brains (29), since myelin breakdown and inflammatory infiltrates leading to localized edema can be difficult to distinguish in MRI scans (37).

Interestingly, in FEPSO, BBB disturbance was not purely restricted to the hippocampus but was also revealed in presubiculum, subiculum, amygdala, piriform lobe and, more rarely, in areas such as basal ganglia and hypothalamus. The larger limbic areas were also found to be affected in MR T2-weighted FLAIR scans showing signal as well as volume increase. In human LGI1 encephalitis, hippocampal and amygdaloidal swelling, followed by atrophy of the affected areas, have been observed in MRI studies (35, 36, 38). Subsequently, considering the similarities in histopathology between human and feline hippocampi, and considering similar MRI changes in the human and feline hippocampus as well as amygdala, it can be assumed that in human LGI1 encephalitis, the amygdala might be similarly affected by BBB leakage and neurodegeneration as shown here in cats. Among patients with anti-LGI1 encephalitis, hypothalamic dysfunction in form of hyponatremia due to the syndrome of inappropriate antidiuretic hormone secretion [~60% of patients (5, 6)] and basal ganglia involvement in form of faciobrachial dystonic seizures [~50% of patients (8)] are readily known. Cerebellar affects have only rarely been reported in human LGI1 encephalitis cases (5, 23, 24). In our cats, hyponatremia and neurodegeneration of the hypothalamus as well as basal ganglia was seen occasionally. On the other hand, no cerebellar symptoms were observed, and we found neither BBB leakage and complement activation nor neurodegeneration in the cerebellum.

An important finding in this study of FEPSO is that BBB leakage was more restricted to specific areas associated with the limbic system, whereas T cell infiltrates were present brain wide. A clear finding in animal models of multiple sclerosis and neuromyelitis optica is that activated T cells can open the BBB and thereby enable antibodies to enter the CNS (39–44). Here, in FEPSO, however, T cell infiltrates and BBB leakage do not seem to overlap, since brain areas with high LGI1 abundance, such as the cerebellum (22), are spared of complement activation and neurodegeneration, despite a comparable number of infiltrating T cells. Therefore, this finding point toward another mechanism or an additional trigger that is required to induce local disturbance of the BBB. It has been shown repeatedly that cytokines, peripheral, or in the CNS, have a drastic effect on BBB permeability (45–49). Intrastriatal injection of interleukin-1β has been shown to profoundly alter BBB permeability, leading to complement activation in Lewis rats (46). Interferon-γ and tumor necrosis factor-α have been shown to decrease tight junction proteins, such as occludin (47, 50). Moreover, oxidative stress and cytokines have been reported to change phosphorylation patterns of various tight junction proteins, among them occludin, e-cadherin, and ZO-1, thereby dissociating the tight junction complexes (51, 52). However, to explain the selective breach of the BBB in FEPSO, other factors can also come into play. These are, for example, differences in permeability of the BBB, which have been reported in mice (53, 54). Moreover, differential expression of receptors on the microvasculature in the brain can lead to different alterations in BBB permeability (55). Furthermore, external factors can also be involved in the opening of the BBB. High adrenaline levels caused by trauma or extreme exercise, cocaine, and nicotine have an effect on BBB permeability (55). Animal studies with NR2-antibodies showed that additional factors, such as lipopolysaccharides and epinephrine, can open the BBB in distinct locations and, therefore, the same antibodies can cause different symptoms (56, 57). Finally, here, we showed increased immunoglobulin leakage in the hippocampus of cats with LGI1 antibodies when compared with normal control cats. However, compared with epileptic controls, no difference was found. This is not surprising as it has been shown repeatedly that BBB dysfunction can result in epilepsy and seizures, which in turn can lead to disturbances in the BBB, resulting in a vicious circle (58–62).

To summarize, in this naturally occurring animal model, we were able to show that BBB disturbance and neurodegeneration in FEPSO is restricted to the hippocampus and other limbic structures, but is not found in other areas such as the cerebellum despite the presence of T cell infiltrates. Our findings broaden the perspective on LGI1 encephalitis by not only looking at the target organ (the brain parenchyma) but also on the question of how the presumably pathogenic antibodies can enter it. This not only deepens the knowledge and understanding of LGI1 encephalitis but also leads to new questions regarding regional selectivity of dysfunctional BBB. These findings are not only of use in veterinary medicine but also are highly relevant to human disease. A better understanding of underlying disease mechanisms will help to ameliorate future treatments and hopefully minimize remaining cognitive deficits of patients.
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Systemic lupus erythematosus (SLE) is a complex autoimmune disease involving injuries in multiple organs and systems. Exaggerated inflammatory responses are characterized as end-organ damage in patients with SLE. Although the explicit pathogenesis of SLE remains unclear, increasing evidence suggests that dysregulation of cytokine signals contributes to the progression of SLE through the Janus kinase/signal transducer and activator of transcription (STAT) signaling pathway. Activated STAT proteins translocate to the cell nucleus and induce transcription of target genes, which regulate downstream cytokine production and inflammatory cell infiltration. The suppressor of cytokine signaling 1 (SOCS1) is considered as a classical inhibitor of cytokine signaling. Recent studies have demonstrated that SOCS1 expression is decreased in patients with SLE and in murine lupus models, and this negatively correlates with the magnitude of inflammation. Dysregulation of SOCS1 signals participates in various pathological processes of SLE such as hematologic abnormalities and autoantibody generation. Lupus nephritis is one of the most serious complications of SLE, and it correlates with suppressed SOCS1 signals in renal tissues. Moreover, SOCS1 insufficiency affects the function of several other organs, including skin, central nervous system, liver, and lungs. Therefore, SOCS1 aberrancy contributes to the development of both systemic and local inflammation in SLE patients. In this review, we discuss recent studies regarding the roles of SOCS1 in the pathogenesis of SLE and its therapeutic implications.
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INTRODUCTION

As a complex autoimmune disease, systemic lupus erythematosus (SLE) is characterized by the presence of autoantibodies against self-antigens, including double-stranded (ds) DNA, as well as the risk of autoantibody-induced end-organ damage (1). Hematopoietic abnormalities, such as hyperactivation of T and B cells and overproduction of autoantibodies, exist in patients with SLE (2). Pathogenic autoantibodies may form immune complexes or directly deposit in the glomerular capillary, thus inciting irreversible glomerulonephritis, which is one of the most common complications in patients with SLE (3). In reality, numerous factors are implicated in the onset or progression of SLE. It is generally accepted that the deficiency in the clearance of apoptotic cells significantly contributes to the exposure of self-antigens, as well as subsequent autoimmune processes, such as autoantibody production and inflammatory responses (4). Albeit the precise mechanisms underlying SLE are yet to be elucidated, emerging evidences indicate that the abnormal expression of proinflammatory cytokines plays an important role in local inflammation and in the development of end-organ injuries in SLE (5).

Cytokines are central in both innate and adaptive immunity. They are mostly synthesized by immune cells and in turn participate in the differentiation, maturation, and activation of diverse immune and hematopoietic cells. Abnormalities of various cytokines have been identified in patients with SLE and in murine lupus models (5). Moreover, it was found that in sera of SLE patients, the level of transforming growth factor (TGF)-β is decreased; whereas certain proinflammatory cytokines, such as interferon (IFN)-α, IFN-γ, interleukin (IL)-6, IL-12, IL-17, IL-23, and B-cell activating factor (BAFF), are all upregulated accordingly (6). The dysregulation of these cytokines mirrors the imbalance in diverse immune cell subsets, such as T helper (Th) 1, Th2, Th17, and T regulatory (Treg) cells. Many cytokines can activate the Janus kinase 2 (JAK2)/signal transducer and activator of transcription 1 (STAT1) signaling pathway. Upon ligand binding, the activated JAK2 phosphorylates the cytoplasmic domains of cognate receptors, thus providing docking sites for STAT1 (7). Furthermore, STAT1 can also phosphorylate at the tyrosine site and form dimers before translocating into the nucleus, where the dimers activate target genes that are related to the development, differentiation, and survival of hematopoietic cells (8). The suppressor of cytokine signaling 1 (SOCS1) is an inhibitive factor induced by relevant cytokines, and it negatively regulates immune responses by suppressing the activity of JAK2 (8). Under normal conditions, the expression level of SOCS1 is minimal, but it can be rapidly upregulated in a feedback manner through the activation of JAK2/STAT1 signals (9, 10). As cytokine signaling ceases, SOCS1 is rapidly degraded (9). Therefore, SOCS1 is essential for maintaining immune homeostasis in local tissues.

Recent studies have demonstrated that SOCS1 participates in the pathogenesis of SLE (11, 12). The mRNA expression level of SOCS1 is significantly decreased in peripheral blood mononuclear cells of patients with SLE (11). Patients with active SLE have lower expression of SOCS1 mRNA as compared to patients with inactive SLE, hence indicating that mRNA expression of SOCS1 is negatively correlated with lupus disease activity (11). SOCS1 is also involved in other pathological processes of SLE including activation of immune cells, production of proinflammatory factors, initiation of renal fibrosis, etc. (12). The upregulation of SOCS1 through alternative methods is beneficial to improve the conditions of SLE patients (12, 13). In this review, we summarized recent studies on the function of SOCS1 in the pathogenesis of SLE and elaborated its clinical significance and therapeutic implications.

THE STRUCTURAL BASIS OF SOCS1/JAK2 INTERACTION

The regulation of downstream signals by SOCS1 is triggered by the interaction between SOCS1-kinase inhibitory region (KIR) and JAK2 activation loop. Structurally, SOCS1 has an Src-homology-region 2 (SH2) with a central SH2 domain, an extended SH2 subdomain (ESS), and a KIR domain of 12 amino acids (Figure 1A) (10). The central SH2 domain has the most conserved sequence of SOCS1 protein. Mutations in the phosphotyrosine-binding residue Arg105 to Lys (R105K) or Glu (R105E) and deletion of the central SH2 domain can induce loss of function of SOCS1 (14). The ESS, comprising 12 residues, is essential for the interaction of SOCS1 with JAK2 (14). Substitution of conserved Ile68 with Glu (I68E) or Leu75 with Glu (L75E) in the ESS completely abolishes the binding of SOCS1 to JAK2 (14). KIR is responsible for the high-affinity binding of SOCS1 to the tyrosine kinase domain of JAK2, which further activates the kinase and transduces signals (10).
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FIGURE 1 | The structural basis of SOCS1/JAK2 interaction. (A) The SOCS1 protein contains a C-terminal SOCS box motif, SH2 domain, KIR region, and N-terminal region of varied length and amino acid composition. (B) Model of tyrosine kinase domain activation and inhibition by SOCS1. Binding of SOCS1-KIR to the activation loop prevents the access of substrates to the catalytic pocket. (C) Mechanism of negative cytokine signaling regulation by SOCS1 protein. Cytokine binding with specific cytokine receptors leads to receptor dimerization and subsequent recruitment of JAK2. Activated JAK2 phosphorylate the cognate cytokine-receptor cytoplasmic domain, providing docking binding sites for STAT1 proteins. After phosphorylation by JAK2, STAT1 proteins form dimers and translocate to the nucleus. STAT1 signaling induces SOCS1 protein transcription. Following their translation, SOCS1 proteins suppress cytokine signaling by binding to phosphorylated JAK2. ESS, extended SH2 subdomain; JAK2, Janus kinase 2; KIR, kinase inhibitory region; PY, phosphorylated tyrosine; SH2, Src-homology-region 2; SOCS1, suppressor of cytokine signaling 1; STAT1, signal transducer and activator of transcription 1.



Janus kinase 2 is constitutively associated with the proline-rich, membrane proximal regions of cognate cytokine receptors, which are ubiquitously expressed in mammalian cells (15). Structurally, JAK2 can be roughly divided into an amino-terminal region (N region), followed by a catalytically inactive kinase-like domain and a tyrosine kinase domain (15). The N region participates only in cytokine receptor recognition and association; and the kinase-like domain of JAK2 is actually a pseudokinase domain that regulates only the catalytic activity of the tyrosine kinase domain, which is critical for the interaction of JAK2 with SOCS1 and for the catalytic activity of JAK2 as well (Figure 1B) (15). In humans, the amino acid sequence of autophosphorylation or activation loop in tyrosine kinase domain is 1001LPQDKEYYKVKEP, which is so called as pJAK2 (1001–1013) (16). pJAK2 has phosphorylated tyrosine 1007, which reflects the activation status of JAK2; and phosphorylation of this tyrosine leads to conformational changes that facilitate substrate binding (16). Moreover, structure–function studies have demonstrated that SOCS1 solely binds to phosphopeptides with phosphorylated tyrosine 1007 (14).

Kinase inhibitory region sequence is somehow similar to JAK2 activation loop (8). Thus, KIR may act as a pseudosubstrate and mimic the activation region of JAK2 to prevent substrate binding at the catalytic cleft of JAK2 (14). Substitution mutations in KIR, such as phenylalanine at positions 56 or 59, aspartic acid at 64, or tyrosine at 65, can reduce the ability of SOCS1 to bind with JAK2 activation loop (16). Hence, KIR combines with the JAK2 activation loop and induces conformational changes of the JAK2 activation site, thus abrogating the phosphorylation of substrates (17). After binding to phosphorylated JAK2, SOCS1 dephosphorylates and forms a complex, with JAK2, which then leads to irreversible JAK2 degradation (Figure 1C) (18). Under these interactions, the phosphorylation of STAT1 is hindered and immune responses, such as IFN-γ signaling, inflammatory factor production, T cell development and activation, etc., are then, therefore, suppressed (19, 20).

THE PRINCIPLES OF SOCS1 REGULATION OF DOWNSTREAM SIGNALS IN VIVO

Insufficiency of SOCS1 expression and abnormalities in cytokine production are prominent in patients with SLE and in murine lupus models (6). A few in vivo studies have been carried out to reveal the effect of SOCS1 on downstream signals. IFN-γ plays an important role in patients with SLE, as it enhances the production of pathogenic autoantibodies and accelerates the progression of glomerulonephritis (21, 22). In fact, SOCS1 can directly bind to the IFN-γ receptor (IFNGR) to efficiently ensure the suppressive effect of SOCS1 on IFN-γ signaling, even at low levels of SOCS1 expression (23). Full inhibition of IFN-γ signaling by SOCS1 requires the phosphorylation of tyrosine 441 in the IFNGR1 subunit, thus suggesting that SOCS1 interacts first with the IFNGR and then binds to JAK2 to inhibit its kinase activity (24). Excessive production of IFN-γ and aberrant control of the IFN-γ signaling pathway have been implicated in the pathogenesis of SLE in BWF1 mice (25). In lupus-prone (NZB × NZW) F1 mice, SOCS1 expression was decreased, whereas pSTAT1 was increased in spleen-derived lymphocytes, thus mirroring the results of SOCS1 expression in peripheral blood mononuclear cells of patients with SLE (12). hCDR1 is a tolerogenic peptide derived from the sequence of the first complementarity-determining region (CDR1) of anti-DNA immunoglobulin (Ig) G, and it can downregulate pathogenic cytokines, such as tumor necrosis factor (TNF)-α, IL-1β, and IFN-γ, and upregulate the immunosuppressive cytokine TGF-β in lupus-prone mice (25). In these murine models, SOCS1 was upregulated upon subcutaneous administration of hCDR1, accompanied by pSTAT1 downregulation and tempered IFN-γ signaling (25). Moreover, patients undergoing prednisone treatment exhibited higher SOCS1 protein levels than those not receiving prednisone (12). Therefore, these findings suggest that SOCS1 insufficiency results in unbridled downstream signaling and contributes to the development and progression of SLE, whereas upregulation of SOCS1 definitely alleviates the course of SLE.

Extensive studies have revealed the crucial roles of IFN-α in the pathogenesis of SLE (26). Exposure to IFN-α in vivo can induce lupus disease in lupus-prone NZB/NZW F1 mice but not in BALB/c mice (27). Moreover, lupus-prone NZB mice lacking type I IFN receptor exhibited significant decrease in both autoimmunity and mortality (28). In SLE patients, serum IFN-α induce monocytes to differentiate into IFN-dendritic cells (DCs), which then capture apoptotic cells or nucleosomes and present these autoantigens to CD4+ T cells, thus initiating the proliferation of autoreactive T cells as well as the differentiation of autoantibody-producing B cells (29, 30). The dysregulation of IFN-α in SLE is also evident in gene expression profiles, including IFN-inducible genes, which correlate with the production of autoantibodies and the pathophysiology of SLE (31, 32). SOCS1 is an important inhibitor of IFN-α signaling in vivo. It associates with and regulates type I IFN receptor 1-specific signals, abrogates tyrosine phosphorylation of STAT1, and reduces the duration of antiviral gene expression—thus, SOCS1 balances the beneficial antiviral and detrimental proinflammatory effects of IFN-α (33). Furthermore, Toll/IL-1R-domain-containing adaptor protein inducing IFN-β–IFN-regulatory factor 3 pathway can rapidly induce type I IFN, which in turn activates secondary JAK/STAT1 pathway after stimulation with lipopolysaccharide and contributes, in combination with NF-κB, to the expression of IFN-inducible genes (34). Coincidentally, SOCS1 can effectively inhibit such process (35). Hence, SOCS1 deficiency in SLE patients might explain the excessive IFN-α signaling and high level of IFN-inducible genes, which subsequently contributes to the development of SLE.

Suppressor of cytokine signaling 1 deficiency is associated with the early death of mice, which were found to have severe lymphopenia, hyperactivation of peripheral T cells, fatty degeneration and necrosis of the liver, and inflammatory infiltration of liver and lungs (10). Partial restoration of SOCS1 can rescue Eμ-SOCS1–/– mice from early onset of fatal diseases (36). However, these Eμ-SOCS1–/– mice expressing insufficient SOCS1 spontaneously exhibited hyperactivation of T and B cells and DCs, produced anti-dsDNA antibodies, formed immune complexes in glomeruli, and eventually developed lupus-like disease (36). Moreover, SOCS1 deficiency induced prominent activation of STAT1, as well as hyperresponsiveness to IFN-γ, in mice models (12). However, IFN-γ deficiency can reverse the lupus phenotype of Eμ-SOCS1−/− mice, which again suggests the negative regulation of IFN-γ signaling by SOCS1 (37).

The SOCS1 transgenic mice were constructed by applying the lck proximal promoter to drive transgenic expression only in the T cell lineage (38). In these mice, tyrosine phosphorylation of STAT1 that is responsive to cytokines, such as IFN-γ, IL-6, and IL-7, was significantly suppressed; and the number of thymocytes decreased due to the blockade of development in the triple-negative stage, which consequently led to an increase in the percentage of CD4+ T cells (38). Moreover, in these mice, peripheral T cells were spontaneously activated, and apoptosis was significantly increased (38). These phenomena strongly suggest that SOCS1 maintains the homeostasis of peripheral T cells by suppressing STAT1 activation. The effects of SOCS1 abnormalities on murine phenotypes and immune responses are illustrated in Figure 2.
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FIGURE 2 | The effects of SOCS1 abnormalities on murine phenotypes and immune responses. (A) The effects of different SOCS1 level on the immune system of mice model. SOCS1−/− mice died within 3 weeks after birth; and SOCS1−/−IFN-γ−/− prevented the neonatal death of SOCS1−/− mice, thus suggesting that uncontrolled IFN-γ signaling has destructive effects. Eμ-SOCS1−/− and SOCS1+/− mice developed lupus-like autoimmunity with age, indicating that SOCS1 deficiency can initiate an autoimmune response. However, transgenic overexpression of SOCS1 suppresses the immune response and disturbs the homeostasis of immune cells. (B) Roles of SOCS1 in systemic lupus erythematosus (SLE). There is a deficiency in the expression of SOCS1 in SLE. SOCS1-deficient DCs express high levels of BAFF, which leads to abnormal B-cell growth and proliferation. Moreover, low SOCS1 levels correlate with reduced suppressive capacity and enhanced plasticity of Treg cells. These Treg cells maintain high numbers of hyperactivated B cells by promoting the interaction of self-reactive CD4+ T cells with B cells. This interaction leads to the production of diverse inflammatory cytokines and autoantibodies, leading to immune complex formation and tissue injury. Therefore, upregulated SOCS1 levels might play a protective role through the suppression of the destructive response of inflammatory cytokines. APRIL, a proliferation-inducing ligand; BAFF, B-cell activating factor; DC, dendritic cell; IFN, interferon; IL, interleukin; JAK2, Janus kinase 2; SOCS1, suppressor of cytokine signaling 1; STAT1, signal transducer and activator of transcription 1; TNF-α, tumor necrosis factor alpha; Treg, T regulatory cells.



SOCS1 PARTICIPATES IN THE HEMATOLOGIC ABNORMALITIES IN SLE

Eμ-SOCS1–/– mice express only a limited level of SOCS1 in their peripheral lymphocytes, thus allowing the excessive activation of STAT1, development of multiple organ inflammation, spontaneous activation of lymphocytes, production of autoantibodies such as anti-dsDNA IgG, and development of prominent glomerulonephritis, which are all reminiscent of murine lupus models (36). Therefore, appropriate SOCS1 expression is critical for the prevention of systemic autoimmune disease such as SLE. CD4+ T cells were spontaneously activated in Eμ-SOCS1–/– mice and in diseased SOCS1+/− mice, and the T cells of SOCS1+/− mice proliferated more significantly in response to IL-2 (36). In T cell-specific SOCS1-conditional knockout mice, SOCS1-deficient CD4+ naïve T cells mostly differentiated into Th1 cells, and Th17 differentiation was strongly suppressed (39); these mice eventually developed a lupus-like autoimmune disease (40). Previous studies have corroborated that Th1 polarization is primarily driven by IL-12 and IFN-γ, while Th2 polarization is primarily driven by IL-4 (41). As SOCS1 suppresses both IFN-γ and IL-4 signaling, SOCS1 upregulation may be an approach for the reciprocal inhibition of Th1 and Th2 cells. When IFN-γ is excessively expressed, IL-4 signaling through STAT6 can be blocked by SOCS1; however, when IL-4 is highly expressed, IFN-γ signaling through STAT1 is blocked by SOCS1 (39). Both IL-6 and TGF-β promote the production of IL-17 by naïve CD4+ T cells, and this is essential for the development and differentiation of Th17 cells (42, 43). SOCS1−/− T cells are less responsive to TGF-β, and this possibly explains the inhibition of Th17 differentiation of SOCS1−/− T cells (39). Moreover, early differentiation of Th17 cells is inhibited by IFN-γ and IL-4 by depressing the production of IL-17 (39). Therefore, SOCS1 deficiency highly contributes to the imbalance of different Th cells and subsequent autoimmunity (Figure 3).
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FIGURE 3 | Roles of SOCS1 protein in CD4+ T cell differentiation. T cell differentiation from naïve cells into the various functional subtypes, namely Th1, Th2, Th17, and Treg cells, primarily depends on the effect of cytokines. SOCS1 inhibits the differentiation of Th1, Th2, and Treg but promotes Th17 differentiation. IL-4 secreted by Th2 induces SOCS1 expression of STAT6; and correspondingly, SOCS1 suppresses IFN-γ-STAT1 signaling of Th1. IFN-γ secreted by Th1 induces SOCS1 expression of STAT1; SOCS1, in turn, suppresses IL-4-STAT6 signaling of Th2. Therefore, SOCS1 positively regulates Th17 cell differentiation by inhibiting the antagonistic effects of IFN-γ and IL-4. SOCS1 is a target of miRNA-155, and its deletion would impair the function of Treg cells. Upregulation of Foxp3 promotes expression of miRNA-155, which accelerates the proliferative potential of Treg cells through SOCS1 downregulation. The red and green lines denote inhibitory and activating signaling, respectively. IFN, interferon; JAK2, Janus kinase 2; IL, interleukin; miRNA, microRNA; SOCS1, suppressor of cytokine signaling 1, STAT, signal transducer and activator of transcription; TGF-β, transforming growth factor beta; Th, T helper cells; Treg, T regulatory cells.



Suppressor of cytokine signaling 1 inhibition is important in the pathogenesis of SLE through the promotion of Treg cells plasticity (44). Dysregulation of Treg cells is highly implicated in the pathogenesis of SLE (45). T cell activation and autoantibody expression are accelerated in Treg cell-depleted lupus-prone mice (46). Transfer of Treg cells from normal mice into the murine lupus model can effectively suppress the progression of lupus autoimmunity such as anti-dsDNA antibody generation and lupus nephritis (LN) (47). However, SOCS1-deficient Treg cells usually lose Foxp3 expression and are converted into Th1-like cells, and this can be attributed to the hyperresponsiveness of Treg cells to IL-2 and IFN-γ, in which both accelerate the proliferation of Treg cells and its conversion into effector cells (48). As previously described, T cell-specific SOCS1-conditional knockout mice developed lupus-like diseases including spontaneous dermatitis, splenomegaly, lymphadenopathy, and serum positivity of anti-dsDNA antibodies (40). Treg-specific SOCS1-deficient mice also developed lupus-like phenotypes that are less serious than those in T cell-specific SOCS1-deficient mice, and many adult SOCS1+/− mice exhibited lupus-like manifestations as well (36). Splenic Treg cells from diseased SOCS1+/− mice showed less suppressive functions upon self-reactive T and B cells (36). Therefore, SOCS1 plays a crucial role in the interference of SLE development by maintaining the suppressive functions of Treg cells and by preventing Treg cells plasticity.

Suppressor of cytokine signaling 1 regulates the maturation and activation of DCs. In Eμ-SOCS1–/– mice, DCs expressed higher levels of costimulatory molecules, such as CD80 and CD86 (36). Moreover, SOCS1-deficient DCs secreted more proinflammatory cytokines, such as IFN-γ, IL-6, IL-12, and TNF-α, and higher levels of major histocompatibility complex (MHC) class II molecules upon stimulation with lipopolysaccharide and CpG-containing DNA (49, 50). DCs are implicated in the development of systemic autoimmunity in aged SOCS1−/− mice (19). Transfer of SOCS1−/− DCs to wild-type mice induced the generation of autoantibodies due to the overexpression of BAFF in the donor DCs (19). It is known that failure of autoimmune tolerance accelerates the development of SLE (51). Self-tolerance can be disrupted by excessive IL-12 production of SOCS1−/− DCs (50). Therefore, SOCS1 inhibition participates in the pathogenesis of SLE by favoring the activation of DCs.

Systemic lupus erythematosus is characterized by serum positivity of anti-dsDNA autoantibodies, which are produced by B cell-derived plasma cells (52). Anti-dsDNA autoantibodies are instrumental in LN through recognition of multiple self-antigens and initiation of renal fibrosis (53–55). BAFF, which is a DC- and monocyte-derived cytokine of TNF family, is crucial in regulating B cell maturation, survival, and function (56). The expression level of BAFF/BLyS (B-lymphocyte stimulator) is increased in MRL/lpr mice during the onset and progression of lupus-like diseases (57). BAFF/BLyS-transgenic mice also had elevated serum titers of Ig and developed lupus-like autoimmunity (58, 59). Interestingly, high levels of BAFF/BLyS were detected in DCs but not in macrophages of SOCS1−/− transgenic mice, wherein transgenic SOCS1 was expressed in T and B cells but not in DCs (19). Furthermore, DCs induce Ig class switching through BLyS and a proliferation-inducing ligand (APRIL) (60). When BAFF/BLyS and APRIL are blocked by soluble B cell maturation antigen-Fc, as well as transmembrane activator and CAML interactor-Fc, the generation of IgG1 by B cells is partially restricted in the presence of SOCS1−/− DCs (60). Lipopolysaccharide induced more anti-dsDNA antibodies in the sera of C57BL/6 mice after they received DCs from SOCS1−/− transgenic mice (19). Thus, SOCS1 inhibition facilitates the activation of DCs, increases autoantibody generation and Ig class switching, and promotes the occurrence and development of SLE.

SOCS1 polymorphisms may also contribute to the development of SLE. It was found that the SLE patients have a lower frequency of SOCS1-1478del compared with those SLE patients without thrombocytopenia (61), suggesting that genetic background influences specific hematologic abnormalities in patients with SLE through regulating SOCS1 gene expression.

SOCS1 INHIBITION IS PIVOTAL IN THE PATHOGENESIS OF LN

Lupus nephritis is one of the most common complications in patients with SLE (3). It is primarily induced by renal deposition of pathogenic autoantibodies including anti-dsDNA IgG. It also involves the infiltration of immune cells, such as macrophages and lymphocytes, as well as the production of proinflammatory and profibrotic cytokines, namely IL-6, IL-12, IFN-γ, TNF-α, TGF-β, and monocyte chemoattractant protein-1, which accelerate renal injuries (21). In progressive LN, fibrosis is one of the main pathologies, and it contributes to the development of end-stage renal disease, which is evidenced by glomerular sclerosis (3). Wang et al. have demonstrated that SOCS1 expression is decreased in the glomeruli of LN patients and in MRL/lpr mice with anti-dsDNA IgG deposition as compared with their control groups (53). In MRL/lpr mice, STAT1 is overexpressed in glomerular mesangial, endothelial, and tubular epithelial cells, whereas SOCS1 is downregulated accordingly (62). In rat model of rapid focal segmental glomerulosclerosis, the expression levels of α-smooth muscle actin, collagen IV, and TGF-β1 were increased in the kidneys and were accompanied by reduced SOCS1 expression and activated JAK2/STAT1 signals (63).

Previous studies have shown that anti-dsDNA IgG binds to cell surface molecules, directly penetrates into kidney cells, and facilitates cell proliferation in the kidney (64). In addition, anti-dsDNA IgG participates in renal fibrosis through the induction of a myofibroblast-like phenotype of mesangial cells, as well as the production of proinflammatory cytokines and fibrotic factors in renal cells (65). Moreover, anti-dsDNA IgG can effectively catalyze DNA or peptides, depending on the structure of self-antigens (52). An interesting phenomenon is that anti-dsDNA IgG exhibits nephritogenicity through the blockade of SOCS1 signals. Anti-dsDNA IgG specifically binds to SOCS1-KIR and directly catalyzes KIR (53). Therefore, anti-dsDNA IgG competes with JAK2 activation loop for KIR, which leads to the blockade of signals from SOCS1 to the JAK2/STAT1 pathway. Downstream proinflammatory cytokines and profibrotic factors are upregulated in LN (53). In addition, ALW, which is a DNA-mimicking peptide with a sequence of ALWPPNLHAWVP, can restore SOCS1 expression by blocking the binding of anti-dsDNA IgG to antigens, thus further suppressing the JAK2/STAT1 pathway and attenuating LN (53, 54). These findings suggest that SOCS1 is involved in the nephritogenicity of anti-dsDNA IgG and that SOCS1 upregulation can ameliorate LN.

MicroRNAs (miRs) have been implicated in the pathogenesis of renal fibrosis (66). In patients with LN, miR-150 is overexpressed in resident cells of kidneys (67). SOCS1 is one of the potential targets of miR-150 (68). In proximal tubular and mesangial cells in vitro, miR-150 inhibited SOCS1 expression and increased the production of profibrotic proteins such as fibronectin, collagens I and III, and TGF-β1 (68). In podocytes, TGF-β stimulates miR-150 expression, accompanied by decreased SOCS1 and increased COL1 and COL3 expression (68). These findings are consistent with the facts that SOCS1 acts as an attenuator of renal immune responses, tubular epithelial–myofibroblast transdifferentiation, and tubulointerstitial fibrosis (69). Moreover, macrophage infiltration is a prominent feature of glomerulonephritis (70). SOCS1 regulates M1-macrophage activation, which mainly mediates inflammation and tissue damage by inhibiting IFN-γ-induced JAK2/STAT1 signaling in LN (71, 72). M1 macrophages of SOCS1-knockdown mice produced increased levels of proinflammatory cytokines, such as IL-6, IL-12, and MHC class II molecules, thus suggesting that SOCS1 limits the proinflammatory characteristics of M1 macrophages and regulates inflammatory balance (73).

Diabetic nephropathy is characterized by inflammation of the glomeruli and tubulointerstitial regions, accumulation of extracellular matrix (ECM), and subsequent focal and global glomerular sclerosis (74). Kidney infiltration of M1 macrophages in diabetic mellitus patients exacerbates renal cell damage (75). Numerous studies have demonstrated that dysregulated JAK/STAT signaling contributes to the onset and progression of diabetic chronic vascular complications, such as nephropathy (76). Interestingly, these features are similar to LN in a certain degree. Intraperitoneal administration of SOCS1 peptidomimetic (53DTHFRTFRSHSDYRRI68), which is a peptide that mimics the activity of the SOCS1 KIR region, in mice with diabetic nephropathy suppressed the activation of STAT1 signals, reduced serum creatinine and albuminuria levels, and ameliorated mesangial expansion, tubular injury, and renal fibrosis (77). Moreover, these SOCS1 peptidomimetic-treated mice exhibited significantly decreased T lymphocytes and M1 macrophages infiltration and reduced expression levels of monocyte- or T cell-derived chemokines such as C chemokine ligand (CCL) 2, CCL5, and TNF-α (77). Furthermore, SOCS1 peptidomimetic inhibits the expression of target genes induced under inflammation and reduces the migration and proliferation of mesangial and tubuloepithelial cells (77). Therefore, the correction of SOCS1 expression may be a promising method to suppress the development of inflammatory nephropathy such as LN. The role of SOCS1 signaling in the pathogenesis of LN is shown in Figure 4.
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FIGURE 4 | Roles of SOCS1 in the pathogenesis of LN. SOCS1 deficiency results in excessive production of proinflammatory and profibrotic molecules, which further induces increased activation and proliferation of macrophages (M1) and depletion and apoptosis of podocytes. In addition, molecules, such as TGF-β, cause mesenchymal transition of renal cells and overexpression of ECM proteins in the kidney, which contribute to renal fibrosis. ECM, extracellular matrix; SOCS1, suppressor of cytokine signaling 1.



SOCS1 SIGNALS ARE INVOLVED IN OTHER END-ORGAN INJURIES IN SLE

Suppressor of cytokine signaling 1 is also involved in the function and injuries of other organs such as skin, central nervous system, liver, and lungs (78–80) (Figure 5). Cutaneous manifestations appear in most patients with lupus erythematosus, and IFN-γ is essential for the autoimmune responses in the skin of these SLE patients, as keratinocytes are highly susceptible to IFN-γ (81). Upon stimulation by IFN-γ, keratinocytes produce diverse chemokines, such as CCL2 and chemokine C–X–C motif ligand 10 (CXCL10), which promote the immigration of T cells, monocytes, and DCs into the inflamed skin, and CXCL8, which drives the chemoattractant activity of neutrophils (79, 81). However, SOCS1 suppresses the effect of IFN-γ on keratinocytes by inhibiting the JAK2/STAT1 pathway (79, 82). Keratinocytes overexpressing SOCS1 are less responsive to IFN-γ, as mirrored by the decreased activation of STAT1 and lowered production of CCL2, CXCL10, intercellular adhesion molecule-1, and MHC class II molecules (83). Evidently, SOCS1 protects keratinocytes of SLE patients from autoimmunity induced by uncontrolled IFN-γ signaling.
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FIGURE 5 | Overview of the organ damage in systemic lupus erythematosus related with SOCS1 insufficiency. SOCS1 insufficiency contributes to the hematopoietic abnormalities such as spontaneous lymphocyte activation, production of autoantibodies, lupus nephritis, NPSLE, and liver or pulmonary fibrosis, and it also promotes autoimmune responses in skin via IFN-γ signaling. IFN, interferon; NPSLE, neuropsychiatric systemic lupus erythematosus; SOCS1, suppressor of cytokine signaling 1.



Neuropsychiatric SLE (NPSLE) is a serious complication of SLE (84). Although the mechanism of NPSLE remains unclear, cytokines and chemokines, such as IFN-β and IFN-γ, are considered to be involved in the pathogenesis of NPSLE through the JAK/STAT signaling pathway (85–88). IFN-β-treated astrocyte in vitro was able to generate a large amount of chemokines, such as CCL2, CCL5, and CXCL10, and these chemokines can be negatively regulated by SOCS1 (89). The production of these chemokines apparently increased when SOCS1 is depleted by siRNA (78). Furthermore, the increase in chemokine expression correlates with enhanced migration of macrophages and CD4+ T cells in vitro, indicating that SOCS1 might limit inflammatory cell migration within the central nervous system (89). Moreover, SOCS1 also inhibits IFN-γ-induced expression of MHC class II and CD40 in macrophages and microglia by blocking STAT1 activation (90, 91). Thus, SOCS1 inhibition contributes to the autoimmunity in the progression of NPSLE by affecting the production of inflammatory cytokines and chemokines, activation of microglia, macrophages and astrocytes, and infiltration of immune cells.

Aside from kidneys, skin, and central nervous system, the liver can also be affected in SLE (92). About 25–50% of SLE patients may present with abnormal liver function (93). Many studies demonstrated the ability of antiribosomal P antibodies to upregulate the expression of proinflammatory cytokines produced by peripheral monocytes in SLE, which can lead to the development of autoimmune hepatitis (94). In patients with hepatitis triggered by SLE, Treg cells are decreased in number and display impairment of suppressive function, along with elevated IFN-γ production in vivo (95). Diseased SOCS1+/− mice exhibited more severe liver fibrosis than wild-type littermates. Liver fibrosis is strongly correlated with SOCS1 gene silencing through DNA methylation, and this firmly supports that the inhibition of SOCS1 leads to the progression of autoimmune hepatitis in SLE (96).

Furthermore, a variety of cytokines and chemokines are involved in the pathophysiology of pulmonary fibrosis in SLE (97, 98). It was reported that lower levels of SOCS1 mRNA and higher amounts of type I collagen were produced by fibroblasts from lungs of patients with pulmonary fibrosis as compared with those from healthy lungs (99). Moreover, SOCS1 deficiency in murine fibroblasts resulted in increased collagen production, whereas overexpression of SOCS1 suppressed collagen expression in vitro (99). Therefore, SOCS1 might suppress pulmonary fibrosis by inhibiting profibrotic cytokines and collagen synthesis of lung fibroblasts. The expression level of SOCS1 in bleomycin-injured lungs was significantly lower in SOCS1+/− mice than in wild-type mice (100). SOCS1+/− mice treated with bleomycin had significantly increased numbers of macrophages, lymphocytes, and eosinophils and elevated levels of IFN-γ, TNF-α, IL-4, IL-5, and monocyte chemoattractant protein-1 as compared with those of SOCS1+/+ mice in bronchoalveolar lavage fluid (100). Exogenous SOCS1 delivered through adenoviral gene transfer ameliorated bleomycin-induced pulmonary inflammation and fibrosis in SOCS1+/− mice (100). These results highly suggest that SOCS1 inhibition is also involved in the progression of pulmonary fibrosis and that SOCS1 would be a novel target in treating lung fibrosis. The roles of SOCS1 in the different forms of lupus erythematosus are summarized in Table 1.

TABLE 1 | The roles of SOCS1 deficiency in systemic lupus erythematosus (SLE).
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THERAPEUTIC POTENTIAL FOR TARGETING THE SOCS1 PATHWAY

Considering the abnormalities of SOCS1 expression in damaged tissues, as well as its role in the regulation of downstream cytokines, SOCS1 may be a novel therapeutic target in the treatment of patients with SLE. Administration of SOCS1 mimetics might affect the abnormal immune responses regulated by SOCS1. Tyrosine kinase inhibitory peptide (Tkip), which is a 12-amino acid peptide (WLVFFVIFYFFR), can specifically bind to the JAK2 activation loop (1001LPQDKEYYKVKEP) and inhibit the activation of JAK2/STAT1 signaling (101). In vivo studies have demonstrated that subcutaneous administration of Tkip can block IFN-γ and TNF-α pathways and prevent the development of experimental autoimmune encephalomyelitis and multiple sclerosis (102). Moreover, the SOCS1-KIR mimetic peptide PS-5 (53DTHFRTFRSHSDYRRI) ameliorates IFN-γ-induced inflammation in human keratinocytes by suppressing JAK2 kinase activity, as reflected by the inhibition of STAT1α phosphorylation and reduced expression of IFNGR1, CCL2, CXCL10, and intercellular adhesion molecule-1 (79). These strategies suggest that administration of SOCS1 mimetics is capable of ameliorating SLE.

hCDR1 (Edratide), a peptide (GYYWSWIRQPPGKGEEWIG) based on the CDR1 sequence of anti-DNA monoclonal antibody, could ameliorate the progression of SLE (13). In SLE patients treated with Edratide subcutaneously, the expression of pathogenic cytokines, such as IL-1β, TNF-α, IFN-γ, and BLyS, were significantly downregulated, but the expression of anti-inflammatory cytokine TGF-β was increased (13). After the administration of hCDR1, NZB × NZW F1 mice showed increased SOCS1, decreased levels of pSTAT1, BAFF, anti-dsDNA autoantibodies, and MHC class II molecules on DCs, and better controlled IFN-γ signaling (25). Clinically, glomerular immune complex deposit was diminished and proteinuria levels were reduced in these lupus-affected mice upon injection of hCDR1 (25). It is, therefore, possible that part of the beneficial effects of hCDR1 is due to the induction of SOCS1 in hCDR1-treated mice and controlled IFN-γ signaling (25). The therapeutic strategies for targeting SOCS1 pathway are also summarized in Table 2.

TABLE 2 | Therapeutic potential for targeting SOCS1 pathway.
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Thus far, we have yet to fully understand the function of SOCS1 in vivo, because intracellular signaling pathways are complexly regulated by various factors. With the development of new technologies, the roles of SOCS1 in SLE will be explicitly elucidated, and SOCS1 signals can provide more therapeutic strategies for the treatment of SLE in the future.

CONCLUSION

The SOCS1 pathway is a key regulator of inflammatory cytokines, which are pivotal in the progression of SLE. The insufficient expression of SOCS1 in SLE is related with various pathological processes including hematologic abnormalities, generation of autoantibodies, and other end-organ damages such as LN. Although the explicit role of SOCS1 remains to be elucidated, SOCS1 insufficiency definitely contributes to the pathogenesis of SLE. The enhancement of SOCS1 signals, such as SOCS1 delivery or SOCS1 mimetics, can ameliorate the manifestations of SLE. Further investigation should focus on the design of SOCS1-mimicking molecules that may rectify SOCS1 insufficiency in SLE.
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Complement activation is largely implicated in the pathogenesis of several clinical conditions and its therapeutic neutralization has proven effective in preventing tissue and organ damage. A problem that still needs to be solved in the therapeutic control of complement-mediated diseases is how to avoid side effects associated with chronic neutralization of the complement system, in particular, the increased risk of infections. We addressed this issue developing a strategy based on the preferential delivery of a C5 complement inhibitor to the organ involved in the pathologic process. To this end, we generated Ergidina, a neutralizing recombinant anti-C5 human antibody coupled with a cyclic-RGD peptide, with a distinctive homing property for ischemic endothelial cells and effective in controlling tissue damage in a rat model of renal ischemia/reperfusion injury (IRI). As a result of its preferential localization on renal endothelium, the molecule induced complete inhibition of complement activation at tissue level, and local protection from complement-mediated tissue damage without affecting circulating C5. The ex vivo binding of Ergidina to surgically removed kidney exposed to cold ischemia supports its therapeutic use to prevent posttransplant IRI leading to delay of graft function. Moreover, the finding that the ex vivo binding of Ergidina was not restricted to the kidney, but was also seen on ischemic heart, suggests that this RGD-targeted anti-C5 antibody may represent a useful tool to treat organs prior to transplantation. Based on this evidence, we propose preliminary data showing that Ergidina is a novel targeted drug to prevent complement activation on the endothelium of ischemic kidney.

Keywords: complement system, ischemia/reperfusion injury, targeted antibody-based therapy, ex vivo model, in vivo model

INTRODUCTION

The complement (C) system is an important humoral effector of innate immunity and is widely distributed in the circulation and at extravascular sites where it often provides the first line of defense against invading pathogens (1). C also plays a crucial role in maintaining homeostasis by contributing to clear apoptotic and necrotic cells, to remove immune complexes and to modulate adaptive immune responses (2). These functions are usually fulfilled by biologically active products released as a result of C activation that act promoting opsonization, inflammation, and direct cell cytotoxicity. The effector molecules or complexes, however, are not selective for the targets to neutralize, whether foreign or altered self, and may easily diffuse out into surrounding tissues and attack bystander cells. Under normal circumstances, undesired effects of the C system are prevented by soluble and cell-bound regulators that inhibit its activation at various steps of the C sequence (1). Unrestrictive C activation is the result of either over-activation due to excessive amount of triggering factors or the consequence of defective or dysregulation of C regulatory proteins. Several pathological conditions, including autoimmune diseases and more generally inflammatory disorders, are associated with C activation leading to the release of biologically active products, which can cause extensive tissue destruction.

Different therapeutic strategies have been developed to prevent C-mediated cell and tissue damage using neutralizing antibodies or peptides. The only approved therapeutic molecules are the plasma-derived C1 inhibitor, indicated for the treatment of hereditary angioedema (3), and the C5-blocking antibody eculizumab (Soliris), currently used to treat patients with paroxysmal nocturnal hemoglobinuria (PNH) (4) and atypical hemolytic uremic syndrome (aHUS) (5). Other soluble inhibitors under development are Mubodina, a neutralizing miniantibody against C5 (6), compstatin and its analogs, peptides preventing C3 activation through the alternative pathway (7), mirococept, CR1 CCP1–3 fused with a membrane-targeting amphiphilic peptide (8) and others (see reviews by Ricklin and Lambris) (9, 10).

A problem that has not yet been solved in the control of C-mediated diseases is how to reduce and possibly avoid the side effects, which may be associated with chronic neutralization of the C system (11), in particular, the increased risk of common and opportunistic infections. Moreover, the high cost of long-term treatment of patients with these drugs to prevent C activation represents a major limitation to their clinical use.

We sought to solve these problems developing an alternative therapeutic approach consisting in the preferential delivery of the C inhibitor to the organ involved in the pathologic process. The kidney was selected as a target organ to protect from C-mediated damage given the broad range of renal diseases caused by C dysregulation, including antibody-mediated glomerulopathies, thrombotic microangiopathies, progressive kidney diseases, and ischemia/reperfusion injury (IRI) (12). To this purpose, we generated a recombinant protein (Ergidina®) obtained by fusing a cyclic-RGD peptide to a neutralizing antibody to C5 (Mubodina®) and tested its protective effect in a rat model of renal IRI. C activated through any one of the three pathways by danger-associated molecular patterns, neo-antigens, and immune complexes (13) is actively involved in IRI, inducing C-mediated cell lysis and tubule-interstitial injury (14), and C3a and C5a-dependent inflammatory response (15).

We now present data showing that Ergidina has a distinctive homing property for renal endothelial cells and is effective in controlling tissue damage caused by renal IRI.

MATERIALS AND METHODS

Production of Recombinant Proteins

Anti C5 scFv antibody (6) was cloned, using BssH2 and NheI restriction sites, into pMB-SV5 vector (16) containing human IgG1 Fc region to produce the scFv-Fc molecule called Mubodina (ADIENNE Pharma & Biotech). Ergidina was generated by replacing SV5 tag with the peptide RGD-4C (17). To this end, Mubodina was amplified with the following oligos pMBsense CTGCTTACTGGCTTATCG and pMB-RGD-anti GGTTTAAGCTTTTAGCCGCAGAAACAATCTCCTCGGCAGTCGCAGGCGCCTTTACCCGGGGACAGGGAGAG. The first oligo anneals on the vector pMB at the 5′ while the second anneals at the end of human CH3 region and introduce the RGD-4C sequence and the Hind III restriction site sequence. After PCR amplification, the fragments were cut with XbaI an Hind III restriction sites and cloned into pMB-SV5 vector. Finally, both Moubodina and Ergidina were subcloned into pUCOE (18) vector. All clones obtained were confirmed by sequencing.

Purified plasmid DNA was transfected with freestyle max reagent (Invitrogen) in CHO-S cells according to a standard protocol and the cells were grown in Pro-CHO 5 (Lonza). The recombinant scFv-Fcs were purified from cell-conditioned medium loaded on Protein A column and eluted with citric acid 0.1M pH 3. Fractions containing the recombinant proteins were selected by ELISA (6) and checked for purity by SDS-PAGE (19).

Hemolytic Assay

The hemolytic activity of the classical pathway of the C system was evaluated incubating human serum with sensitized sheep red blood cells in the presence of different amount of purified recombinant antibodies, as previously described (6).

Animals

Male Wistar rats weighing 240–270 g were obtained from a colony kept in the animal house at the University of Trieste. Male BALB/c mice weighing 20–24 g were purchased from Charles River Italy and maintained in our university facilities. The in vivo experiments were performed in compliance with the guidelines of the European (86/609/EEC) and Italian (D.L.116/92) laws, were approved by the Italian Ministry of Health and the Administration of the University Animal House, in line with NIH Guide for the care and use of laboratory animal, in order to minimize the number of animals used and their suffering.

Evaluation of Ergidina® Distribution using Time-Domain Near-Infrared Optical Imaging

Ergidina was labeled with N-hydroxysuccinimmide ester of the cyanine 5.5 (Cy5.5. Amersham Biosciences: Fluorolink Cy5.5 Monofunctional Dye 5-pack) following a previously reported procedure (19).

BALB/c mice received 0.05 mg of Ergidina labeled with 1 nmol of Cy5.5 in the tail vein. A small-animal time-domain Optix MX preclinical NIR-imager (Advanced Research Technologies) equipped with a pulsed laser diode and a time-correlated single photon counting detector was used in this study for the in vivo and ex vivo evaluation of labeled Ergidina distribution, as previously detailed (20).

Binding of Ergidina to Ischemic Rat Kidney

Wistar rats were first anesthetized with sodium thiobarbital (Inactin, Sigma, 80 mg/kg) and then received i.v. 100–150 IU/kg of heparin (Ratiopharm, Germany).

The kidneys were excised and stored in ice for 24 or 48 h after perfusion with 5 ml of Celsior through a PE20 polyethylene catheter (Intramedic Clay-Adams, Sparks, MD, USA) inserted into the renal artery to remove blood.

Afterward, two groups of 18 kidneys each were infused with 1 ml of iso-osmotic physiologic sterile solution containing either 0.5 or 1 mg of Cy5.5-labeled Ergidina and stored at 4, 10, and 25°C for either 15 or 30 min. Three kidneys for each experimental condition were used and analyzed by time-domain optical imaging before and after washing with 20 ml of Celsior in order to quantify the amount of the initially injected and the remaining bound Ergidina after washing.

The kidneys were snap frozen in liquid nitrogen and kept at −80°C. Seven micrometer sections were also examined by confocal microscopy to confirm the data obtain using optical imaging.

Confocal Microscopy

Seven micrometer sections were also analyzed by confocal microscopy to confirm data obtained using optical imaging. Sections were examined using a Nikon C1-SI confocal microscope (TE-2000U) equipped with a 20× and 60× oil immersion lens. Light was delivered to the sample with an 80/20 reflector. The system was operated with a pinhole size of one airy disk (30 nm). Electronic zoom was kept at minimum values for measurements to reduce potential bleaching, collecting series of optical images at 2 µm z resolution step size. The unstained tissue was visualized using the 488 nm light line of the Argon laser and a 515 dichroic mirror with a 30 nm band emission filter was used. The Cy5.5 was exited using the 640 nm light coming from a diode laser and the fluorescence collected using a 650 long pass mirror. All images were acquired in the linear intensity window and with no visible saturation points. Representative images are z-projection performed using standard deviation algorithm in ImageJ software (NIH).

Model of Ischemia/Reperfusion in Rat

Two groups of six male Wistar rats were anesthetized with sodium thiobarbital (Inactin; 80 mg/kg) (Sigma) and underwent unilateral right nephrectomy following Pavone and Boonstra surgical procedure (21). After kidney excision, the animals were allowed to rest for 24 h, and then housed in metabolic cages for 24 h to collect urine 1 and 4 days after operation. Blood samples were drawn and analyzed to check glucose, blood cells, kidney, and liver functional parameters. Blood pressure was daily monitored using a tail sphygmomanometric device (22).

Two weeks after unilateral nephrectomy, all the rats underwent a second surgical intervention consisting in the exposition of left kidneys through a small flank incision and in the occlusion of both left renal artery and vein with a non-traumatic clamp for 45 min. At the end of the ischemic period, the clamp was released and the organ reperfused.

Before inducing ischemia, a PE20 polyethylen catheter (Intramedic Clay-Adams, Sparks, MD, USA) was inserted into the right femoral artery, gently pushed toward the iliac artery and abdominal aorta, and the tip of the catheter was finally placed at the origin of the left renal artery. Two groups of eight rats received 1 ml of Celsior containing 250 µg of either Ergidina or an unrelated miniantibody infused into the renal artery in a 5 min time.

Following IR procedure, the rats were housed in metabolic cages to collect daily excreted urine 1 and 4 days after operation, and blood samples were also obtained. The animals were sacrificed 4 days after surgery, and the kidneys were removed, embedded in OCT compound (Miles, Milan, Italy), snap frozen in liquid nitrogen, and kept at −80°C until used for immunofluorescence and histologic analysis.

Urinary proteins were analyzed using Bradfor solution (Sigma) and the serum creatinine level was quantified by Integrated System Dx 880 (Beckman Coulter).

Immunofluorescence Analysis

Ergidina binding to kidney or heart samples was evaluated using frozen sections (7 µm) that had been incubated with the antibody (10 µg/ml) for 60 min at room temperature followed by FITC-labeled goat anti-human IgG (Aczon, Monte SanPietro, Bologna, Italy).

Tissue deposition of C3 was assessed by incubating frozen kidney 7 µm sections with 1:200 goat IgG anti-rat C3 (Cappel, ICN Biomedicals, Milan, Italy) for 60 min at room temperature followed by FITC-labeled rabbit anti-goat IgG at a 1:200 dilution (DAKO, Glostrup, Denmark) for additional 60 min at room temperature. A similar approach was used to evaluate the presence of C9, using rabbit IgG anti-rat C9 (a kind gift from Prof. P. Morgan, Cardiff, UK) at a 1:1,000 dilution, followed by FITC-labeled swine anti-rabbit IgG (DAKO) at a 1:40 dilution.

The fluorescence intensity was evaluated in 10 different randomly selected areas (0.07 mm2 each) of renal tissue. ImageJ image analysis software (National Institutes of Health) was used.

Histomorphologic Evaluation

The excised kidneys were preserved in phosphate-buffered 10% formalin, embedded in paraffin wax, cut into thin sections (7 µm), and stained with hematoxylin and eosin.

Histopathological changes were analyzed for tubular necrosis, proteinaceous casts, and medullary congestion, as previously described (23). Tubular necrosis and extension of proteinaceous casts were both graded as follows: no damage (0), mild (+1, unicellular, patchy isolated damage), moderate (+2, damage less than 25%), severe (+3, damage between 25 and 50%), and very severe (+4, more than 50% damage). The degree of medullary congestion was defined as follows: no congestion (0), mild (+1, vascular congestion with identification of erythrocytes by +400 magnification), moderate (+2, vascular congestion with identification of erythrocytes by +200 magnification), severe (+3, vascular congestion with identification of erythrocytes by +100 magnification), and very severe (+4, vascular congestion with identification of erythrocytes by +40 magnification).

The tissue sections were analyzed in a blind fashion by two experienced observers.

Statistical Analysis

The results were expressed as mean ± SD. Data were compared by ANOVA using post hoc analysis for paired multiple comparisons with Fisher’s corrected t-test. A non-parametric Mann–Whitney test was used to determine the significance of differences between tissue damage scores in the tested groups.

RESULTS

Production and In Vitro Characterization of Ergidina

We designed and cloned a novel recombinant antibody called Ergidina containing the neutralizing scFv to C5 (6, 24, 25) fused at the C terminal end to the Fc domains of human IgG1 (Hinge-CH2-CH3) to form Mubodina and the cyclic RGD-4C peptide (ACDCRGDCFCG) shown to bind avidly to the integrins αvβ3 and αvβ5 (26). A schematic picture of the two recombinant molecules, Mubodina and Ergidina, and the cyclic peptide RGD-4C used to generate Ergidina is presented in Figure 1A.
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FIGURE 1 | Structure and function of recombinant anti-C5 antibodies. (A) Schematic representation of Mubodina, Ergidina, and the peptide RGD-4C. (B) Inhibition of hemolytic activity by Mubodina and Ergidina. Increasing amounts of recombinant antibodies were mixed with normal human serum (1 µl) and incubated for 15 min at room temperature prior to addition to 50 µl of sensitized sheep erythrocytes. The serum hemolytic activity is presented as mean ± SD of percent values obtained in three different experiments.



Analysis of Mubodina and Ergidina by SDS-PAGE and western blot revealed a major band of the expected size of 115–120 kDa, corresponding to the scFv-Fc dimers. Low amounts of monomers and degradation products were detected in all preparations of both Mubodina and Ergidina (Figure S1A in Supplementary Material). Moreover, Ergidina, examined by HPLC using SEC300 size exclusion column (Yarra), was eluted as a single peak corresponding to a protein of about 120 kDa (Figure S1B in Supplementary Material). Immunoenzymatic analysis showed that both miniantibodies were able to bind human C5, but failed to interact with human C3 (Figure S1C in Supplementary Material). We also tested the ability of Ergidina to neutralize C5 and to prevent C activation using a standard hemolytic assay. As shown in Figure 1B, Ergidina was found to be as efficient as the parent molecule Mubodina in inhibiting serum C hemolytic activity at similar concentration.

In Vivo Distribution of Ergidina

The distribution of the targeted anti-C5 recombinant antibody was first examined in healthy mice. The antibody (0.05 mg) labeled with 1 nmol Cy5.5 was injected intravenously (i.v.) into the tail vein, and its localization was examined by time domain optical imaging. Ergidina was diffusely distributed throughout the mouse body soon after i.v. administration followed, 6 h later, by a preferential accumulation in the kidney peaking at 24 h (Figure 2A). As already observed with the distribution pattern of other Cy5.5-labeled antibodies (19, 27), a proportion of the molecule was removed by the liver and the free dye was excreted through the kidney, thus explaining the visualization of fluorescent signals in the liver and bladder (Figures 2A,B). These data were confirmed by ex vivo analysis of the different organs performed 6 and 48 h after injection of the labeled molecule (Figure 2C). The pharmacokinetic profile of Ergidina was supported by confocal microscopy analysis of sections of different organs removed 6 h after antibody challenging that revealed specific near infrared fluorescent staining in the kidney and liver. The green fluorescence observed in both these organs was due to autofluorescence observed also in the lung that was examined as a control organ (Figure S2 in Supplementary Material).
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FIGURE 2 | Biodistribution of Cy5.5-labeled Ergidina. BALB/c mice received i.v. 50 µg of Cy5.5-labeled Ergidina and were analyzed by optical imaging. (A) Whole-body scans of a representative mouse in supine position; fluorescence intensity images were acquired at the indicated time post-injection and are displayed as normalized counts (NC). (B) The animal was placed in prone position, fluorescence emission in regions of interest encompassing the kidneys was acquired at indicated times postinjection and normalized. (C) Ex vivo imaging of organs collected 6 or 48 h after Ergidina-Cy5.5 administration.



Ex Vivo Binding of Ergidina to Ischemic Kidney

To investigate the extent of Ergidina deposition in isolated perfused rat kidney under various experimental conditions, the organ was removed from healthy animals and either fixed immediately or kept in ice for 24 h to mimic ischemic conditions prior to fixation in formalin. Tissue sections were then analyzed for antibody deposits. As shown in Figure 3A, Ergidina bound weakly to the endothelium and more strongly to the tubules of normal kidneys. Conversely, glomerular and vessel endothelium of ischemic kidney were heavily decorated by RGD-targeted antibody under ischemic conditions with levels of fluorescence intensity of glomeruli approximately sevenfold higher than that observed in control kidney (Figure 3B).
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FIGURE 3 | Immunofluorescence analysis of Ergidina deposition on ischemic kidney. (A) Representative images from section obtained from healthy or ischemic kidneys incubated with Ergidina, followed by FITC-labeled anti-human IgG. Nuclei were counterstained with DAPI and tissue was visualized by orange autofluorescence. Original magnification: 200×. Scale bar: 100 µm. (B) ImageJ software was used to determine the fluorescence intensity/glomerular area of the images for each experimental group. Values are the mean ± SD. **P < 0.001.



We then tested the capacity of Ergidina to decorate renal endothelium of kidneys kept under different ischemic conditions. To this end, 0.5 mg of Cy5.5-labeled Ergidina was injected into the renal artery of surgically removed kidneys that had been washed and stored at 4°C for 24 h in Celsius®. The fluorescence intensity was assessed before and after organ perfusion using time-domain optical imaging. As shown in supplemental Figure S3, approximately half of the antibody was still bound to the renal vessels after incubation for 15 min at 4°C followed by perfusion to wash out unbound antibodies. This percentage remained essentially unchanged when the incubation temperature was raised to 10 and 25°C (Figure 4A). The binding of RGD-targeted antibody to the vascular endothelium of kidney kept at 4°C for 24 h occurred in a short period of time reaching a plateau at 15 min (Figure 4B). The percentage of bound antibody was slightly increased when the cold ischemia time was prolonged from 24 to 48 h. However, the difference was not statistically significant (Figure 4C).
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FIGURE 4 | CCharacterization of Ergidina binding to ischemic kidneys. Rat kidneys were excised, incannulated, and perfused as described in Section “Materials and Methods.” Cy5.5-labeled Ergidina was injected through the renal artery. Each organ was visualized, washed, and analyzed again by time-domain optical imaging. Experimental conditions were maintained in all the groups except for the temperature of the binding (A), the time of the binding (B), the period of kidney ischemia (C), or the amount of injected Ergidina (D). Data are expressed as mean of the amount of bound antibody ± SD obtained from three organs per group. *P < 0.01.



The amount of Ergidina bound to the kidney stored at 4°C for 24 h was related to the dose of administered antibody and increased from 0.26 to 0.48 mg using doses of 0.5 and 1 mg, respectively (Figure 4D). The analysis of frozen sections of these organs treated with 0.5 mg of cy5.5-labeled Ergidina by confocal microscopy showed that the antibody was widely distributed on all glomeruli and extraglomerular vessels and was undetectable on renal tubules (Figure 5).
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FIGURE 5 | Ergidina localization in ischemic rat kidney. (A) Representative images from section obtained from ischemic kidneys perfused with cy5.5-labeled Ergidina. Tissue was evidenced by green autofluorescence. Magnification 200×. Close up images at high magnification (600×) of a (B) vessel and (C) glomerular structure showing specific staining. Scale bar: 50 µm.



To assess whether the binding of Ergidina to surgically removed organs was restricted to the kidney, we analyzed isolated perfused rat heart stored at 4°C for 24 h. Frozen sections of this organ were incubated with Cy5.5-labeled Ergidina and examined by confocal microscopy. Figure S4 in Supplementary Material shows that the endothelium of ischemic heart is covered by RGD-guided anti-C5 antibody.

Ergidina Prevents Tissue Damage in a Rat Model of Kidney Ischemia/Reperfusion

The finding that Ergidina preferentially accumulates in rat renal vessels in vivo suggested a potential use of the targeted antibody to prevent renal C-mediated damage. This hypothesis was tested in a rat model of kidney IRI described in Section “Materials and Methods.”

Prior to the ischemic injury, the animals received 0.25 mg of Ergidina found in the ex vivo experiments to fully cover the renal endothelium. After 45 min of ischemia, the kidney was reperfused and samples of serum and urine were collected 24 and 96 h later for analysis. The data reported in Figure 6 show clear signs of renal impairment in animals receiving the control antibody with marked increase in both protein excretion and serum creatinine level peaking 24 h after reperfusion. In contrast, Ergidina was able to completely prevent C-mediated damages, as revealed by the lack of significant changes in protein and creatinine concentrations that were comparable to those collected before IRI. The effect of Ergidina was still apparent 4 days after induction of ischemia despite the marked reduction in the protein and creatinine levels observed in the control group of rats.
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FIGURE 6 | Effect of Ergidina in an ischemia/reperfusion injury model in rat kidney. Two groups of four rats received Ergidina or control Ab before inducing renal ischemia, as described in Section “Materials and Methods.” One or four days later, the animals were examined for (A) urinary protein excretion and (B) serum creatinine. Data are expressed as mean of the % increase vs preischemia value ± SD. *P < 0.01; **P < 0.001.



We also investigated the ability of Ergidina to control C-mediated tissue damage in ischemic kidneys removed from rats treated with the C5 neutralizing and control antibodies. A strong C activation was observed in the ischemic rat model that proceeds to completion of the reaction sequence as documented by C3 and C9 deposition in the kidneys of rats receiving an irrelevant antibody. As expected, administration of Ergidina to rats undergoing renal IRI did not prevent C3 deposition but resulted in the complete inhibition of C5 activation and an undetectable localization of C9 on glomeruli and vascular endothelium (Figure 7).
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FIGURE 7 | Immunofluorescence analysis of C deposition in kidney ischemia/reperfusion injury model. Deposition of C3 and C9 was analyzed in cryosections of organs obtained from rat treated with Ergidina or control antibody using specific goat polyclonal antibodies and FITC-labeled secondary antibody. Scale bar: 50 µm.



Histologic analysis of ischemic kidney of rats treated with the control antibody revealed extensive necrosis of tubular cells, and some degree of glomerular hypercellularity and mesangial hyperplasia (Figure 8). Injection of Ergidina proved to be effective in preventing tissue injury both at glomerular and tubular level, reducing the damage score to more than half compared to that observed in the control group of rats.
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FIGURE 8 | Histological analysis of treated ischemic kidneys. Photomicrographs of kidney sections obtained from a representative rat treated with Ergidina or control Ab and sacrified 4 days after ischemia/reperfusion injury. Note the extensive necrosis of tubular cells, some glomerular hypercellularity and mesangial hyperplasia in control Ab samples that were absent in Ergidina treated animals. Scale bar: 50 µm. A tissue damage score was determined as described in Section “Materials and Methods.” Values are the mean of four rats per group.



The dose of Ergidina used in this study was sufficient to fully inhibit C5 activation at renal level preventing tissue injury and increase in serum creatinine and urine protein levels, and was not associated with any overt sign of toxicity.

DISCUSSION

Efforts are being made to develop drugs that preferentially localize in organs and tissues undergoing a pathologic process mediated by effector molecules present in the circulation and in the body fluids. C has been largely implicated in several pathologic conditions and C neutralization has been shown to exert beneficial effect in preventing tissue and organs damage in both experimental and clinical settings (1, 2). For example, targeting C5 with the neutralizing antibody Eculizumab in humans has proved effective in controlling disease severity and progression in patients with PNH (4), aHUS (5), membranoproliferative glomerulonephritis (28), and antiphospholipid syndrome (29). Nevertheless, this therapeutic approach, though successful, is fraught with limitations due to the high cost and the possible side effects associated with generalized inactivation of the C system (30, 31). Our data indicate that this therapeutic strategy can be improved by developing a recombinant antibody that accumulates predominantly in the pathologic tissue.

To target endothelial cells with a neutralizing anti-C5 antibody, we used a recombinant human anti-C5 miniantibody recognizing C5 from human and other animal species (6) fused to the RGD-4C peptide at the Fc terminus. RGD-4C was selected for the study because this cyclic peptide offers several advantages over the linear peptide including increased structural stability, reduced susceptibility to degradation, and higher affinity for the target molecules (32).

Cyclic RGD has extensively been used in tumor-bearing mice to deliver imaging probes or drugs to tumor tissue for diagnostic and therapeutic purposes exploiting the ability of the peptide to recognize with high affinity αvβ3 integrin highly expressed in tumor vessels (33). The in vivo distribution of Ergidina observed in rats after i.v. administration suggests that RGD-4C can be used as a vehicle to deliver the neutralizing anti-C5 miniantibody to the kidney. The renal localization of Ergidina cannot be attributed to the clearance of the molecule, because its molecular weight of approximately 120 kDa is well above the size limit of the molecules filtering through the glomeruli under physiologic conditions. The weak fluorescent signal observed in the bladder is due to small amount of free fluorescent dye excreted in the urine (20, 27). A plausible explanation for the preferential homing of the neutralizing anti-C5 antibody to the kidney is that the recombinant molecule interacts with integrins expressing RGD-binding sites. Although αvβ3 and αvβ5 that bind RGD-4C peptide with high affinity are not expressed on quiescent endothelial cells, the mild staining of the vascular endothelium in normal kidney can possibly be justified by the presence of other integrins that bind less avidly RGD-4C, including α5β1 expressed on the endothelial cells of normal glomeruli (34, 35). The stronger immunofluorescence signal observed in the glomeruli of kidneys obtained from rats following IRI compared to untreated controls is consistent with the known ability of activated endothelial cells to express αvβ3 (35). This is also supported by the finding that RGD binding sites colocalize with αvβ3 on the intimal surface of vessels in ischemic kidneys (36).

The preliminary data collected in rat ischemic organs evidenced the capacity of this targeting approach to address activated endothelial cells of the kidney, but also on the heart and probably other organs; our attention was focused on kidneys and in particular in the prevention of tissue damages after IR.

Our failure to detect proteinuria, increased level of creatinine, and renal histologic alterations in rats undergoing IR treated with Ergidina is in line with the results of previous studies showing C involvement in the renal IRI (37–39). Evidence collected from various groups indicates that C is primarily activated through the lectin pathway in kidneys undergoing IR, as revealed by the early deposition of mannose-binding lectin (MBL) and prevention of tissue damage in MBL-deficient animals (40–42). More recently, Farrar and colleagues showed that the lectin pathway may also be triggered in ischemic kidney a few hours after reperfusion by collectin-11 found to colocalize with C3d to renal tubules (43). There has been some controversy about the contribution of the late C components to IRI through the action of C5a and/or the terminal C complex. C5b-9 was considered to play a predominant role in a mouse model of renal IRI based on the observation that C6-deficient mice were protected from tissue damage (39). Conversely, C5 inhibition failed to prevent IRI in Lewis rats raising the possibility that the involvement of the late C components in mediating renal IR may vary in different species (42). Our finding that C5 neutralization by Ergidina correlates with the prevention of renal IRI in Wistar rats does not support this hypothesis in agreement with recent data showing that antibody-mediated C5 inhibition markedly reduces tissue damage after reperfusion and prolongs graft survival in a syngeneic rat model of kidney transplantation (44).

The development of Ergidina falls within our tissue targeting approach to control C-mediated tissue damage. This strategy started with the generation of the recombinant molecule MT07 containing the C5 neutralizing antibody fused to a synovial-homing peptide that was effective at preventing joint inflammation (45). Similar to MT07, Ergidina has definite advantages over the non-targeting parent anti-C5 miniantibody that inhibits activation of circulating C5 (6). As a result of its delivery to renal endothelium, the drug guarantees local protection from the C-mediated tissue damage without affecting circulating C5 and consequently reducing the risk of infections associated with C5 depletion. This will be particularly important when treating patients with C-dependent chronic renal diseases, such as MPNG and aHUS (29), who require long-term therapy. In this case, treatment with the targeted recombinant molecule would be cost effective, since a limited amount of Ergidina (0.25 mg) corresponding to one-fourth of the dose required to partially inhibit circulating C5 (45) was sufficient to completely block the activation of C5 in the rat ischemic kidneys. The enhanced ex vivo binding to surgically removed kidney exposed to cold ischemia for 24 h followed by perfusion with the recombinant molecule supports its first therapeutic use to prevent posttransplant IRI, leading to delay of graft function. The contribution of C to this pathologic condition is suggested by the beneficial effect obtained perfusing the kidney with other C inhibitors including the membrane-binding C regulator APT070 (46) and, more recently, an anti-rat C5 (44) prior to transplantation. The finding that the ex vivo binding of Ergidina was not restricted to the kidney, but was also seen on ischemic heart, suggests that this membrane-binding anti-C5 antibody may represent a useful tool to treat surgically removed organs prior to transplantation to prevent posttransplant IRI.

In conclusion, we present a preliminary characterization of a recombinant molecule comprising a neutralizing anti-C5 antibody fused to RGD that preferentially binds in vivo and ex vivo to the ischemic vascular endothelium of surgically removed organs. This membrane-binding molecule prevents C5 activation on the cell surface and kidney injury caused by IRI.
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Pemphigus consists of a group of chronic blistering skin diseases mediated by autoantibodies (autoAbs). The dogma that pemphigus is caused by keratinocyte dissociation (acantholysis) as a distinctive and direct consequence of the presence of autoAb targeting two main proteins of the desmosome—desmoglein (DSG) 1 and/or DSG3—has been put to the test. Several outside-in signaling events elicited by pemphigus autoAb in keratinocytes have been described, among which stands out p38 mitogen-activated protein kinase (p38 MAPK) engagement and its apoptotic effect on keratinocytes. The role of apoptosis in the disease is, however, debatable, to an extent that it may not be a determinant event for the occurrence of acantholysis. Also, it has been verified that compromised DSG trans-interaction does not lead to keratinocyte dissociation when p38 MAPK is inhibited. These examples of conflicting results have been followed by recent work revealing an important role for endoplasmic reticulum (ER) stress in pemphigus’ pathogenesis. ER stress is known to activate the p38 MAPK pathway, and vice versa. However, this relationship has not yet been studied in the context of activated signaling pathways in pemphigus. Therefore, by reviewing and hypothetically connecting the role(s) of ER stress and p38 MAPK pathway in pemphigus, we highlight the importance of elucidating the crosstalk between all activated signaling pathways, which may in turn contribute for a better understanding of the role of apoptosis in the disease and a better management of this life-threatening condition.
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INTRODUCTION

Pemphigus encompasses various chronic autoimmune blistering skin diseases with acute stages often controlled by the administration of glucocorticosteroid drugs, especially when co-administrated with an adjuvant (1). However, the lack of specificity and the broad effect of steroid treatment may impact patient’s homeostasis. The side effects of short- and long-term treatments with glucocorticosteroid drugs are well documented and may even include death [reviewed in Ref. (2–6)]. Successful clinical trials with more specific drugs have been reported, such as rituximab (anti-CD20) and protein A immunoadsorption (7, 8). However, our limited knowledge of the disease has hampered the development of highly specific therapeutic agents that would ultimately minimize the use of glucocorticosteroid drugs as therapeutic agents.

Historically, pemphigus is identified by pathogenic IgG autoantibodies (autoAbs) targeting adhesion molecules of keratinocytes. These autoantigens are mainly two desmosomal cadherins: desmoglein (DSG) 1 and/or DSG3. Two main forms of pemphigus usually associate to autoAb profiles (9–12). In pemphigus foliaceus (PF), typically only anti-DSG1 autoAb, superficial blistering and erosions are observed. In contrast, pemphigus vulgaris (PV) patients may exhibit anti-DSG3 or anti-DSG3 and anti-DSG1 autoAb, known to specify the suprabasal blistering of mucous membranes or a mucocutaneous form, respectively [reviewed in Ref. (13, 14)]. While the anti-DSG profiles are highly indicative of the clinical form, the observation that reduction of disease activity toward a remitting stage may be followed by the maintenance of high anti-DSG titers remains a conundrum (15). However, the molecular mechanisms that comprise anti-DSG autoAb and lead to the loss of adhesion between keratinocytes in pemphigus are a major puzzle. Here, we review what has been generally proposed for pemphigus’ pathogenesis, while suggesting a potentially p38 mitogen-activated protein kinase (p38 MAPK)-co-shared central role for endoplasmic reticulum (ER) stress in the disease.

CONCEIVABLE MOLECULAR MECHANISMS FOR LOSS OF CELL ADHESION IN PEMPHIGUS

Two main explanations, the first one simpler and more intuitive and the latter more recently proposed, have been put together as our knowledge of the disease has evolved. The simpler model proposes that pemphigus pathogenic autoAb inhibit, either sterically or allosterically, the interaction of DSG1 and DSG3 from desmosomes of adjacent keratinocytes (trans-interaction), inducing loss of cell adhesion. Such hindrance would take place at the extracellular (EC) domains 1 and 2 located in the NH2-terminal region of DSGs, where pathogenic autoAb have been shown to bind specifically (16–20). Importantly, at least one of these EC domains is believed to allow for cis- and trans-interactions necessary for robust binding between adjacent keratinocytes (21).

In clinical terms, this model has been corroborated by the main findings that, in a Brazilian endemic form of PF known as fogo selvagem, patients in the preclinical stage exhibit IgG1 autoAb against the EC5 domain of DSG1, and that the onset of disease is accompanied by the emergence of IgG4 autoAb recognizing the EC1 and EC2 domains of the molecule (22). Similarly, mucosal PV is suggested to evolve to mucocutaneous PV upon intramolecular epitope spreading of autoAb against EC domains of the COOH-terminal region to autoAb against EC domains of the N-terminus portion of DSG3, as the former autoAb fail to recognize human skin and the latter autoAb have affinity for this tissue (23). This intramolecular epitope spreading in DSG3 is believed to precede an intermolecular epitope spreading from DSG3 to DSG1, an autoAb profile that correlates with the mucocutaneous form of PV (9). However, that autoAb against the EC C-terminus portion of DSG3 can be pathogenic themselves and that PV patients may have anti-DSG3-N-terminus portion autoAb without showing skin lesions suggest another layer of complexity to this model of pemphigus’ pathogenesis (23). The fact that some PF and PV patients also exhibit IgG or other isotypes of autoAb with specificity to different keratinocyte adhesion and/or non-adhesion molecules also argues in favor of a more complex pathogenesis [reviewed in Ref. (24, 25)]. Moreover, DSG1 and DSG3 have been shown to be targeted also by other immunoglobulin isotypes, specifically by IgE and IgM autoAb, which may as well play a role in disease development [reviewed in Ref. (26, 27)].

The rather simple explanation of pemphigus’ pathogenesis through steric hindrance relies on the DSG compensation hypothesis, which states that the distribution of DSG1 and DSG3 in the epidermis determines the site of blistering in pemphigus skin. Based on what has been discussed so far, this suggests that either DSG1 or DSG3 could solely account for epidermal cohesion. However, a new concept for the pathogenesis of pemphigus derives from a series of observations of signaling pathways activated by PF and PV autoAb [reviewed in Ref. (24)]. Among these activated pathways, researchers have described involvement of cyclic adenosine monophosphate (cAMP), epidermal growth factor receptor kinase (EGFRK), heat shock protein 27 (HSP27), c-Jun N-terminal kinases (JNK), mechanistic target of rapamycin, phospholipase C, protein kinases A and C, p38 MAPK, tyrosine-protein kinase SRC, and other tyrosine kinases (28–36). This new model has been termed apoptolysis, referring to the loss of epidermal cell adhesion (acantholysis) as a main outcome of the activation of keratinocyte intracellular apoptotic enzymes following the binding of distinctive autoAb profiles in pemphigus (36, 37).

It is not clear, however, whether apoptosis is a necessary preceding event for the pathognomonic acantholysis in pemphigus patients. In fact, in a large-scale electron microscopy study of pemphigus skin and mucosa, no cellular changes compatible with apoptosis were observed in lesional or non-lesional tissue (38). Moreover, molecular evidences have also argued against the role of apoptosis in blistering given the lack of consistent TUNEL positivity and detection of apoptotic markers, such as cleaved caspase 3, in pemphigus biopsies (39, 40). In a review on the topic, Schmidt and Waschke reported that most of the experiments suggesting a role for apoptosis in pemphigus were based on keratinocyte culture assays and their incubation with PV-derived IgG (41). This has been interpreted as a consequence of the high levels of Fas ligand present in pemphigus sera, which would be a trigger for the extrinsic apoptotic pathway (42). Independently of apoptosis being a primary or secondary, or even an irrelevant event in pemphigus’ pathogenesis, the signal transducing component of the apoptolytic theory is a well-supported and expected sequence of events, as illustrated below by the role of p38 MAPK pathway engagement in pemphigus. In summary, the concept of altered signaling involves the following events: (i) phosphorylation of adhesion or non-adhesion molecules with desmosome disassembly, (ii) derangement and collapse of the cytoskeleton, and (iii) impaired formation of new intercellular desmosomes and/or keratinocyte apoptosis [reviewed in Ref. (24, 41)].

Although the apoptolysis hypothesis was initially proposed based on direct observations, as the DSG compensation hypothesis fails to explain the mismatch between the autoAb pattern/DSG1 and DSG3 distribution and the morphological blistering phenotype observed in PV (24), the apoptolytic mechanism considers several other events also observed in PF. Initially, cell culture and cell-free assays showed that anti-DSG1 autoAb derived from PF patients induce keratinocyte dissociation without direct inhibition of DSG1 trans-interaction, possibly requiring cell-dependent signaling mechanisms (43). Furthermore, PF IgG also activated the p38 MAPK pathway and induced blister formation in a murine model of PF (44). More recently, a careful inspection of the ultrastructure of PF lesional skin revealed: almost detached keratinocytes with severe stretching of plasma membranes in pre-acantholytic areas; desmosomes still attached but beginning to tear off from cell membranes; and full desmosomes torn off from keratinocytes (45). This would agree with the third and fourth steps of the apoptolytic mechanism, after transduction of apoptolytic signals from plasma membranes (step 1), and elevation of intracellular calcium and launching of cell death cascades (step 2): “collapse and retraction of the tonofilaments … while most of desmosomes remain intact” (step 3); and “collapse of the cytoskeleton and tearing off desmosomes from the cell membrane” (step 4) (37). Another recent finding supporting the apoptolysis model, where p38 phosphorylation is presumed to have a central role (Figure 1), comes from the observation that hampered DSG trans-interaction does not result in keratinocyte dissociation when p38 MAPK signaling is inhibited (46). Very recently, in fact, it has been shown that blockage of p38 MAPK prevents PV-IgG-induced blistering (47) and PF-IgG-induced desmosomal changes (48) both in human skin.
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FIGURE 1 | The proposed central role of p38 mitogen-activated protein kinase (p38 MAPK) in pemphigus’ pathogenesis. The molecular complex supposed to be formed by desmoglein (DSG, specifically DSG3, as of the gap for data on DSG1), plakoglobin, and p38 MAPK induces keratinocyte apoptolysis and a local inflammatory response after binding of pemphigus IgG to extracellular domains of DSG. A phosphorylation cascade involving p38 MAPK, MAPK activated protein kinase 2 (MK2), and heat shock protein 27 (HSP27) leads to the collapse of the cytoskeleton and ultimately to keratinocyte apoptosis. The central role of p38 MAPK includes the production of pro-inflammatory cytokines.



More sophisticated studies have corroborated the simpler understanding that pemphigus autoAb induce loss of cell adhesion through steric hindrance. In another ultrastructural inspection of pemphigus skin and mucosa, two interesting findings have been reported for the first time in PF: the lack of desmosomes surrounding spontaneous blisters; and blistering in the below-granular layers when force was applied (38). According to the authors, these observations best fit the non-assembly depletion hypothesis, which may be considered a complementation of the steric hindrance hypothesis (25). It has also been verified that, among isolated monoclonal antibodies (mAb) of a PF patient, the single DSG1-specific pathogenic mAb recognizes exclusively the mature form of DSG1 lacking the N-terminal prosequence, while those non-pathogenic mAb were able to bind preferably the precursor form. Among all mAb, only the pathogenic mAb showed binding to the mature DSG1 region thought to be responsible for DSG trans-interaction (49). DSG1 maturation has been known to be regulated by furin, a proprotein convertase, via proteolytic cleavage of the prosequence (49, 50). Transcription of FURIN can be positively regulated by nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) (51) and cAMP-responsive element-binding protein (52), both of which are activated by p38 MAPK signaling pathways (51, 53). ER stress, in turn, has been very recently associated to PV’s pathogenesis (54). Therefore, considering that ER stress seems to be involved in pemphigus’ pathogenesis, while being known as an activator of the p38 MAPK pathway, which in turn has been reported to lead to ER stress, we focus on the potential connection between these pieces by suggesting that they may be linked as a positive feedback loop (Figure 2).
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FIGURE 2 | A model for a crosstalk between endoplasmic reticulum (ER) stress and p38 mitogen-activated protein kinase (p38 MAPK) pathway in the context of pemphigus. Both pemphigus IgG and non-IgG extracellular factors lead to ER stress resulting in C/EBP-homologous protein (CHOP) induction via protein kinase R-like ER kinase (PERK) and activating transcription factor 6 (ATF6). ER stress activates p38 MAPK through the inositol-requiring kinase 1 (IRE1)-apoptosis signal-regulating kinase 1 (ASK1)-MKK6/7 signaling pathway, and CHOP is activated by p38 MAPK. Pemphigus IgG binding preferentially to mature desmoglein (DSG) 1 and/or 3 activates the p38 MAPK pathway, which in turn induces ER stress. Dual-specificity phosphatases (DUSPs), negative regulators of p38 MAPK activation, can be targeted by either non-IgG extracellular factors or intracellular regulatory factors, such as RNAs and proteins, with altered expression or structure. ER stress and p38 MAPK play a critical role in keratinocyte apoptosis, heat shock protein 27 (HSP27) phosphorylation and transcriptional regulation of cytokines. In addition, activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) and cAMP-responsive element binding protein (CREB) by p38 MAPK signaling pathway positively regulates FURIN transcription, which ultimately facilitates the DSG maturation process. As more mature DSG becomes available on the keratinocyte’s plasma membrane, the entire process restarts, characterizing the positive feedback loop.



p38 MAPK SIGNALING PATHWAY IN PEMPHIGUS

The importance of the p38 MAPK pathway involvement in pemphigus pathogenesis has been consistently reported throughout the literature (28, 29, 44, 46–48) and extensively reviewed elsewhere (55). The observations that DSG3 and p38 MAPK are in close proximity and that plakoglobin, p38 MAPK, and DSG3 can be co-immunoprecipitated have suggested the existence of a signaling complex formed by these molecules and its importance for the anchorage of the desmosomal plaque to the keratinocyte cytoskeleton (Figure 1) (56). Interestingly, phosphorylation of p38 MAPK induced by incubation of cultured keratinocytes with PV IgG can take place as early as 15 min, corroborating DSG3 and p38 MAPK association (32). However, this same study showed that, for the majority of patient-derived PV IgG, phosphorylated p38 MAPK did not reach its peaks until after 240 min from incubation. Such peaks were observed after an important reduction of p38 MAPK and increase of EGFRK and SRC phosphorylation at 60 min. Comparable findings had been reported previously (30). Meanwhile, it has been documented that p38 knockdown seems to prevent loss of desmosomal DSG3 and exogenous p38 activation appears to induce DSG3 internalization, both in PV IgG-treated keratinocyte cultures (57). Therefore, the late p38 phosphorylation peak has been interpreted as a consequence of internalized and processed DSG3, which in turn would not be primary for the loss of keratinocyte adhesion in PV, but actually an enhancer for blistering through DSG3 endocytosis.

Nonetheless, it is conceivable that such late peaks of p38 phosphorylation represent the activation of distinct pathways that converge to p38 MAPK de novo engagement, as in a positive feedback loop. In fact, negative feedback mechanisms insure that MAPKs are not uninterruptedly active. This task is undertaken by dual-specificity phosphatases (DUSPs), proteins with precise phosphorylating and dephosphorylating functions and with discrete cell-type distribution and subcellular localization (58). DUSP1, also known as MAP kinase phosphatase 1 (MKP1), is a well-known regulator of p38 MAPK activation, which may in turn induce a DUSP1-dependent negative feedback (59, 60). Besides the conceivable existence of a positive feedback loop downstream of a p38 phosphorylation and dephosphorylation cycle by DUSPs, these are themselves potentially associated with autoimmune diseases. DUSP1, for example, is underexpressed in psoriatic skin lesions in comparison to their normal-appearing counterparts (61), and this is believed to contribute to the inflammatory condition observed in the disease. Such an assumption derives from reports indicating reduced production of cytokines when inhibiting signaling through MAPKs. The PV-associated interleukin (IL)-8, for instance, seems to be downregulated with MKP1-dependent inhibition of p38 MAPK (62, 63). Finally, given the limited repertoire of known p38 dephosphorylators, regulatory RNAs that putatively target DUSPs could be comprehensively validated as such. Specifically, pemphigus-overexpressed microRNAs (miRNAs) putatively targeting DUSPs could be validated in light of their role in fine-tuning gene expression at the posttranscriptional level. This approach would be of special importance for validating the existence of a positive feedback loop, because of the expected upregulation of DUSP expression downstream of p38 MAPK activation and the potential existence of an abnormal miRNA profile in pemphigus keratinocytes. Again, such abnormal profile could include upregulated miRNAs that target DUSPs’ messenger RNA, therefore interfering with the negative feedback between newly synthesized DUSPs and p38 MAPK.

THE EMERGING ROLE OF ER STRESS IN PEMPHIGUS

In contrast with the well-established role of p38 MAPK in pemphigus, the importance of ER stress in the disease has not yet undergone scrutiny. However, a link between ER stress and apoptosis has been demonstrated. During ER stress, proapoptotic transcription factor C/EBP-homologous protein (CHOP, or DNA damage-inducible transcript 3, DDIT3) is induced by PKR-like endoplasmic reticulum kinase (PERK) and activating transcription factor 6 (ATF6) on ER membranes. Inositol-requiring kinase 1 (IRE1α) on ER membranes is also activated by ER stress resulting in activation of p38 MAPK via apoptosis signal-regulating kinase 1 (ASK1) and MKK6/7. p38 MAPK in turn activates CHOP (Figure 2) [reviewed in Ref. (64)]. Engagement of p38 MAPK and JNK pathways were reported to take place initially after stimulation of Epstein–Barr virus-transformed B cells with anti-CD70—a treatment that leads to ER stress-mediated apoptosis of these cells—while inhibition of both pathways blocked upregulation of ER stress markers, such as CHOP (65). Also, p38 MAPK can function as an upstream inducer of ER stress (66, 67). This is indicative of the existence of an ER stress response via p38 MAPK and JNK pathways, suggesting that at least ER stress and p38 MAPK might be connected by a two-way route (Figure 2).

Some studies have investigated the involvement of ER stress in pemphigus pathogenesis. The ER stress pathway represented by the activation of PERK was shown to be engaged when exposing cultured keratinocytes to PV serum (68), which had been previously shown to upregulate PERK (69). Moreover, downregulation of PERK expression through small interfering RNA restricted the changes in keratinocyte cell cycle and viability typically observed after treatment of these cells with pemphigus serum (68). Interestingly, PERK phosphorylation can occur independently of PV IgG, i.e., when treating keratinocytes with total or Ig-depleted PV serum (68). However, by looking at the isolated effects of both anti-DSG1 and anti-DSG3 PV autoAb on ER stress induction, it was also reported that overexpression of CHOP may be anti-DSG1 dependent (54). These apparently conflicting results might be interpreted in light of the different intracellular signaling events triggered by the heterogeneous autoAb profiles of pemphigus patients (36). Moreover, in contrast with DSG3, it is unknown whether DSG1 is in association with p38 MAPK or not. Thus, the specific signaling complexes formed by both of these molecules could also explain such results.

Besides stimulating or being stimulated by the p38 MAPK pathway, ER stress could be contributing to the activation of HSP27 in pemphigus. Phosphorylation of this protein, known to occur in pemphigus and downstream of p38 MAPK and MAPK-activated protein kinase 2 (MK2, or MAPKAPK2) (70), has been reported to be induced by ER stress (71). Although environmental factors may play an important role in the pathogenesis and course of pemphigus, the contribution of viral infections to the disease remains unclear (72). Nonetheless, it has been reported that a hepatitis B virus envelope protein is capable of activating the p38 MAPK and NFĸB pathways in an ER stress-dependent manner (73), being therefore an example of how viral factors could directly contribute to a connected ER stress induction and p38 MAPK activation. Altogether, by adding ER stress to the understanding of pemphigus pathogenesis, an entirely new set of hypotheses and connections can be made in the context of the signaling pathways activated in the disease. Hence, we have put together a model in which ER stress has a potential central role in pemphigus (Figure 2). In summary, we suggest that ER stress may be triggered more directly by non-IgG factors, secondarily by anti-DSG1 autoAb—given the anti-DSG1-dependent induction of ER stress found by Mihailidou and collaborators (54)–or indirectly by pemphigus IgG via p38 phosphorylation. Once ER stress has been triggered, it can act as positive regulator of p38 phosphorylation. In addition, we suggest that pemphigus patients may produce factors that also, directly or indirectly, downregulate DUSP levels and act in conjunction with ER stress, for example, to allow for a secondary, but strong p38 MAPK engagement.

CONCLUDING REMARKS

The existence of consistent data favoring either one of the molecular mechanisms explaining the loss of cell adhesion in pemphigus is consistent with its intricate pathogenesis. Indeed, histopathology may develop as a consequence of anti-DSG antibodies, both, impairing DSG trans-interaction through steric hindrance and subsequently transducing intracellular signals leading to keratinocyte apoptosis. However, non-IgG factors may also contribute to histopathology by inducing additional pathways, including ER stress, which may in turn activate the p38 MAPK signaling pathway of great importance in pemphigus. By connecting both, the ER stress and the p38 MAPK pathway, we put in perspective a potential positive feedback loop between these events in which, in an IgG-dependent manner, p38 MAPK activation leads to ER stress, which in turn stimulates p38 phosphorylation. We also suggest that, independently of autoAbs, i.e., also through factors such as viral particles, cytokines, metabolites, and/or regulatory RNAs and proteins, ER stress would primarily induce p38 MAPK activation, which would then prompt the positive feedback loop through the same intracellular signaling cascades. Finally, this is suggestive of a central role for ER stress in pemphigus pathogenesis and, by bringing this to light, we hope to inspire researchers in the field to deepen the understanding of this life-threatening disease.
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Introduction: The endemic form (fogo selvagem—FS) of pemphigus foliaceus is an autoimmune disease characterized by the presence of IgG autoantibodies against desmoglein-1. Despite the array of findings, the role of chemokines and cytokines that dictate the immune response and disease outcome is still poorly investigated.

Materials and methods: Serum from 64 patients diagnosed with FS was used to draw and establish the levels of these molecules on this disease and establish the levels of these molecules with the severity of FS, and influence of treatment.

Results: In comparison to healthy subjects, FS patients, newly diagnosed and still without therapeutic intervention, had higher levels of IL-22 and CXCL-8, and reduced levels of IFN-γ, IL-2, IL-15, and CCL-11. Furthermore, treatment using immunosuppressant drugs augmented the production of IFN-γ, IL-2, CCL-5, and CCL-11 besides reducing the levels of IL-22 and CXCL-10. Immunosuppressive therapy seemed to have long-lasting effects on the production of higher amounts of IFN-γ, IL-2, and CCL-5, besides keeping lowered the levels of IL-22 in remission FS patients.

Conclusion: Taken together, our findings suggest a putative role of IL-22 in the pathogenesis of FS. Finally, data presented here may contribute for better understanding the immune aspects that control disease outcome.

Keywords: pemphigus foliaceus, fogo selvagem, IL-22, cytokines, chemokines, pathogenesis

INTRODUCTION

Pemphigus is a severe and rare autoimmune disease characterized by antibodies targeting desmosomal proteins that are crucial to mucosal and epidermal integrity. So far, two major types of pemphigus were described, pemphigus vulgaris and pemphigus foliaceus (PF), and in some cases, these diseases can be subcategorized or present variants (1). PF can be found in all continents, but its endemic form known as “fogo selvagem” (FS) is more frequently found in Brazil, where the disease is up to 20 times more frequent than in other committed countries such as Peru, Colombia, Algeria, and Tunisia (2). Particularly in Brazil, autoimmune blistering diseases, such as PF, are more frequently associated with black subjects living in rural areas (1, 3, 4).

Fogo selvagem shares clinical and immunopathological features to the non-endemic form and is characterized by the presence of pathogenic autoantibodies (primarily IgG4) against the desmoglein-1 (Dsg1), resulting in loss of organization between keratinocytes (acantholysis) that leads to the formation of intraepidermal vesicles (1, 5, 6). Despite the role of antibodies targeting desmoglein, several other aspects are associated with the complex pathogenesis and susceptibility of pemphigus. Increased levels of T helper-2 (Th2) cytokines such as IL-4, IL-10, and IL-13 were already shown to be involved in the production of IgG4 by B-lymphocytes in both PF and PV patients. Those patients also exhibited reduced levels of IL-2 and IFN-γ, resulting in suppressed expansion of Th1 lymphocytes, which suggests an inhibitory effect of Th2-cytokines, thus contributing to disease worsening (7).

Owing to the immune imbalance, pharmacological treatment of pemphigus, especially in underdeveloped and developing countries, is mainly based on immune modulatory and anti-inflammatory drugs such as glucocorticoids (GC). However, some patients are refractory or may present some side effects (8). This poor responsiveness could be related to elevated levels of the inflammatory cytokines IL-6 and TNF-α, which can induce GC resistance observed in peripheral blood mononuclear cells (PBMCs) isolated from pemphigus subjects (8). Furthermore, augmented levels of IL-10 and IL-12 concomitant to reduced levels of IL-2, IL-4, IL-5, and IFN-γ were found in PF patients without treatment, when compared to their control counterparts (9). On the other hand, PBMCs isolated from PF patients treated with GC, showed increased levels of both the inflammatory cytokine IL-1β or in the IL-5/IFN-γ, when compared to their healthy counterparts (10). Taken together, the few studies conducted so far only describe cytokines related to Th1 and Th2 pattern of immune response. In other words, these findings do not permit a clear definition of the entire immune aspects related to the onset, treatment, and remission of the disease.

In the last years, other cytokines such as IL-9, IL-17, and IL-22 have been implicated in the pathogenesis of inflammatory and autoimmune diseases affecting skin, such as psoriasis, for example (11, 12). IL-9 seems to act synergistically with IL-17 and IL-22, which can be related to disease worsening (12). Though skin diseases such as psoriasis can be associated with the development of pemphigus (13, 14), the latter still requires more clarification regarding cytokine interplay, immune profile, and the impact of treatment on disease outcome.

Thus, given the lack of data concerning the immune profile of FS patients in different clinical stages of disease as well as the impact of treatment in this context, this study aimed to elucidate the cytokine/chemokine interplay in those subjects.

MATERIALS AND METHODS

Patients

The study was conducted with patients from a hospital for blistering diseases located in Uberaba, state of Minas Gerais, Brazil, from January 2013 to December 2015. Serum from 64 patients diagnosed with FS was used in this study (Table 1; Figure 1). Samples were collected during the consultation of patients in different stages of treatment (before, during, and after treatment) in the hospital for blistering disease. For all patients, peripheral blood samples were collected by venipuncture in an EDTA-coated vacutainer tube (BD Biosciences, San Jose, CA, USA) and kept in ice until plasma separation (within 30 min). Blood was centrifuged at 1,000 × g for 10 min and plasma was aliquoted (0.5 ml per tube) and stored at 80°C until analysis. Among them, 9 did not receive treatment by the time they were diagnosed and samples were collected (untreated subjects), 45 were under treatment with immunosuppressant drugs (treated subjects) (Table S1 in Supplementary Material), and 10 remissive subjects were treated at least 1 year before samples were collected, did not display any features of disease activity nor were taking any further medication (post-treatment subjects). Treated subjects (n = 45) were further subcategorized in three groups (group I—29, II—6, and III—10 patients) according to the level of cutaneous lesions. The extension of cutaneous damage was assessed according to the Wallace’s rule of nines (15). 39 subjects, age-matched, originated from the same areas without diagnosis of autoimmune, inflammatory or infectious diseases, neoplastic disorders, or allergies, composed the control group. Furthermore, none of the individuals from the control group had any familial case of pemphigus. Patients diagnosed with FS had clinical, pathological, and/or serological diagnosis. Informed consent was obtained for experimentation with all human subjects. The median age of FS patients in our study was 36 years old with no predominance of sex. The majority of patients were white or mulattoes (76.6%). The number of patients from urban area (40.6%) or from urban area with frequent contact with rural areas (51.6%) was higher than those living in rural area (7.8%) (Table 1).

TABLE 1 | Gender, skin color, and housing area of fogo selvagem patients and their control counterparts.
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FIGURE 1 | Geographical distribution of patients with the endemic form (fogo selvagem) of pemphigus foliaceus. The respective colors represent the number of patients from each municipality. Highlight to the state of Minas Gerais.



All procedures were conducted in accordance with the Declaration of Helsinki, with full patient compliance and approved human practices as defined by the Ethics Committee for Human Experimentation of the Federal University of Triângulo Mineiro (UFTM), Uberaba, Minas Gerais, Brazil, protocol number 1.311.730.

Chemokine and Cytokine Production

The production of IL-1β, IL-5, IL-12, IL-13, IL-15, IL-22, IL-23, IL-33, CCL-10 (IP-10), CCL-2 (MCP-1), and CCL-11 (Eotaxin-1) was assessed in plasma using the enzyme-linked immunosorbent assay (R&D Systems®, San Diego, CA, USA), following the manufacturer’s instructions. Cytometric Bead Array (BD Biosciences, San Jose, CA, USA) was used for simultaneous detection of TNF-α, IFN-γ, TGF-β, IL-2, IL-4, IL-6, IL-9, IL-10, IL-17A, CCL-5 (RANTES), CXCL-8 (IL-8), and CCL3 (MIP-1α).

Data Analysis and Statistics

For all variables, normal distribution and homogeneous variance were tested. The D’Agostino-Pearson test was used to assess normality for all variables. In cases of non-Gaussian distribution of data, the non-parametric Mann–Whitney test was applied. Multiple comparisons relating to the medians of values for more than two groups were made using the Kruskal–Wallis non-parametric test followed by Dunn’s test. For correlations the Spearman test was used. The observed differences were considered significant when p < 0.05 (5%). Statistical analysis was performed using the Graphpad Prism software (GraphPad Software 6.0, La Jolla, CA, USA).

RESULTS

Cytokine and Chemokine Profile in Treated and Non-Treated Subjects

Because of the importance of cytokines and chemokines on different physiological and pathological aspects, and due to the lack of a more consistent data concerning the production of these molecules in FS patients, the level of cytokines and chemokines was assessed in untreated FS patients and their healthy control counterparts. Thus, FS patients had lower levels of IFN-γ (Figures 2A,R), IL-2 (Figure 2H), IL-15 (Figure 2K), and CCL-11 (Figures 2P,R) when compared to their control counterparts. On the other hand, the levels of IL-22 (Figure 2G) and CXCL-8/IL-8 (Figures 2M,R) were significantly elevated in FS patients. No differences were detected for the levels of IL-17 (Figure 2B), IL-6 (Figure 2C), IL-23 (Figure 2D), IL-5 (Figure 2E), IL-10 (Figure 2F), TNF-α (Figure 2I), IL-12 (Figure 2J), IL-33 (Figure 2L), CCL-2 (Figure 2N), CCL-5 (Figure 2O), and CXCL-10 (Figure 2Q). The following cytokines/chemokines were not detected: IL-13, TGF-β, IL-4, IL-9, and CCL3 (data not shown). These results suggest a complex interplay between cytokines and chemokines in the pathogenesis of FS.
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FIGURE 2 | Serum profile of cytokines and chemokines in the pathogenesis of the endemic form (fogo selvagem) of pemphigus foliaceus. Levels of (A) IFN-γ, (B) IL-17, (C) IL-6, (D) IL-23, (E) IL-5, (F) IL-10, (G) IL-22, (H) IL-2, (I) TNF-α, (J) IL-12, (K) IL-15, (L) IL-33, (M) CXCL-8/IL-8, (N) CCL-2/MCP-1, (O) CCL-5/RANTES, (P) CCL-11/eotaxin-1, and (Q) CXCL-10/IP-10 from healthy donors (controls) and untreated patients with the endemic form (fogo selvagem) of pemphigus foliaceus (no treatment). Lines represent median. *p < 0.05, Mann–Whitney test. (R) Radar plot representation of serum cytokine and chemokine profile. Lines highlight the fold change in cytokine levels in pemphigus foliaceus patients (gray line) in relation to healthy donors (black line). Data were obtained by calculating the ratio between the median concentration of each cytokine in the pemphigus foliaceus (fogo selvagem) group and in the healthy group.



The Relationship between Cytokines, Chemokines, and Disease Severity

To check for a relationship between disease severity and the levels of cytokines and chemokines, FS patients were stratified according to the extension of lesion (Figure 3A). The greater severity of disease, which means patients with more than 90% of compromised skin (group III), was associated with higher levels of IFN-γ (Figure 3B), IL-2 (Figure 3C), and CCL-5 (Figure 3H), when compared to the untreated patients. Furthermore, higher levels of IL-22 (Figure 3G) were also verified in group III, when compared to group I, and in untreated patients compared to group I. The greater severity of disease was also related to higher levels of IL-10 when compared to group II and untreated patients (Figure 3F). No differences were registered for the levels of IL-6 (Figure 3D), CXCL-8/IL-8 (Figure 3E), and CCL-10/IP-10 (Figure 3I). The following cytokines/chemokines were not detected: TGF-β, IL-4, IL-9, IL-23, IL-13, and CCL3 (data not shown). These results pointed to an influence of severity of disease on cytokine and chemokine production in FS patients.
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FIGURE 3 | The profile of cytokines, chemokines, and disease severity in patients with the endemic form of pemphigus foliaceus. (A) Stratification of fogo selvagem (FS) patients according to the extension of skin lesions. Levels of (B) IFN-γ, (C) IL-2, (D) IL-6, (E) IL-8, (F) IL-10, (G) IL-22, (H) CCL-5/RANTES, and (I) CCL-10/IP-10, from patients with the endemic form (FS) of pemphigus foliaceus without treatment (No treatment) compared to those taking immunosuppressive therapy with different degrees of lesions in skin (I-III). Lines represent median. *p < 0.05, Kruskal–Wallis test followed by Dunn’s test.



Cytokine and Chemokine Interplay after Treatment with Immunosuppressant Drugs

Next, to verify if immunosuppressant therapy may induce long-lasting effects on cytokine and chemokine levels, we evaluated the cytokine and chemokine levels in remissive patients and compared it with FS subjects before and during treatment with immunosuppressive therapy. Treatment induced and maintained the production of IFN-γ and IL-2 (Figures 4A,H, respectively). However, though the production of IL-33 (Figures 4L,R) and CCL-11 (Figures 4P,R) was induced by treatment, the higher levels of these molecules were not kept after withdrawal of therapy. The levels of the chemokine CCL-5 (Figure 4O) were higher in FS patients after treatment. The absence of treatment in FS patients was especially associated with higher levels of IL-22 (Figures 4G,R). No differences were observed between the conditions of treatment for the production of IL-17 (Figure 4B), IL-6 (Figure 4C), IL-23 (Figure 4D), IL-5 (Figure 4E), IL-10 (Figure 4F), TNF-α (Figure 4I), IL-12 (Figure 4J), IL-15 (Figure 4K), CXCL-8 (Figure 4M), CCL-2 (Figure 4N), and CCL-10/IP-10 (Figures 4Q,R). The following cytokines/chemokines were not detected: IL-13, TGF-β, IL-4, IL-9, and CCL3 (data not shown). These results suggest that immunosuppressant therapy may induce long-lasting effects on the production of cytokines and chemokines.
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FIGURE 4 | Cytokine and chemokine interplay after treatment with immunosuppressant drugs. Levels of (A) IFN-γ, (B) IL-17, (C) IL-6, (D) IL-23, (E) IL-5, (F) IL-10, (G) IL-22, (H) IL-2, (I) TNF-α, (J) IL-12, (K) IL-15, (L) IL-33, (M) CXCL-8/IL-8, (N) CCL-2/MCP-1, (O) CCL-5/RANTES, (P) CCL-11/eotaxin-1, and (Q) CXCL-10/IP-10 from patients with the endemic form (fogo selvagem—FS) of pemphigus foliaceus under different conditions of treatment (no treatment, treated, and post-treatment). Lines represent median. *p < 0.05, Kruskal–Wallis test followed by Dunn’s test. (R) Radar plot representation of serum cytokine and chemokine profile of not treated (black lines), in treatment (light gray) and post-treatment (dark gray) FS patients. Data were obtained by calculating the ratio between the median concentrations of each cytokine in the pemphigus foliaceus (FS) patients under- or post-treatment versus the untreated group.



DISCUSSION

In recent years, some efforts have been made to elucidate the role of cytokines and chemokines in the pathogenesis of FS; however, the findings described so far are limited, and their implications in disease outcome were not fully elucidated yet. In our study, the plasma levels of over 17 cytokines and 6 chemokines were evaluated in FS patients. The results pointed to a putative role of IL-22 in the pathogenesis of FS, and to a supposed protective function of especially Th1-related cytokines and Th2 chemokines in serum.

The most affected regions in Brazil include the mid-western and the southeastern states, including Minas Gerais (3, 16), where the majority of patients analyzed in our study came from. Furthermore, FS has been primarily described as predominant over people from rural areas, being uncommonly described in urban areas (3). Since its first description, the etiology of FS has been mainly attributed to environmental triggers present in rural areas, which can be different based on geographical distribution and genetic inheritance (17, 18). Despite the description of FS as primarily found in rural areas, our study suggested an urbanization of this disease. This scenario could be at least partly attributed to the presence of strong environmental triggers in urban areas, including stress, lifestyle, and pollution, which were already described as potential triggers for other autoimmune diseases such as those affecting thyroid (19), systemic lupus erythematosus, and type 1 diabetes (20), for example. Additionally, the saliva of sand flies contains some components like LJM11, which is a salivary protein from the sand fly Lutzomyia longipalpis (21), able to cross-react to anti-Dsg1 monoclonal autoantibodies from FS patients. This phenomenon, in turn, induced a production of autoantibodies targeting Dsg1 in mice previously immunized with the salivary protein (1, 21, 22). Accordingly, the so-called “urbanization” of FS observed in our study, can be also attributed to changes in the behavior of the insects moving from sylvatic areas to urban areas as a consequence of social–environmental alterations (23, 24). Therefore, it is possible to consider the role of insect-derived saliva proteins, like LJM11, in the onset of a pathogenic response, leading to FS.

The complex interplay between cytokines and chemokines that dictates disease outcome in FS is still a matter of investigation. In our study, the comparison between healthy subjects and FS patients suggested a role of IL-22, and to a less extent IL-8, in the FS. Healthy subjects had higher levels of IFN-γ and IL-2. Similarly, elevated levels of IFN-γ and IL-2, along with a reduction in IL-22, were observed in FS patients under treatment or after treatment withdrawn, when compared to untreated patients. A different study, also pointed to a reduction in serum of IL-2 and IFN-γ in FS patients when compared to their healthy control counterparts (9). Though in a different pemphigus entity, PV-treated patients also showed elevated levels of IFN-γ (25). Additionally, the inverse relationship between IL-22 and IFN-γ was described in patients with active psoriasis (26). IL-22 is especially produced by Th17 and Th22 cells (27) and is involved in several processes including the regulation of tissue cells in skin, kidney, pancreas, small intestine, liver, colon, and respiratory system (26). Despite the beneficial role of IL-22 in the aforementioned tissues, this cytokine, depending on the context, may present a pro-inflammatory role. For this reason, it has been implicated in the pathogenesis of different inflammatory skin disorders including atopic dermatitis (28), psoriasis (29) and systemic lupus erythematosus with skin manifestations (30). However, the participation of IL-22 in the pathogenesis of FS is still not elucidated and needs to be further explored. In skin, despite the absence of effect over skin fibroblasts, endothelial cells, and melanocytes, proliferation of keratinocytes, epidermal hyperplasia, and abrogated keratinocyte terminal differentiation are mediated by IL-22, mainly derived from Th22 cells (31). IL-22 has shown in vitro, great ability to downregulate key genes in keratinocyte differentiation, including loricrin, filaggrin, and involucrin, which resulted in striking acanthosis (32, 33). Because of the effect of IL-22 in skin, higher levels in both skin and serum have been related to disease worsening in patients with active psoriasis (34, 35). Even though psoriasis and PF are considered to be distinct entities, in some cases, they can occur together in the same patient. In these cases, PF has been developed in untreated or chronic psoriatic patients (36–42). However, we cannot exclude the participation of genetics in this context, the presence of HLA DRB1 alleles, which have been described to be related with both psoriasis (43) and PF/FS (44, 45), could possibly explain the concomitant occurrence of both diseases. Although we have not determined the presence of the HLA DRB1 alleles in our study, the importance of IL-22 in the pathogenesis of FS cannot be underestimated and needs to be further explored. Additionally, we cannot underestimate the importance of the balance between IL-22, IL-2, and IFN-γ, neither the role of IL-22, on disease onset and progression. As we have pointed out here, in treated patients (even after treatment withdrawn), the opposite relationship between the higher levels of IL-2 and IFN-γ and lower levels of IL-22, appeared to be related to disease amelioration. We believe that in FS, IL-2 and IFN-γ may exert a protective role antagonizing the effects of IL-22.

Despite the crucial role of cytokines in the pathogenesis of FS, chemokines are also important players in this scenario. Our results pointed to higher levels of CXCL-8/IL-8 in FS patients. IL-8 is a chemokine produced during inflammatory stimulation, and its main function is to chemoatract and activate neutrophils (46). Though this chemokine is widely studied owing to its role in neutrophil recruitment and inflammation, data concerning the participation of IL-8 in the pathogenesis of FS still needs to be clarified. In a rare subset of pemphigus, known as pemphigus herpetiformis (PH), in which IgG autoantibodies targeting Dsg1 seems to be related to the development of disease, it was suggested that these autoantibodies were able to induce overexpression of IL-8 in keratinocytes (47). Cultured keratinocytes from these patients showed increased production and secretion of cytoplasmic IL-8 after stimulation with autoantibodies derived from PH patients (47), which reinforces the effect of autoantibodies targeting Dsg1 on the production of IL-8. Similarly, the blister formation in bullous pemphigoid was associated with higher levels in serum of IL-6 and IL-8 (48, 49). In contrast, in other subsets of pemphigus, pemphigus vulgaris, higher levels of IL-8 were observed in PV-treated patients (25). Although we have not investigated the relationship between the effects of autoantibodies targeting Dsg1 on the production of IL-8 in our study, we cannot exclude this possibility. Moreover, though not as important as IL-22, IL-8 seems also to be related to disease activity, and together with the former, may represent a potential target for new therapeutic approaches. However, such role of IL-22 and IL-8 in FS pathogenesis needs to be further clarified.

In our study, CCL-5/RANTES was induced and maintained by immunosuppressant drugs even after treatment withdrawn. However, its role in the development of FS is not fully explored. CCL-5 is a chemokine with strong capacity to recruit monocytes, T cells, and eosinophils, acting via the receptors CCR1, CCR3, and CCR5 (50). Its expression in other forms of pemphigus is controversial. Patients diagnosed with bullous pemphigoid, pemphigus, and dermatitis herpetiformis showed no differences for the presence of IL-8 and RANTES in the skin lesions (51) or in serum (52), when compared to their control counterparts. Interestingly, the higher levels of CCL-5, IFN-γ, and IL-2 found in treated patients in our study were followed by a reduction in IL-22. In patients with lung inflammation, higher levels of IL-22 were shown to be able to suppress IFN-γ-induced secretion of CCL-5 (53). The effects of immunosuppressant drugs like prednisone, one of the most prescribed therapies to treat FS, were shown to be involved in the reduction of IL-22 in patients with systemic lupus erythematosus (54). Therefore, we believe that immunosuppressive therapy influenced this balance, reducing the levels of IL-22, and thus favoring the production of IFN-γ-derived CCL-5. Nevertheless, the mechanisms behind this modulation were not explored in our study. Additionally, it is difficult to address the consistencies/inconsistencies between different subtypes of pemphigus. This is probably due to the distinctions in etiology, physiopathology, geographical area, incidence, and prevalence observed in each case.

We believe that our study is the most detailed and complete study on the effects of cytokines and chemokines in the pathogenesis of the endemic form (FS) of PF. Our results pointed to a putative role of IL-22 in the pathogenesis of FS, and to the importance of immunosuppressive therapy to reestablish the immune balance in FS patients. Ultimately, we believe that this study may provide a better knowledge of the cytokines and chemokines involved in disease outcome, besides suggesting IL-22 as a hypothetical target to be explored in future studies. Moreover, our study demonstrates, for the first time, the urbanization of the disease. These data are also important because future preventive decisions must take into account the environmental triggers in urban areas that may be related with the onset of the disease.
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P value

All BP patients  Patients without mucosal involvement Patients with mucosal involvement
Serum anti-BP180 NC16A
Number of patients (n)* 9 76 18 NA
Number of patients with titer >9 U/mL, n (%) 77 (81.9) 62 (81.6) 15 (83.3) 0.86
Mean value  SD (U/mL) 63.9.+50.8 62 50.1 719544 053
Serum anti-BP230
Number of patients () 93 75 18 NA
Number of patients with titer 29 U/mL, n (%) 44(47.3) 39 (52) 5(27.8) 006
Mean value + SD (U/mL) 29.1£37 3221378 162309 007

Subsets of BP patients with or without mucosal involvement were compared and P-value was obtained using ChF tests for comparison between qualtative variables and

nonparametric, Mann-Whitney tests for comparison between quantitative values.
“Patients for whom serum anti-BP180 ELISA values were available.
“Patients for whom serum anti-BP230 ELISA values were avaiable.
NA, not applicable; BP. bullous pemphigoid: ELISA, enzyme-linked immunosorbent assay.
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Al BP patients  Patients without mucosal involvement  Patients with mucosal involvement P value

Q]
Number of patients (n)* 37 30 7 NA
BF anti-BP180 NC16A
Nurnber of patients with titer >0 U/mL,n (%) 32 (86.5) 26(86.7) 6(85.7) 095
Mean value  SD (U/mL) 7942512 785518 8351522 066
BF anti-BP230
Number of patients with titer 9 U/mL,n (%) 16 (43.2) 14 46.7) 2(287) 038
Mean value  SD (U/mL) 31.2+ 403 342+415 182342 065
(8)
Nurmber of patients® 37 30
Anti-BP180 NC16A r=078 r=074 89

P <0.0001 P <00001 P=001
Anti-BP230 r=073 r=074 75

P <0.0001 P <0.0001 P=007

Subsets of BP patients with or without mucosal involvement were compared and P-value was calculated using ChF tests for comparison between qualitative variables and
nonparametric, Mann-Whitney tests for comparison between quantitative values. Spearman’s correlation coeficient was used to explore the refationship between immunological
parameters in serum with those in BF.

“Patient for whom BF and serum anti-BP180 NC16A and anti-BP230 ELISA values were avaibe.

NA, not applicable; BP. bullous pemphigoid; ELISA, enzyme-linked immunosorbent assay.
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All BP patients  Patients without mucosal involvement

Number of patients () %
Sexratio (F/M) 1.88
Age, mean + SD 81793
Patients with at least 10 daily new blisters,*n (%) 45 (47.4)
Number of daily new bisters, mean + SD 19.3+29.8
BPDAI global score, mean + SD 306227
Activity of total skin involvement, mean + SD 381126
Blisters/erosions, mean + SD 249176
Erythemay/urticaria, mean + SD 132+136
Activity of mucosal involvement, mean + SD 0824
Damage, mean + SD 0822
Patients with severe disease according BPDAL® (%) 24(25)

Subsets of BP patients with or without mucosal involvement were compared and P-value was obtained using Ch’ tests for comparison between qualitative variables and

nonparametric, Mann-Whitney tests for comparison befween quantitative values.
*Determined over a 3-day period.

“Determined by BPDA! global score 256.

NA, not applicable; BR, bullous pemphigoid; BPDAI, BP Disease Area Index.

77
1.96
824189
32(41.6)
17.6£27.1
358+ 25.1
35.1£25
221164
134133
o
0718
16(20.8)

Patients with mucosal involvement P value

18
157
787106
13(72.2)
2654394
56,1202
51.0+268
369+17.6
141 £15.1
40£42
11£26
8(44.4)

NA
0.68
0.18
0.02
0.07
0.008
0.021
0.001
091

NA
0.78
0.04
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Mean age at first cycle RTX BP(n=8° 67.13 years SD 9.4, range 53-78

MMP (0 = 14) 64.9 years SD 12.3, range 45-84
Ocular involvement (n = 7)°

Oral involvement (n = 11)

Laryngeal involvement (n = 4)

Genital involvement (n = 2)

EBA, allinflammatory subtype (1 = ) 54.0 years SD 22,8, range 25-87
LAD (= 1) 48.0 years -
Total (n = 28) 63.0 years SD 14.3, range 25-87
Dominant Ig in DIF and IIF on SSS 19G dominant 16 patients
IgA dominant 5 patients
1gM dominant 1 patient
19G/IgA equally dominant 6 patients
Gender Male 13 (46.4%)
Female 15 (53.6%)
First cycle of 2 x 500 mg 6 patients
‘Addiional cycle 2 x 1,000 mg 3 patients
Addiional cycle 2 x 500 mg 1 patient
First cycle of 2 x 1,000 mg 22 patients®
‘Additional cycle 2 x 1,000 mg 1 patients
Addiiional cycle 2 x 500 mg 1 patient
Additional gitts of RTX. 500 mg at M6 and/or M12 15 patients®
500 mg at M6 and M12 8 patients
Mean total follow-up time (frst RTX cycle til last contact) 303 months SD 23,0, range 2-79

RTX, ituximab; B bullous pemphigoio; MMF, mucous membrane pemphigoid; EBA, epidermolysis bulosa acquisita; LAD, linear IgA disease; g, immunogiobuiin; DIF; direct
immunofiuorescence microscopy; I, indirect immunoftuorescence microscopy; SSS, salt-spit ski; M6, month 6; M12, month 12.

"All patients with pemphigoid presented with the BP.

“Two patients had exclusive ocular involvement, also known as pure ocular MMP.

“One patient only received 1 x 1,000 mg due to the development of pneumocystis pneumonia.

sFive patients only received 500 mg RTX at M6, two patients only received 500 mg RTX at M12.
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Clones Isotype bCXI  rCXI rcil Bind cartilage
L3C11 19G1 + + + P
L5F3 19G2b ++ ++ + P
L10D5 19G2b ++ ++ + P
L10D9 IgG2a B R = P
L1368 19G2b ++ ++ + P
L1D7 19G2b ++ - - N
L1D8 19G2b ++ ++ - N
L2D9 IgG2a, 2b + - - N
L2G11 1gG2b - + - N
L3E2 19G2b + + - N
L7A2 19G2b + + - N
L786 19G1 ++ ++ + N
L7D8 IgG2a ++ ++ + N
L7HS 19G2b e + - N
L8F2 19G1 ++ ++ + N
L1089 19G2a e - - N
L1105 19G1 b + N
L14E2 IgG1 + + - N
L16G4 19G1 . - + N

Scale for optical density (OD) values: — denotes <3 times SEM of negative control; +
denotes >mean + 3SD of negative control; ++ denotes >0.5 OD; +++ denotes >1.0
OD; ++++ denotes >1.5 OD. . positive binding to the cartiage; N, negative binding o
the cartilage; rCXi, rat CXI.
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GRADE*

Concomitant immunosuppressive drugs

Reported adverse events

Patient 1 Erysipelas right arm 3 Prednisolone 30 mg/day
Herpes simplex labialis (confimmed HSV-1) 2 Prednisolone 30 mg/day
Patient 2.3 Upper respiratory infection probably viral (not confirmed) 1 Patient 2: prednisolone 10 mg/day
Patient 3: none
Patient 4 PCP twice (no prophylaxis) 4 Prednisolone 60 mg/day + cyclophosphamide 150 mg/day
- after first gift of 1,000 mg RTX
- after second cycle of 2 x 1,000 mg RTX 4 Prednisolone 20 mg/day
Patient 5 Urticaria e.c.i, self-miting 1 Precnisolone 15 mg/day
Patient 6 Flare-up of concomitant psoriasis 2 Prednisolone 10 mg/day + dapsone 100 mg/day
Patient 7 Polyarthitis and fever, possibly caused by serum sickness (not 3 Prednisolone 7.5 mg/day
confirmed)
Patient 8 Diarthea and loss of consciousness, followed by hospitalization 3 Prednisolone 40 mg/day
Patient9  Generalized pain e.c.i., sel-imiting 2 Prednisolone 35 mg/day
Urinary tract infection (female) 2 Prednisolone 35 mg/day
Patient 10 Upper respiratory infection probably viral (not confirmed) 2 Prednisolone 5 mg/day + cyclophosphamide 50 mg/day
Urinary tract infection (male) 2 Prednisolone 5 mg/day + cyclophosphamide 50 mg/day
Patient 11 Myalgia e.c.i., self-imiting 1 Prednisolone 5 mg/day

Deaths that occurred after RTX admi

Male, 78 years old, BP Cognitive and physical decline. Exact cause of death unknown

Female, 73 years old, BP Sepsis due to neglected urinary tract infection and neutropenia/ieukopenia
(possibly late onset neutropenia due to RTX), muti-organ failure eventualy

led to death

Female, 87 years old, EBA Active disease with severe mucosal involvement, weight loss and physical

decline, exact cause of death unknown (possibly disease related)

RTX, rituximab; HSV-1, Herpes Simplex Virus type 1; PCF, peumocystis pneumonia; e.
pemphigoid; EBA, epidermolysis bulosa acquisite; LAD, linear IgA disease.
sAdverse events were graded according to the Common Terminology Criteria for Adverse Events v4.0 (CTCAE) (34).

& causa ingnota (of unknown cause); B, bulous pemphigoid; MM, mucous membrane
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Immunogen ~ Str

Gender Age Incidence Max arthritis score

(weeks) (mean + SEM)
CI/CFA DBA/1J Male 10 78 2013 +3.451
CXI/CFA DBA/1J Male 10 8 0.25+0.25

C'1A, collagen ll-induced arthritis; C*IA, collagen Xi-indluced arthrits; Ci, collagen
CXI, coltagen Xi; CFA, complete Freund's adjuvant: IFA, incomplete Freund's adjuvant.
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SLE-TR(n=9) SLE-NT (n = 10)

Pre A (85% CI) Pre A (95% CI) A diff (95% CI) p ES
Body composition
Body weight (kg) 650105  -03(-1.7to1.1) 676488 02(-121015) -04(-23101.5) 06 -01
Fat mass (kg) 217265 28448  -02(-131009) 03(-13101.8) 07 026
Lean mass (ko) 420£48 422357 03(-1.1101.8) 002(-19102.0) 09 002
Trunk fat (%) 30073 338+7.1  -08(-191004) 12(-041028) 013 09
Physical capacity
Time at VAT (mi) 49215 17(07102.7) 52409  -03(-141009) 20(051036) 001 12
Time at RCP (min) 96x15 20(1.3102.7) 89116 09(0.1101.7) 1.1(00t02.1) 004 092
Time to exhaustion (min) 1M15£15 21(14t028) 11.0£16 0.6(-0.2t0 1.4) 15(05t025) 0.008 1.1
VO:peak (mL/kg/min) 235247 11(-121034) 229146 09(-1.71036) 02(-33103.7) 09 -001
HRpeak (bpm) 171214 92(5.710126) 174211 1.4(-261053) 7.8(251013.0) 0007 0.85
Blood parameters
C3 (90-180 mg/cl) %17  -16(-109t07.7) 101213 -26(-103105.1) 09(-1121013.1) 08 026
C4 (10-40 mg/dL) 162+4.6 —-09(-3.1t0 1.4) 16873 -03(-2.1101.5) 1.3(-34102.3) o7 0.05
CPK (26-192 U1L) 97£34  -05(-31310302)  114£62  -140(-3721092)  135(-26010520 05 044
Creatinine (0.50-0.90 mg/dL) 0742011  -001(-009100.07) 067010 =-001(-0.07t0006) =-0.00(-0.11100.10) 09 024
Urea (10-50 mg/dL) 226146 10(-341055) 270£72  -14(-481020) 24(-32108.0) 04 07
Erythvocytes (4.0-5.4 miliovmm?) 4.0+ 03 .3100.1) 43102 0.1(-0.11002) ~02(-0.4100.1) 014  -06
Hematociit (35-47%) 371215 510-01) 87620 02(-091t01.3) -15(-31100.1) 008 -07
Leukocytes (4.0-11.0 mi/mm?) 44516 61009) 6226  -06(-02t013) -0.9(-241006) 02 011
Platelets (140-450 mi/mm?) 237 £49 39(-26110339) 28349  -03(-27.110265)  42(-360t0445 08 0.11
CRP (<5 mg/L) 23+23  -03(-191013) 34:28  -02(-16101.2) ~0.1(-2.3101.9) 09 0.19
ESR (5.6-11.0 mm) 146£120  31(-4310106) 1515104 12(-581082) 20(-8210122) 07 022
Dietary intake
Total energy (kcal) 2,022 695 -5(-69610686) 1885572  -113(-76910543) 108(-845101,061) 08 001
Protein (o) 8311852 -13(-32610300) 753247  13(-2861081.1) -26(-4581040.7) 09  -0.15
Protein (%) 2021126  -40(-69t012) 193£91  -28(-55t0-0.1)  -13(-52102.7) 05  -02
Carbohydrate (o) 258+ 112 17 (-8010 113) 239+ 76 3(-891096) 13(-12110147) 08 004
Carbohydrate (%) 4742126  69(271011.1) 478+148  67(2810107) 0.1(-56105.9) 09 004
Fat(g) 7312283  -69(-28610147) 6982206 -156(-362104.9) 87(-21210385) 05 026
Fat (%) 324175  -27(-56100.1) 329:99  -42(-69t0-15) 1.4(-25105.4) 05 026

Data expressed as mean  SD. Delta change (&) and 95% confidence interval (95% Ci) estimated difference between delta changes (A difference) and 95% Ci, and level of
significance () calculated using a mixed model adjusted by Pre values; effect size (ES).
SLE, systemic lupus erythematosus; SLE-TR, trained group; SLE-NT, non-trained group; VAT, ventiatory anaerobic threshold; RCF, respiratory compensation point; VO; peak,

oxygen uptake peak;: Hrpeak, heart rate peak; CPK, creatine phosphokinase; CRP. C-reactive protein; ESR, erythrocytes sedimentation rate.
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SLE-TR (n =9) SLE-NT (n = 10)

Pre A (95% CI) Pre A (95% CI) A diff (95% CI) p ES
Fasting glucose levels (ng/dl) 7994820  -1.5(-52102.2) 812+99 14(-211048) -28(-791022) 025 06
AUGiccue (/L) 16000+2406 -335(-18410117) 1642543034  73(-6910215)  -1066(-3132t01000) 028 -05
Fasting insuiin levels (sU/mL) 10.0£6.0 -3.9(-6.7to 1.1) 108+ 60 15(-11104.2) -45(-75t0-14) 0009 -1.0
AUC e (4U/mL) 881745608 -2068(-3933t0-204) 8,374£4,580 1728(-41103,498) ~3,797 (-6,367t0~1227) 0.007 -1
Fasting glucagon levels (pg/ml) 1331+ 38.2 59(-331015.2) 1142(299)  -9.7(-19.8100.4) 15.6(1.91029.3) 003 07
AUCca0 (pG/mL) 2310846954  681(-449101,812) 20,166£4,653 ~-712(-1965t0541) 1393(-294103,081) 009 06
HOMA IR 205£189  -062(-1.07t0-0.16)  221+140  034(-009100.76) -095(-1.57t0-0.32) 0005 1.1
Matsuda Index 81x7.1 54(1.91088) 73156  -23(-561009) 7.7 2910125 0004 09
Free fatty acids (mEQ/L) 07+03 ~0.1(-02100.0) 0601 0.1(-00100.) ~02(-03100.0) 002 -12
Fasting proinsulin 11.3£43 -1.4(-40t012) 145260 0.1(-2.6102.8) -15(-531022) 039 -05
AUCsceesn 6495+2200 -1250(-25721053)  6941+2831  302(-919101,704)  —165 (~35110.20) 007 09
Insulinogenic index 3430 -1.3(-581033) 29(2.1) -02(-1.41009) -1.1(-281007) 023 06

Data expressed as mean + SD. Delta change (8) and 95% confidence interval (95% CJ), estimated difference between detta changes (A difference) and 95% i, and level of
significance (o) calculated using a mixed model adjusted by Pre values; effect size (ES).

SLE, systemic lupus erythematosus; SLE-TR, trained group; SLE-NT, non-trained group; AUC, area under the curve calculated from the response to the meal test; HOMA,
homeostasis model assessment.
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SLE-TR  SLENT  CI(95%) p
(n=9) (=10

Age (years) 348:41 324650 -481095 019
BMI (kg/m?) 26334 262:38 -461048 094
Total fat (%) 33554 84945 891062 060
Trunk fat (%) 300x73 83871 -148107.2 032
SLEDAI 0224067 040x126 -131009 071
Disease duration (years) 9841 85159 631037 059
Drugs

Current glucocorticoid 17£35 20:42 501043 085
use (mg)

Cumulative 421318 324191 -34.810154 042
glucocorticoid (g/kg)

Glucocorticoid [no. (%)] 2(22) 200 - 1.0
Hydroxychioroquine [no. (%)) 5 (56) 700 - 065
Methotrexate [no. (%)) 2(22) 20 - 1.0
Azathioprine [no. (%) 5(56) 440 - 066
Mycophenolate [no. (%)) 1(11) 200 - 1.0
Cyclophosphamide [no. (%]~ 0(0) 0 - 1.0
Oral contraceptive [no. (%)) 6(67) 660 - 1.0

Physical activity level
Sedentary time (% of day) ~ 562(9.6)  59.4(84) -203t0117 049

Total MVPA (min/day) 291(18.7) 254(174) -1881029.3 065
MVPA (min/day 86(.7) 6885 -12310155 068
in >10-min bouts)

Counts/day 607,873 605455  -207,687t0 0.45

(210,321) (185,164 376,189

Data are expressed as mean + SD or no. (%) and 95% confidence interval (Cl).
SLE, systemic lupus erythematosus; SLE-TR, trained group; SLE-NT, non-trained
group; BMI, body mass index; SLEDAI, Systemic Lupus Erythematosus Disease
Activity Index; MVPA, moderate to vigorous physical activity.

Fisher exact tests and unpaired T-tests were used to assess possible differences
between SLE groups (SLE-TR vs. SLE-NT).
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Disease IgE against Prevalence Reference
Alergic Profiin (16)
rhinoconjunctivitis
Asthma na, na, (17,18)
Atopic dermatitis >140 IgE-binding self-antigens 23-91% (19, 20)
Autoimmune na. na. (21)
pancreatitis
Bullous BP 180 or 230 22-100% ©2)
pemphigoid
Chronic Thyroidperoxidase (TPO), 0-80% (23
spontaneous double stranded DNA (dsDNA),
urticaria IL-24
Graves disease  TPO, muscle autoantigens 67% (4, 25)
Multiple sclerosis  Small myelin protein-derived na ©8)
MS) peptides
Pemphigus Desmoglein1, Desmoglein 3, 11-81% @2
Lamininin-332 und LIM11
Rheumatoid ANA, anti-citrulinated protein? 60% ©7)
arthritis.
Systemiclupus  dSDNA, Sm, SS-ARo, SS-8/  3.6-82% ©8)
erythematodes and  La, APEX, MPG, CLIPA, ANA,
lupus nephritis RNP, nucleosome, specific IgE,
acidic ribosomal P protein
Uveitis Retinal S antigen 69% ©9)

n.a., not assessed.
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Number of patients ~ Percentage with IgE-anti-BP180  Reference

37 22 (©0)
67 30 ©1)
17 40 (56)
a4 41 ©2)
18 55 ©3)
31 61 ©4)
56 7 (©9)
a3 77 (8)
18 83 (©6)
10 100 (54)
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Condition

Total No. of Percentage

patients  responders  responders
Symptomatic dermographism 58 43 74
Cold urticaria 51 39 76
Solar urticaria a7 34 72
Delayed pressure urticaria 32 29 ot
Cholinergic urticaria 21 17 81
Heat urticaria 5 3 60
Vibratory angioedema 1 0 0
Aquagenic urticaria 1 1 100
Total 216 166 77

Data contained in this table were obtained from Ref. (145, 1:

-1
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mRNA

Ca3

Cd19
Gr-1
Cdite
Mac-1
110
Tnf-a

I-17A

Iy

-4

1-33
Cxcl-2/MIP-2
coRs

ceR?

113
Cxcl-1/KC
Cxch-IMIG

Cxcl-10/P-10

wt

0.00041 + 0.00045

0.00000 + 0.00000
0.01769 + 0.01580
0.03212 + 0.02166
0.28208 +0.27184
0.00055 + 0.00102
0.01174 + 0.01139

0.00270 + 0.00680
0.00001  0.00001
0.00017 + 0.00016
0.39346 + 0.39972
2.95181 +2.44523
0.15056 + 0.13897
0.01631 + 0.02362
0.00004 + 0.00004
0.01131 +0.01117
0.01325 + 0.03193

0.01408 + 0.03168

DEREG

0.00207 + 0.00297

0.00000 + 0.00000
0.03129 + 0.03653
0.03428 + 0.02354
0.40627 + 031225
0.00115  0.00088
0.01492 + 0.01259

0.00240 + 0.00343

0.00011  0.00005
0.00104 + 0.00108
0.31200 + 0.38451
2.76091 + 3.20865
0.26642 + 0.29714
0.02631 + 0.04100

0.00026 + 0.00034
0.04612 + 0.06437
0.02061 + 0.01402
0.00873 + 0.00451

p-Value

0.027.
>0.999
0.626
0912
0.353
0.033
0.033
0.436
0.001
0.001
0.393
0.9182
0.594
0.620
0.009
0.075
0013

0.393

DEREG and wid- type (i) mice were injected with 4x 1 mg rabbit anti-mCOL7
1gG, and lesional skin (of comparable disease index) was taken for MANA extraction.
Analysis of mMRNA by GRT-PCR for the indicated markers was done refative to the
housekeeping gene GAPDH using the 2:°" method. Mann-Whitney U-test, mean
(+SD), n = 9/group. Significant differences in gene expression are indicated in gray.
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mRNA wt DEREG p-Value
cd3 000216 +0.00368  0.00490 + 0.00389 0.123
ca19 0.00003 +0.00007  0.00001  0.00001 0283
Gr-1 0.00104 +0,00106  0.00166 + 0.00201 0.483
cdric 008002 +0.02234  0.03024 +0.01847 0981
Mac-1 008454 +0.05235  0.15347 + 0.10119 0072
I-10 0.00066 + 0.00044 0.00131 + 0.00082 0.039
Tnf-a 000593 +0.00428  0.00895 + 0.00759 0288
I-17A 0.00000 +0.00001  0.00001 + 0.00001 0413
Ifn-y 0.00006 + 0.00006 0.00017 + 0.00010 0.008
-4 000048 +0.00034 000214 +0.00184 0.011
1-33 026453 +0.19083  0.18644 + 0.10926 0.276
CXCL-2/MIP-2 099754 +0.91675 097397 + 1.15808 0.960
Cers 0.17625+0.20268 026582 +0.20303 0.337
Cor7 001070 +0.00833  0.00983 + 0.00708 0.804
113 0.00012+0.00008  0.00027 +0.00015 0.014
Cxal-1/KC 0.00397 +0.00531  0.00360 + 0.00291 0.849
Cxc-9/MIG 001409 +0.01044  0.04539 + 0.03481 0014
Cxal-10/P-10 001566 +0.01446  0.01280 + 0.00842 0.608

DEREG and wi-type (i) mice were injected with 6x 5 mg rabbit ant-mCOL 171G at

days0,2,4,

}, and 10, and lesional skin (of comparable disease index) was taken for

MANA extraction. Analysis of mRNA by GRT-PCR for the indicated markers was done
refative to the housekeeping gene GAPDH using the 2" method. Mann-Whitney U-test,
mean (+SD), n = 10/group. Significant difflerences in gene expression are indicated in gray.
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Cytokine wt DEREG p-Value
IL1a 3250 23.97 2553 +14.97 0734
IL-23 97.20 + 86.81 160.32 + 143.70 0379
IFN-y 474407 11.32 £ 6,63 0010
TNF-a 860 +7.45 12.36 £6.17 0.179
IFN-p 807.43 + 257.70 381,63+ 289.79 0878
GM-CSF 67.56 + 42.99 83.90 +41.87 0.403
COL2MCP-1 2680 +27.20 46.06 +25.70 0079
IL-1p 36.08 +31.64 4412 £28.47 0516
IL-10 102.49 + 84.85 135.66 % 120.32 0.647
IL-12p70 1312271 430576 0.189
L6 36.66 +25.52 44.77 £ 3062 0600
IL-27 544.88  370.61 594.16 + 383.73 0830
IL17A 2884 +16.32 4314 £3056 0225

DEREG and wikd-type (wt) mice were injected with rabbit ant-mCOL7 IgG, and serum
was taken for LEGENDplex™ cytokin analysis. Values are indicated as picograms per
militer serum. Mann-Whitney U-test, mean (+SD), n > 8/group. Outiners were excluded
from analysis. Significant diflerences in cytokine concentrations are indicated in gray.
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Cytokine wt

p-Value

DEREG
1L 548+ 581 10.48 + 8.83 0.076
IL-23 752 + 886 7.79+13.84 0.479
IFN-y. 0.02+0.07 127 111 0.001
TNF-a 2.42 +357 8.03 + 18.69 0.182
IFN-B. 44.89 + 45.57 85.42 +110.01 0.148
GM-CSF 10.37 + 1539 821+ 11.06 0.362
COL2/MCP-1 0.42+0.73 0.23+0.53 0.258
IL-1p. 1.66 £2.77 0.00 +0.00 0.037
IL-10 12.83 1 1390 9.65+ 14.54 0311
IL-12p70 0421073 0234053 0.258
IL-6 344472 152.56 + 476.70 0.168
IL-27 2021+ 15.36 13.68 + 18.04 0.197
IL-17A 1.38.+1.53 0.48 £ 0.83 0.060

DEREG and wid-tyoe (wi) mice were injected with 6 5 mg rabbit ant-mCOL17 IgG at

days 0,

. 6, 8, and 10, and serum was taken for LEGENDplex™ cytokine analysis.

Valses are indicated as picograms per militer serum. Mann-Whitney U-test, mean (+50),
n = 10/group. Significant differences in cytokine concentrations are indicated in gray.
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KASP/PCR Kas PCR primer

primer annealing site allele specific primer annealing site
annealing site
Genbank 19G3 specific Ha3sk
smcmson  Gene T L R OO | T pe Bt LU U U T b T bt 7 .
usber  alde Mloype 2340 2350 2360 2370 2380 2390 2400 2410 430

300228 TGHGITO1 GIm1, 17
217370 IGHG1+0Z Glml,17
147371 ToKOL103 Glng

Laazs
500230 IGHG2+01 Gam.
AJ250170 1GKG2+02
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AR449619 ToKoz105
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1962

IGHG3701 Ganb+ (635, 10, 11,13, 14,26, 277
K131 10HG3102
AJ330267 ICHG3103 GIn24* (G3mS, 6, 11,24,26)
1GHE3+04
IGHE3*0S Gamst (G3mS,10,11,13,14,26,27)
16HG3106 GImS+ (S3ms,10,11,13,14,26,27)
10HG3107 Gams+ (ams, 10,11, 13,14, 26,27)
16HG3108
2 IGHG3109 GIns* (G3mS,10,11,13,14,26,27)
IGHE3*10 Camse (G3m5,10,11,13,14,26,27)
IGHG3T1 GImS+ (G3mS, 10,11.13,14,26,27)
10HG3*12 Gams+ (G3ms, 10,11, 13,14, 26,27
16HG3+13 Gamer (G3ms, 6, 10,11, 14, 36, 27)
IGHG3*14 GIm21t (Gamdl, 26,27,28)
IGHE3*IS Caml+ (G3m21,26,27.28)
1GHG3*16 GIm2lr (G3m2l,2€,27,28)
I6HG3+17 Gamlst (G3m10;11,13;15,27)
Ionsaia gmier (Gmielininis s 2n
5 2 (Gom1011013:15016,27)

K TeHGHT
AJ001563 IGHGA+02
AI001564 1GHG4+03

(L2874 JGHGA*04
‘Amino acid sequence TR 10 10 16 T8 [] 1618 1C 15 19 TH 1R 1E TA 1L 1R TN TR JF 1T [0 1K 18 1} 151518 751
BCR fragment (from AJ390276) R o Sl & Bl Smlvofprooeimttrclonsh. - <k diretppninie fbionoiniiel
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Antigen Proposed pathological mechanism ~ References
Acetylcholine receptor  Negative inotropy and bradycardia (128)
Actin Undefined (127
Adenine-nucleotide Metabolism inhibition (125)
transporter
p1-adrenergic-R Negative inotropy (116, 117)
Heat-shock protein-60  Increased recognition clearance of (127, 131)
stressed cardiomyocytes
Laminin Undefined (139)
M2 muscarinic AChR  Negative inotropy (119, 120)
Mitochondrial M7 Undefined (124)
w/p Myosin heavy chain  Negative inotropy and failure of thymic (129, 130)
self-tolerance
Myosin light chain-1 Undefined (127)
Na-K ATPase Arthythmogenicity (126)
Sarcoplasmic Metabolism alterations (132)
reticulum-Ca-ATPase
Tropomyosin Undefined (127
Troponin Negative inotropy (11, 121-123)
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Ab type Antigen Predominant isotype Type of antigen Promoting or restraining References

Natural Phosphatidylcholine IgM Oxidized phospholipid Restraining (64-69)
Malondialdehyde-LDL. 1M >> 1gG Restraining 48, 49)
Phosphorylcholine (PC) 1gM (E06) and IgA (T15) Restraining (78-80)
Cardiolipin IgM and IgA >> IgG Restraining (52)

induced Endotheiial cells (AECA') 19G Unknown Promoting (138, 146, 147)
Heat-shock protein-60/65 19G Protein metaboittes Promoting (96-98)
Apolipoprotein A-1 I9G Promoting (102, 103)

TAECA, anti-endothelial cell antibody.
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Specimens

Sample agreement (95% C)

EUROPattern vs. current method

Technologist vs. current method

EUROPattern vs. technologist

Homogenous pattern 68 79.4% (68.2-87.4%) 83.8% (78.1-90.9%) 92.6% (63.5-97.2%)
Granuiar pattern 4 97.6% (86.3-100%) 100% (89.8-100%) 97.6% (86.3-100%)
Centromere pattern 20 95.0% (74.6-100%) 95.0% (74.6-100%) 100% (81.0-100%)
Nucleolar pattern 2 63.6% (42.9-80.4%) 81.8% (60.9-93.3%) 86.4% (65.8-96.1%)
Mixed patterns 2 92.0% (73.9-98.9%) 92.0% (73.9-98.9%) 100% (84.2-100%)
Positive agreement 176 85.2% (79.2-89.8%) 89.8% (84.3-93.5%) 94.9% (90.4-97.4%)
Negative agreement 97 96.9% (90.9-99.3%) 96.9% (90.9-99.3%) 96.9% (90.9-99.3%)
Overall agreement 273 89.4% (85.1-92.5%) 92.3% (88.5-95.0%) 95.6% (92.4-97.6%)

x-Value

0.780 (0.705-0.854)

0.838 (0.772-0.904)

0.905 (0.853-0.958)
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Control PF patients p Value
Age (+SD years) 3785+1875  37.73x 1851 097
Gender 17M/22F 32M/32F 02
Skin color
Muiattoes (n) 10 20
White (n) 23 29 038°
Black (n) 6 15
Housing area
Urban area (1) 18 2
Urban and rural areas (n) 15 33 055°
Rural area ) 4 5
“Unpaired t test.

“Fisher's exact test.
“Chi-square test.

n, number of individuals in each condition; PF, pemphigus follaceus; M, male;

female.
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Specimens

Homogenous
pattern
Granular
pattern
Centromere
pattern
Nucleolar
pattern
Mixed
patterns

n

4

20

22

25

EUROPattern vs. Technologist vs.
current method

current method

EUROPattern
vs. technologist

Pattern ~ Titer"

85.3%

92.7%

100%

68.2%

68.4%

721%

61.0%

5.0%

59.1%

52.6%

Pattern  Titer®

85.3%

92.7%

100%

77.3%

76.3%

73.5%

63.4%

35.0%

59.1%

55.3%

Pattern  Titer >

97.5%

90.7%

80.6%

80.6%

89.7%

93.8%

85.2%

74.2%

71.0%

84.6%

“Endpoint titers by EUROPattern were based on a three-well dilution protocol (1:80,

1:320, 1:1,280).

*Titer agreement within +1 dilution.
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Dilution n EUROPattern vs. EUROPattern vs.
current method technologist

Pattern Titer Pattern Titer

1:40 179 73.3% 59.5% NA N/A

1:80 115 75.3% 57.1% 100% 100%

Titer agreement within +1 dilution.
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Laboratory site

Houston, TX, USA
Tampa, FL, USA
Dalas, TX, USA
Phoenix, AZ, USA
Birmingham, AL, USA
Burington, NG, USA
Dublin, OH, USA
Raritan, NJ, USA

samples (n)

141
134
187
231
236
an
330
568

Number of devices (1) Runs per day (n)
Sprinter XL EUROPattern Screening Titer
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
2 2 2 1
2 4 : 2
2 2 2 2
3 3 3 3

Approximately overall time requirement

06:00 h
06:10h
06:40 h
07:10h
06:30 h
07:10h
07:10h
07:05h
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Current method Sprinter/EUROPattern
Details Totaltime  Details Total time
(min) (min)
1. Anti-nuclear antibodies (ANA) indirect immunofiuorescence screening (on average 400 screens per day, single dilution)
Set-up 7 s/sample, manual a7 5.8 s/sample, incl. reagents 39
Pipetting 7.7 s/sample, manual 51 Sprinter XL 0
Washing 10 s/slide, manual 6 Sprinter XL o
Conjugate 16 s/slide, manual 9 Sprinter XL 0
Washing 10 s/slide, manual 6 Sprinter XL 0
Coversiip 10 s/slide, manual 67 6 s/side (tterplane) 40
Siide evaluation Read in dark room: negative o Read and release negatives on computer: negative 3 s, 18
7.5's, positive 30 s, mixed borderline 20 s; positives: titer estimation ()
positive 45 s
Siide manipulation, focus, witing results  15.2 s/siide, manual 101 EUROPattern 0
Clean-up 5 5
Result entry into computer 30 EUROPattern 0
Total labor for screens (min) 365 65
ANA IIF titers (on average 100 titers per day, three dilutions)
Set-up 0 2.5 s/sample, incl. reagents 4
Pipetting 0 Sprinter XL 0
Washing 0 Sprinter XL 0
Conjugate 0 Sprinter XL 0
Washing Sprinter XL 0
Coverslip 0 6 s/slde (tterplane) 1
Read sides 0 Read siides on computer: positive titer = 10.5 18
s/patient (al titers displayed on 1 screen)
Slide manipulation, focus, writing results 0 EUROPattern o
Clean-up 0 Daily maintenance, shutdown 10
Result entry into computer 0 0
Total labor for titer (min) o 33
IIl. ANA IIF screening and titers
Total labor hands-on time (min) 365 %8

Savings EUROPattern (min)

257 (4 17 min)
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Current method

Sprinter/EUROPattern

Details

Total time (min)  Details

I. Anti-nuclear antibodies (ANA) indirect immunofluorescence (IIF) screening (on average 400 screens per day, single dilution)

Set-up
Pipetting
Washing
Conjugate
Washing
Coversip

Siide evaluation

Siide manipulation, focus, writing results
Clean-up

Reslt entry into computer

Total labor for screens (min)

I1. ANA IIF single-well analysis
Total labor hands-on time (min)
Savings EUROPattern (min)

7 s/sample, manual
7.7 s/sample, manual

10 s/slide, manual

16 s/slide, manual

10 s/slide, manual

10 s/slide, manual

Read in dark room: negative 7.5 s,
positive 30 s, mixed positive 45 5
15.2 s/side, manual

47
51
6
9
6
6.7
94

101

355

355

5.8 s/sample, incl. reagents
Sprinter XL

Sprinter XL

Sprinter XL

Sprinter XL

6 s/side (tterplane)

Read and release negatives on computer:

negative 3 s, borderline 20 s; positives 10.5

EUROPattern

EUROPattern

Total time (min)

82
273 (4 h 33 min)
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n Frequency (%) SNEC ELISA Anti-dsDNA RIA Anti-dsDNA NcX
i P i P 2 P

Arthritis Yes 95 62.1 003 0.853 015 0697 258 0.108
No 58

Rash Yes 2 60.1 002 0893 006 0805 010 0.751
No 61

Renal Yes 62 405 037 0545 218 0.140 070 0401
No 91

Cardiovascular Yes 43 28.1 003 0859 564 0018 1.78 0.182
No 110

Leukopenia Yes a7 307 282 0093 015 0.700 049 0.482
No 106

Cerebral Yes 38 248 687 0.009 0.19 0663 000 0,980
No 15

Lung Yes 35 229 063 0.427 015 0696 218 0.139
No 118

Thyroid Yes 31 203 019 0.666 252 0113 492 0.027
No 122

Photosensitivity Yes 24 15.7 881 0.003 558 0018 592 0.015
No 129

Vasculitis Yes 21 137 000 0967 000 0995 080 0372
No 132

Liver Yes 13 85 312 0077 039 0535 385 0,050
No 140

Hemolysis. Yes 17 1.1 000 0964 064 0423 1.53 0216
No 136

MOF Yes 2 13 083 0361 012 0.734 157 0210
No 150

Anti-dsDNA, anti-double stranded deoxyribonucleic acid antibodies; NcX, nucleosomes; RIA, radio immunosorbent assay; SNEC, secondary NEcrotic cels; MOF; muiple organ

faiure.

The bold fond indicates p value < 0.05.
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Variable n Mean + SD  Frequency

altered (%)
Serdlogy  ANAONHEp-2(1/)[21/320] 152 15442+33893 712
Radoimmunoassay (RIA) 153  22.3+792 39
GSDNA (U/mi) [0-7 U/mi]
C3(mg/d) [81.1-157 mg/d] 153  87.6+21.3 6
C4 (mg/d) [12.9-392mg/d] 163 154 +5.7 14
CRP (mg/) (<6 mg/L} 152 542620 17

Anti-CLIGG[0-14GPLU/M] 56  28.0%562 375
Anti-p2GP1gG [0-10UMI] 56 12.8+253 214

ESR (mm/60min) [<20 F; <15 146  18.7 +135 42
M mm/60 min]

a-SNECIgG [mean optical 153 264.5.+ 1006 Il
density (mOD)] [<246 mOD]

Nox dSDNAELISA (E/m)) 153  146.9 = 187.6 43
(<100 IE/mi]

ENA[0-3] Histones 155 0721105 ]
Nucleosomes 155 074106 a4
Ro-52 (52 kDa) 155 0.85+129 36
SS-A (60 kDa) 155 0991134 39
RNP/Sm 155 071x1.21 31
AMA-M2 155 0.15+054 1
Ribosomal P protein 155 0211057 17
PCNA 155 005020 6
Centromer B 155 0041024 4
Jo-1 155 0.08+0.20 3
PM-Scl 155 008026 13
Scl-70 155 0.07+0.36 5
$5-8 155 025078 12
RNPC 155 0091037 9
RNPA 155 031+0.83 15
RNP 70 155 025+073 12
sm 155 0204064 12

Clinic  SLEDAI (0-105) 84 282265
ECLAM (1-10) 153 573+251

C3/C4; complement factor 3/4; Anti-§2GP1 IgG, anti-{2 giycoprotein? IgG; anti-CL,
anti-cardiolipin I9G; ANA, anti-nuclear antigen; ENA, extractable nuclear antigen; CRR
C-reactive protein; ESR, erythrocyte sedimentation rate; ECLAM, European Consensus
Lupus Activity Measurement Manifestation; SLEDAI, SLE disease activity index.
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NHD SLE PAPS RA SpA PsA ssc

n 89 155 37 53 20 30 29
Sex (Female/male) 52/33 133/22 28/9 40113 713 14/16 19/9
Currentage (years) ~ Median/lQR  27.5/25-33 44.5/22-42 47/37-40 62.8/53-71 46.2/36-57  54.1/46-63 55.3/50-72
Age at diagnosis (years) Median/IQR na 29.2/10-76 na 45.3/36-57  81.6/18.5-416 40.2/33-53 47.9/42-62
CRP (mg/d) (<5 mg/L] Median/IQR na 3.7/22-62 na 35/23-83  49/25595  50/2.1-7.0 6.3/2.8-94
RF (IE/mi) [0-20 IE/mI]  Median/IQR na na na 25.5/0-183 na na na
ACPA (U/mi) [<10 U/mi] Median/IQR na na na 57.5/3.6-294.3 na na na

a-SNECIgG (MOD)  Median/iQR  85.0/64.0-121.5 300.8/230.4-375.3 61.0/12.4-94.0 85.9/42.0-148.8 50.6/38.5-86.4 52.0/34.6-92.9 109.0/89.9-122.1
(<246 mOD]
SNEC ELISA positiity % 11 706 00 19 00 00 34

ACPA, anti-citrulinated peptide antibody; a-SNEC IgG, anti-secondary necrotic cel-gG antibody; CRF, C-reactive Protein; IE, Intemationale Einheit (engl. Interational units); IQR,
interquartie range; mOD, mean optical density; na, not avaiable; PAPS, primary anti-ohospholipid synarome; PsA, psoriatic arthritis; RA, rheumatoid arthrits; RF, theumatoid factor;
SLE, systemic lupus erythematosus; SpA, spondyloarthropathy: SSc, systemic sclerosis: U, unit: NHD, normal healthy donor.
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AP (n = 14) NSTEMI (n = 44) STEMI (n = 116) P

MAZ-Ab 055(0.22-1.14] 052(0.27-1.07) 0.37(0.18-1.05) 0682
TroponinT 19.1[16.7-34.2] 92.4(26.5-520.6] 163.9 [37.1-711.1] 0002
ProBNP 203 [128-508] 267 (80-934) 123 [56-588] 0.156
GDF-15 1,450 [1,077-2,367) 1,399 [1,141-1,749] 1,503 [1,139-2,180] 0505
CRP 2.7(0.7-7.2) 2.9(1.3-7.4) 2.3[1.0-7.9] 0.655
Creatinine (umol/L) 79[70-110] 76 (69-89] 78168-90] 0572
Cholesterol 220 [174-275] 197 [176-213) 182 [166-220] 0210
oL 150 [101-196] 189 [117-155) 131[101-149) 0.604

Values are grouped according to subsequently confimed diagnosis. Other than an expected diference i Troponin, none of the other blood markers was associated with a partcuar
dlagnosis. n adition, none of these markers exhibited a quantiative corrlation to MAZ-Ab titer

MAZ-Ab, MAZ-antibody; AR, unstable angina pectoris; NSTEMI, non-ST elevation myocardial infarction; STEMI, ST-elevation myocardial infarction; GDF-15, growth-differentiation
factor-15; LDL, low-density lipoproteins.
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C3H/HeJ  C3H/HeN DBA/J  CS7BL/6J
MHC ll hyplotype ~ H2-d Ho-d H2-q H2-b
Tears secretion Decreased Decreased Not affected  Not affected
Saliva secretion Notaffected  Not affected  Not affected  Not affected
Lymphooylicfoci  Yes Yes No No
inflammatory cell  Yes Yes No No
infiltration
anti-R0G0_316-335  Yes Yes Yes Yes
I0G
anti-exocrine gland ~ Yes Yes No No
ysate IgG
IFN-y Increased - Not affected  Increased
IL17A Increased - Increased  Not affected

_ not evaluated.
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Antibody
Sequence

Giycan®

"HexNNAc, N-acetylhexoseamine; oHex, deoxy-hexose; Hex, hexose; NeuGe, N-glycolyineuraminic acid; H, EndoS-hydrolyzed.

HexNAc(1)

HexNAc(1)dHex(1)
HexNAc(4)Hex(3)
HexNAC(4)Hex(4)
HexNAG(3)Hex(3)dHex(1)
HexNAG(3)Hex(d)dHex(1)
HexNAc(4)Hex(3)dHex(1)
HexNAc(4)Hex(4)dHex(1)
HexNAc(4)Hex(5)dHex(1)
HexNAG(4)Hex(B)dHex(1)
HexNAc(3)Hex(4)dHex(1)NeuGe(1)
HexNAc(4)Hex(4)dHex(1)NeuGc(1)
HexNAc(4)Hex(5)dHex(1)NeuGe(1)
HexNAc(4)Hex(6)dHex(1)NeuGe(1)

L243 L243H Hy2.15 Hy2.15H
EDYNSTLR EDYNSTLR EEQFNSTFR EEQFNSTFR
- 2.6% - 15%

- 97% - 84%

- - 3.4% -

- - 1.3% -
4.6% - 2.5% -
3.3% - 0.7% -
22% - 46% 0.1%
50% - 27% 0.5%
10% - 5.0% 0.2%
4.6% - 0.1% -
26% = 2.5% -
0.3% - 5.9% -
1.7% - 45% -
0.7% - 1.5% -

Relative abuncances (%) of the main Fc IgG glycoforms found in the antibodies and EndoS treated antibodies, respectively. Glycopeptides were identiied by their characteristic
retention times and accurate monoisotopic masses (within <10 ppm from the theoretical values) of doubly and triply charged ions. Peptide sequences and glycan compositions are

indicated. Glycans substituting EDYNSTIR and EDYNSTLR eluted at approximately 18-20 min and EEQFNSTFR at approximately 21-23 min, respectively.
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Groups® Incidence Maximum arthritis

score® (mean + SEM)
PBS 16/18 2157
GST-Endos (100 ug) o/ar o+
GST-EndoS (10 pg) /4"
GST-EndoS (1 pg) o
GST-EndoS (0.1 g) 13450 1829
M2139-E¢ o/ o
M2139-D* 147140 186
M2139-D + GST-EndoS (1 pg)* 479 106"
M2139-D + GST-EndoS (0.1 pig)* 913 2324
M2139-D + GST-EndoS (1 pg) 6/9n 12:6°
M2139-D + GST-EndoS (0.1 pg) 8/9 2125

*Allthe mice received 9 mg of arthritogenic two mAb cocktail (2139, CICT) . on day
0.and 25 g of LPS was injected i.p. on day 5. Fourmonth-old male (BALB/c x B10.Q)
F1 mice (n = 112) were used in al these experiments.

“Arthrits severity was scored using the scale 0-60. Mice with arthriis only were
included for calculations.

“M2139 antibodies (250 ug) reated with GST-EndoS was injected . on day 0.
“M2139 antibodies (250 1g) reated with DeglyciT and purifed was njected iy

on day 0.

"M2139 antibodies (250 ug) treated with DeglyciT and purified were incubated with
indicated concentrations of GST-EndoS for 1 h at AT before i.v. injection on day 0.
'M2139 antibodies (250 g) reated with DeglycIT and purified were incubated with
indicated concentrations of GST-EndoS for 1 h at RT. Antibodlies were further purified
using Hilrap Protein G HP column before v, injection on day 0.

0 < 0.05; *'p < 0.01; ***p < 0.0001; n.s., not significant.
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Antibody M2139 M2139H ciict clictH

Sequence EDYNSTIR EDYNSTIR EDYNSTLR EDYNSTLR

Glycan® HexNAG(1) - 2.6% - 3.8%
HexNAc(1)dHex(1) - 97% - 95%
HexNAG(4)Hex(3) = = = =
HexNAG(4)Hex(4) - - - -
HexNAG(3)Hex(3)dHex(1) 15% - 65% -
HexNAG(3)Hex(4)dHex(1) 0.4% - 1.3% -
HexNAG(4)Hex(3)dHex(1) 48% - 35% 0.7%
HexNAG(4)Hex(4)dHex(1) 43% - 42% 05%
HexNAC(4)Hex()dHex(1) 43% - 4.4% -
HexNAc(4)Hex(B)dHex(1) 0.3% = 0.2% =
HexNAG(3)Hex(4)dHex(1)NeuGe(1) = = 50% -
HexNAG(4)Hex(4)dHex(1)NeuGc(1) 05% - 32% -
HexNAc(4)Hex(5)dHex(1)NeuGc(1) 18% - 1.8% -
HexNAc(4)Hex(B)dHex(1)NeuGe(1) = = 03% -

*HexNAc, N-acetyhexoseamine; dHex, deoxy-hexose; Hex, hexose; NeuGe, N-glycolylneuraminic acid; H, EndoS-hydrolyzed.

Relative abundances (%) of the main Fc 1gG glycoforms found in the antibodlies and EndoS treated antibodlies, respectively. Glycopeptides were identified by their characteristic
retention times and accurate monoisotopic masses (within <10 ppm from the theoretical values) of doubly and trply charged ions. Peptide sequences and glycan compositions are

indicated. Glycans substituting EDYNSTIR and EDYNSTLR eluted at approximately 18-20 min and EEQFNSTFR at approximately 21-23 min, respectively.
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Tested IgA- 1gG- IgM- RF total IgA-  IgG-  IgM- ACPA IgA- IgG- IgM- RA33

patients RF  RF  RF ACPA ACPA ACPA total RA33 RA33 RA33 total
Healthy 100 2 2 8 1 1 1 5 6 2 2 2 6
SLE 50 13 13 18 3 3 6 1
Ankylosing spondyltis 50 1 3 4 3 1 5 8 2 3 5 10
Osteoarthritis 100 3 13 16 1 9 10 1 1 3 6
Reactive arthriis. 13 1 1 1 1 1 1 1 1 1
Osteoporosis 19 2 1 3 4 1 1 1 1 2
Dermatomyositis-polymyositis 15 2 2 1 1 2
Granulomatosis with polyangiitis 14 1 1 1 1 2
Total 361 19 7 a4 57 6 3 21 26 " 12 17 40
Total excluding SLE 311 8 4 31 39 6 3 21 26 8 9 1 29

100 healthy subjects as well as 50 patients with systemic lupus erythematosus (SLE), 50 patients with ankylosing spondyliti, 100 patients with osteoarthritis (OA), 13 patients with
reactive arthrits (reA), 19 osteoporosis patients, 15 dermatomyositis-polymyosits patients, and 14 patients with granulomatosis with polyangilts (Wegener's granulomatosis) were
tested for the presence of IgA, IgG, and IgM of RE. ACPA, and RA33. Total numbers of positive patients including or excluding patients with SLE are indicated.
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Seronegative 1-3 antibodies 4 or more antibodies
Number of patients 78 88 124
Age (years) 53.4(44.2-65.7) 572 (46.6-66.3) 56.6 (46.6-63.6)
Female% 808% 85% 75%
Disease duration (years) 03(0.025-2.1) 05(0-6.1) 1(0.1-83)
Simplified disease activity index 16.6(9.9-25.1) 13.6(9.3-233) 14.8(8.7-22)
Ciinical disease actity index 14.9(9.2-22.7) 12(8.5-202) 12.7 (7.4-19.25)
Disease activity score 44(37-5.1) 43(3.1-5.1) 42(3.4-5)
G-reactive protein [mg/di] 05(0.2-12) 05(0.2-13) 08(0.3-1.7)
Pain 41 (22-58) 40(205-60.5) 35 (15-52)
Patient global disease activity 40 (23-58) 45(20-61.5) 38 (19-60)
Evaluator's global disease activity (EGA) 21 (10-34) 20(10-29.5) 24/(10-38)
Health access and qualty index 08(0.125-1.5) 0.8(0.25-1.25) 06(0.125-1.1)
Swolien joint count 28 3(2-4) 3(2-5) 427
Tender joint count 28 4(2-8) 3(0-7) 205"
Corticosteroids (mg) 63(5-12.5) 63(5-10) 63(5-6.3)

Values are medians and lower and the upper quarties are indicated in brackets. Disease duration was calculated from the date of diagnosis. TIC28 was found to be significantly

(*corr.

04) lower in patients with 4 or more antibodlies compared to seronegative patients.
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RA (inception)  RA (established)
Age (years) 567.4(47.2-662) 532 (44.1-63.3)
Female% 742 838
Disease duration (years) 0.1(0-03) 65 (25-12)"*
Simplified disease activity index 156(0.3-242)  14.4(8.7-21)
Ciinical disease activty index 14.2(85-22.1) 12(7-18.2)
Disease activty score 44(34-52) 42(33-48)
C-reactive protein [mg/di] 08(0.3-16) 04(0.2-13)
Pain 43 (18-56) 36 (18-56.5)
Patient global disease activity 40(195-605)  41(21-60)
Evaluator's global disease activity 20(9.5-35) 21.5(10-35)
Health access and quality index (HAQ) 0.4 (0-1) 0.8 (0.25-1.5)"
Swollen joint count 28 3(2-6) 3(2-6)
Tender joint count 28 3(1-7) 3(0-6)
Corticosteroids (mg) 63(5-10.5) 63(5-9.8)

Descriotive characteristics of inception and established RA were calculated at
treatment start (baseline), i.e., MTX treatment in the inception cohort and anti-TNF
treatment in patients with established RA. Values are medians and lower and the
upper quarties provided in brackets. Disease duration was calculated from the date
of diagnosis. The corticosteroid dose also refers ony to the baseline visit and gives no
information about earflr prescriptions. Significant differences between the inception
and established RA cohort are shown in bold numbers. Corr. p-velues for disease

duration was **'p < 0.0001 and HAQ was *p = 0.012.
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IgA-  IgG-  IgM-  IgA- IgG-  IgM-  IgA- IgG- IgM- RA33  IgA-RF/ RF ACPA
RF RF RF ACPA ACPA ACPA RA33 RA33 RA33 (tota) ACPA (total) (routine) (routine)

Cutoff 141U/ml 28 1U/ml 351U/ml 7 U/ml 7 U/ml 116.7 g/l 4.5ug) 12 pgh 32 ug/ 159 1U/ml 10 U/ml

Specificity (healthy) 98%  98%  92%  99% 99%  95%  98%  98% 98% 94% 97% nd. nd.

Specificity (disease controls) ~ 95.3%  98.6%  90%  98.6% 99.4% 956% O7.5% 97.2% 958% 90%  94.2% nd. nd.

Patients with RA (1) 200 200 200 290 290 200 285 200 243 290 290 290 290

Sensitivity (% positive patients)  50.7%  14.4%  64.8% 84.1% 57.9% 286% 6%  62% 17.7% 22%  552% 50%  55.2%

PPV (healthy) 954% 854% 868% 965% 97.9% 823% 631% 71.6% 842% 749%  937%

PPV (disease controls) 89.8% 89.3%  84% 952% 98.7% 84.1% 57.8% 64.3% 71.7% 64.1%  88.5%

AUC (RA vs healthy) 0775 0643 0785 0742 0754 067 055 0608 0481

AUC (RAvs disease controls) ~ 0.725 0643 0784 0704 0777 0687 0646 047 0537

Antibodiies were measured in sera of 290 RA patients, 261 disease controls and 100 healthy subjects. Cutoffs for RF isotypes and for IgA- and IgG-ACPA were used according

10 the manufacturer's instructions (U = unit; U = intemational uni). Cutoffs for Ig-ACPA and prototype RA33 EIA™ were calculated by receiver operating characteristic (ROC)
curve analysis. The total number of RA33 positive patients and IgA-RF and/or IgA-ACPA positive patients are summarized in the fast two columns. The data obtained with routinely
measured RF (nephelometry) and IgG-ACPA (EIA™) are shown for comparison. Specificity, sensitivity, and positive predictive values are showing the performance of each lg. The
area under the ROC curve (area under the curve [AUC]) values measure the performance without a particular cutoff. An AUC of 0.5 would be random when not choosing the cutoff
carefully. The higher an AUC value is, the better is the performance. See also Figure S1 in Supplementary Material for a visualization of the ROCs.
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AlIBP Patients  Patients with

patients  without mucosal
mucosal  involvement
involvement
)
Number of patients (1" 9 76
Total BPDAI r=057 r=0.62
P<00001 P <0000t
Total skin BPDAI r=058 r=063
P<00001 P <0000
Skin BPDAI: blisters/erosions =046 r=052
P<00001 P <0.0001
Skin BPDAI: erythema/urticaria r=052 r=053
P<00001 P <0.0001
Mucosal BPDAI r=007 NA
P=048 NA
(B)
Number of patients (1" 93
Total BPDA! r=-001
P=093
Total skin BPDAI 0001
=099

0.03
0.76
0.01
0.89 X
Mucosal BPDAI r=-020 NA
0.06 NA

Skin BPDAI: blisters/erosions

Skin BPDAI: erythema/urticaria

.41
-0.26
.31

Spearman’s correlation coeffiient was used o explore the relationship between BPDAI
score and serum autoantibody titers.

“Patients for whom serum anti-BP180 ELISA values were avaiable.

“Patients for whom serum anti-BP230 ELISA values were avaiable.

NA, not applicable; B bullous pemphigoid; BPDAI, BP Disease Area Index; ELISA,
enzyme-linked immunosorbent assay.
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Reference Number of ~ DIF (number of IIF (number ~ELISA 1B (number of Note Clinical switch
patientsand  patients) of patients)  (number of  patients)
disease patients)
Chan etal. (254) 58JS  Perfomed (5/5) Performed NP Pt1120and 140kDa Pt 159 years old, M; MMP From SJS to MMP
@r5) epidermal antigen onset 6 months after SUS
P12 6 years old, M; MMP.
onset 31 years after SJS
Pt2 120 kDa epidermal Pt 3 22 years old, M; MMP
antigen onset 14 months after SUS
Pt 4.33 years old, F; MMP
onset 2 years after SJS
Pt 534 years old, F; MMP
onset 2 years after SJS
De Rojas 5L Performed (1/5) NP NP NP - From LS to MMP
etal. (255)
Mignogna 20LP  Performed (2/2) Performed  Abagainst NP Pt1 72 years old, F From OLP to MMP
et al. (256) @) BP180 Pt 264 years old, F
Fania et al. (257) 218 Performed (2/2)  Performed  Performed NP Pt 180 years old, M; MMP From LS to MMP
@2 @2 onset 6 months after LS
P12 60 years old, M; MMP
onset 2 months after LS
Sardy et al. (60) 8P Performed NP 1gG against 9G4 against laminin 332 18 years old, F; MMP transition  From BP to MMP.
faminin 332 5 years after the BP diagnosis

BR, bullous pemphigoid; DI, direct immunofiuorescence; F; female; IF; indirect immunofiuorescence; I, immunobiotting; LS, Lyel's syndrome; M, male; MMP, mucous membrane
pemphigoid: NP not performed: OLP, oral lichen planus; Pt, patient: SJS, Steven-Johnson’s syndrome.
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Reference Number of patients and ~ Multiple antigens Method Note
disease
Malietal. (243) 2 concomitant MMP +SLE  Ab against 4 integrin subunit (8 Pt); Ab against 1B Coexistence of MMP, SLE and/or MGTD
2 concomitant MMP + MCTD  BP180 (6 PY); Ab against BP180 and a 240 kDa
2 MMP who developed SLE  antigen (2 PY)
1 MMP who developed MCTD
1 MMP who developed SLE/
MCTD
Zakkaetal. (244)  3MMP Ab against STRNP70 ELISA  Ptwholacked any HLA Il genes associated
with MCTD may produce via epitope
spreading Ab against SNRNP70
Shipman etal. (245) 1UG; 1 CD Linear staining for IgG and G3 at the BMZ DIF 1B showed IgG against BP180 only in Pt with
19G anti-BMZ on the dermal side of SSS IF Crohn's disease
Takegami et al. (246) 1 concomitant 19G and g against laminin a3 subunit; IgA against 1B Simultaneous diagnosis of MMP, LAD, and SS
MMP + LAD + 8§ 120 kDa antigen
Monshietal. (247) 1 anti-p200/anti-LAM y1 19G against a3 chain of laminin 332 1B 86 years old, F; no mucosal involvement
pemphigoid
Yamadaetal. (248) 1 PNP 19G against 2 subunit of laminin 332 1B 68 years old, M; K thyroid, kidney CCK,
follcular dendritic cell sarcoma in the
retroperitoneal area.
Ohataetal. (249)  1PH 19G and IgA against BP180 C-terminus; IgG against 1B 63 years old, M; no mucosal involvement
2 subunit of laminin 332
Lietal. (250) 1 anti-p200/anti-LAM 1 19G against y1, 3 and B3 subunit of laminin 332 1B 72 years old, M; psoriasis
pemphigoid
Kauneeetal. (251) 1 anti-p200/anti-LAM y1 IgA against C-terminal fragment of BP180; IgG 1B 87 yearsold, F
pemphigoid against BP180 NC16A

Ab, antibody; BMZ, basal membrane zone; CD, Crohn's disease;

F; direct immunofiuorescence; F; female; M, male; I, indirect immunofiuorescence; IB, immunoblotting; LAD,

linear IgA dermatosis; MCTD, mixed connective tissue disease; MMP, mucous membrane pemphigoid; Pt, patient; SLE, systemic lupus erythematosus; SS, Siégren syndrome;
UC, ulcerative colitis; BP. bullous pemphigoid; K, carcinoma; CCK, clear cell carcinoma; PH, pemphigus herpetiformis; PNP. paraneoplastic pemphigus.
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Genotype Positive Band size
i mice (%) (kDa)

Flii" (n=8)  2(25%) 145,60, 45

Control

WT (n=8) 4(50%) 145, 60,45

FIiT™ (n=7) 3 (43%) 70,60
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Screened for participation (n= ~900)

Did not meet

Invited to participate (n=192)

Did not agree to participate (n=129)

Withdrew before baseline

assessments (n=34)

Randomized (n=29)

SLE-NT (n=15)

SLE-TR (n=14)

Became pregnant (n=1)
Disease flare (n=1)
Withdrew for personal
reasons (n=3)

Limb fracture )
Disease flare (n=1)
Withdrew for personal
reasons (n=3)

SLE-TR (n=9) SLE-NT (n=10)
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Categories  Targets Drugs or methods Potential effects Reference
Immune Reguatory T Interteukin (IL)-10 Increasing Treg cells (171)
tolerance (Tegicels  Low-dose IL-2 Inducing significant Treg cells expansion (172,173)
Oxymatrine Upregulating FOXP3 Treg cells and reducing the production of tumor necross factor-a (174)
and IL-17A
BP180NG16A Gene gun delivery of NG16a- ~ Inducting tolerance of BP180 (175)
encoding DNA
BP180 Lactic-co-glycolic acid Inducing antigen-specific T cell tolerance (176)
nanoparticles
B cels €20 Rituximab Reducing all subclasses of immunoglobuin G (1gG) anti-BP180 autoantivodies (102, 177)
Rituximab and intravenous  Producing a prolonged and sustained remission in patients with active and recalcitrant (39, 178)
immunoglobuiin 8P
Calcineurin inhibitors Suppressing naive B cells (179)
T cells CD25 Anti-CD25 antibodies Targeting IL-2 receptor on activated T cells (180)
Calcineurin  Calcineurin inhibitors Inhibiting nuclear factor of activated T cells and blocking T-cell-dependent production (181)
oflgG
CD4+ Teells  IL-10 Lowering the number of circulating CD4+ T cells (171)
Co-stimuiators BAFF-APRIL  Tabaluma (anti-BAFF) Neutralizing autoreactive and memory B cells (182)
Anti-APRIL Anti-proliferation and reducing atoantibodies production (183, 184)
CD40-CD4OL  Ant-CD40 Regulating both innate and adaptive immunity and the activation of antigen-specific (185)
T cells
Autoantibodies  19G SM101 A soluble FyR that competes with the interaction of IgG with membrane FoyRs (186)
1gE Omalizumab Inhibiting IgE binding to FeeRl (108)
Autoantibodies ~ Immunoadsorption Declining the serum autoantibody levels (187, 188)

APRIL, a proliferation-inducing ligand; BAFF, B-cell activating factor.
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Challenge 1st gliptin dose to MMP  Challenge® Dechallenge Rechallenge  Begaud's accountability Naranjo's
onset (wk) RO/R'/R- scores® score®
gliptin patient Yes/no  Outcome C1-C3 S1-S3 1-16  0-13  ADR
Dechallenge
Saxagliptin
1 4 Suggestive  Yes  Suggestive RO c3 st 1a 3 Possble
Vildagliptin
2 4 Suggestive  Yes  Suggestive RO c3 st 1a 3 Possble
3 4 Suggestive  Yes  Inconclusive RO c2 st 12 2 Possble
4 12 Suggestve  Yes  Inconclusive RO c2 st 12 2 Possble
5 % Compativle ~ Yes  Suggestive RO c2 st 12 3 Possble
6 6 Compatile ~ Yes  Not suggestive RO ct st 1" 2 Possble
7 144 Compatible Yes Inconclusive RO c1 S2 12 2 Possible
Sitaglptin
8 104 Compatible ~ Yes  Suggestive R c3 st 14 6 Probable
9 136 Compatible ~ Yes  Suggestive RO c2 s1 12 3 Possble
10 144 Compatible ~ Yes  Inconclusive RO ct st [ 2 Possble
1 232 Compatible  Yes  Suggestive RO c2 s2 13 3 Possble
No dechallenge
Vildagliptin
12 72 Compatile ~ No  Suggestive RO c2 st 12 2 Possble
13 148 Compatible ~ No  Inconclusive RO ct st " 2 Possble
14 236 Compatible ~ No  Inconclusive RO ct s2 12 2 Possble
15 244 Compatile ~ No  Not suggestive RO ct s2 12 2 Possble
16 588 Compatible ~ No  Not suggestive RO ct st 1" 2 Possble
Sitagliptin
17 144 Compatible ~ No  Inconclusive RO c2 s2 13 2 Possble

MM, mucous membrane pemphigoid; wk, week; RO, no rechallenge; R, positive rechallenge; R, negative rechallenge; ADR, adverse drug reaction.

“Suggestive, time to onset <12 weeks; compatible, time to onset >12 weeks.

“Chronological score: C1, doubtiul; C2, plausible; C3, likely. Symptomatological scoring: S1, doubtiul; S2, plausible; S3, liely. Intrinsic accountabilty scoring [combining

chronological (C) and symptomatological (S) scores]: 1 (C181), 12 (C1S2 o C251), 13 (C252), 14 (C1S3 or C3S1), 15 (G253 or C352), and 16 (C3S3) (32).
“Narango's score: >9, definite ADR; 5-8, probable ADR: 1-4, possible ADR: 0, doubtful ADR (34),
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Characteristic Suggestive-or-compatible challenge Controls p
n=17 Missing n=121 Missing

Age, mean/median (range). years 69/71 (48-81) 66.4/66 (38-96) 046

Weight, mean/median (range), kg 87/80 (65-154) 72.6/73 (44-114) 002

BMI, mean/median (range), kg/m’ 32/29 (24-45) 26.1/25 (18-40) 001

Female/male, n (%); sex ratio 9(53%8 (47%); 1.1 0 69 (57%)/52 (43%); 1.3 0

Involved sites, mean/median (range), n 28/3(2-5) 22/2(1-6)

MMP invotvement, n (%) 0 2

solated MM 3(18%) 59 (50%)

MM and cutaneous 14 (82%) 60 (50%)

DIF, yes/no, n (%)

IgA deposits 0 [ 26 (22%)/94 (78%) 3 004

19G deposits 14 (82%)/3 (18%) 0 89 (74%)/31 (26%) 1

C3 deposits 14 (829%)/3 (18%) 0 85 (71%)/35 (29%) 1

Direct IEM, n (%)

D=Ll 7(87%) 9 62 (60%) 18

Upper LL + HD 1(13%) 13(13%)

IIF on SSS, n (%)

Roof 47%) 2 2221%) 18

Floor [} 202%)

Mixed 0 3(3%)

Negative 11(73%) 76 (74%)

ELISA, positive/negative, n (%)

BP230 3 (20%)/13 (80%) 10 (13%)/68 (87%) 43

BP180 7 (47%V8 (63%) 43 (51%V/41 (49%) a7

Involvement, yes/no, n (%)

Cutaneous 14 (82%)/3 (18%) 60 (50%)/59 (50%) 0.02

Buccal 11 (85%)/6 (35%) 0 101 (89%)/12 (11%) 8 oot

Laryngeal 6(35%)/11 (65%) 0 34 (30%)/79 (70%) 8

Genital and/or anal 8 (47%)/9 (63%) 0 35 (31978 (69%) 8

Conjunctival 2(12%)15 (88%) 0 28 (25%)/85 (75%) 8 036

Esophageal 0 0 6 (5%)/107 (95%) 8

Severe 7 (41%)/10 (59%) 0 78 (67%Y39 (33%) 8 005

At 1 year of follow-up, yes/no, 1 (%)

Complete remission 9 (82%)2 (18%) 6 68 (56%/53 (44%) 0 012

Relapses/flares 4 (33%8 (67%) 5 28 (23%)/93 (77%) 0

Deaths 017 (100%) 0 2 2%)/119 (98%) 0

MMP. mucous membrane pemphigoid; BMI, body mass index; MM, mucous membrane; DIF, direct immunofluorescence; Ig, immunoglobulin; IEM, immunoelectron
microscopy; LD, lamina densa: LL, lamina lucid; , with or without; HD, hemidesmosome; IF, indirect immunofluorescence; SSS, salt-split skin; ELISA, enzyme-inked

immunosorbent assay.
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Characteristic Overall Dechallenge No dechallenge
n=17 Missing n=11 Missing n=6 Missing
Weeks, median (range)
Gliptin-onset-to-MMP-diagnosis interval 136 (4-568) 0 36 (4-232) 0 136 (4-588) 0
Time to first complete remission 8(0-36) 7 8(2-16) 3 18 (0-36) 4
Length of follow-up 40 (0-164) 0 32 (0-104) 0 78 (4-164) 0
Initil treatment 17 1 11 0 5 1
Dapsone 11 8(73%) 3(50%)
Doxycycin 6 4(36%) 2(33%)
Cyclophosphamide 5 2(18%) 3(50%)
Rituximab 2 2(18%) 0
At the first year of follow-up, patients, n (%)
Relapses/flares
Yes 4(31%) 4 2 (22%) 2 2(50%) 2
No 9(69%) 7¢(78%) 2(50%)
Complete remission
Yes 9(82%) 6 7(88%) 3 2(66%) 3
No 2(18%) 1(13%) 1(33%)
Deaths
Yes 0 6 0 3 0 3
No 11 (100%) (100%) 3(100%)

MMP, mucous membrane pemphigoid.

*The dechallenge group stopped giiptn intake during the first year of follow-ups the no-dechellenge group wes stil taking giptin at 1 year of folow-up.

“One relapsed before and one after stopping glptin.
“One relapsed after 1 year of follow-up and a rechallenge.
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Patient Immune deposits on IIF anti-BMZ IgG IIF on SSS ELISA Blot*

(esophagus) (nl <9 AU) (kDa)
DIF BMZ Direct [EM Rat  Monkey  Roof  Floor ~ BP230  BP180
IgA  1gG €3 LD+LL  UpperLL+HD  AFz

1 - + + nd nd nd - - - - <9 189 nd
2 - + + - - - - - - - 1 0 nd
3 - + + + - - - 1/100 - - 4 10 180
') - + + nd nd nd 1280 - + - 61 149 nd
5 - + + + - w - nd - - 0 1 -

6 - - + + - - 200 nd + - 2 136 nd
7 - + + + - - - 50 - - 0 1 180, 120
8 - + - - + - - - - - nd nd 200
9 - + + nd nd nd - 20 + - 2 1 -
10 - + + + - - 200 nd nd nd 10 68 nd
1 - + + nd nd nd 640 nd + - - - 120
12 - * * nd nd nd 100 100 - = 6 24 nd
13 - - + nd nd nd - - nd nd nd nd nd
14 - - + nd nd nd - - - - 2 109 nd
15 - + + + - - - - - - 8 2 nd
16 - + + - - - - - - 12 62 nd
17 - + + nd nd nd - - - - ] ;| -

MMP: mucous membrane pemphigoid; DIF, direct immunofluorescence; BMZ, basement membrane zone; Ig, immunoglobuin; IEM, immunoelectron microscopy; LD, lamina densa;
LL, lamin lucida; , with or without; HD, hemidesmosome; Az, anchoring-fibril zone; IIF; indirect immunofluorescence; SSS, satt-spit skin; ELISA, enzyme-inked immunosorbent
assay; ni, normal; AU, arbitrary unit; nd: not determined; +, positive; —, negative.

Mmoot on Sriatic marmbirans sxbect.





OPS/images/fimmu-09-01788/fimmu-09-01788-t001.jpg
Co-dominant*

KaSP* Cases. Controls Recessive: Dominant:

rs4042056  AA AG GG MAF(%P  AA AG GG MAF(%)  OR(95%CI) p OR (95% CI) ) OR (95% CI) p

Germany 4 o 83 46" ) 180 0.28 19 (1-350) 0.0074 52(1-27) 0.037 32(1.1-9.5) 0014
46% 0% 95% 0%  055% 9%

Iran 5 1 72 1" 3 0 87 33 19(05-7.4) 037 2.1(06-7.5) 024 14 (0.7-2.8) 028
64%  13% 9% 33% 0% 9%

Turkey 9 1 63 13 0 0 19 o 58(033-100 012 340429 019 22(06-76)  0.15
2% 14%  86% 0% 0% 100%

Egypt 2 0 % % o 0 126 0 6403130 016 64(03-13) 0.6 250612 016
2% 0% 9% 0% 0% 100%

Total 20 2 317 6.2 3 4 412 084 428(1.6-11.9) 0.0051 370159 0.0038 2.78(1.0-7.6) 0.047
59%  06%  94% 07%  02% 9%

ELISA® Cases. Controls Dominant: ELISA/KASP combined

dominant"

Gam1s Positive  Negative MAF (%) Posive  Negative MAF (%)* OR (95% CI) » OR (95% CI) p

Germany 7 a9 10 1 06 16(02-15) o7 49(09-254) 0061
20% 98.0% 13%

Iran na' na' na' na.' na' na. na. na. na.

Turkey 4 7 27 na! na! na. na. na. na.
53% 94.7%

Egypt 2 50 19 2 59 17 16(0.33-8) 054 25(04-137) 0298
38% 96.2% 33% 96.7%

Totar 7 170 2 3 136 1 175 (04-76) 083 36(15-88 00041

4% 96% 22% 97.8%
For origin-wise modes, Lidstone

in.a., no serum samples avaiabe.

ethnic origin was used

together the genotyping method for stratification.
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KASP* Cases Controls Recessive® Dominant® Co-dominant®

rs4042056 A AG GG MAF (%) AA AG GG MAF (%) OR (95% Cl) p OR (95% Cl) p OR (95% Cl) p
Germany 1 1 84 058" 0 1 180 03 6.3(0.3-160) 022 32(05-20) 02 24(0.7-88) 016
1.2% 12% 97.8% 0% 06%  994%
ELISA® Cases Controls Dominant: ELISA/KASP combined
dominant!
G3m1s Positive Negative MAF (%)*  Positive Negative MAF (%) OR (95% Cl) p OR (95% Cl) p
Germany 0 87 00 1 77 06 03(001-7.4) 042  1.7(0.2-125) 061
0% 100% 13% 98.7%

“Results from the KASP assay, respectively (for comparison of values and footnote comments see Table 1).

“Results from the ELISA allotype determination (for comparison of values and footnote comments see Table 1).

“Logistic regression (recessive, dominant, and co-dominant models) stratified by ethnic cohort. The 95% confidence interval s given for the odds ratio (OR); the p value (o) is given for the likelihood ratio test (LR test) on the genotype.
In case of 0 values in corresponding data, Lidstone addltive smoothing was sed to allow calculation of ORs and ensure convergence of the fitting routine.

“MAF, minor allee frequency, i.e., frequency of the A allee. An asterisk (") indlicates that the respective genotype distribution is not in Haroly-Weinberg equilbrium.

“MAF; minor allee frequency, i.., frequency of the allele encoding the G3m15 alotype, inferred assuming Hardy-Weinberg equiltrium.

Logistic regression of combined ELISA and KASP results. The genotyping method was used for stratification in a random effects model (compare table footnote h of Table 1).
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Challenge Sex/age Weight 1t gliptin-dose-to- MM sites involved MMP severity Initial 1-year MMP
(vears)  (kg)/BMI (kg/m?)  MMP-onset interval treatment follow-up

= (weeks)

Gliptin patient Totaln Skin Mouth Genitals/anus Eyes NT/larynx  Mild ~ Severe Relapse CR

Dechallenge

Saxaglptin

1 w79 65/24 4 4 + + - + ++ - + Dap, RTX No Yes

Vildaglptin

2 F/71 68/27 4 2 - + + - -~ + - Dap No Yes

3 /60 75/29 4 3 + + + - -/- + - Doxy No* Unknown

4 /71 Unknown 12 2 - + - - 4 - + Dap, CyP Yes Yes

5 w77 8027 36 3 + + - - +/- + - Dap No Yes

6 F/61 92/36 36 5 + + + + ++ - + Dap, RTX Yes® No

7 w81 80/30 144 2 + - - - /- + - Doxy Unknown® Unknown

Sitagliptin

8 W62 91/29 104 3 - + + - +/- + - Dap Yes® Yes

9 F/57 Unknown 136 3 + + - - 4+ - + Dap, CyP No Yes

10 F/74 55/25 144 3 + + - - +/- + - Dap Unknown®  Unknown

" w76 Unknown 232 2 #* - + o -/ * - tCTC No Yes

No dechallenge

Vildagliptin

12 w72 70/25 72 4 + + + - +- - + Dap, CyP Yes No

13 /75 105/41 148 3 + - + - ++ - +  OyPDoxy Unknown®  Unknown

14 Fl48 100/33 236 2 + - - - +/- + - Dap Unknown®  Unknown

15 /71 77/nd 244 2 + - + - -~ + - Unknown No Yes

16 F/65 100/43 588 3 + + - - +- + - Dap No Yes

Sitaglptin

17 M4 154/45 144 2 + - - - ++ - +  OyPDoxy Yes'  Unknown

MM, mucous membrane pemphigoid; BMI, body mass index; MM, mucous membrane; NT, nose and throat; CR, complete remission; +, positive; ~, negative; Dap, dapsone; RTX, nituximab; Doxy, doxycyclin; CyP,
cyclophosphamide; CTC, topical corticosteroic.
*These patients were followed for >1 year but were not examined at 1 year, so exact status at 1 year is unknown.

“Relapse on glptin

“Follow-up <1 year, with no additional information about outcome.

9Relapse after rechallenge.
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Reference Number of First diagnosed ~ Age and sex  Laboratory findings Method Note
patients  disease
Dotson et al. (145) 1 EBA 19,F ANA (1:2560), anti-U1RNP Ab - SLE dagnosis 5 years
after EBA diagnosis
Barton et al. (146) 1 BSLE 18,F 19G against COLVII B -
Gammon et al. (141) 4 1PLSLEBPt  3Pt20-23,1Pt IgG against COLVI ws -
BSLE 50;3F 1M
Kettler et al. (147) 1 EBA/BSLE? 8F ANA (1:2560), anti-U1RNP Ab, anti-Sm Ab - -
Boh etal. (148) 3 EBA 34,F Homogeneous ANA (1:160) anti-dsDNA Ab - SLE dagnosis 2 years
(1:640), anti-U1RNP Ab after EBA diagnosis
51,F Speckled ANA (1:640), low C3, anti-dsDNA SLE diagnosis 3 years
Ab (1:40), anti-UTRNP Ab after EBA diagnosis
S7,F Speckled ANA SLE diagnosis 14 years
(1:640), anti-s-DNA Ab, anti-U1RNP Ab, after EBA diagnosis
anti-Sm Ab
McHenry et al. (149) 1 SLE 77,M - - EBAdagnosis 6 years
after SLE diagnosis
Yoon et al. (150) 1 EBA 38,F - - EBApreceded a dramatic SLE
flare with fatal cerebral vascuitis
Chan etal. (143) 1 BSLE 15,F 19A and IgG against BP230, NCA1 domain B -

of COLVII; IgG against LAMS and LAMS

Ab, antibodies; BSLE, bulous systematic lupus erythematosus; COLVI, colagen VI F. female; IB, immunoblotting; LA, laminin; M, male; Pt, patient; SLE, systematic lupus
erythematosus; WB, Westem blot.
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Reference Transition Age Sex Initial Ab Transition period (years) Ab after transition
Iwatsuki et al. (104) PV o PF 3 F NP 3 Dsg 1
V1o PF 58 F NP 1 NP
Kawana et al. (105) V10 PF 57 F Dsg 3 3 Dsg1*
PV 1o PF 4 F Dsg 3 3 Dsg 1*
Chang etal. (106) PV 1o PF a7 M NP 4 Dsg1*
Dsg3*
Mendiatta et al. (107) PVio PF 4 w NP NP NP
Ishiietal. (108) PF1OPV. 3 M Dsg1® 6 Dsg 1°
Dsg 3
Komai et al. (109) PF1OPV 40 NP Dsg1® 05 Dsg 1°Dsg 3
PV 10 PF and again to PV 38 NP Dsg 1= 1 Dsg 3=
Dsg 3+ Dgs 1*
Dsg3=
Kimoto et al. (110) PV o PF 7 F Dsg3® Dsg 1
Touiietal (111) PVio PF 55 M Dsg 3 Dsg1°
Harman et al. (112) PV 1o PF F Dsg1® Dsg 1
Dsg 3
Tothetal.(113) PVio PF 2 M Dsg 1 2 Dsg 1°
Dsg 3
Ngetal. (114) PV o PF 29 M NP 4 Dsg 10
PV o PF 56 [ NP 3 Dsg 1°
PV to PF 45 F NP 3 Dsg 1°
Parketal. (115) PFIOPY 48 ™ Negative® 5 Dsg 1°
Dsg 3
Awazawa et al. (116) PF10PV. 79 F Dsg1® 15 Dsg3*
Pigozziet al. (117) PF10PV. %0 F Dsgt® o7 Dsg3®
Lévy-Stbon et al. (116) V1o PF a7 M NP 27 NP
Espana et al. (119) PV 1o PF 49 M Dsg1* 2 Dsg1°
PVi0 PF 35 [ Dsg 3 38 Dsg 1
Dsg 3 Dsg 3
Ito et al. (120) PVio PF 57 M Dsg 1® 02 Dsg 1
Dsg 3"
“immunobiot.
ELISA.

Ab, antibodlies; PV, pemphigus wulgaris; PE. pemphigus foliaceus; NP, not provided; Dsg, desmoglein.
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Reference

Van der Meer et al. (215)
Honeyman et al. (216)
Jablonska et al. (217)
Bean et al. (218)
Honeyman et al. (219)

Jolifte et al. (220)
De Jong et al. (221)
Jawitz et al. (222)
Sander et al. (223)
Setterfield et al. (224)
Ameen et al. (225)
Murphy et al. (226)

Schultze et al. (227)

Vaira et al. (226)

Number of
patient

1

Clinic

DH +BP

Switch from DH to BP
Concomitant DH and BP
DH

Concomitant DH and BP

Goncomitant DH and BP
Goncomitant DH and BP
DH

First DH; BP after 5 years
First DH; both DH and BP
25 years ater

First DH; BP 11 years after

First DH; DH and BP later
(4 months, 1 and 11 years)
DH

First BP; later DH

Pathology

BP

Switch from DH to BP
Concomitant DH and BP
Concomitant DH and BP
Concomitant DH and BP

BP

Concomitant DH and BP

BP; only DH 5 years later

First DH; BP after 5 years
First DH; both DH and BP
25 years after

First DH; both DH and BP
11 years after

Non-specific for BP or DH

DH during the follow-up

DIF positive
for both BP
and DH

o+

+

Note

BP features detected by DIF

Initially negative, later circulating
BP antibodies

57 years old, F

41 years old, F

68 years old, M

58 years old, M

84 years old, F
83 years old, 2 M; 84 years old, F
77 years old, M; BP and DH serum

autoantibodies simultaneously
48 years old, M

BP. bullous pemphigoid: DH, dermatitis herpetiformis; DIF, direct immunofiuorescence; F, female; M, male.
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Reference Numberof ~ Sex AgeatUC  Age at LABD

patients diagnosis  diagnosis
Chan et al. (208) 1 M 76 80
Paige et al. (207) 8 M 12 20
M % 41
M 52 60
F 30 38
M 59 60
F 21 64
F 7 8
M 45 a7
De Simone et al. (209) 1 - - -
Chietal. (210) 1 F 1 a1
Keller et al. (211) 1 M 54 54
Kern et al. (191) 1 M - 48

F, female; LABD, linear IgA bullous disease; M, male; UC, ulcerative colitis.
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Reference. Number of  Findings Method Note.
patients.
Kontakis ot . 171 T iohagans R0 e -
Zambunoeta (78 1 Ighagsos 290 KDa ntgen of anchorng fois WB 4y m
oot (179 T oAwanee W8 18monson.F
Hashinatota (20 1 ighagan Co 6 -
Kawahara et al. (181) 2 19G and IgA antibodies on dermal side of SSS IF -
Ghohestani et al. (182) 6 IgA against BP230 B -
5 gAaenssPisn
Honodota. (189 Tl aganst 220010 epermal antgon B Siymsour
Wokainat a. (189 T Amenscom Wo_ 7oy oM
No ot (125) 14 ighaganst ho XV colaganous domanof BP180, andNOIEA Ol 89180 1B -
nata (150 4 IghagansiNGI6A doman of BP1ED B -
eizetal (181 1 oAmaigsgann 89180 we
Simizu ot a. (165) 1 Linear dogositon of gh and G along the BMZ DF 78 years o, M: localzed 16
eo
Passos et al. (189) 1 Linear deposition of IgA and IgG along the BMZ DIF 21 years old, F
Yanaghara et al. (190) 1 Linear depositon of Igh and 1gG along the BMZ. DF 35 years old, M; Vogt-Koyanag
Hereca asesse
Sokoqueneta (79 3 PL1igGaganstiamiinad, a9, min 12 1A B 81 yous o, FiKpancss
againstamiin a3, i
laminin 2, Col Y, Lo 1, BP180C
P12100 againt laminin o, i 12 A against i, 88 yours ol M Kdon
i 12, 89230, BP160.C.
P13 IgG against laminin y2, BP180-+ against laminin a3, 64 years oid, M
ometa (191) T ighaganst iho 1201Da ectodoman o 89180 and D3 48 years o, W; Ut ol
Overap LABD and 98 Pomphi?
Tashima et (192 T ihagansiBPIBONGIO B siyeesaom
Zoko ot 3. (199 T lohagans i 145- 200 185408 o3 subunts of i 332 B eyesdm
it (199) T lghandgn aganst he 16508 and 145-K0a foms of a3 st B StywsaaM
and the 105-kDa y2 subunit of laminin 332
Lietal. (195 1 19G and IgA against laminin a 3, laminin-p3 and laminin y2; lgG and B8 80 years old, M
19A against af and p4 subunit of integrin
Fomandes ot . (190 1 Linear coposton of I and 1G dlong tho BMZ OF  7yeasdaM
Izaki et al. (197) ] Linear deposition of IgA and IgG along the BMZ DIF 5 months old, M
Kogaata (199 T 1o agenstcesmocot 1 EUSA 70yeas i, M vanston o
LABD 1o Hicoxience f boln
LD anaPre
Matsr o 3. (199 T ighaganst NG16A domanof BP180; o reacton 0 LAD1 shed B 29yous o, F: prograny

ectodomains of BP180

(38th wook)

BMZ, basal membrane z0ne; BF bulous pemphigod; K, carcinoms; COLL, colagen; DIF, et immunofuoresasnce; Dsg, esmogle; . fema 8, immunooig; IF, indfect
immunofuorescence; M, male; PT. patient: PH, pemphigus herpetiformis; SSS, saft-spit skin; WB, Westem biot,





OPS/images/fimmu-09-00779/fimmu-09-00779-t003.jpg
Reference Number of patients Age and sex Other disease Laboratory findings Method
Kawachi et al. (162) 1 1M 8P 19G against BP180 NC16A domain B
Jorkman et al. (163) 1 64,F MMP 19G against laminin a3 subunit B
Furukawa et al. (164) 1 2,F Anti-p200 pemphigoid 19G against y1 subunit B
Buisrogge et al. (165) | 70,M EBA IgA against plectin B
Osawa et al. (166) 1 75.M LABD 19G against 120 kDa antigen B
Yang et al. (167) 1 2,F PG 19G against BP180 and BP230 B

BP bullous pemphigoid: EBA, epidermolysis bullosa acquisita; F, female; IB, immunoblotting; LABD, linear IgA bullous dermatosis; M, male; PG, pemphigoid gestationis.
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Reforence  Patient 1A protocol Goncomitant Folow-up time atter  Main clinical Main laboratory side
characteristics therapy 1Astart (months)  outcomes outcomes eftects
Kasperkewicz 12 patients, 3 females, and 9 2 cycles of 5 consecutive. ‘Topical corticosteroids/ 3 Mean SCORAD improvement by - Temporal mean senum IgE reduction  Central venous catheter-
aal () malos; 24-66 (moan 42)years;  pankmmunogiobuin A calcinourin inhbtors, 38% (wosk 3), 6% (wook 5, by >00% per A cyle (miaryfor related Staphylococcus
'SCORAD 56-96 (mean 78.6); (TheraSorb-Ig*, Mitenyi Biotec) oral antihistamines, 56% (week 9), and 50% (week  IgG/igMgA); sustained reduction  aureus septicemia (7 = 1)
total serum IgE 4.666-86, atweeks 1and 5 ‘and cyclosporine A 13); parallel improvement of EAS!  of skin-bound IgE as well as.
119 (mean 22,034) kUL histologic alterations (hyperkeratoss,
spongoss, acanthoss, and demal
inrte)
Kasperidewicz 2 male patients; 40-60 years; 2 cycles of 5 consecutive IgE-  Topical corticosteroids/ 6 Mean SCORAD improvement by - Temporal mean serum IgE None
etal (5) 'SCORAD 66 and 77 (mean selective IA (TheraSorb-IgE®,  cakcineurin inhibitors, 33% (week 3), 37% (week 5, reduction by >90% per A
71.5) otal serum IgE 17,020 Mitenyi Biotec) at weeks 1 oral antihistamines, 54% (woek 9], 53% (week 13),  cycle (36-49% for
and 46,540, mean 317800 KU, and5 and ycisporne A 55% (wesk 17, and4%% IgGIoMIOA
respectively. (week 25)
Daeschiein 7 paents, 2 females and 5 1-6 cycles of § consecutive  Topical corlcosteroids/ 12-18 Mean SCORAD improvement by Temporal mean serum lgE Drop of blood pressure (1= 2)
otal(®)  molos 17-61 (mean 353 years: panimmunogiuin A caloineurinnhibitos, 26.1%(ato 1. 1A cyck), 27.9%  rduction by 74-80% par
SCORAD21.3-77 (mean52;  (TheraSorb-g e Millenyi  cralanthitamings, (afer 2. 1A cyc), 37.6% aler 3. A cyce
ol sonm g 724-28500  Blotec)at morihly enls  cyclosporne A A cyce), 24.1% fafer 4. A cyce),
(mean 11,015) kUL and 11.1% (after 5. 1A cycle)
Zrketal. () 10 patints, 2 femos and® 1 cyceof 24 consecutve Topical 2 Meon SCORAD improvement  Mean serum i recuctonby (A lated: dzziness
males; 26-65 (mean 43.7) years;  panimmunogiobuin 1A ‘corticosteroids: by 27% (week 3), 40% (week  58-86% after 2-4 IA, respectively: (1 = 1) and fatigue (n = 2);
'SCORAD 50.2-74.6 (mean 50.9); (TheraSorb-Ig flex*, Mitenyi 13), 5% (week 26), and 19%  serum IgE and TARC levels. ‘omakizumab-related:
total serum IgE 3,728-60.872  Biotec) followed by omalizumabs (revincreased; week 49) parallel  decreased contiwously during  headache {n = 1), abdominal
(maan 18.004) kUL overy 2 ks for 24 weoks improvement and r-ncrease of - omalzumab thorapy and pain 2= 1), wkry ymph
VAS subjective severy score. e-increased during node sweling (= 1), and
veatment oe folowp clovaton o e aniymes
n=3
Reich 50 patients, 20 fomales X330 3 cycls of 34 consecutve Topical and systemic. s Mecian EAS/ mprovement y 39 Tomporal medin serum Parimmunogibuin A
etal. (5 ‘males; 21-75 (mean 45.6) years;  panimmunogiobuin 1A (n = 24;  corticosteroids, topical and 47% (week 6), 52 and 45%  IgE reduction by 85 and 90% per 1A group only: herpes labialis
imean EAS! and SCORAD 21.3  TheraSorb-ig flex”, Mitenyi ‘calcineurin inhibitors, (week 12}, and 61 and 60% (week Gycle in the panimmunoglobulin and {1 = 2), herpes keratitis
and 405, rospectvely: medan  Biotec or E-sekective A Cyclosporine A, 32)1the parimmunogbuinand. IgE-solective IAgroup @5 and 1= 1), bactrlconjcivts
‘total serum IgE 6,700 k- (= 26; TheraSorb-igE", methotrexate, and IgE-selective IA group., respectively: 20% for IgG). respectively {n=1). bacterial sinusitis
Mitenyi Biotec) at weeks mycophenolate mofetil paraliel improvement of SCORAD, {7 =1), air embolism during
1.3,ma8 POEM, and DLOI contral venous cathoter
placement (= 1), cubia vein
trombophiabits o = 1), and
goneraized cutaneous alegio
dug reacton 1= 1)
Kasperowcz 10 patients, 3 famales and 7 2.cyclesof 5 consective E- _ Topical and systemic: B Mean SCORAD improvement by _Temporal mean sarum igE Centa venous cahete-
otal()  molos; 18-70 mean 403 years: slocte A (ThoraSorbIgE";  cortostorcds,fopcal 19% (wook 3, 29% (wook 5, recucton by > 90% per A rolated . aurous septcemia
'SCORAD 61.5-81 mean 67.5);  Mienyi Biotec) at weeks 1 ‘calcineurin inhibitors, 43% (week 9), 21% (week 13),  cycle (35-43% for {0 =1), fatigue (0 = 1), and
o EB121510(mean  and5 oral atistamines 255% (wosk 17), and oGgMigA) odama of hand and ot
5377 kUL 29% (week 25) =1

AD, atopic dermatts; DLGY, Dermatology Lie Quaity Index; EAS), Eczema Area and Severty Index; A, immunoadsorption; POEM, Patient. Oriented Eczema Measurs; SCORAD, Scoring Atopic Dermatits; TARC, thymus and actiation

requiated chemokine: VAS, Visual Analog Scale.
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PL(n=11) w-3(n=11) PLvs. -3

Pre Post A (95% CI) Pre Post A(@5%Cl)  Adifference (95% Cl) p ES
Total energy (kcal) 1,567 +272 1628+ 665 ~-146(-82010528) 1738370 17714406  62(-47610509) ~-208(~107110654) 06 012
Protein (g) 61.1£206 801335 01(-31.910820) 8074288 771176 57(-19010805) -57(-46.11034.8) 08 —-06
Protein (%) 15242 217£76 -20(-561096) 191233 181:46  12(-50t07.4) 08(-8910106) 08 -08
Carbohydrate ()  223.0+31.5 1909+94.1 -324 (~115610507) 219.5+635 22994624  68(-63.31077.0) -392(-148.11069.5) 04 -05
Carbohydrate (%)  58.2+7.0 482+6.2 -4.2(-11.8103.4) 50175 516+46 -1.4(-7.4104.5) -2.8(-12.4106.9) 0.5 0.9
Fat (g) 478+165 492194 -58(-2071018.1) 597+17.3 603166 62(-13.110256) —12.1(-4291018.7) 04 007
Fat (%) 266+48 80145 -20(-1101069  357+185 80345 -14(-661087) -06(-109t098) 09 -05
EPA (mg* 80£08 6750 -03(-1.0t01.0) 95:54  80%67 -30(-721005) 30(-6910131) 05 -04
DHA (gl 213£220 113:136 -126(-265t01.1) 2594219 137162 -132(-248t016)  06(-175t0186 09 -02
ALA (mg) 3064476  200+304  -74(-290910151) 481263 473£244  79(-11310271) 153 (44810143 03 02

Data expressed as mean  SD. Delta change (&) and 95% confidence interval (95% Cl) estimated difference between delta changes (& difference) and 95% Cl, and level of
significance (p) calculated using a mixed model adjusted by pre-values: effect size (ES).

EPA, eicosapentaenoic acid; DHA, docosahexanoic acio; ALA, a-linoleic acid.

"Values without accounting for supplementation.
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PL(n=11) @3 (n=11) PLVs. 0-3

Pre Post A(95% Cl) Pre Post A(95% C) A difference (95% Cl) P ES
Inflammatory markers
C-reactive protein (mg/) 36+37 2010 ~17(-241t0-1.0) 4435 22:18 ~17(-2310-0.9) ~0.06 (~1.0210091) 09 -03
IL-6 (pg/mi) 0.84 +0.51 0.73 £ 0.46 ~0.14 (-0.39t0 0.11) 132+ 095 1.02 061 3910 0.07) 0.02 (-0.32 t0 0.36) 09 -0.4
IL-10 (pg/mi) 1704057 217121 0.69 (0.40 0 0.99) 218174 2.10+1.68 35100.20) 0.77 (037 t0 1.17) 0001 -09
TNF (pg/mi) 2.15+1.00 216£090  -0.01(-0.19t00.17) 243084 210+0.75  -0.30(-04910-0.10) 029001 10 0.56) 0.04 -095
IL-1-ra (pg/mi) 49.3+64.3 206123  -223(-4481002) 48.7 +559 328x445  -116(-3411010.9) ~107 (-42.51021.1) 05 004
IL-1p (og/mi) 0.90 +0.49 1.01+060 08 (-0.22100.38) 1.19.+068 092+054  -0.18(-0.49t00.11) 027 (-0.15 10 0.69) 02 -0.7
Lipid profile
Triglycerides (mg/d) 99.8+27.8 81.5+253  -23.0(-37.810-82) 1133+ 62.2 91.0+19.1 ~165(-30.3t0 -2.7) ~65(-26.71013.7) 05 -006
LDL-chol (mg/d) 1044£232 1041269 -03(-80t07.4) 1077£298 1196219 12.4(4.71020.1) ~127 (-23610-1.8) 002 085
HDL-chol (mg/d) 45975 448279 ~1.1(-65104.3) 46.09.1 491 £132 3.1(-231085) -42(-1191035) 03 045
LDU/HDL ratio 235073 238071 0.0(-031003) 2.44+0.83 262+094 02(-0.1t00.5) -0.17 (<0.6110 0.27) 0.4 032
Total cholesterol (mg/d) 169.7 245  1658+315 -43(-1681083) 1765+348  1862x27.0 1.4 (<1110 24.0) ~15.7 (-33.5t02.1) 0.07 067
Markers of endothelial cell activation
Fibrinogen (mg/d) 357 £71 310+ 60 -98 (155 t0 -43) 396 + 134 307 £ 65 -85 (<145 to ~24) ~14 (-96 to 69) 07 -0
e-selectin (ng/m)) 108 +46 108+ 45 -1.0(-23.71021.6) 93+ 39 88x41 -6.6(~28.310 16.0) 56(~25.71036.9) 07 -003
ICAM-1 (ng/m) 635 + 488 940 + 608 274 (350 513) 712 £684 695 457 29 (~199 to 256) 245 (-85 10 576) 01 -068
VGAM-1 (ng/mi) 657 + 253 792 + 339 112 (~41 10 265) 583+ 276 631+ 184 12 (-13210 157) 99(~11110.309) 03 -025
Safety
INR 20+08 1.7£07 -03(-0.8100.3) 2307 21207 ~0.1(-06100.4) ~0.16(-0.92 10 0.59) 07 -017
Endothelial function estimates
RHI 208034 183053  -028(-05610-0.01) 1,80+ 0.42 2.03+0.36 0.08(-0.18100.34) ~037 (-0.70.0.01) 006 09
LoRHI 0.72+0.16 0564031 -0.19(-0.34t0 -0.05) 056024 069017 005 (-0.09 0 0.18) -024(-04410-0.04) 002 1.0
Al -18x14.1 212137 ~1.4(-9.1106.4) 775142 9.8200 34(-4.11011.6) -4.7 (-16.0106.5) 05 021

Data expressed as mean + SD. Detta change (&) and 95% confidence interval (95% C), estimated diference between detta changes (A difference) and 95% Cl, and level of significance (p) calculated using a mixed model adjusted by

pre-values: effect size (ES).

IL, interleukin; TNF; tumor necross factor; LDL, low-density lipoprotein; HDL, high-density liooprotein; INR, intemational normalized ratio; ICAM-1, intercelular adhesion molecule-1; VCAM-1, vascular adhesion molecule-1; INR,
international normalized ratio; RHI, reactive hyperemia index: LnRHI, reactive hyperemia index after natural log transformation: Al, augmentation index.
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PLO=11) w3m=11) p
Age (years) 376+65 348x45 029
BMI (kg/m?) 288+43 29843 055
Disease duration (years) 8458  100x51 052
Previous thrombotic event [no. (%)) 8(727) 1009 059
Previous obstetric morbidity [no. (%)) 6(545) 7636 1.0
Anti-cardiolipin antibody positivity 9(818) 5(@s4) 018
[no. (%))

Lupic anticoagulant antibody positivty 7 (63.6) 11100 04
[no. (%))

Anti-beta-2 glycoprotein | antibody 3(27.9) 2(182 10
positiity [no. (%)]

Triple antiphospholipid antibody 2(182) 100.1) 10
positiity [no. (%))

Arterial hypertension [no. (%)] 10.1) 373 059
Drug intake

Oral contraceptives (progestogen) 5(5.4) 4(8.4) 10
[no. (%))

Glucocorticoid [no. (%)) 0(0) 00 1.0
Hydroxychloroquine [no. (%)) 4(36.4) 5(45) 10
Acetylsalicylic acid [no. (%)) 2(182) 2(182) 10
Anticoagulant drugs [no. (%)) 9(818) 9818 10
Physical activity level

Low [no. (%)) 2(18.2) 4(364) 063
Moderate [no. (%) 4(36.4) 4(364) 10
High [no. (%)) 5(45.4) 3(73) 065

Data expressed as mean + SD or number of patients (percentage) and level of

significance (p) calculated using unpaired Student's t-test or Fisher exact test

BMI, body mass index.
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Relationship Research object Evidence References

Genetic regulation of PINK1, Parkin Absence of PINK1/Parkin leads to the mitochondrial aberrations by triggering (34, 48-47)
autoimmunity in PD. immune system disorders (reduced immuno-surveilance or activated

autoimmunity).

DU Absence of DJ-1 leads to abnormal proliferation of nTregs and iTregs, and result (48, 49)

in autoimmunity.
Pathogenic protein asyn Post-translational modifications and mutation of a-syn can be recognized as the  (55-57, 61,
function in autoantigen by the central immune system. 63, 64)
autoimmunity-
associated PD
Immune cells and [ole} NM is an autoantigen released from dead DN that stimulates the functional (28, 71-74)
autoimmunity in PD activation of DO, triggering an autoimmune response and leading to microglial

activation.

Microgia Auto-aggressive loop initiated by DCs along with NM would be enhancedand  (77-79)
ampiified by microglial activation.

Clinical features and Tremor/dyskinesia/depression Various autoantibodies have a strong positive correlation with these (29,82, 83)

autoimmunity in PD motor/non-motor symptoms.

Constipation Constipation is related to the gut dysbiosis and/or SIBO, which incurring the (89-92)

activation of enteric glial cells and contributing to the initiation of o-syn misfolding.

Other autoimmune Hypothyroidism/hyperthyroidism/  Other autoimmune diseases may share genetic pathways with PD and are (96-101)

diseases combined BP/SLE/ARD correlated closely with some ciinical manifestations of PD.

with PD.

PD, Parkinson's discase; a-syn, a-synuclein; DC, dendiitic cell: NM, neuromelanin; SIBO, small intestinal bacterial overgrowth; BR. bulous pemphigoid; SLE, systemic lupus
erythematous; ARD, autoimmune rheumatic disease.
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PV CR

# of Patients 225 148
# of Samples 280 167
Ethnicity

9% African American 36 95

% Hispanic 97 34

9% Asian 9.7 18.4

% Caucasian (non-Jewish) 425 435

% Ashkenazi (Jewish) 30.1 204

% Other 44 48
Age at blood draw (years + SD) 529+ 144 460+ 187
Age at onset (years + SD) 451 +£13.9 na
Male:female ratio (n) 11.92(M=77; 1:1.55 (M = 90;

=148) F=58)

% Active (n) 47.5(139) wa
% Remittent (n) 36.07 (101) wa
% HLA® (n) 82.22(185) 24,68
% HLA- (n) 14.66 (33) 7532

PV, pemphigus vlgaris; CF, healthy control; HLA", carrers of the PV-associated HLA-
susceptivlty alleles DRB1°0402 andi/or DAB1°0503; HLA-, carriers of any HLA allele
except the PV-associated HLA-susceptibilty alleles DRB1°0402 and/or DQB1°0503.
Disease activty s determined as number of samples from patients in the active or
remittent phase of disease out of 260 total samples (note: samples from patients with
transient lesions only were not included in these analyses).

HLA association was determined as number of patients carrying or facking PV-
associated HLA alleles out of the total number of 250 samples (note: DNA for HLA
typing was not available in 7 cases).
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Autoantibodies Disease Suggested role in the regulation of disease Reference

Anti-COL2 Prostate cancer Restrain by inhibiting CCR2+ tumor-associated (0)
macrophages accumulation at the tumor site
Anti-TNFa Rheumatoid arthitis, Psoriasis Restrain by blocking TNFa (7.34)
Anti-CCL3 Type-1 diabetes Restrain by blocking CCL3 (@g)
Anti-IFN-y Type-1 diabetes Restrain by blocking IFN-y ©
Anti-IFN-oc Psoriasis Restrain by blocking IFN-ac (34)
Anti-IL-A7 Chronic mucocutaneous candidiasis (CMC) Aggravate by blocking IL-17 (61,62)
Anti-IL-22 [eVe} Aggravate by blocking IL-22 ©1)

The table summarizes data that are presented and discussed along the manuscript.
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Pemphigus vulgaris

Bullous pemphigoid

Mucous membrane

Epidermolysis bullosa
uisit:

pemphigoid aquisita
No of patients 1 12 6 5
Mean age at onset 38 (15-68) 47.8 (35-64) 68.25 (60-76) 74 (69-79) 50.6 (31-61)
Mean duration of disease before 68.8 months None 36.5 months 7 years 8.8 years
combined therapy (32-219 months) (2.7-72 months) (4.5-9.6 years) (2-20 years)
Duration of combined therapy 28 months 32 months 23.8 months 24.6 mont 25 months
(22-40 months) (17-52 months) (20-30 months) (18-29 months) (18-23 months)
Time to B cell depletion 4 weeks 1.5 weeks 2.3 weeks 1.8 weeks 2.0 weeks
(3-6) (0.5-2.5) (0.5-3.9) (0.5-3.1 weeks) (0.6-3.4 weeks)
Time to B cell repopulation 12 months 22.6 months 70 months 22 months 18 months
(18-26 months) (14-28 months) (17-31 months) (16-36 months) (12-28 months)
Time to serological remission 18 months 11 months 14 months 14 months N/A
(14-22 months) (9-14 months) (10-18 months) (12-18 months)
Clinical outcome CCR CR CR CCR CR
SAE infection None None None None None
SAE cardiac None None None None None
SAE deaths one None one None one
Mean total duration of follow-up 132.5 months 131.7 months 73 months 9.8 years 26 months
(15-37 months) (111-136 months) (48-144 months) (99-115 months) (10-29 months)
Relapse reported, since discontinuation None None None None None

of combined treatment

CCR = complete clinical remission = no disease, no drug.
CR, clinical remission on therapy; NA, not available.
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Reference. ANAIIF DFS IIF pattern Anti-DFSTO reactivity

Positive/total Positive/total Positive/ANA positive Positive/total Positive/ANA positive Positive/DFS IIF positive. Detection

method

Dellavance (44) 18,641/30,728 (44.4%) 5,089/30,728 (16.6%) 5.089/13,641 (37.3%) ND ND 80/81 (98.8%) we
Bizzaro et al. (40) ND 172/21516 0.8%) ND ND ND ND -
Kang and Lee (45) 352/2,654 (13.3%) 101/2,654 (3.8%) 101/352 (28.7%) ND ND ND -
Pazin et al. (46) 790/2.788 (28.3%) 29/2.788 (1.0%) 297790 3.7%) ND ND ND -
Maler et al. (34) ND 53/3,263 (1.6%) ND 533,263 (1.6%) ND 53/53 (100%) CLIVELISA
Bizzaro et al. (22) ND ND ND 2/155 (1.3%) ND ND cuA
Marlet et al. (41) ND 421/16.754 (2.5%) ND ND ND ND -
Schmeling et al. (36) 5651200 (27.5%)" ND ND /200 (4.5%F 9/55 (16.4%F ND cua
Sener and Afsar (49) 1,302/5,800 (22.4%) 16/5,800 (0.3%) 16/1,302 (1.2%) ND ND ND -
Les etal. (47) ND 181/10,528 (1.7%) ND 100/10,528 (1.0%) ND 109/181 (60.25%) ELISA
Mutiu et al. (21) 368/1,786 (20.6%) 90/1,786 (5.0%) 90/368 (24.5%) ND ND 62/74 (83.8%) ELISA
Shovman et al. (43) ND ND ND 13/85 (15.3%) ND ND CUA
Carter et . (present stucky) 5.339/6,511 (82.0%) 1,758/6,511 (27.0%) 1,758/5,339 (32.9%) 720/6,511 (11.1%) 720/5,339 (13.5%) 720/1,758 (41.0%) LA
Total 21,847/50.467 7.910102:328 7.083/21.792 906/20,742 729/5,394 1,024/2.147
Overal frequency (95% C) 43.3% (42.9-43.7%) 7.7% (7.6-7.9%) 32.5% (31.9-33.2%) 4.4% (4.1-4.7%) 13.5% (12.6-14.5%) 47.7% (45.6-49.6%)
Range frequency (%) 13.3-82.0% 03-27.0% 12-37.3% 10-15.3% 13.5-16.4% 41.0-100%

ANA, antinuclear autoantibodies; Anti-DFS70, autoantibodles against the dense fine speckled protein of 70 kDa (identical to LEDGFD75, lens epithelium-derived growth factor or transcription co-activator p75); CLIA,

chemiluminescence immunoassay; DFS, dense fine speckied; ELISA, enzyme-linked immunosorbent assay; ICAR, International Consensus on ANA Pattems; II; indirect immunofiuorescence; LIA, line immunoassay; ND, not

determined; WB, Westemblot.
sPediatric cohort (<18 years).
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Patient D Clinical diagnosis

Autoantibodies against
(specific results)

1 Uveitis
2 Systemic lupus
erythematosus (SLE)
3 Raynaud's disease,
polyarthralgias
4 SLE
5 Discoid lupus
erythematosus, rheumatoid
arthitis
6 Lupus, ofactory, visual and
auditory hallucinations
7 Sicea syndrome, Raynaud's
disease, myalgia, and
myositis
8 SLE with other organ
involvement
9 SLE
10 Sjogren's syndrome

DFS70 (166), PM-Scl100 (86)

DFS70 (72), Histones (24), Chromatin
(42), RNP (70), SS-A (74)

DFS70 (118), Scl-70 (103)

DFS70 (170), DNA (45), CENP B (48)
DFS70 (202), CENP 8 (70)

DFS70 (170), Ro-52 (95), SS-A (84)

DFS70 (156), PM-Scl100 (27), RNP
18

DFS70 (110), Ro-52 (155), SS-A
(110)

DFS70 (176), SS-B (22), Sm (23)
DFS70 (169), SS-A (50)

Anti-DFS70, autoantibodies against the dense fine speckled protein of 70 kDa (identical
to LEDGFp75, lens epithelium-derived growth factor or transcription co-activator p75).
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PSS Anti-cN-1A  Anti-cN-1A  p-Value
positive 12%  negative 88%

(23/193) (170/193)
Provenance of the serum 021
- haly 7% 93%
- The Netherlands 8% 2%
- France 19% 81%
- Sweden 15% 85%
Female/male 129%/18% 88%/62% 063
Presence of muscular complaints®  83% (4/12)  27% (20/74)  0.80
Presence of autoimmune 15% (3/20) 5% (7/135)  0.05%
co-morbidity® (number of patients)
~ Antiphospholipid syndrome - 4%(1) - 0% (0)
~ Rheumatoid arthritis - a%(1) - 2% (4)
- Other - 4% (1) - 2%
Presence of current or past viral 5%(119) 8% (4128 051
infection®
Presence of other antibodies
- dsDNA 0%(0/29) 6% (11/170) 037
- anti-nucleosomes 0% (0/23) 6% (11/170) 0.37
- Ros2 65% (15/23)  68% (115/170)  0.82

“Statistically significant (o < 0.05).
“Missing data in 55% of patients.
“Missing data in 20% of patients.
IMissing data in 24% of patients.
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SLE Anti-cN-1A Anti-cN-1A  p-Value
positive negative
10% (26/252)  90% (226/252)

Provenance of the serum 0.08*
- ltaly 6% 94%

- The Netherlands 12% 88%

- France 21% 79%

- Denmark 6% 94%

Female/male 10%/17% 91%/83% 0.27
Presence of muscular 0% (0/19) 1% (2/160) 10
complaints®

Presence of autoimmune 46% (11/24)  30% (68/196) 0.02¢

co-morbidity* (number
of patients)

- 588 - 15% (4) - 5%(10)
- Antiphospholipid syndrome ~ ~ 19% () ~ 19% (38)

~ Rheumatoid arthritis - 12% @) - 2%)

- Other - 0% (0) - 2% (4)

- Gombination - 0% (0 - 1%

Presence of current or past 9% (2/23) 6% (10/177) 088
viralinfection®

Presence of other antibodies

- dsDNA 31%(8/26)  39%(88/226)  0.52
- anti-nucleosomes 23% (6/26)  31%(71/226) 050
- Ros2 429 (11/26)  32%(73/226)  0.38
“Statisticaly significant (o < 0.05).

*Missing data in 29% of patients.

“Missing data in 13% of patients.
9Missing data in 21% of patients.
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Cohort Technique Origin of samples Disease Number of Anti-cN-1A positivity (%)

patients

Herbertetal. (4)  ELISA with 3 syntheic peptides The Netherlands SLE 44 20
PSS 2 36

Krampetal. (7)  ELISA with recombinant full-length protein® North American SLE 33 6
PS8 20 0

Uoyd et al. (6) Immunoblotting against NTSC1A (full-length)-transfected  USA SLE % 14
and nontransfected HEK 293 cell lysates pSS 44 23

Muro et al. (5) ELISA with recombinant full-length protein Japan SLE 50 6
PSS 50 4

Rietveld et al. ELISA with recombinant full-length protein® Europe SLE 252 10
(current study) PSS 193 12

s sara stircarcland ELISA was sk i ifase skilies.
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Strains/disease  Treatment FirstAb  Second Ab Reference
Induced—intermolecular spreading
Rabbit Tgpeplide + CFA  Peptide Ab hTgAb, )
mTgAb
Rabbit Tg/Tg TgAb TPOAD, (86)
peptide + CFA TgPOAD
HLA-DR3 hTSHR-DNA hTSHRAD  mTg (89)
BALB/CHTSHRA- Anti-CD25, hTSHR hTSHRAb mTg,mTPO  (90)
Subunit A-subunit-
(Lo-expressor)  adenovirus
Spontaneous —intermolecular spreading
NODH2*mice  NoTx; time Tghb TPOAD ©1)
Juvenile HT No Tx; time TgAb TPOAb ©1)
HT No Tx; time TgAb TPOAD (©2)
aD No Tx; time TgAb, TSHRAD (©2)
TPOAD
Hyper o hypo TSAD TBAD (93,94)
Hypotohyper  LT4 TBAD TSAD (95,96)
Spontaneous —intramolecular spreading
HT lodine prophylaxis ~ TgAb TgAb-B @7)
epitope

CFA, complete Freund's adjuvant; h, human; m, mouse; HT, Hashimoto thyroidits;
RTSHR, human thyrotropin receptor; GD, Graves' disease; TBAb, TSH-blocking
antibody; Tg, thyroglobuiin; TSAb, thyroid-stimulating antibody.
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A Long-Term Extension Study of Ofatumumab (type | anti-CD20) Injection
for Subcutaneous Use in Subjects With Pemphigus Vulgaris ClinicalTrials. gov
identifer: NCT02613910

Efficacy and Safety of Ofatumumab (type | anti-CD20) in Treatment of
Pemphigus Vulgaris ClinicalTrials. gov identifier: NCT01920477
Study of Efficacy and Safety of VAY736 (anti-BAFF-R) in Patients With
Pemphigus Vulgaris ClinicalTrials. gov identifier: NCT01930175

A Study to Evaluate the Safety, PD, PK and Eficacy of ARGX-113 (human
1gG1-derived Fc fragment that binds to FeRn) in Patients With Pemphigus
ClinicalTrals.gov idntifier: NCT03334058

A Safety Study of SYNTO01 (A Humanized IgG4 Monoclonal Antibody That
Disrupts the Interaction of FcRn and IgG) in Subjects With Pemphigus
(Vulgaris or Foliaceus) ClinicalTrials.gov identifier: NCT0O3075904

A Study of PRN1008 (Bruto’s tyrosine kinase inhibitor) in Adut Patients
With Pemphigus Vulgaris ClinicalTrials.gov identiffer: NCT02704429

Bold represents mechanisms of action of the diug.
FcAn, neonatal Fc Receptors.

New therapies seek to disrupt the IgG-FCRin interaction to increase the clearance of
pathogenic IgG antibodies from the body.
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Thyroid  Recognition Reference

autoAb
Humans (spontaneous)
AITD TPOAD DR (31-33)
Normal, elderly women TPOAD DR )
Postpartum thyroiditis TPOAD DR, stable @)
over time
Juvenile HT; Amish HT TPOAD DR, stable (30, 36)
over time
HT twins TPOAD DR, stable @7
over time
Thyroidits; also after I, Tghb DR (27,38-41)
Differentiated thyroid cancer  TgAb IDR “2)
Subacute thyroiditis Tghb IDR-B @3
GD treated with lodine TgAb IDR (@)

Mice (spontaneous)
Thyrotropin receptor (NTSHRY ~ TSHR-Ab:  Expanded by @5)
NOD.H2" injected with TSHR ~ pathogenic ~ “inactive” antigen
A-subunit

Mice rabbits (induced)
AKR/J-mice TPO fioroblasts ~ TPOAD IDR (46)
AKR/J-mice TPO + complete  TPOAD Not restricted (46)

Freund's adjuvant (CFA)
Rabbits Tg + CFA TgAb Not restrioted ©0)





OPS/images/fimmu-09-00989/logo.jpg
Ghesk for

i@





OPS/images/fimmu-09-00625/fimmu-09-00625-g001.jpg
60

50

40

30

20

10

% of PV patients with detectable levels
of anti-TPO and/or Tg

personal history family history  no personal or
only family history

@presence of anti-TPO &/or @ presence of anti-TPO @ presence of anti-Tg
anti-Tg





OPS/images/fimmu-09-01952/fimmu-09-01952-g001.gif





OPS/images/fimmu-09-01030/logo.jpg
Ghesk for

i@





OPS/images/fimmu-09-00528/fimmu-09-00528-t002.jpg
Settings

Quantitative imaging mode

Force mapping mode

Setpoint

Z-length

Puling speed
Resting contact time

05N
15pm
50 pm/s,

050N
1.5pm
10 pm/s
01s





OPS/images/fimmu-09-00779/fimmu-09-00779-g003.jpg
A ANE N DR —p—" E— - wlln}u

Dsgd
Y OY Y ¥ Y\
A
Dsg1
Y Y Yy Y\
% o o 0%
PV patient 1 Vi Active stage
W Y
ramelecuiar ES (2 remision
Y ¥ v
© @ e )
PV patent2 Aetive stage (++)

— '

Active stage (+)

AANTN AN

Y ¥ Y
() () )
8 tebartpios oy
¥ ¥ ¥ Y v\
LA AR A A 4
PF patient 1 / Active stage (+)
R > v e
X \
PF patient2 / Active stage
s ¥ Y i
R \

)





OPS/images/fimmu-09-01189/logo.jpg
Ghesk for

i@





OPS/images/fimmu-09-00528/fimmu-09-00528-t001.jpg
Dsg1 Dsg3
PV1-gG 1,207 3,906
PV2-igG 212.27 181.440
Pemphigus foliaceus (PF)-1gG 215.34 82

sBeneath relevant threshold.
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Country ~ Patients Incidence
Argentina PV(n=15)
Anti-TPO 6(40%)
Hashimoto thyroiditis 1(6.6%)
Michailidou et al. (40)  Greece PV (0 =129)
Incidence of Thyroid disease 2(2.6%)
Ansar et al. (41) Iran PV(n=22)
Anti-TPO 5(22%)
Daneshpazhooh Iran V(0 =75)
Anti-TPO 12/(16%)
Leshem et al. (43) Israel PV and PF (n = 110)
Anti-TPO 4(3.6%)
Kavala et al. (44) Turkey PV (n=80)
Altered thyroid function test and 13 (169%)
anti-thyroid Ab.
Anti-TPO 6(8%)
Anti-Tg 2(2.5%)
Primary thyroid disease (PTD) 13 (16%)
Hashimoto thyroiditis 7%
Ameri et al. (45) ttaly PV (n=25)
Anti-TPO 6 (24%)
UsA PV (0 = 230)
Group database
ATD 23(10%)
PV(n=171)
Online survey
ATD 16 (9.36%)
PV (0 =393)
IPPF registry
ATD 36(9.16%)

PV. pemphigus vulgaris; anti-TPO, anti-thyroid peroxidase; anti-Tg, ant-thyroglobuiin;
TSH, thyroid-stimulating hormone; IPPF, Intemational Pemphigus and Pemphigoid
\TD, autoimmune thyroid disease.
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Antigen Symbol  Incidence in PV (%) Incidence in controls (%)  OR

Mitochondial processing peptidase beta subunit PMPCB 31 4 847
Cytochrome b5 outer mitochondrial membrane isoform precursor CYBs8 19 1 13.07
Carnitine O-palmitoyltransferase I, mitochondrial muscle isoform CPTIB 18 5 351
Peptidase (mitochondrial processing) alpha PMPCA 16 4 375
Mitochondial import inner membrane translocase subunit TIM13 B TIMM13 16 4 450
Carnitine O-palmitoyltransferase |, mitochondial iver isoform CPTIA 13 4 3.05
Mitochondrial uncoupling protein 2 (UCP20) UcP20 10 5 202
Solute carrier family 25 (mitochondrial carrier; citrate transporter, member 5) SLC25A5 10 4 227
Solute carrier family 25 (mitochondrial carrier; peroxisomal membrane protein) member 17 SLC25A5 8 1 575
Mitochondrial intermediate peptidase MIPEP 7 1 9.93
Mitochondrial import inner membrane translocase subunit TIMM22 6 1 392
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Evidence supporting the steric hindrance theory

+ Desmoglein 3 (Dsg3)/desmoglein 1 (Dsg1), the primary targets of pathogenic
autoantibodies (autoAbs), directly mediate ell adhesion

* Enzymatic cleavage of Dsg1 is sufficient to cause a loss of cell adhesion

* Pathogenic anti-Dsg autoAbs preferentially target the EC regions thought to
mediate trans-adhesion

+ Pathogenic anti-Dsg3 autoAbs preferentially recognize Dsg3 in the calcium
bound, functional competent conformation

* Anti-Dsg3 autoAbs can access and bind Dsg3 molecules in intact
desmosomes

Evidence indicating a role for intracellular signaling

* In PF, a related disease, autoAbs targeting Dsg regions that do not mediate
trans-adhesion can induce a loss of cell adhesion

* After exposure to PVIgG, cytoskeletal changes occur before impairment of
desmosomal adhesion

* In early pemphigus uigaris lesions, inter-desmosomal contacts are impaired
while desmosomal contacts remain intact

* Studies using atomic force microscopy have shown that blocking of trans-
adhesion alone does not induce  loss of cell adhesion

* PVIgG-induced acantholysis is impaired at low temperatures, suggesting an
energy requiring process is involved

+ Inhibition of multiple signaling pathways can inhibit PVigG-induced
acantholysis both in vitro and in vivo
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P3BMAPK

Calprotein kinase C (PKC)

Epidermal growth factor
receptor (EGFR)

Rho GTPases

~ PVIgG induces significant increases in the
phosphorylation of p3BMAPK, MAPKAP2, and heat-
shock protein (Hsp)27

- Treatment of cells with p38MAPK inhibitors prevents
PVIgG-induced acantholysis as well as changes in
the actin cytoskeleton and the retraction of KIFs from
desmosomal attachments

~ Inhibition of p38MAPK prevents PVIgG-induced
phosphorylation of MAPKAPZ, Hsp27, and
P3BMAPK in vivo

- P38MAPK and Hsp27 are phosphorylated in the
lesional skin of PV patients

~ PVIgG leads to a rapid increase
in intracellular calcium in
keratinocytes

~ Inhibition of PKC prevents
acantholysis both in vitro and
invivo

~ Inhibition of phospholipase
G prevents PVigG-induced
acantholysis, as well as
increases in intracellular calcium
and PKC activation

~ PVIgG leads to the
activation of EGFR in
keratinooytes

- Anti-Dsg3 autoantibodies
can also lead to EGFR
activation

~ Inhibition of EGFR
prevents PVigG-induced
skin biistering both
in vivo and in human skin
explants

Activation of Rho GTPases prevents
PVIgG-induced blister formation in
hhuman skin

Cells treated with PVIgG demonstrate
areduction in RhoA activity
PBBMAPK inhibitors block PVIgG-
induced reduction of RhoA activity
RhoA activation blocks PVIgG-
induced retraction of KIFs as well as
oss of cell adhesion in HaCaT cells
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Test assay Antibodies detected

SKLIFT ANA
Anti-SMA
Anti-LKM
AVA

HEp-2 IFT ANA patterns indicative of antibodies to mitochondria (AMA),
9210, 5p100, and centromere

ELISA or WB Anti-SLA/LP

AMA, antimitochonrial antibodies; ANA, antinuciear antibodies; ELISA, enzyme-linked
immunosorbent assay; GR glycoprotein; HEp-2 IFT, indiect immunofiuorescence
testing on HEp-2 cells; LKW, lver-kidney microsome; SMA, smooth muscle antibodies;
SKL IFT, indirect immunofiuorescence testing on rodent stomach, kidney, and liver
tissue; SLA/LR, soluble lver antigeryliver-pancreas antigen; WB, westem blot/
Immunobiot.
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Disease

GPAWG
Hashimoto's Thyroiditis

MS

Myasthenia gravis

Primary biliary cirthosis,
Rheumatoid Arthritis

Sjogren's Syndrome

SLE
Breast cancer

Colorectal cancer
Lung cancer

Ovarian cancer

Melanoma

PCD

Prostate cancer
Atherosclerosis

COPD

18D

PSC

Lyme disease

HCoV

Heliobacter pylori
Mycobacterium tuberculosis
Allograft transplants.

AD
AID

AID
AD

AID
AD

AID

AD
Can

Can
Can
Can
Can

Can
CID
CID
CID
CID
Inf
Inf
Inf
Inf
Tra

Localization

Lungs
Thyroid

ONs
Thymus

Liver

Synovium

Salivary/Lachrymal
glands, Lung
Kidneys

Breast

Colon
Lung
Ovarian
Skin
Pancreas
Prostate
Arteries
Lung

Gut

Liver
Joints

Liver
Gastric wall
Lungs
Heart, lung,
Kidney

Specific antigens
identified?

ANCAs

Thyroglobulin,
Thyroperoxidase
Myelin (n mice)
Acetylcholine
receptor

No

RF, Citrullinated
proteins
SSA/Ro & 8SB/La

No
Tumor associated
antigens

No

No

No

No

No

No

No

No

No

No

No direct evidence
No direct evidence
No direct evidence
No direct evidence
Allo-antigens

Role/prognosis

pathogenic
pathogenic

pathogenic
pathogenic

NA
pathogenic

pathogenic

pathogenic
favorable

favorable

favorable

favorable

favorable

favorable

favorable

protective (in mice)
pathogenic (in mice)
pathogenic (in mice)
NA

NA

NA

Pathogenic
Protection against pathogen
Highly controversial

Human studies

(12,13)
(14, 15)

(18-21)
(29, 30)

32)
(33, 34)

(36-38)

@1
(@4-47)

(48, 49)
(50, 51)
62)
63)
©4
65)
(56, 57)
(60-64)
(66-69)
@5)
76)
(77-80)
(©1-83)
(85-87)
(89-94)

Mouse studies

(16, 17)

(@2-28)

©1)

(33,35)

(@9, 40)

(@2, 43)

9

(68,59
(60, 62, 65)
(70-74)

@®4
(85, 86, 88)
(95, 96)

GPAMG, Granulomatosis polyangitis/Wegener's granulomatosis; COPD, Chronic Obstructive Pulmonary Disease; 1BD, Infammatory Bowel Disease; PSC, Primery Sclerosing
Gholangitis AID, Autoimmune disease; CID, Chronic inflammatory disease; PDC, Pancreatic duct carcinoma; HCY, Hepatitis C virus; Can, Cancer; Tran, Transplantation; Inf, Infection.
(Note: Studlies on mice are presented only if there is evidence from human studles for the presence of TLSs in these different conditions).
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Group n KBA+  Sensitivity (%)  Specificity (%)
Positive controls 50 50 100 -

D+ b+ E~ 12 10 833 -

D+ I- E+ 26 2 100 -

D+ I- E- 5 3 60 -

NHS 10 0 - 100

D- I+ E- 28 0 - 100

D- I~ E+ 2 0 - 100

D, dlrect immunofiuorescence; I, indirect immunofiuorescence; E, Dsg ELISA; NHS,
normal human subjects: KBA, keratinocyte binding assay.
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Group ~ Sample MBLELISA MBL EU EU KBA KBA
desmoglein ELISA ELISA ELISA Dsgi Dsg3
1(Dsgl)  Dsg3 Dsgl Dsg3

D+HE- 1 1 3 2 2 nd o+
D+ I+ E- 2 3 2 2 3 nd il
D++E- 3 1 4 2 3 + -
D+l+E~ 4 2 17 2 6 nd o+
D+l+E~ 6 19 13 2 15 nd o+
D+l+E- 6 9 5 -4 -4 nd 4+
D+HE- 7 8 14 3 8 nd o+
D+l+E- 8 3 16 1 0 nd o+
D+l+E~ 10 6 5 % 45 nd o+
D+l+E- 12 4 1 2 2 nd o+
D+I-E- 38 17 1 6 2 -
D+l-E- 41 1 o -1 -7 + -
D+I-E- 42 6 2 -0 -3 nd o+

Values are expressed in U/mL.
Positive results are in bold.

D, direct immunofiuorescence; I, indirect immunofiuorescence; E, Dsg ELISA; EU,
euroimmun; KBA, keratinocyte binding assay: nd, not determinable.
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Definite diagnosis No. of cases

Lichen planus 1
Bullous pemphigoid

Pruritus sine materia

Aphthosis.

Eczema

impetigo bullosa

Pityriasis rubra pilaris

Prurigo nodularis
Pseudoporphyria

Vasculiis

Brachioradial pruritus

Dermatits factitia

Erosive pustular scalp dermatosis
Gental uloer

Gingvitis

Graft versus host disease
Lichen planus pemphigoid
Lupus erythematosus

Mucous membrane pemphigoid
Nummular eczema

Utticaria

Vulvar carcinoma

A s A R S SN S G S

Final dlagnoses were unavailable in 11 sera that were sent from different hospitals for a
second opinion.
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AAb Prevalence  Sensitivity  Specificity  Features

Rheumatoid  50-70% (243) - 50-95% (245)  Associated with
factor disease activity
ACPA 60-70% (249) - 95% (243)  Associated with

disease activity
Erosive arthritis

ACPA, anti-citruinated peptice AAD; AAD, autoantibody.
The term ACPA regroups anti-cyciic Gitrulinated peptide (anti-CCF) and also
anti-non-cyclic citrullinated peptides AA.
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Kind of Adb

Prevalence  Clinical and therapeutical
myositis features
Anti-synthetase  Anti-Jo1 70%  Better prognosis
syndrome (194,197)  More likely associated with
myosits than LD
Anti-PLT 10%  Poor prognosis
(194,197)
15%  More lkely associated with ILD
(194,197)  than myostis
% -
(194, 197)
Necrotizing 12-34%  Present in statin-associated
myopathy (63% with  myopathies
statin history)  Associated with cancer
(202, 205, 206) Correlated with disease activity
Good response to
immunosuppressive treatment
(except for statin naive patients)
AN-SAP  16-24%  Conelate with disease actity
(202,205 Associated with ILD
Poor response to
immunosuppressive treatment
Dermatomyositis  Ani- 13-38%  Stongly associated with cancer
TFty @12,213
Ant- 17%  Assodiated with cancer
NP2 (212,216)  Calcinosis and muscle atrophy
in juvenie DM
Anti- 10%  Associted with sovere ILD and
MDAS  (40% Asian  skin uicerations
population)  Correate with discase activty
(219,220)  Poor prognosis
AN-SAE  7-8%  Severe dysphagia
(225,226)
Anti-M2  18-35%  Good responseto
(228,229) _ immunosuppressive treatments
Inclusion body  Anti- 30%  Single AAb described in IBM up
myosits CNta @31)  tonow

ILD, interstitial king dlisease; AAD, autoantibody.
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AAb Prevalence Sensitivity Speciicity Clinical features
Anti-Sci70/DNA topoisomerase | 30.1-41.2% 43% 90% Diffuse SSc
(150, 162, 153) (154) (154) PR
Anti-centromere 28.2-36.9% 4% 93% Limited S
(150, 152, 153) (154) (154) PAH
Anti-RNA polymerase 38-19.4% 38% 4% Diffuse SSc
(152, 153, 163, 164) (154) (154) Scleroderma renal crisis
Anti-U1-RNP 48-4.9% - - Limited SSc
(152, 153) PAH
Overlap with SLE or MCTD
Anti-U3-RNP 1.4-8% 12% 7% Diffuse SSc
16-18.5in AA (154) (154) PAH
(152, 153, 181-183)
Anti-Pm/Scl 3.1-13% 12.5% 98% Limited SSo
(150, 162, 173) (154, 174) (154, 174) Overlap with myositis
PF
Digital ulcers
Anti-Ku 1.1-4.6% - - Limited SSc
(150, 152, 176, 177) Overlap with myositis
Anti-Th/To 02-3.4% - - Limited SSc
(152, 153) PAH
Anti-NOR90 6% - - Limited SSc
(150) PF

PAH, pulmonary arterial hypertension; AA, Afro-American population; SLE, systemic lupus erythematosus; MCTD, mixed connective tissue disease; PF; pulmonary fibrosis; AAb,

autoantibody.
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AAb Prevalence  Sensitivity  Specificity  Features

Anti-Ro52 33-77.1% 42% 100% CHB++
(180-134) (130) (130)

Anti-Ro60 33-77.1% 51% 98% CHB
(130-134) (130) (130)

Anti-La/SSb  23-47.8% 29% 99% Doubt on
(130-134) (130) (130) pathogenicity

Anti-a-fodrin 98% 40% 80% -

(141-143)  (141-143) (141143

CHB, congenital heart block; AAb, autoantibody.
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AAb Prevalence Sensitivity Specificity Clinical features
Anti-GSDNA 43-92% (37-39) 8-54% (40-46) 89-99% (40-46) Correlation with disease activity
Anti-nucleosome 59.8-61.9% (53-57) 52-61% (53-57) 87.5-95.7% (53-57) Correlation with disease activity
Anti-Sm 15-56.5% (37-39, 61) 10-55% (62) 98-100% (62) Most specific antibody in SLE often
associated with anti-RNP AAD
Anti-histone 50-81% - - Drug-induced SLE
>90% in induced SLE (37, 71, 72)
Anti-C1q 4-60% (90-93) 28% (94-97) 92% (94-97) Associated with glomerulonephitis
Anti-ribosomal P 12-60% (37, 103, 104) 36% (103, 104, 109) 97-100% (103, 104, 109) Neuropsychiatric manifestations
Anti-Ro/SSa 36-64% (37, 38, 61, 75, 76) - - Skin involvement+++
CHB
Anti-La/SSb 8-33.6% (37, 38, 61, 75, 76) 25.7% (85) 96.7% (85) Skin involvement+++
‘CHB (ess than anti-Ro AAD)
Anti-RNP 23.3-49% (37-39) 8-69% (62) 25-82% (62) -

CHB, congenital heart block; anti-dsDNA, anti-double-stranded DNA; AAb, autoantibody.
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Reference Population ~ Number ~ANA positivity  1/40 1/80 1160 1/320  1/640  1/1,280  1/2,560
(%) Nb(%)  Nb(%)  Nb(%) Nb(%) Nb(%) Nb(%) Nb(%)
Wang et al. (4) Chinese 20970 592 886(423) 105(050) 77(037) 55(026) 29(0.14) 36(0.17) 53(0.25)
Minz et al. (5) Indian 36310 123 - - 2 < s = g
Selmi et al. (6) Italian 2,690 18.1 - - N - - = =
Fernandez et al. (7) Braziian 500 226 73(146) 2348 1020 102 - 204) 2004
Peene et al. (6) Belgian 10,550 235 - - = i = e -
Hayashi et al. (10) Japanese 2,181 259 - - = = = = z
Racoubian et al. (1) Lebanese 10,814 264 - 2,162 (200) - 400@7) 183(17) 119(1.1) -
Roberts-Thomsonetal. (12) ~ Australian 20,205 283 - - & = £ 2 -
Wandstrat et al. (13) Affo-American 1,827 308 - N = - - - -

ANA positivity was defined as the first titer seen in this table for each study.
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Total Patients Patients P
without with value
mucosal mucosal

involvement  involvement

Patients no. 7 a7 24

Meanage + SD (ange), 80.3+10.1 826£79 758126 005
years. (45 - 95) (63-95) (45-92)

Sex ratio (female/male) 1.7 2.1 12 025

Total BPDAI (mean + SD) 46.0+27.4 3804229 613+297  0.001
Skin BPDAI (mean + SD) 44.8+26.1 38.0+229 579282  0.004
Relapse, patients no. (%) 24 (33.8) 13(27.6) 11468 012

Serum autoantibodies
COL7 Ab
Positive ELISA| 228 0(0.0) 283 011
value, No (%)
Mean + SD (W/mL) 26+18 24x13 31+26 029
BP180 Ab
Positive ELISA 59(83.1)  40(85.1) 19(79.2) 052
value, no. (%)
Mean + SD (/mL) 67.1£500 658+486 695562 0.80
BP230 Ab

Positive ELISAvalue, ~ 33(46.5)  26(55.3) 7(292) 0046

no. (%)

Mean + SD (U/mL) 262369 314(397) 161288 0.10
IIF-8SS, no. (%)

Roof labeling 47062  33(70.3) 14(58.3)

Roof and floor labeling 4 (5.6) 3(6.4) 1(4.2)

Floor labeling 0(0.0) 0(0.0) 000

Negative 20082  11(234) 9(37.5)

Clinical and immunological characteristics at baseline from the whole population and
comparison of these characteristics between BP patients with and without mucosal
involvement.

BPDAI, Bullous Pemphigoid Disease Area Index; COL7 Ab, anti-type Vil colagen
autoantibodies; BP180 Ab, anti-BP180 antibodiies; BP230 Ab, anti-BP230 antibodiies;
IF-SSS, indiirect immunofiuorescence on salt split skin: BP. bullous pemphigoid.
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Patients with Patients without P
'secondary value
appearance of appearance COL7
COL7 Ab at relapse
=10

Mean age + SD 79.8 + 14.3 (45-95) 81.4 £ 9.6 (57.95) 1.00
(range). years
Sex ratio (female/male) 25 0.52
Total BPDAI 57.3+34.0 0.72
(mean  SD)
Skin BPDAI 5424324 1.00
(mean + SD)
Mucosal 6 (60.0) 0.24

involvement, no. (%)

The ciinical characteristics at baseline of BP patients who further relapsed under
ireatment were analyzed according to the secondary appearance of anti-type Vil

collagen autoantibodlies at relapse (COL7 Ab).
BPDAI, Bullous Pemphigoid Disease Area In

3P bullous pemphigoid.
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Ongoing remission

Patients no. 32

Mean age + SD (range), 77.9.£103(53 - 90)
years

Sex ratio (female/male) 1.66

Total BPDAI (mean + SD) 4231288
Skin BPDAI (mean + SD) 403£27.5
Mucosal involvement, no. (%) 10(31.2

Relapse

24
808115
(45-95)
1.67
54.4£250
526249
11(45.8)

P value

0.19

1.00
0.08
0.06
0.26

BPDAI, Bullous Pemphigoid Disease Area Index.
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313 MMP patients in the database

250/313 Not diabetic

64/313 (21%) Diabetics

v

e

40/64 No gliptin intake

24/64 (38%) Gliptin-treated

5/24 (21%) Incompatible

>
challenge chronologically
————>| 2/24(8%) Chronological
challenge undetermined
v

17/24 (71%) Suggestive-or-compatible challenge

chronologically

11/17 (65%) Stopped gliptin
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6/17 (35%) Pursued gliptin
“no dechallenge”
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Band  Protein name/Entry name (UniProt) Accession  Cutoff  Score Sequence Mass* (kDa)
number coverage (%)

1 AP-3 complex subunit beta-2 (AP3B2_ MOUSE) QOUMES 61 78 19 1197
2 Sodium/potassium-transporting ATPase subunit alpha-3 (AT1A3_RAT) POB6S7 61 169 35 1130
3 Contactin-associated protein 1 (GNTP1_RAT) P97846 61 243 34 157.7
4 Contactin-associated protein 1 (CNTP1_RAT) P97846 61 185 2 157.7
5 Contactin-1 (CNTN1_RAT) Q63198 61 212 44 1142
6 Giutamate receptor ionotropic, defta-2 (GRID2_RAT) Q63226 61 164 36 114.0
T Hexokinase-1 (HXK1_RAT) P05708 61 154 31 103.5
8 Homer protein homolog 3 (HOMES_RAT) Qoz2xs 61 540 29 298
9 Inositol 1,4,5-trisphosphate receptor type 1 (ITPR1_RAT) 29994 61 a7 34 316.4
10 Potassium voltage-gated channel subfamily A member 2 (KCNA2_RAT) PE3142 61 105 27 571
1 Electrogenic sodium bicarbonate cotransporter 1 (S4A4_RAT) Qouies 61 69 15 1221
12 Carnitine O-palmitoyltransferase 1, brain isoform (CPT1C_RAT) F1LN46 61 1 52 91.0
13 Flotilin-2 (FLOT2_RAT) Qoz289 61 123 52 47.4
Flotilin-1 (FLOT1_RAT) QUZAET 61 112 57 477
14 Syntaxin-18 (STX1B_RAT) P61265 61 78 44 334
15 p229° 61 59 11 2312
16 p75° 61 241 58 749
17 psg* 61 11 38 502
18 GAP-Gly domain-containing inker protein 1 (CLIP1_RAT) QouK25 61 63 14 1488
19 ELKS/Rab6-interacting/CAST family member 1 (RB612_RAT) Q811U3 61 108 30 108.9
20 Regulator of G-protein signaling 8 (RGS8_RAT) P49804 61 110 57 212
21 Neurochondrin (NCDN_RAT) 035095 61 160 a 80.4
2 GRIP1-associated protein 1 (GRAP1_RAT) QouHzZ4 61 75 2 9.3
23 Rho-associated protein kinase 2 (ROCK2_RAT) Q62868 61 225 33 161.4
2 Ryanodine receptor 2 (RYR2_RAT) BOLPN4 61 376 2 567.8
25 pas’ 61 188 52 471
26 P51 61 119 50 508
27 P4z’ 61 87 45 433
28 pat® 61 9% 56 409

Database: SwissProt, taxonomy Mammalia.
All results were confimed by mass spectrometry (MSYMS.

"MS results ot significant, antigen was confirmed by recombinant cel-based indirect immunofuorescence assay.

*Publication in progress.
“Fixed modification: carbamidomethyl (cystein); variable modification: oxidation (methionin).
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Groups Incidence (%) Inflammatory foci*
Naive 60 0

CFA/PT 06 0) 0

pARx: 171-190 312(25) 27+12
AR 181-200 3/12(25) 37:18
pARx: 191-210 50 0

ARk 201-220 1/5 (20) 13

piARs. 211-230 2112 (17) 1.0£00
BARx. 171-190, 181-200, and 211-230  5/8(63)" 28+1.1

"Represents mean + SEM values derived from myocarditic animals.
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Gene. Function of gene Function of risk allele Potential role in EF Potential role in GC. Reference
TP Ubiquitin-binding protein with diverse Reduced expression in EBV- Mutation of polyubiquitin binding. - Mutation of polyubiquin-binding site 254,256
targets;interaction with TNFAIP3 ransformed B cels fom H1 andH2  site increased formation induced spontaneous GC, increased TFH,
negatively reguiates NF-xB; alsoknown  risk haplotypes; H1 contains coding  of EF PCs ‘GSR, and production of autoreactive Abs
o repress PPARS, which may increase SN near a nuclear export sequence thru TLR-medated NF-<8 pathway
8 cel activy
csK Tyrosine kinase protein that Increased expression n B cels, Unknown, but ncreased signaing Gk islow in memory cels but s function @56)
phosphoryates increased B cef actation (Ln may enhance PC diferentation in GC responses is not known
S family kinases leading to their phosphoryation, Ca'* mobiization).
inactivation. St amiy kinases can act on  expansion of ransitional B cels
both activting and innibiory receptors in
Band T cels
FOGR2B Innibitoryreceptor for1gG on B cells Impaifment of recoptor mobilty, id  Enhanced antibody production Enhanced GC responses In FCGRB~/~ (150, 257-262)
and otherimmune cels rafts and inhbitory signaling upon Tl immunization, atthough mice. Spontaneous GC B cells have
ot bserved in al studes increased sef-reactivi, but the checkpoint
10 PCs s st inact in FCGRRB~/- mice, 50
uncertain f autoreactive PCs n these mice
are GC-derived
RFS Production o type | PN inresponse o Increased expression and activation  IRF5~/~ mice have decreased lgG1  IRFS~/~ mice have diminished GC-derived (63-267)
TLR ligands, macrophage polarization, in monocytes from SLE paients with  responses upon Tl immunization  antibodies, Suggesting the IRFS risk alle:
‘enhanced PC diferentation the isk allde and have decreased PC numbers  may enhance GC PC diferentation
in MRUIpr mice, suggesting that
increased expression of IRFS may
ennance EF responses
STAT4 Transorption factor crical or myeloid  Increased expression in PBMCs STAT4-/~ had o effect on Reguiates Tih through Bck6 and Tt (268-270)
and ymphocyte functions; major ‘corelated with SNPs 153821236, antbody tters or pathology InEF  in T cell; indirectly upreguiates T-bet in
responder o IL+12; ol i IFN-u signaling 53024866 (both in the same model (MAL/pr) 8 cels, which faciitates spontaneous GC:
haplotype biodk) and 167574865 ‘STATA~/~ reduced autoantibody production
but ot with other SNPs ‘and glomenuonephits in B6.TC model
(Sle1,2,3 congenic)
BACH? Transcriptional repressor that promotes N expression diferences associated  Deficincy increases lgM PC Bach? can enhance memory B col (105, 271279
CSR/SHM and s required for memory  with 5597325 n primary blood ol ifrentaton i viro diferentiation whi blocking piasma cell
8 ce ditrentiation types diferentation
PROM (Bimp-1)  Transcrption factor required for PC Decreased expression of Bimp-1n  Uknown Expansion of Th and increased GC @74,275)
Giterentationtranscription factor that DCs leading o increased cytokine responses in DC-Bimp-1-deficient mice
aters DC function production (unknown function of sk
allde in PCs)
IRFS Transcrption factor that inibits PC Increased expression n EBV- Increased IRFS expression Increased function of IRF8 could lead to ere-278)
iferentiation together with PU.1 and ransformed cells presumably would decrease enhanced GG responses, through reguiation
disrbution into FO or MZ compartments PC gierentition of Bol6, AID, and MOM2
IKZF3 (Aiolos) “Transcription factor involved in Unknown Deficiency impais the MZ B cell Deficency induces spontaneous GCs and ro-281)

lymphocyte development and function:
important in B cel matration and
activation

compartment but not the generation
of short-ived PCs folowing
immunization

production of autoantibodies; deficiency
provents generation of high-afinity BM
PCs following immunization
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TABLE 1 | Continued

Gene Function of gene Function of risk allele Potential role in EF Potential role in GC Reference
ETST Transaription factor important for Reduced expression of Ets1in EBV-  Increased EF PC responses in Loss of anergy may increase participation of (282-285)
lymphocyte development and transformed cells and PBMCs Ets1—/— autoreactive B cells in GC reactions.
differentiation; it is also involved in
maintaining B celltolerance through
anergy maintenance
FASL Apoptoss of immune cells through Increased surface expression on Based on studies in MRUIpr mice,  Fas/FasL. interactions are important for (286, 287)
engagement of Fas circulating fibrocytes increased expression of FasL would  apoptosis in GC, thereby potentially affecting
be expected to decrease EF PG suvival and selection of autoreactive GG
responses Bcells
TLR7 Activation of immune cells by RNA viruses  Increased expression in PBMCs EFPCsin AM14 TgMRUIprmice GG responses are driven by B celintrinsic (184, 208, 210,
or seff-antigen are driven by TLR-7 TLRY in B6 and B6.Sle1b mice and FDCs in 288, 289)
564igi RNP-specific lupus model
SLC15A4 Lysosomal amino-acid transporter One risk variant is associated with SLG15a4 mutant mice, which T-dependent IgG2a/c OVA responses are (290-293)

required for endosomal TLR signaling
and IFN1 production

reduced expression in monacytes

are unable to produce IFN1, have
reduced anti-chromatin IgG and
1gM in B6/lpr mice, but have
otherwise normal T-dependent and
independent responses

decreased in SLG15a4~/~ mice, but not in
SLC15a4 mutant mice. IgG autoantibodies
in pristane-induced lupus aC15a4 deficiency,
suggesting that reduced expression in risk
allele carriers may block GC-derived PCs

The categories “potential role in EF or GC” are speculative and based on our understanding of the literature included in the reference column.
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Disease Antigen  Epitope Other  Antibody binding ~ Pathogenic mechanismof  Active immunization Biopsy/imaging Other pathogenic  References.
antibodies to affected organ  1gG4 or passive transfer finding mechanisms
model
Membranous  PLA%R  Conformational 19613 Podocytes (Kidney)  No. Suspected: atypical No, duetotechnical  PLA2R-igG in patient  19G1/3, classical (7-109)
nephropathy epitope in tertary complement activation viathe  challenges: PLA2R s Kidney biopsies complement activation
structure of CysR lectin pathway by 1G4 (serum/  not expressed in rodent
domain, some biopsies/purified 1934, datanot  podocytes
alsoin CTLD1 published). Block of podocyte:
and CTLD7 adhesion to collagen IV?
Membranous  THSD7A  N/A, 19613 Podocytes (kidney) Unclear, possibly a functional  Yes, passive transfer  Renal biopsy: 1gG4  1gG1/3? Complement ~ (110-118)
nephropathy conformational block of cell adhesion or altered  of puified human or  staining staining (C50-9)
epitope signal transduction. Changes  rabbit anti-THSD7A
in architecture in cultured to mice, absence
podocyte cells induced by IgG.  of complement
Detachment and apoptosis of  deposition, altered
THSD7A overexpressing HEK293  podocyte architecture,
cells increased stress fioer
formation, activation
of signaling at focal
adhesions
Class Il diseases
Goodpastwe  TypeV  Aphadchainof  1gG1,2,  Glomeruar NA NA 19G deposition in NA (119-123)
syndrome colagen NGl domain 3(nfew  basement ‘glomeruiar basement
patients)  membrane (Kidney), membrane (Kidney
lungs not tested biopsy)
cioP CASPRI  NA 19G1 Paranodes (murine  N/A NA Axonal degeneration @5.124)
teased fivers)
DPPX encephaiis DPPX Exta-andinia- 19612 Somatodendriic  No. Modulationvloss of DPPX Cerebrospinal (CS)  Modulation/loss (125-129)
celuar domains and perisynaptic  and Kv4.2 by totalIgG fikely by pleocytosis,increased  of DPPX and
(OPPX-L/S/X) neuronal surface,  19G1/2. Hyperexcitation of enteric 19G index or oligocional - Kv4.2 by total IgG
hippocampus, neurons. bands, and abnomal  ikely by IgG1/2.
smalintestine brain MAI Hyperexcitation of
enteric neurons.
iglonS parasomnia. Iglon5 igikedomain2  1gG1,2  Ratbrain neropl  N/A NA Brainstem, 19G1 induces (130-135)
(non-glycosylated) hypothalamus: neuronal - endocytosis of Iglon5
loss, deposits of
hyperphosphorytated
tau

ADAMTS13, disintegrin and metaloproteinase with thrombospondin motifs 13; Gaspr, contactin-associated protein; CIDF, chronic inflammatory demyeinating polradiculoneuropathy; CNTN, contactin 1; DPPX, dloeptioyl peptidase-
lke protein 6 Dsg1, desmoglein 1; Dsgd, desmoglein 3; g, immunoglobuin; IglonS, igLON family member 5; Lgi1, leucine-rich, ghoma-inactivated 1; Lip4, low-density lpoprotein receptor-related protein 4; MUSK, muscle-specific
kinase: PLAZR, phospholioase A2 recepior: scFv, single chain variable region fragments: THSDTA, thrombospondin type-1 domain-containing 7A: vWE von Willsbrand factor.
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Disease Antigen  Epitope Other  Antibody binding ~Pathogenic mechanismof  Active immunization  Biopsy/imaging Other pathogenic  References

antibodies 1o affected organ  1gG4 or passive transfer finding mechanisms.
model
Class | diseases
MUSK-MG MUK Igikedomain  10%IgGl, Newomuscuar  Yes.Bockof MUSK-Lipdand  Yes, passie tiansfer of  Pre- and postsynaptic  19G1/27 MuSK. ©-28)
1.2, CARD 2 junction recuced AChR Glustering, block  serum and 19G4, active  abnormalitesatthe  endocytosis? Block of
domain of MUSK-ColQ interaction immunization N retrograde signaling?
ciop ONINt  lglkedomains  1gG2,3  Paranodalaxogial  Yes. Block of contacti/Caspr  Yes, passive tanster  Nerve: transverse band N/A (29-35)
(protein core, junctions of and NF155 interacton, paranode  of 9G4 foss and paranodal loop
gycosyltion motoneurons dismanting detachment
independent)
Pemphigus Dsgt N-teminal 1951,2,3, Kerativocyles e, Block of cel achesion, cell  Yes, several dfferent  Antibodies in 19G1, Dsg clusteing  (36-57)
foliaceus EClandEC2  IgA mostlyin superficial sheet dissociationin culred  modsls, 6.9., passive  circulation, patient  and endocytosis, and
domains, others layers of the skin  human keratinocytes, and human - transfer of cloned skinand mucosal keratinooyte signaing
Pemphigus 0sg3 Keratinooytes skin explants. Pathogenicity was  patient abs (9G4). Ao keratinocytes
wigarts mostlyinbasal  reduced ater depletion of 1964 passive ranser from
parabasal layers of pregnant womento
the siin the fetus
Thrombotic ADAMTS13 5 smallsovent-  1gG1..2.3, 196 in blood Yes. Cloned 1gG4 blocked Yes, transfection 19G4 levels associated Yes. 1961 cloned flom _ (56-69)
ihrombocytopenic exposedloops  IgM. 1A Giculation ADAMTS13 protease activy  with recombinant with relapse, patients also blocked
purpura in the spacer (ADAMTS13isa  whichleads tovon Wilebrand  ant-ADAMTST3scfv  circuaing aniigen/  ADAMTS13 acthvty.
domain, others secreted protease)  Factor (WiF) accumuiationand  cloned from patients,  antioody complexes, 196, IgM: other
microthrombosis passetransler of  some patientshave  mechanisms may
mAbs tobaboons  exclusively 1gG4 inciude complement
acivation and clearing
of ADAMTS13 fom
the cicuation
Class l diseases
Encephaitis, Lgit Lewineich  1gG1.2  Synapliccleftol  Undlear. Serum: block of NA Brain atrophy in COB+ T cols, 0-78)
Morvan's repeat and EPTP CNSnewons,  Lgi1-ADAM22 interaction and encephals-associated  complement activation
syndrome repeat domains hippocampal reduction of AMPA receptors regions
newrons invitro, excitaton of hippocampal
‘CA3 pyramidal cells ex viro
CIOP. ADP Neurofascin _Fibronectin 1961.2,3,  Centraland No. Suspected: block of NF155-  NA ‘Sural nerve: paranodal /A (62, 79-85)
155 type i domains IV, and  peripheral CNTN1-CASPRY interaction demyelnation
(NG, FNG), 94 paranodes.
N-gycosyated
ONSandPNS ~ CASPR2  N-Terminal 19G1in  Juxaparanodal  No. Suspected: semcould VA 19G depostions in brain - Complement (86-96)
disorders discoidin 12-63%  regionof affect Gephyrin clustering biopsy of 1 patient (out ~ deposiions and
and laminin myelinated axons, by blocking TAG1-Caspr2. aiso complement) immune cel infitrates
11 modues hippocampal interaction in brain biopsy in 1
of Caspr2 GABAergic patient
(gycosylation intemeurons

independent)
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Gene. Function of gene Function of risk allele Potential role in EF Potential role in GG Reference
HLA class ll genes  Antigen presentation Presentation of self-specific T cell May increase T-dependent Expansion of Th, GC responses and (103, 231, 232)
epitopes. EF responses PC differentiation
TNFS4(OX40L)  Costimulatory molecule on many. Most ikely aresponse eQTL, as DNA  Required for T cell-dependent ‘Supports Tth maturation in mice
calltypes primary nteracting with heterozygous for the §' 52205860 EF Ab response driven 8 celkintrinsic) and in humans
OX40 on activated T cells promoting ‘SNP had enhanced binding to NF-<B; by MZ DCs (expression on myeloid APCS)
 cll functions, cytokine and AD o significant diflrences in basal
production, and PC generation ‘expression in EBV-ransformed cells
o primary cels
coso T cell costimutation through CD28, Unknown Litte effect on Ab production Increased maturation of Th and ©n
CTLA4, PO-LT by short-ved plasmablasts generation of long-lived PC
(in CDBO~/~ mice)
LN Stc-family kinase that phosphorylates Unknown SLE patients have Lyn~/~ mice have EF P Lyn~/~ mice have spontaneous (187, 235, 236)
both activating and inhibitory receptors  decreased expression of Lyn differeniation without GCs GCs in some studies
in B cells and myeloid cels. s ole in inB cells in some studies
activating ITAMs is probably redundant
with other Src family kinases, therefore
its rol i inhibitory receptors seems
most crucial
BLK Src-family kinase that phosphorylates Decreased expression in B cells, Increased Ti IgG antibody Increased numbers of switched memory (237-240)
both activating and inhibitory receptors  increased B cell activation responses in Blkt/~ mice, el in ik carriers suggests more active
in B cels with no effect on lgM GG responses, but T antibody responses
in Blkt/~ or ~/~ mice not affected
BANK1 Signaing molecule involved in BCR- Diffeential expression of two spice  Normal antibody responses Normal I9G antibody responses to T (241-243)
‘and CD40-mediated signaling in B cells,  variants, but functional consequences 1o Tl antigen, but the IV antigen suggesting that there is no major
postively reguiates Ca® release in B cells,  unknown response in TD responses influence on switched TO responses,
negatively reguiates CD40-mediated ‘was increased, possibly due although there s a slight increase in
signaing toincreased survival of EF PCs spontaneous IgG2a in
Bank1-/- mice
PTPN22 (Lyp) Protein tyrosine phosphatase that Risk allele has increased inhibitory Impaied centra tolerance; unclear  Lower frequency of memory cels in risk alele (206, 244-247)
has inhibitory function in B.and T cel function, causing decreased B cell if PTPN22 affects EF responses: carrers suggests that it may inhibit GC
signaling activation, prolferation and signaling  deficiency of PEP (mouse ortholog)  responses consistent wih increased GCs
leading to impaired central B cell in mice did not alter spontaneous  and serum 1gG in PEP—/
tolerance as well as impaired T cell IgM and I9G3 levels, suggesting
responses 0 effect on extrafolicuiar antibody
production
TNFAIP (A20) Negative reguiator of NF-x8 signaling Reduced expression in EBV 8 cellspecific A20 deficiency in 8 cell specific A20 efiiency in mice leads (248-259)

in response to TLR, TNF, and CD40
signaling in 8 cells and other immune
cells

transformed cels with one risk variant
‘and reduced anti-inflammatory activity
in transfected HEK cells with another
risk variant

imice leads to aterations n the MZ
compartment and consistenty
enhanced lg production
(spontaneous, as well as

T and Tl immunizations),

but no difierence in 1gG3

to elevated numbers of GC B els, and
‘spontaneous IgG2 levels in oid mice which
deposited in Kidneys; however, inconsistent
effects on TD IgG production upon
immunization in difierent studies
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Module Category Term P-value Benjamini

Magenta UP_KEYWORDS Antiviral defense 1.18273E-16 1.84297E-14
UP_KEYWORDS Immunity 1.22704E-13 1.01824E-11
GOTERM_BP_DIRECT GO:0060337~type-l interferon signaling pathway 9.37804E-14 6.3981E-11
UP_KEYWORDS Innate immunity 382001E-12 2.11426E-10
GOTERM_BP_DIRECT GO:0051607~defense response to virus 7.83304E-13 267136-10
GOTERM_BP_DIRECT GO:0045071-negative regulation of viral genome repiication 1.216756-10 2.76607E-08
GOTERM_BP_DIRECT GO:0009615~response to virus 2.90418E-10 4.95154E-08
GOTERM_BP_DIRECT GO:0019221~cytokine-mediated signaling pathway 9.178E-10 1.25188E-07
KEGG_PATHWAY hsa05162:Measles 4.89228E-06 000022502
KEGG_PATHWAY hsa05164influenza A 2.9062E-06 0000267335
KEGG_PATHWAY hsa05168:Herpes simplex infection 4.20496E-05 0001288717
GOTERM_MF_DIRECT GO:0003725~double-stranded RNA binding 62164E-05 0009466294
GOTERM_BP_DIRECT GO:0060333~interferon-gamma-mediated signaling pathway 0000216281 0024286767

Salmon GOTERM_BP_DIRECT GO:0030041~actin flament polymerization 0000889415 0183621158
GOTERM_BP_DIRECT GO:0007596-blood coagulation 0001317229 0139518478
KEGG_PATHWAY hsa04611:Platelet activation 0.003518509 0.179124611
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Before IA Endof IA After IA
2 weeks 2months. 4 months 6 months
1 AAB 58 0 -0.25 -0.25 -0.38
19G 1,190 134 469 859 1,000
19G3 51.8 16.3 325 381 422
Date of examination (26.09) (29.09) (06.10) (09.11) (16.05 of following year)
2 AAB 463 0.75 0 -0.88 6.0 7.67
19G 1,500 122 1520 1,410
19G3 44.8 15.1 37.1 476
Date of examination (13.11) (17.11) (07.02 of following year) (22.06 of following year)
3 AB 725 0.67 0.33
196G 1,370 178 574 914 1240
19G3 49.1 17.9 318 59.1
Date of examination (07.05) (11.05) (26.05) (20.06) (21.08)
4 AB 3.83 0417 317
19G 1,150 920 773 1030 1,020
19G3 542 15.9 61.4 913
Date of examination (04.08) (08.08) (25.08) (14.10) (17.02 of following year)
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Patient Age (years) Race Sex Diagnosis Perimetric Glaucoma history Rx before Rx in the end

mean defect (vears)
before IA (dB)
RA LA
1 7 Caucasian M onG 17 170 12 Dorzolamid 2x none
Timolol 0.5% 2x
Travoprost 1x
2 52 Caucasian F OAG -09 00 6 Brimonidin 2x Dorzolamid 2x
Timolol 0.5% 2x
Timolol 0.5% 2x  Latanoprost 1x
Latanoprost 2x
3 56 Caucasian F OAG 68 80 5 Dorzolamid 2x Dorzolamid 1x
Timolol 0.5% 2x  Timolol 0.5% 1x
57 Gaucasian M OAG -28 01 9 Clonidin 4x none
Dorzolamid 2x
Timolol 0.5% 2x

Latanoprost 1x
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Cataract patients. Normal healthy donors

Number 8 9
Age (years) 710107 (55-83) 44.6 +15.4 (22-65)
Gender 3m (37%), 5 1 (63%) 1m (11%), 81(89%)
I0Pact (nmHg) OD 133+256(10-17)

IOPact (mmHg) OS 13.6 +3.4 (10-21)

Visual acuity OD 047 £ 0.3 (0.002-1.0)

Visual acuity OS 059 0.3 (0.002-1.0)

IOPact, actual intraocular pressure; OD = right eye. OS, left eye; m, male, f, female.
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Therapy POAG (n) OHT (n)

Antiglaucomatous medication 10 7
Glaucoma surgery without medication 6 0
Glaucoma surgery with medication 23 0
Number of antiglaucomatous medication
0 3 2
1 13 4
2 5 3
3 1 0
4 4 0
Antiglaucomatous medication
Betablockers 23 1
Prostaglandins 21 7
CAl 19 1
A2-agonists 7 1
Piocarpine 4 0

CAl, carboanhydrase inhibitor.
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POAG OHT
Number 39 9
Age (years) 71.18 1 8.8 (48-86) 51,04 7.7 (42-68)
Gender 12m (31%), 17 (69%) 5m (56%), 4 (44%)
Glaucoma history (years) 15.2 = 11.1 (1-39) 6839 (3-14)
IOPmax (mmHg) OD 34,2+ 12,7 (20-67) 287 +3.7 (23-35)
IOPmax (mmHg) OS ~ 33.0 % 12.2 (19-67) 269 +4.1(22-35)
IOPact (mmHg) OD 17.8.+ 6.8 (10-38) 15.7 £3.9(9-21)
IOPact (mmHg) OS 17.5£5.7(9-42) 17.4.£37(13-22)
MD (dB) OD 10.827.9(-4310260) -0.13+096(-1.5101.5)
MD (dB) OS 119£79(-0710286) 025 1.1(-14101.8)
CLV (d8?) OD 422£321(40-1127)  815+1.42(15-58)
CLV (d8%) OS 407 261 (17-1240)  3.1%17(18-68)
Visual acuity OD 059+0.3 (0.002-1.2) 1.0£0.1(1.0-1.2)
Visual acuity OS 059+ 0.3 (0.004-1.0) 1.1£0.1(08-12)

Values are given as mean + SD (range).
IOPmax, maximal intraocular pressure; IOPact, actual intraocular pressure; MD, mean
defect; CLV, corrected loss variance; OD, right eye; OS, left eye; m, male; f, female.
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Triggering factor No. of cases

Radiation 38
w 37
PUVA 13
ws 5
Goeckerman 4
PUVA and UVB 3
WA 3
Sunight 2
PUVA and sunlight 1
PUVASOL 1
Ingram 1
Unknown wavelength 4
Surgical wound 2
Ostomy 19
Colostomy 10
Gastrostomy 5
lleostomy 2
Urostomy 2
Bum 14
Thermal burn 13
Chemical burn 1
Skin graft 6
Other 1
Scratching 3
Injury 2
Dye injection 1
Mechanical trauma. 1
Insect bite 1
Revascularization 1
Photodynamic therapy 1
Hernia 1

UV, ultraviolet; PUVA, psoralen-ultraviolet A; UVB, ultraviolet B; UVA, ultraviolet A;
PUVASOL, psoralen-ultraviolet A and sunlight exposure.





OPS/images/fimmu-09-00542/fimmu-09-00542-t002.jpg
No. Age  Sex BP180 BP230 Diagnosis  Eruption  Delayafterburn  Relapse Reference
1 80 M HE,DFIF  Localzed 2 weeks Not mentioned Jeviic and Grigoris (52)
2 6 M HE Generalized 3 weeks Not mentioned  Quartey-Papafio and Hudson (53)
3 7% F HE Generalized 10 weeks No Balato et al. (54)
4 9 0M HE.DIF,sslIF  Localized 1 month No Vassieva et al. (55)
5 9 F HE, DIF Localized 5 weeks Not mentioned ~ Wagner et al. (56)
6 6 M HE, DIF Generalized 8 months No Wagner et al. (56)
7 51 M NC16A =) HE, DIF, sslIF Generalized 6 weeks No Xuetal. (57)
8 8 F HE, DIF, ssliF  Generalized A few days No Korfs et al. (38)
9 oM HE, DIF Generalized 2 weeks Notmentioned  Bachmeyer et al. (56)
10 8 F  NCi6A HE, DIF Locaized 20 months No Neri et al. (60)
11 B F HE, DIF Generalized 6 weeks Not mentioned  Damevska et al. (60)
12 89 F (9 () HEDFssIF  Locaized 69 years No Morita et al. (61)
13 76 M NCIGA #)  HEDF Generalized A few hours Not mentioned  Danescu et al. (5)
Oucase 60 M  Non-NC16A HE, DIF, sslIF  Generaized 2 days Yes

M, male; F, female; HE, hematoxylin and eosin stain; DIF, direct immunofiuorescence; IIF, indirect immunofiuorescence; ssliF, 1 M NaCl-spiit skin indirect immunofiuorescence.
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Patient Before 1A After 1A

Visit0 Visit 1 2weeks 1 month 2months 4 months 6 months 12 months
10p Med 1P Med 0P Med 1P Med P Med 10p Med iop Med 0P Med
1 OD  217%40 3 184228 O  270%65 2 TE
(17-26,9) (13-21,8) (20-87,17)
2 OD  200£20 3  233%37 0  224%39 2  238%45 2  168+19 3  182x23 3 28845 3 18223 3
(17-23,6) (17-33, 16) (17-29,12) (19-30, 11) (15-20,5) (15-22,7) (19-30, 11) (15-22,7)
0S  260:45 3  207:46 O  230x44 2 21238 2 20223 3  260%30 3  212%38 3  260%30 3
21-33, 12) (22-40, 18) (19-30, 11) (16-26, 10) (18-24,6) (22-31,9) (16-26, 10) (22-31,9)
3 oD 174%87 2  155%52 O  172x69 O  143%35 2  138x04 2  132x16 2  148x34 2  138%24 2
(12-24,12) (10-23,13) (12-31, 19) (10-19,9) (12-14,1) (12-16, 4) (12-19,7) (12-186, 4)
0S  289%79 2  255:84 0 223+146 0  147%36 2 13708 2  152%18 2  225%68 2  155%24 2
(16-40, 24) (16-42, 26) (14-52, 38) (10-19,9) (12-16,2) (12-17,5) (16-32, 16) (12-19,7)
4 oD 176%83 4  204+28 O  215%54 0 207538 0  215%54 0  285+46 0  285%46 O 1918 0
(11-25,14) (18-24,6) (14-30, 16) (15-26, 11) (14-29,15) (17-28,11) (17-28,11) (17-22,5)
0S  17.4£29 4  210£25 0  224%43 0  212#47 0  228%45 0  287%41 0 235%40 0  197£40 0
(12-23,11) (18-24,6) (17-30,13) (16-26,10) (16-29, 13) (20-28,8) (20-28,8) (15-26,11)

Visit 1: two days before IA with systemic medications (acetazolamide), yet without topical medications. Mean + SD (minimum-maximum, range) of 24 h IOP curve are presented.
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Animal models Disease symptoms  Autoantibodies  Reference
CS-exposed mice  Pulmonary Anti-ECM @)
inflammation with
macrophages and
Boals
ECM-immunized mice  Pulmonary Anti-ECM (@1)
inflammation with
macrophages
CS-exposed rat emphysema Anti- p2-AR (42)
p2-AR immunized rat  Emphysema Anti- 2-AR (@2)
HUVEC-immunized rat Emphysema Anti-HUVEC (@4)
I9G transfer-induced  Emphysema Anti-HUVEG (@4)

rat

CS, cigarette smoking; ECM, extracelular matrix, 2-AR, (2-adrenergic receptor;
HUVEC, human umbilcal vein endothelial cell: COPD, chronic obstructive pulmonary

disease.
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Autoimmune ~ Animal  Microbiota phenotype Outcome Reference

disorder models

Systemiclupus  MRL4pr  Elevated Lachnospiraceae sp. Associated with more severe glomeruionephitis ©3)

erythematosus  mice

(SLE)

SLE MRLfpr  Administration of Lactobacillus Reduced proteinuria and renal pathology, serum IgG2a,  (22)

mice 1L-10, and IgA in castrated males, not intact males
Decreased ciroulating luteinizing hormone
SLE MRLipr  Female MRL-lpr have elevated Lachnospiraceae and reduced  Accelerated disease in females compared with males. @1)
mice Lactobacilus compared to controls, males showed o difference
from controls

Type-1 diabetes NOD mice  Male microbiota and gavage of male microbiota Reduce TIDM in association with functional androgen ~ (163)

melitus (T1DM) to female mice receptor
Germ-free conditions Attenuated sex differences in cumulative T1D (%)

TIDM NOD mice  Segmented flamentous bacteria monocolonized Protected males but not females (175)
Specific pathogen free conditions and colonization with Increased biood testosterone levels in males compared
segmented flamentous bacteria to germ free

Rheumatoid  HLA-DRB1 0401 Clostricium-like bacterium dominant, loss of age, More susceptible to disease (176)

arthriis 0401, 0402 and sex differences in microbiota

frice. 0402 Porphyromonadaceae and Bifidobacteria dominant,

retain sex- and age-based microbiota differences

Resistant to disease
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Autoantigen Method  COPDvs control  Association with disease
parameters
Tissues and ol Tosue Fodent ssue ncreased ATS/ERS stage and DLCO
Human g tsve ncreased -
Human ung tssve ncreased Emphysema
Epineia HEp2 cols ncroased
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Positive  Total Positive rates (%)

(A) Direct IF for skin biopsy
Cell surface (CS) 196G 17 2 7727
Upper epidermis 1 588
Lower epidermis 2 11.76
Entire epidermis 2 11.76
cs IgA 1w 22 77.21
Upper epidermis 1 588
Lower epidermis 4 2353
Entire epidermis 4 2353
cs c3 5 6 8333
BMZ 19G 1 21 476
IgA 1 21 4.76
c3 2 5 66.67
(B) Indirect IF using normal human skin as a substrate
19G cs 17 29 586
IgA cs 20 29 69.0
(C) Indirect IF using monkey esophagus as a substrate
oG cs 14 18 7.8
IgA cs 14 18 7.8
(D) Indirect IF using 1 M NaCl-split normal human skin as a substrate
oG Epidermal side 2 16 125
Dermal side 0 16 00
IgA Epidermal side 3 16 188
Dermal side 0 16 00

CS, keratinocyte cell surface; BMZ, basement membrane zones.
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Species
Human
HIV-1
HPV
HIV-1
HIV-1
MoCcV

TANV
CeHV-5
MaHV-3
HIV-1
MARV
SAdV-20

RV-C
RV-C
HIV-1
MOCV

protein
Ro60

gag protein
El

rev protein
pol protein
MC163R

core protein Pda
protein UL84
rhl14

vpu protein
viral protein 35
hexon

3D polymerase
polyprotein

envelope glycoprotein
MC129R

Accession no.

ACN53507.1
ACS73149.1
ADF86398.1
ADZ73181.1
NP_044114.1

YP_001497096.1
AEV80621.1
YP_068207.1
AAK68077.1
AFV31387.1
YP_007518079.1

ADL32209.1
AEL31291.1
ADE87691.1
NP_044080.1

Start Sequence
NP_001166995.1 310

21
130
9
621
499

45
63
102
2

13
537

66
1987
€9
744

NEKLLKKARIHPFHILIALETYKTGH

NEKLLK**
*EKLLKK*
*EKLLK**
*EKL*KK*
*E*L*KKA

*HPF*ILI
*HPF*IL*
*HPF*IL*
*HP*HIL*
**PFHIL*
I*PFHI**

*I*LETYK
*I*LETYK
LIALET**
LIAL**YK

Stop
335
62
137
16
628
506

52
70
109
9
20
544

73
1994
76
751
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Kt Mgfe/sis Kit#=n Moptse™
Abrormalities in immune system MC deficiency Yes Yes Yes Yest
Splenomegaly No No Yes No
Neutrophils Decreased - Increased Increased
Basophils Decreased - Increased -
TeRyd intraepithelial lymphocytes Reduced - Normal Normal
Thrombocytosis No No Yes No
Kit signaling associated abnormaliies KIT receptor signaling Reduced Reduced Reduced Not affected
Lack of pigment Yes Yes Yes No
Bile reflux Yes Yes Yes No
Lack of interstital cells of Cajal Yes - Yes No
Other abnormaities Sterile Yes Yes No No
Anemic Yes Yes No No
‘Stomach papilomas and ulcers Yes Yes No No
Idiopathic dermatitis Yes Yes No No
Cardiac hypertrophy No - Yes No
Reference (27-29) (30-32) (26) (33,34)
-, not known.

sDeficiency in connective tissue MCs.
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Local model Systemic model  Local model Systemic model
Mice Neonatal mice Adult mice Adult mice Adult mice
Activation of mast cells (MCs)* Yes - Yes -
Disease developmentin ~ Kit#« protected - - susceptible, severity comparable
MC-deficient mice® tolittermates
Mgfsse Protected - - -
Kt - - - Susceptible, severity increased
to litermates
Mepts™ DTR - - Susceptible, severity comparable  Susceptible, severity comparable
1o litermates tolttermates
Reference (21,37,38) - (17) (17

“Evaluated in the skin lesion of wikdltype mice.

*As compared with corresponding MC-suffcient control mice.

ot evaluated.
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Positive Total Positive rates (%)

(A) ELISAs for Dsg1 and Dsg3 for IgG and IgA antibodies

ELISA Dsg1 (IgG) 19 30 63.3
ELISA Dsg8 (I9G) 14 30 463
ELISA Dsg1 (I9A) 19 30 633
ELISA Dsg3 (I9A) 13 30 433
(B) ELISAS for desmocoliin 1 (Dsc1)-Dsc3 for IgG and IgA antibodies
ELISA Dsc1 (1gG) 6 30 200
ELISA Dsc2 (IgG) 7 30 233
ELISA Dsc3 (IgG) 1" 30 367
ELISA Dsc1 (igA) 5 30 16.7
ELISA Dsc2 (1gA) 8 30 26.7
ELISA Dso3 (I93) 7 30 233

(C) COS-7 cell cDNA transfection methods for Dsc1-Dsc3 for IgG and IgA
antibodies

COS-7 Dsct (gG) 0 23 00
COS-7 Dsc2 (gG) 0 23 00
COS-7 Dsc8 (IgG) 1 23 43
COS-7 Dsc1 (IgA) 1 24 42
C0S-7 Dsc2 (1gA) 0 24 00
C0S-7 Dsc3 (1gA) 2 24 83
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Accession number Full name Function n Score

Protein ubiquitination

coPt E3 Ubiquitin-protein ligase COP1 Ubiquitin ligase 5 112

MALT1 Isoform 2 of mucosa-associated lymphoid tissue Upiqitin igase —involved in BCL-10-induced NF-xB 3 16

lymphoma transiocation protein 1 pathway activation

Signalization and signal transduction

Stka0 Serine/threonine-protein kinase 40 Serine/threonine kinase, negative reguiator of NF-xB pathway, 5 45
and p53-induced gene transcription

St3sL Serine/threonine-protein kinase 38-ike Kinase—involved in signal transduction regulation 4 a5

MARCS Myristoylated alanine-rich C-kinase substrate Protein kinase C substrate 4 19

LAP2 Isoform 2 of Protein LAP2 HER2 adaptor—Inhibitor of NOD2-dependant NF-xB pathway 3 7
and pro-infiammatory cytokine secretion

PPMIB Isoform Beta-2 of protein phosphatase 18 Associated to IKKB dephosphorylation and inactivation (NF-xB pathway) 3 23

CALM Calmoduiine Implicated in calcium flux 3 21

FUI Protein fightless-1 homolog Involved in estrogen-induced signaling 3 18

co72 B-cel differentiation antigen CD72 Negative regulator of B cells 3 18

SPRE1 Sprouty-related, EVH1 domain-containing protein 1 MAPK pathway regulator 3 15

JAK3 Tyrosine-protein kinase JAK3 Kinase involved in cytokine production pathway, cell development, 3 10
differentiation, and proliferation

TR19L Tumor necrosis factor receptor superfamily member 19 L Involved in NF-xB pathway activation 3 8

Protein production and secretion

Eitdb Eukaryotic transiation initiation factor 48 Required for mRNA binding to ribosome 3 39

EPN4 Clathrin interactor 1 Associated to clathrin vesicles transport from Trans-Golgi 3 %
to endosomes

RS6 408 ribosomal protein S6 Ribosomal protein 3 15

Rs18 408 ribosomal protein S18 Ribosomal protein 3 18

sTX7 Syntaxin-7 Implicated in protein traffic from early endosomes to 3 13
plasma membrane

RS19 408 ribosomal protein S19 Ribosomal protein 8 7

Chaperone protein

HS908 Heat shock protein HSP 90-beta Chaperone protein 4 a7

HS90A Heat shock protein HSP 90-alpha Chaperone protein 4 29

cocar Hsp90 co-chaperone Cdca7 Chaperone protein 3 14

Others.

RNF219 RING Finger protein 219 Zin finger protein 5 122

Mass spectrometry analysis was performed on immunoprecipitation product (nisw = 5). In each subgroup defining their main function, the proteins are ranked according to the
number of experiments in which they were found as Trib1 partners (column « n =) and their confidence score. (Accession numbers are coming from Swissprot Database).
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Trib1-ROSA Trib1-ROSA Mb1Cre
(=9 =9

BM
Pro-pre B 83+22% 80x29%
Immature 1.9+ 1.0% 17 £07%
Transitional 1.4£07% 08+04%
Mature 18+1.0% 15£06%
Spleen
Total celularity 66.610°£2.0.10" 60.710° £ 1.9.10"

Total splenic B cells

B1 cells

LN
Total cellularity
Total LN B cells

PB

39.2:+12.7%
25.410°+10.110°
29.9+ 11.2%
17.110°£ 6.0 10°
13+05%
0.910°+0.6 10°
10.8+4.1%
6.410°£2.1 10°
7.3+29%
4210°+1.910°
11+£1.0%
0.74 10° £ 0.68 10°
08+0.7%
0.4310° £0.37 10°

6.310°£4.210°
281+ 11.4%

2210°+1.810°
17+£07%

0.09 10° + 0.06 10°

46.0 +10.3%
28.210°+12.010°
34.1£5.1%
206 10°£6.810°
25£25%
1.810°+2.4 10°
10.3+1.8%
6.410°+2810°
64+18%
3.910°+1.810°
11+£1.0%
0.67 10° £ 0.68 10°
0.7 +£0.4%
0.910°+0.810°

5110°+3.010°
28.0+ 4.0%

1.610°+1.110°
19+03%

0.11 10° £0.05 10°

BM: Pro-Pre B (8220"IgM"); Immature (8220"Igh"); Transitional (B220"gh™?);
Mature (B220"*Igh"). Spleen/LN: Fo: Follcular (B220°IgM*CD23"CD21%);

MZ: Marginal Zone (B220*IgMCD23-CD21); T1: Transitional 1
(B220*IgM*CD23-CD21"); T2: Transtional 2 (B220°lg*CD23"CD21"7);

PB: Plasmablast (8220°CD138™); B1 cells (CD19*B220°CD5).

italic: absolute numbers.
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II Binding of autoAbs initiates intracellular signaling cascade
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Affected Phenotype Target Effect Reference
Hematological system  Hematopoetic abnormalies  Th cels Spontaneous activation and proliferation; Thi/Th17 | (36,39)
Treg cels Cells plasticity 1 (@6, 44, 48)
Dendritic cells Activation; BAFF 1 (19, 36, 49, 50)
Autoantivody 19G 1; Ig class switching 1 (19, 60)
Kidney Lupus nephritis Anti-dsDNAIGG  Binds and catalyzes SOCS1-KIR 3)
mIRNA-150 SOCS1 expression I; renal fibrosis (67)
Macrophages Renal inflammation (70-72)
Skin Cutaneous inflammation Keratinocytes Interferon-y signaling t (78,81)
Brain Neuropsychiatric SLE Astrocytes Activation 1, inflammatory cytokines and chemokines (88-00)
Microglia
Macrophages
Teells
Liver Lupus hepaitis (©5)
Lung Puimonary fibrosis Macrophages Activation 1, profibrotic cytokines 1, collagen synthesis 1 (©8.99)
Lymphocyte

BAFF, B-cell activating factor: KIR, kinase inhibitory region: SOCS1, suppressor of cytokine signaling 1: Th, T helper cells: Treg, T requiatory cells.
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Pattern Approach Function Mechanism Implications Reference
Upregulation of ~ Adenoviral gene transfer  SOCS1 delivery  Upregulating SOCS1 Bleomycin-induced pulmonary fibrosis in SOCS1*~ mice ©9)
S0cst Tyrosine kinase inhibitory - SOCS1 mimetic Competitive binding to the  Experimental autoimmune encephalomyelitis and multiple (100, 101)
peptide activation loop of JAK2  sclerosis
PS5 SOCS1-KIRanalog  Competitive binding to the ~ Psoriasis 79
activation loop of JAK2
Edratide SOCS inductor: a drug based onthe DRI Systemic lupus erythematosus (13, 25)

sequence of anti-DNA IgG

CDR1, complementarity-determining region 1: JAK2, Janus kinase 2: KIR: kinase inhibitory region; SOCS, suppressor of cytokine signaling 1.
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36

Sequence’

MVLEVSDHQVLNDAEVAALL.
LNDAEVAALLENFSSSYDYG
ENFSSSYDYGENESDSCCTS
ENESDSCCTSPPCPQDFSLN
PPCPQDFSLNFDRAFLPALY
FDRAFLPALYSLLFLLGLLG
SLLFLLGLLGNGAVAAVLLS
NGAVAAVLLSRRTALSSTOT
RRTALSSTDTFLLHLAVADT
FLLHLAVADTLLVLTLPLWA
LLVLTLPLWAVDAAVOWVFG
VDAAVQWVFGSGLCKVAGAL
SGLCKVAGALFNINFYAGAL
FNINFYAGALLLACISFDRY
LLACISFDRYLNIVHATQLY
LNIVHATQLYRRGPPARVTL
RRGPPARVTLTCLAVWGLOL
TCLAVWGLCLLFALPDFIFL.
LFALPDFIFLSAHHDERLNA
SAHHDERLNATHCQYNFPQV
THCQYNFPQUGRTALRVLGL
GRTALRVLQLVAGFLLPLLY
VAGFLLPLLVMAYCYAHILA
MAYCYAHILAVLLVSRGQRR
VLLVSRGQRALRAMRLWWY
LRAMRLYWVVWAFALCWTP
WAFALCWTPYHLWLVDIL
YHLWLVDILMDLGALARNC
MDLGALARNCGRESRVDVAK
GRESRVDVAKSVTSGLGYMH
‘SVTSGLGYMHCCLNPLLYAF
COLNPLLYAFVGVKFRERMW
VGVKFRERMWMLLLRLGCPN
MLLLRLGCPNQRGLQRQPSS
(QRGLQRQPSSSRRDSSWSET
‘SRRDSSWSETSEASYSGL

333333 3333333833338388888 %

20
20
20
20
20
18

Residues?®

1-20
11-30
21-40
31-50
41-60
51-70
61-80
71-90
81-100
91-110

101-120

111-130

121-140

131-150

141-160

151-170

161-180

171-190

181-200

191-210

201-220

211-230

221-240

231-250

241-260

251-270

261-280

271-290

281-300

291-310

301-320

311-330

321-340

331-350

341-360

351-368

2392.3
2441.0
2486.8
2435.7
25365
2464.9
21888
22084
24136
2446.1
2476.0
2215.7
2255.0
25380
2579.6
2500.9
24082
25015
25517
2592.7
2571.2
23753
24046
2546.0
25458
2471.0
24975
2454.4
2388.1
23749
24152
26728
2644.2
24929
2574.1
22290

116
1.06
090
075
-011
062
207
031

or

374
330
328
330
an
633
610

10.40
7.55
529
375
616
852
616
7.35

12.20

1052
375
536
678
9.50

12,50
7.35

1013

1310

1053
529
541
855
930
725
880

1138

12.20

12.02
443

Charge*

392
-409
-5.18
-423
114
-009
-009
091
008
-092
-1.09
-0.14
086
-0.14
003
307
281
-1.18
-1.75
-064
203
191
002
302
a9t
186
-097
-097
0.86
1.08
-002
181
286
286
191
-1.09

Sequence of peptides in one letter format. Each peptide listed s botinyiated at the N-terminus.

Residues are numbered according to Uniprot entry P49682 (CXCRS_HUMAN) isoform 1.
Molecular weight as determined by mass spectrometric quaty report of manufacturer
Hydrophobicity scores were caculated with the function hydrophobicity of R package peptides by the method of Kyte and Doolite (21).

pl (isoslectric point) values were calculated with the function ol of R package peptides with the default EMBOSS method.
The peptide sum charoe was cabbulsied & pH 7.2 with the funciion cheroe of R packages peplides, with the method Strver
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Cell population; organ

Phenotype used for FACS sorting

Relative expression levels®

Pre/pro B cells, bone marrow
Immature B cells, bone marrow
Folicular B cells, spleen

Marginal zone B cels, spleen

B1a B cels, peritoneum

T cels, spleen

Monocytes, non-classicl, blood
Monocytes, classical, blood
Monocytes, peritoneum
Monocytes, spleen

Monooytes, lung

Monocytes, bone marrow
Monocytes, lung, mCMV infection
Neutr. granulocytes, bone marrow
Plasmacytoid denditic cells (DCs)
Myeloid DCs, spleen

Lymphoid DCs, spleen

DCs, ver

DOs, lamina propria colon
Microgiia, brain

Macrophages, bone marrow
Macrophages, peritoneum
Awveolar macrophages, lung
Macrophages, spleen

Kupfter cells, liver

Macrophages, lamina propria colon
Subcapsular sinus macrophages, LN

8220* IgM~
8220" IgM* IgD~

8220+ CD21° CD23"

8220* CD21" CD23°

8220+ CD11b* CD5*
B220-CD3"

CD45* CD11b* Ly6C+ MHCI®
CD45* CD11b* Ly6C- MHCII®
CD45* CD11b" F4/80° MHGII*
CD45* CD11b* Ly6C* MHCII®
CD45* CD11b* LY6C* MHCII®
CD45* CD11b* Ly6C* MHCII®
CD45* CD11b* LY6G* MHCII
CD45* Ly-6G™

CD45* CD11¢° SiglecH*
CD11c** MHC™ CD11b* CD8
CD11c** MHCH CD11b- CD8*
CD11b* CD11c* Ly6C- MHCII*
CD11b* CD11c* Ly6C- MHCII
CD45° F4/80° CD11b*

CD45* F4/80 CD11b% CD11c™
CD45* F4/80°* CD11b* CD11c®
CD45" F4/80 CD11b* CD11c™
CD45* F4/80* CD11b* CD11c-
CD45* F4/80* CD11b% CD11c~
CD45* F4/80* CD11b™* CD11¢~
CD11b* CD169 CD11c- F4/80-

ot

Eans
ies

Eess

Eas
Eas
o+

Relative expression levels as determined by quantitative real-time PCR from sorted cells. Summary of two to five individual experiments, each.

*Relative expression levels as compared to expression levels in spleen CD11¢* DCs.

not detectable; +, 1-5% of DCs; ++, 5-20% of DCS; +++, 20~100% of DCs.
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# D SSc variant' ENA? CCXCR3 Ab
(U/mi)
1 51.8SC limited anti-Sal70 15213
2 80.SSC limited anti-Sai70 3775
3 88.SSC difuse withmyositis  anti-Ro52 5.156
overiap

4 96.8SC difuse anti-Scl70 4.008
5  110SSC limited anti-CENP-B 5.023
6  117.SSC limited anti-CENP-B 6950
7 202.SSC limited anti-Sal70 15399
8  2158SC difuse anti-Sal70 3853
9  216.SSC limited anti-CENP-B. 3805
10 226.SSC limited anti-CENP-B 5205
11 235.8SC limited anti-CENP-B 6.982
12 279.8SC limited anti-RNP/sm+ 7.984

anti-Sm+

anti-PmSci75
13 313.8SC  diffuse anti-Scl70 6.080
14 327.SSC limited anti-CENP-B 7770
15 332.8SC limited anti-Sal70 4350
16 335.8SC difuse anti-Sci70 4828
17 368.SSC limited anti-Sal70 4299
18 373.SSC limited anti-CENP-B 4.084
19 383.SSC diffuse dense fine speckied 8.065

pattern
20 384.SSC limited anti-Sci70 5.381
21 SKLOT limited anti-CENP-B 6577
22 SKLO24 limited anti-CENP-B 2948
23 SKLO28 anti-Scl70 2876
24 SKLO33 nd. 12163
25  SKLO34 anti-Scl70 6542
26 SKL102 anti-CENP-B 25575
27 SKL103 nd. 18678
28 SKL109 anti-CENP-B 4,042
29 SKL11 nd. 13025
30 SKLI7 anti-CENP-B 38.758
31 SKL1ST anti-CENP-B 11802
32 SKL224 anti-CENP-B 37

Limited or difuse systemic sclerosis, undifierentiated connective tissue disease
(UCTD), mixed connective tissue disease (MCTD).
Reactivity against specific extractable nuclear antigens (ENA). n.d., not differentiated.
All SSc patients were ANA-positive.
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Hybridoma  Clone'  lsotype  VHgene  JHgene  Mutations: totalinon-silent  CDR3" Number of Arg in CDR3"
Mouse 1, female 14w

48104 # IgG2c - 9 » ARRKLRNYYAMDY 2
689.1 # 19G2¢c Ja 32 'ARRKLRNYYAMDY 2
7F4.1 #2 19G2b Vv1-82 J2 ”n ARPGRRGRYYFDY 3
352 w 1962 vi-g2 2 20 ARPGRRGRYYFDY 3
3°5.1 " 19G2c vi7 B an ARSYYGSKGWFTY 0
sE2.1 " IgG2c vi-2e 2 62 ASGDSSGPFDY 0
1E7. % 1g82c Vo2 w 10 ARNRLRRGLDY 3
2B11.1 #6 1gG2c vi-81 J2 98 AGEHAGPYYFDY ]
10A12.1 #7 1gG2c V5-9-1 J3 5/3 "TRGGDSSGYRFAY 1
Mouse 2, female 12w

185 " 1gG2c w " ARRGLRGVMOY 2
8F4 " 1g82¢ " s VARGLRGAMDY 2
8H4 # gG2c J4 an 'VRRGLRGAMDY 2
1G2.1 " IgG2c Ja a3 ARRGLRGAMNY 2
212 I lgG2c w a2 VRRGLRGAMDY 2
a1 # lgG2c u 20 ARRGLRGAMDY 2
563 nz 19620 J4 o4 AKQLRLRYYAMDY 2
665 # 1gG2b J s SKQLRLRYYAMDY 2
9A10 w2 1gG2b Ja 6/5 AKQLRLRYYAMDY 2
acs 1 19G2b Vo4 4 " ARDGNSYEGFAY 0
Mouse 3, female 24w

5612 # lgG2c vi-8t B 76 AEDGYAWFTY 0
5F11 # 1gG2c vi-81 J3 a4 AEDGYVWFAY 0
4c2 " IgG2c vi-81 J3 1310 AEDGYVWFAY o
387 w2 igG2c Vi B o4 ARERNYITGFAY 1
1F10 # igG2c vi-9 B o7 ARERNYITGFAY 1
1012 # lgG2c vi-9 5B 21 ARERNYITGFAY 1
2A2 #3 IgG2c V73 J2 n ARFPAGTRRYYFDY 2
584 s 19G2c V73 2 an ARFPAGTRRYYFDY 2
39 0 igG2c 2 2 a2 ARFPAGTRRYYFDY 2
161 # lgG2c ﬁ B 716 ARNYYVNRRGFAY 2
165 # lgG2c 5B 86 TSROLRLRRVAY 4
12 # 1963 vi-26 B a2 TRKGWDDAY 0

Orange shaded, recurrent VH gene; blau coloured, arginine resiclues in CORG.

“Clonally related hybridomas as defined by identical VH, D, and JH usage, ioentical CDRS length and >95% nucleotice igentiy in CDRG.

“CDR3 as defined by IMGT (37).

“CDR3 as defined by Kabat et al. (35).
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RA SLE 2% Ms
Reference Emery et al (11); Rovinetal. (145)  Leandro et al. (146); Luetal (148) Ahmed et al. (116); Jolyetal.  Dunn etal. (150); Hauser  Hawker
Rubbert-Roth et al. (105); Alert etal. (147) (103); Pfitze et al. (117) Cross etal. (104) etal. (149) etal. (151)
Haraoui et al. (119)
Patient no. 120/346/465 144 24 50 11/21/11 16/399 104 439
Dose and 1/mg for 24/48 weeks 1 mg for 52 weeks 1 mg for 6 months 1 mg for 6 months 375 mg/m for 6 months 375mg/m/05-1mg 1mgfor 1 mgfor
duration for 6 months 48 weeks 96 weeks
Ciinical Partial  ACR20/50/70: Proteinurea: Proteinurea/BILAG/ BILAG: Skin lesions: EDSS: GELN:  CDP:
improvement  Complete in 54-72/27-48/7-23%  in 26.4% SLEDAI: in42% in 8.2-20% in 12.5-63.2% ing03% -
No - in 30.6% in65-70% - in 80-95% - n197% -
in5% in43.1% - - - in 36.8-81.25%: - in 100%
- worse in 6.25%
B cell depletion Significant depletion  Complete Aimost complete depletion Complete depletion in 42%;  In almost all patients Depletion by 95-99.8% Over 95%
efficacy in 106 cells/ul. depletionin 99%  in 94-06% of patients  partial depletion in 47% and  complete B cell depletion inall patients; 90%  depletion in
periphery no depletion in 11% of patients depletion in spinal flid _all patients
Autoantibody Anti-CCP aab and Anti-sDNAaab  Anti-dsDNA aab reduced  Anti-dsDNA aab In 81.8% IgG/igG4 anti- Elevated serum anti- -
involverent RFreduced by 45%  reduced by 75% by 35% reduced by 60% keratinocyte cel-surface aab  MOG aab
undetectable; dramatic decrease
of IgG/igG4 anti-Dsg1 (by 80%)
and Dsg3 (by 65%) aab
Remark HACA in 2.3-7.3% - HAGA in 33%, correlating Clear correlation betweenaab ~ HACAIn 24.1-37%,  HACAin
with B cel depletion rate and disease correlates with B cell  24.1% of
depletion rate patients

RA, theumatoid arthriis; SLE, systemic lupus erythematosus; PV, Pemphigus vuigaris; MS, multiole sclerosis; ACR, American College of Rheumatology Criteria, standard criteria to measure the effectiveness of arthrits treatments

in clnical trals for rheumatoid arthits, 20/50/70 refers to the improvement i tender or swollen ot counts as a percentage; HACA, human anti-chimeric antibodles; CCP, cyciic citrulinated peptides; RF, rheumatoid factor; MTX,
methotrexate; MMF, methyl mofeti; Std, standard therapy; BILAG, British Isles Lupus Activity Group, organ-specific 86-question assessment based on the principle of the clinicalintent to treat; SLEDA, SLE Disease Activity Index, a st
of 24 items (16 clinical items including seizure, psychosis, organic brain synarome, visual disturbance, other neurological problems, hair oss, new rash, muscle weakness, arthits, blood vessel infammation, mouth sores, chest pain
that worsens with deep breathing, and manifestations of pleurisy and/or pericaraliis and fever, and eight laboratory results, including urinalysis testing, blood complement levels, increased anti-DNA antibody levels, low platelet count,
and low white blood cell count); EDSS, Expanded Disabilty Status Scale is a method of quantitying disabilty in multple sclerosis and monitoring changes in the level of disabilty; CDR, delayed time to confirmed disease progression;
Dsg, desmoglein; CANCA, anti-neutrophil cytoplasmic antibodies; MOG, myelin oligodendrocyte glycoprotein; aab, autoantibodies; dsDNA, double-stranded DNA.
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Atacicept Belimumab Tabalumab Atacicept Belimumab Blisibimod Tabalumab  Belimumab Atacicept
Patient no. 311 415 1,041 47/6 1,363 547 1,124 30 256
Duration 38 weeks 24/48 weeks 52 weeks 9/52 weeks 50-76 weeks 24 weeks 52 weeks 52weeks 36 weeks
Ciinical Partial - ACR20in 41% ACR20/50/70in  n22.2% SELENA-SLEDAV  Proteinurea:reduced SAI-4in49.2% ~ EULARin -
improvement  Complete — - 70/36/13% in 44.5% BILAGn 46.5/58.6%  ~ - 8%7% -

No ACR20 ACRS0+70 - worsein33% - - secondary - Failed and
- stopped - end point - even worse
B cell depletion Girculating mature B cell depletion B cell reduction by Reductionby  Reduction by 56.7%  Significant reduction Significant Significant ~ Significant reduction
efficacy in Band plasma cels  16-48%; no depletion 18-40%; no depletion 60%; plasma cells reduction reduction
periphery reduced of memory Beels  of memory Beells  depleted
and plasma cells
Autoantibody RF but not anti-CCP Reduction of RF by GRP reduced Reduction of anti-  Anti-dsDNA Anti-dsDNA Reduction of
involvement levels reduced 30% dsDNA aab by 44-49% decreasedC3 aab significantly  RF by 30%
increased decreased

Remark Serum IgA+M Moderate change  Total serum Ig Seropositive and C3+0C4 Totallgnot  Severe adverse

(by 19.4%) and of total Ig; better  deciine by 11% highly diseased inoreased; total  changed  events; higher

19G (by 8.6%) response in RF+  Phase ll study in patients respond better; serum Ig reduced; relapse rate in treated

modestly reduced  or ACPA+ patients  RA terminated total serum Ig modestly development was group compared to

reduced by 16% stopped controls

References Genovese etal. (170); Stohletal. (187) ~ Smolenetal. (168 Dal'Eraetal.  Navamaetal (172  Fuieetal (175)  Meriletal (174) Mariette  Kapposetal. (180)

van Vollenhoven Greenwald et al. (169) (176); Lenert et al. Furie et al. (173) etal. (179)

etal. (171)

(177); Ginzler
etal. (178)

RA, theumatoid arthrii; SLE, systemic lupus erythematosus; SS, Sjérgen’s syndrome; MS, multile sclerosis: ACR, American College of Rheumatology Criteria, standard criteria to measure the effectiveness of arthritis treatments
in clnical trals for theumatoid arthrits, 20/50/70 refers to the improvement in tender or swollen oint counts as a percentage; CCP, cycli citrulinated peptides; RF, rheumatoid factor; MM, methyl mofeti: std, standerd therapy;
BILAG, Brtish Isles Lupus Activity Group, organ-specific 86-question assessment based on the principle of the clinical intent to treat; SELENA, Safety of Estrogens in Systemic Lupus Erythematosus National Assessment; SLEDAY,
SLE Disease Activty Index, a list of 24 items (16 clinical items, including seizure, psychosis, organic brain syndrome, visual dlisturbance, other neurological problems, hair 10ss, new rash, muscle weakness, arthrii, biood vessel
inflammation, mouth sores, chest pain that worsens with deep breathing, and manifestations of pleurisy andl/or pericarditis and fever, and eight laboratory results, including urinalysis testing, blood complement levels, increased
anti-DNA antibody levels, low platelet count, and fow white blood cell count); EDSS, Expanded Disabilty Status Scale is a method of quantiying disabilty in multiple sclerosis and monitoring changes in the level of disabilty; aab,
autoantibodes; C3 + 4, Complement factors 3 and 4; ACPA, Anti-citrulinated peptide/protein antibodles; CRP, G-reactive protein; SRI-4, Systemic Lupus Erythematosus Responder Index for 4-point reduction dlue to SLEDAI;
EULAR SS, The European League Against Rheumatism for Sjérgen’s Syndrome; Ig, immunoglobulins; dsDNA, double-stranded DNA.
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Patientno.  Sex Age
(vears)
VI M 70
PV2 M 44
PV3 F 72

mcPV, mucocutaneous PV: mPV, mucosal PV.

Clinical Monkey esophagus (serum)
phenotype

mePV 12,560

mePV 1:1,280

mPv 1:320

Anti-Dsg1 serum level (U/mi)

1,045
108

Anti-Dsg3 serum level (U/mi)

3,572
9,748
6,001
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Pat.no. Week 1 Week 3 Week5 Week9 Week 13 Week 17 Week 25

(1A (2.1A

cycle) cycle)
1 6905 610 655 585 615 615 615
2 665 402 352 260 - - 435
3 680 625 530 444 455 345 320
4 645 612 561 - 550 560 560
5 600 - 390 140 - - -
6 670 - 546 - - - -
7 615 - 433 - - - -
8 810 480 380 520 - - -

IA, immunoadsorption.
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Patient no. PVIgG?
Dsg3 (U/ml)®

PV 1,776

PV2 3217

PV3 2274

3Before subjection to Dsg-specific adsorption.
bBy ELISA (Euroimmun; lower cut-off 20 U/m)).
Dsg, desmoglein; neg., negative.

Dsg1 (U/mi)®

44
Neg.
Neg.

Purified anti-Dsg3 PV 1gG

Dsg3 (U/ml)® Dsg1 (U/ml)®
139 Neg.
1,446 Neg.
752 Neg.

Anti-Dsg3/1 depleted PV IgG

Dsg3 (U/mi)® Dsg1 (U/mi)®
Neg. Neg.
Neg. Neg.
Neg. Neg.
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Patient no. PV 1gGa

Dsg3 (U/ml)°  Dsg1 (U/mi)°  IIF (titer)®
PV 49,446 16,933 >15,120
PV2 29,526 27

PV3 11,773 Neg.

@Before subjection to Dsg-specific adsorption.
bBy ELISA (Euroimmun; lower cut-off 20 U/mj)

By indirect immunofluorescence (IF) microscopy on monkey esophagus.
Dsg, desmoglein; neg., negative.

Purified anti-Dsg3 PV IgG

Dsg3 (U/ml)®

9,463
19,034
1,691

Dsg1 (U/mi)®

Neg.
Neg.
Neg.

IF (titer)®

1:640
1:1,280
1:320

Anti-Dsg3/1 depleted PV IgG

Dsg3 (U/mi)°

Neg.
Neg.
Neg.

Dsg1 (U/mi)®

Neg.
Neg.
Neg.

IF (titer)®

Neg.
Neg.
Neg.
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