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The immunomodulatory potential and low incidence of severe side effects of high-dose intravenous immunoglobulin (IVIg) treatment led to its successful application in a variety of dermatological autoimmune diseases over the last two decades. IVIg is usually administered at a dose of 2 g per kg body weight distributed over 2–5 days every 4 weeks. They are most commonly used as a second- or third-line treatment in dermatological autoimmune disease (pemphigus vulgaris, pemphigus foliaceus, bullous pemphigoid, mucous membrane pemphigoid, epidermolysis bullosa acquisita, dermatomyositis, systemic vasculitis, and systemic lupus erythematosus). However, first-line treatment may be warranted in special circumstances like concomitant malignancy, a foudroyant clinical course, and contraindications against alternative treatments. Furthermore, IVIg can be considered first line in scleromyxedema. Production of IVIg for medical use is strictly regulated to ensure a low risk of pathogen transmission and comparable quality of individual batches. More common side effects include nausea, headache, fatigue, and febrile infusion reactions. Serious side effects are rare and include thrombosis and embolism, pulmonary edema, renal failure, aseptic meningitis, and severe anaphylactic reactions. Regarding the mechanism of action, one can discriminate between functions of the Fcγ region and the F(ab)2 region and their effects on a cellular level. These functions are not mutually exclusive, and more than one pathway may contribute to the beneficial effects. Here, we present a historical background, details on manufacturing, hypotheses on the mechanisms of action, information on the clinical application in the abovementioned conditions, and a brief outlook on future directions of IVIg treatment in dermatology.
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INTRODUCTION

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


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

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

PRACTICAL CONSIDERATIONS AND SIDE EFFECTS

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

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

MECHANISM OF ACTION AND CLINICAL USE

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



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

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

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

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

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

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

Autoimmune Bullous Dermatoses

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

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

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

Dermatomyositis

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

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

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

Scleromyxedema

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

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

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

Systemic Vasculitis

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

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

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

Systemic Lupus Erythematosus

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

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

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

OUTLOOK

IVIg is successfully used to treat an expanding range of autoimmune diseases. While strong evidence points toward a prominent role of the Fcγ fragment to convey the beneficial effects of IVIg treatment, there may be more than one mechanism of action, and their precise role may vary depending on the disease in focus. It is, however, tempting to speculate that only a fraction of the components contained in IVIg formulations, e.g., specifically sialylated Fcγ fragments, are responsible for their clinical effects and that more refined preparations may make the infusions more accessible and even safer in the future.

AUTHOR CONTRIBUTIONS

JH wrote the first draft of the manuscript. JH and AE revised the work for important intellectual content. JH and AE read and approved the submitted version.

FUNDING

We acknowledge financial support by Deutsche Forschungsgemeinschaft within the funding programme Open Access Publishing, by the Baden-Württemberg Ministry of Science, Research and the Arts and by Ruprecht-Karls-Universität Heidelberg.

REFERENCES

 1. Imbach P, Barandun S, d'Apuzzo V, Baumgartner C, Hirt A, Morell A, et al. High-dose intravenous gammaglobulin for idiopathic thrombocytopenic purpura in childhood. Lancet. (1981) 1:1228–31. doi: 10.1016/S0140-6736(81)92400-4

 2. Furusho K, Kamiya T, Nakano H, Kiyosawa N, Shinomiya K, Hayashidera T, et al. High-dose intravenous gammaglobulin for Kawasaki disease. Lancet. (1984) 2:1055–8. doi: 10.1016/S0140-6736(84)91504-6

 3. Newburger JW, Takahashi M, Burns JC, Beiser AS, Chung KJ, Duffy CE, et al. The treatment of Kawasaki syndrome with intravenous gamma globulin. N Engl J Med. (1986) 315:341–7. doi: 10.1056/NEJM198608073150601

 4. Dalakas MC, Illa I, Dambrosia JM, Soueidan SA, Stein DP, Otero C, et al. A controlled trial of high-dose intravenous immune globulin infusions as treatment for dermatomyositis. N Engl J Med. (1993) 329:1993–2000. doi: 10.1056/NEJM199312303292704

 5. Enk AH, Hadaschik EN, Eming R, Fierlbeck G, French LE, Girolomoni G, et al. European guidelines (S1) on the use of high-dose intravenous immunoglobulin in dermatology. J Eur Acad Dermatol Venereol. (2016) 30:1657–69. doi: 10.1111/jdv.13725

 6. Leussink VI, Hartung HP, Kieseier BC, Stettner M. Subcutaneous immunoglobulins in the treatment of chronic immune-mediated neuropathies. Ther Adv Neurol Disord. (2016) 9:336–43. doi: 10.1177/1756285616641583

 7. Hammarstrom L, Vorechovsky I, Webster D. Selective IgA deficiency (SIgAD) and common variable immunodeficiency (CVID). Clin Exp Immunol. (2000) 120:225–31. doi: 10.1046/j.1365-2249.2000.01131.x

 8. Rachid R, Bonilla FA. The role of anti-IgA antibodies in causing adverse reactions to gamma globulin infusion in immunodeficient patients: a comprehensive review of the literature. J Allergy Clin Immunol. (2012) 129:628–34. doi: 10.1016/j.jaci.2011.06.047

 9. Liebmann HA. Immunomodulatory drugs and monoclonal antibodies. In: Antibody Therapy. Switzerland: Springer (2018) p. 85–100. doi: 10.1007/978-3-319-68038-5_7

 10. Debre M, Bonnet MC, Fridman WH, Carosella E, Philippe N, Reinert P, et al. Infusion of Fc gamma fragments for treatment of children with acute immune thrombocytopenic purpura. Lancet. (1993) 342:945–9. doi: 10.1016/0140-6736(93)92000-J

 11. 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

 12. Siragam V, Brinc D, Crow AR, Song S, Freedman J, Lazarus AH. Can antibodies with specificity for soluble antigens mimic the therapeutic effects of intravenous IgG in the treatment of autoimmune disease? J Clin Invest. (2005) 115:155–60. doi: 10.1172/JCI22753

 13. Kaneko Y, Nimmerjahn F, Madaio MP, Ravetch JV. Pathology and protection in nephrotoxic nephritis is determined by selective engagement of specific Fc receptors. J Exp Med. (2006) 203:789–97. doi: 10.1084/jem.20051900

 14. Kaneko Y, Nimmerjahn F, Ravetch JV. Anti-inflammatory activity of immunoglobulin G resulting from Fc sialylation. Science. (2006) 313:670–3. doi: 10.1126/science.1129594

 15. Anthony RM, Nimmerjahn F, Ashline DJ, Reinhold VN, Paulson JC, Ravetch JV. Recapitulation of IVIG anti-inflammatory activity with a recombinant IgG Fc. Science. (2008) 320:373–6. doi: 10.1126/science.1154315

 16. Anthony RM, Wermeling F, Karlsson MC, Ravetch JV. Identification of a receptor required for the anti-inflammatory activity of IVIG. Proc Natl Acad Sci USA. (2008) 105:19571–8. doi: 10.1073/pnas.0810163105

 17. Anthony RM, Kobayashi T, Wermeling F, Ravetch JV. Intravenous gammaglobulin suppresses inflammation through a novel T(H)2 pathway. Nature. (2011) 475: U110–133. doi: 10.1038/nature10134

 18. Clynes R. Immune complexes as therapy for autoimmunity. J Clin Invest. (2005) 115:25–7. doi: 10.1172/JCI200523994

 19. Oksenhendler E, Bierling P, Brossard Y, Schenmetzler C, Girard PM, Seligmann M, et al. Anti-RH immunoglobulin therapy for human immunodeficiency virus-related immune thrombocytopenic purpura. Blood. (1988) 71:1499–502.

 20. Cines DB, Bussel JB. How I treat idiopathic thrombocytopenic purpura (ITP). Blood. (2005) 106:2244–51. doi: 10.1182/blood-2004-12-4598

 21. Crow AR, Song S, Semple JW, Freedman J, Lazarus AH. A role for IL-1 receptor antagonist or other cytokines in the acute therapeutic effects of IVIg? Blood. (2007) 109:155–8. doi: 10.1182/blood-2006-05-023796

 22. Trinath J, Hegde P, Sharma M, Maddur MS, Rabin M, Vallat JM, et al. Intravenous immunoglobulin expands regulatory T cells via induction of cyclooxygenase-2-dependent prostaglandin E2 in human dendritic cells. Blood. (2013) 122:1419–27. doi: 10.1182/blood-2012-11-468264

 23. Seite JF, Guerrier T, Cornec D, Jamin C, Youinou P, Hillion S. TLR9 responses of B cells are repressed by intravenous immunoglobulin through the recruitment of phosphatase. J Autoimmun. (2011) 37:190–7. doi: 10.1016/j.jaut.2011.05.014

 24. Seite JF, Goutsmedt C, Youinou P, Pers JO, Hillion S. Intravenous immunoglobulin induces a functional silencing program similar to anergy in human B cells. J Allergy Clin Immunol. (2014) 133:181–8.e1–9. doi: 10.1016/j.jaci.2013.08.042

 25. Maddur MS, Vani J, Hegde P, Lacroix-Desmazes S, Kaveri SV, Bayry J. Inhibition of differentiation, amplification, and function of human TH17 cells by intravenous immunoglobulin. J Allergy Clin Immunol. (2011) 127:823–30.e1–7. doi: 10.1016/j.jaci.2010.12.1102

 26. Maddur MS, Sharma M, Hegde P, Lacroix-Desmazes S, Kaveri SV, Bayry J. Inhibitory effect of IVIG on IL-17 production by Th17 cells is independent of Anti-IL-17 antibodies in the immunoglobulin preparations. J Clin Immunol. (2013) 33:S62–S66. doi: 10.1007/s10875-012-9752-6

 27. Zhang X, Owens J, Olsen HS, So E, Burch E, McCroskey MC, et al. A recombinant human IgG1 Fc multimer designed to mimic the active fraction of IVIG in autoimmunity. JCI Insight. (2019) 4:121905. doi: 10.1172/jci.insight.121905. [Epub ahead of print].

 28. Sun H, Olsen HS, Merigeon EY, So E, Burch E, Kinsey S, et al. Recombinant human IgG1 based Fc multimers, with limited FcR binding capacity, can effectively inhibit complement-mediated disease. J Autoimmun. (2017) 84:97–108. doi: 10.1016/j.jaut.2017.08.004

 29. Amagai M, Ikeda S, Shimizu H, Iizuka H, Hanada K, Aiba S, et al. A randomized double-blind trial of intravenous immunoglobulin for pemphigus. J Am Acad Dermatol. (2009) 60:595–603. doi: 10.1016/j.jaad.2008.09.052

 30. Amagai M, Ikeda S, Hashimoto T, Mizuashi M, Fujisawa A, Ihn H, et al. A randomized double-blind trial of intravenous immunoglobulin for bullous pemphigoid. J Dermatol Sci. (2017) 85:77–84. doi: 10.1016/j.jdermsci.2016.11.003

 31. Hertl M, Jedlickova H, Karpati S, Marinovic B, Uzun S, Yayli S, et al. Pemphigus. S2 guideline for diagnosis and treatment-guided by the European Dermatology Forum (EDF) in cooperation with the European Academy of Dermatology and Venereology (EADV). J Eur Acad Dermatol Venereol. (2015) 29:405–14. doi: 10.1111/jdv.12772

 32. Li N, Zhao M, Hilario-Vargas J, Prisayanh P, Warren S, Diaz LA, et al. Complete FcRn dependence for intravenous Ig therapy in autoimmune skin blistering diseases. J Clin Invest. (2005) 115:3440–50. doi: 10.1172/JCI24394

 33. Sesarman A, Sitaru AG, Olaru F, Zillikens D, Sitaru C. Neonatal Fc receptor deficiency protects from tissue injury in experimental epidermolysis bullosa acquisita. J. Mol Med. (2008) 86:951–9. doi: 10.1007/s00109-008-0366-7

 34. Sesarman A, Vidarsson G, Sitaru C. The neonatal Fc receptor as therapeutic target in IgG-mediated autoimmune diseases. Cell Mol Life Sci. (2010) 67:2533–50. doi: 10.1007/s00018-010-0318-6

 35. Crow AR, Suppa SJ, Chen X, Mott PJ, Lazarus AH. The neonatal Fc receptor (FcRn) is not required for IVIg or anti-CD44 monoclonal antibody-mediated amelioration of murine immune thrombocytopenia. Blood. (2011) 118:6403–6. doi: 10.1182/blood-2011-08-374223

 36. Kamaguchi M, Iwata H, Mori Y, Toyonaga E, Ujiie H, Kitagawa Y, et al. Anti-idiotypic antibodies against BP-IgG prevent type XVII collagen depletion. Front. Immunol. (2017) 8:1669. doi: 10.3389/fimmu.2017.01669

 37. Sasaoka T, Ujiie H, Nishie W, Iwata H, Ishikawa M, Higashino H, et al. Intravenous IgG reduces pathogenic autoantibodies, serum IL-6 levels, and disease severity in experimental bullous pemphigoid models. J Invest Dermatol. (2018) 138:1260–7. doi: 10.1016/j.jid.2018.01.005

 38. Dalakas MC. Mechanisms of disease: signaling pathways and immunobiology of inflammatory myopathies. Nat Clin Pract Rheumatol. (2006) 2:219–27. doi: 10.1038/ncprheum0140

 39. Sunderkotter C, Nast A, Worm M, Dengler R, Dorner T, Ganter H, et al. Guidelines on dermatomyositis-excerpt from the interdisciplinary S2k guidelines on myositis syndromes by the German Society of Neurology. J Dtsch Dermatol Ges. (2016) 14:321–38. doi: 10.1111/ddg.12909

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

 41. Spycher M, Matozan K, Minnig K, Zehnder R, Miescher S, Hoefferer L, et al. In vitro comparison of the complement-scavenging capacity of different intravenous immunoglobulin preparations. Vox. Sang. (2009) 97:348–54. doi: 10.1111/j.1423-0410.2009.01217.x

 42. 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

 43. Harper RA, Rispler J. Lichen myxedematosus serum stimulates human skin fibroblast proliferation. Science. (1978) 199:545–7. doi: 10.1126/science.622555

 44. Rey JB, Luria RB. Treatment of scleromyxedema and the dermatoneuro syndrome with intravenous immunoglobulin. J Am Acad Dermatol. (2009) 60:1037–41. doi: 10.1016/j.jaad.2008.11.013

 45. Jennette JC, Falk RJ, Bacon PA, Basu N, Cid MC, Ferrario F, et al. 2012 revised International Chapel Hill Consensus Conference nomenclature of vasculitides. Arthritis Rheum. (2013) 65:1–11. doi: 10.1002/art.37715.

 46. Jayne DR, Chapel H, Adu D, Misbah S, O'Donoghue D, Scott D, et al. Intravenous immunoglobulin for ANCA-associated systemic vasculitis with persistent disease activity. QJM. (2000) 93:433–9. doi: 10.1093/qjmed/93.7.433

 47. Fortin PM, Tejani AM, Bassett K, Musini VM. Intravenous immunoglobulin as adjuvant therapy for Wegener's granulomatosis. Cochrane Database Syst Rev. (2013) 1:CD007057. doi: 10.1002/14651858.CD007057.pub3

 48. Yates M, Watts RA, Bajema IM, Cid MC, Crestani B, Hauser T, et al. EULAR/ERA-EDTA recommendations for the management of ANCA-associated vasculitis. Ann Rheum Dis. (2016) 75:1583–94. doi: 10.1136/annrheumdis-2016-209133

 49. Rossi F, Dietrich G, Kazatchkine MD. Antiidiotypic suppression of autoantibodies with normal polyspecific immunoglobulins. Res Immunol. (1989) 140:19–31. doi: 10.1016/0923-2494(89)90004-7

 50. Tunnicliffe DJ, Singh-Grewal D, Kim S, Craig JC, Tong A. Diagnosis, monitoring, and treatment of systemic lupus erythematosus: a systematic review of clinical practice guidelines. Arthritis Care Res. (2015) 67:1440–52. doi: 10.1002/acr.22591

 51. Boletis JN, Ioannidis JP, Boki KA, Moutsopoulos HM. Intravenous immunoglobulin compared with cyclophosphamide for proliferative lupus nephritis. Lancet. (1999) 354:569–70. doi: 10.1016/S0140-6736(99)01575-5

 52. Perricone R, De Carolis C, Kroegler B, Greco E, Giacomelli R, Cipriani P, et al. Intravenous immunoglobulin therapy in pregnant patients affected with systemic lupus erythematosus and recurrent spontaneous abortion. Rheumatology. (2008) 47:646–51. doi: 10.1093/rheumatology/ken046

 53. Mulhearn B, Bruce IN. Indications for IVIG in rheumatic diseases. Rheumatology. (2015) 54:383–91. doi: 10.1093/rheumatology/keu429

 54. 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

 55. Zandman-Goddard G, Blank M, Shoenfeld Y. Intravenous immunoglobulins in systemic lupus erythematosus: from the bench to the bedside. Lupus. (2009) 18:884–8. doi: 10.1177/0961203309106921

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

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

OPS/images/fimmu-10-01090-g001.gif
Newsinotpon





OPS/images/fimmu-10-01090-t001.jpg
Disease entity

Autoimmune bullous dermatoses
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q4w, every 4 weeks; bw, body weight; IVig, intravenous immunoglobuin. *IVig is mostly

given as an adjuvant treatment.
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