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The immune response to antigens is a key aspect of immunology, as it provides opportunities for therapeutic intervention. However, the induction of immunological tolerance is an evolving area that is still not sufficiently understood. Allergen immunotherapy (AIT) is a disease-modulating therapy available for immunoglobulin E (IgE)-mediated airway diseases such as allergic rhinitis or allergic asthma. This disease-modifying effect is not only antigen driven but also antigen specific. The specificity and also the long-lasting, often life-long symptom reduction make the therapy attractive for patients. Additionally, the chance to prevent the onset of asthma by treating allergic rhinitis with AIT is important. The mechanism and, in consequence, therapy guiding biomarker are still in its infancy. Recent studies demonstrated that the interaction of T, B, dendritic, and epithelial cells and macrophages are individually contributing to clinical tolerance and therefore underline the need for a system to monitor the progress and success of AIT. As clinical improvement is often accompanied by decreases in numbers of effector cells in the tissue, analyses of cellular responses and cytokine pattern provide a good insight into the mechanisms of AIT. The suppression of type-2 immunity is accompanied by decreased levels of type-2 mediators such as epithelial CCL-26 and interleukin (IL)-4, IL-13 produced by T cells that are constituting the immune memory and are increasingly controlled by regulatory T and B cells following AIT. Immune tolerance is also associated with increased production of type-1 mediators like interferon-gamma, tissue-homeostating factors like indoleamine 2,3-dioxygenase (IDO) expressed by macrophages and dendritic cells. Although these individual genes were convincingly demonstrated to play a role immune tolerance, they do not predict therapy outcomes of AIT on an individual level. Therefore, combinations or ratios of gene expression levels are a promising way to achieve predictive value and definition of helpful biomarker.
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INTRODUCTION

Allergen-specific immunotherapy (AIT) is practiced for more than 100 years now, but the understanding of the cellular and molecular mechanisms just evolved in the last 20 years. Good news is that several studies convincingly demonstrated clinical efficacy of injection as well as of sublingual treatment designs. While quite a few improvements in dosing, adjuvants, allergen extraction, allergen expression, and allergen modification were explored, the main treatment principle is the administration of the antigen into the host. In contrast to conventional vaccination against pathogens, the main target in allergen vaccination is to inhibit an already ongoing immune response. Thus, although the exact opposite reaction is intended, the applied intervention is the same: inject the antigen/allergen into the organism. In order to induce tolerance by the allergen vaccination, several adjustments have been used to obtain a tolerogenic effect such as the route of administration, extended vaccination schemes for several years, antigen doses, antigen modifications, tolerogenic adjuvants, and use of tolerogenic cell populations (1–5). Biomarker that monitor the antigen-specific induction of an immune response are available for conventional vaccination such as antigen-specific immunoglobulins (Ig's). In contrast, markers of tolerance induction are more difficult to identify, since the absence of inflammation and thus measurable markers are lacking. Ideal would be a marker that predicts whether a patient benefits from AIT before it evens starts. While the identification of such a marker is very difficult, research has taken smaller steps to approach this predictive biomarker that can be used to decide whether to apply ASIT or not. The smaller steps include marker that indicate whether allergen has been successfully administered (1.1), monitoring of anti-inflammatory effects (1.2), induction of immunosuppressive mechanisms (1.3), and prediction of treatment success following initiation of the treatment (1.4).


Tracking Allergen Vaccination

Key diagnostic marker for any antigen-specific immune response is the Ig response and the conversion of initial IgM to high affinity maturated IgGs that demarcates the successful vaccination process. Exposure to environmental antigens as well as allergen-specific immunotherapy results in the induction of IgG4. This Ig isotype is distinguished from other Ig's by its constant region that it is not bound by complement factors and is bound only by low affinity to Fc receptors (6) and therefore not trigger proinflammatory responses. IgG4 is very efficiently induced even against those epitopes that were not recognized by patients' IgE (7). For this reason, IgG4 is currently the only generally accepted biomarker of AIT that demonstrates that the patient has received the therapeutic antigen (8). In context of allergy, it was demonstrated that IgG4 can block IgE binding sites and thereby mediates a welcome anti-inflammatory effect. This effect is particularly welcome in insect venom immunotherapy, where the prevention of IgE-mediated anaphylaxis is of particular value. Therefore, the potential of IgG4 in relation to IgE to bind to an allergen has been investigated intensively as a tolerance biomarker; however, its relationship to clinical symptoms is only visible in larger cohorts. Resolution of IgG4 responses to distinct epitopes revealed differential patterns in the recognition of allergens for insect venoms but did not show clinical outcomes (9). In addition, the ratio of IgG4 and IgE only correlates marginally to clinical symptoms (10). The inclusion of the IgG4 avidity demonstrated by serum-inhibition assays (facilitated antigen binding FAB) provides an improved view on the competition of IgE and IgG4. In this assay, it can be visualized that the ability to bind and compete with IgE is improving in AIT. A minor but significant correlation of facilitated allergen binding with combined daily symptom and medication scores was shown over a 3-week peak season at the first maintenance dose (week 8 of treatment); however, placebo samples were included in this analysis as well (11).

Due to differences in the components of the allergens, the picture can be very complex (12). In substitution therapies (e.g., hemophilia), the therapeutic recombinant protein (in this case factor VIII) is neutralized by antibodies of the IgG4 isotype (13) and destroys its catalytic activity. It is therefore the “bad guy” in this therapy as it inactivates the therapeutic agent. This example outside of AIT highlights the need for administration schemes that do not generate an immune response or at least promote tolerogenic recognition of the therapeutic antigen. Development in this direction could also be relevant for AIT and in particular for immunotherapies that use peptides rather than proteins. Peptide-specific immunotherapy does not induce IgG4, as it lacks three-dimensional epitopes for Ig binding and yet gives rise to a regulatory T cell response (14, 15). The clinical sustainability of peptide-induced tolerance could yet not be demonstrated convincingly, as high placebo signals prevented a successful conclusion of these trials.

Another interesting immunoglobulin isotype is IgA2, which is selectively transported through the epithelial surfaces. Allergen-specific IgA2 is increased by AIT, but in contrast to IgG4, these differences become only apparent 2 years after initiation of the treatment (16). IgA together with IgE and IgG4 is also present in salivary fluids and could be particularly interesting for sublingual immunotherapy (17).



Detecting Decreasing Inflammation

Allergen-specific immunotherapy decreases local inflammatory, particularly type-2 cytokines such as IL-4, IL-5, or IL-13 following AIT; however. initial therapy even increases a broad spectrum of inflammatory responses including IL-36G, IL-8, CXCL-1, CXCL-2, and IL-1α, which was shown in nasal brushings (18). In contrast, interferon-gamma (IFN-γ) was found to be increased by AIT following 3 years of therapy (19). Clinical symptoms (FEV1, FVC, and FEF25–75%) correlate partially with bronchial lavage levels of IL-4 as well as IL-8 and most favorable with eosinophil counts (20). Several studies reported an initial increase in allergen-specific IgE. In particular, the initial increase in IL-4 may be counterproductive and act against tolerance induction. Inflammatory cytokines and transcription factors, specifically IL-4-induced GATA3, can bind and block the activation of the FOXP3 promoter and thereby prevent the differentiation of AIT-induced regulatory T cells (Tregs) (21, 22). Cytokines induced in the vaccination phase can therefore be envisionaged as negative biomarker in AIT, which was also the basis for a clinical trial, where anti-IL-4 was used in the up-dosing phase to prevent antitolerogenic effects of IL-4 and thereby promote tolerogenic vaccination. In fact, the rise in allergen-specific Th2 cells in the up-dosing phase of AIT could be successfully reduced (5, 23). In addition to IL-4, also other inflammatory cytokines such as TNF family members, IL-1 or IFNs, may prevent tolerance induction (24–27). In order to limit these mediators as well, inhibitors could be imagined that block the activity and signal transduction of these mediators and thereby provide “tolerogenic adjuvants” for the vaccination. One idea is to use already clinically approved immune suppressors that temporarily block signal transduction of these cytokines. As these proinflammatory mediators, such as IL-4, often trigger the Janus kinase (JAK) pathway, the JAK inhibitor Tofacitinib represents one potential candidate for this approach. This was the background of an experimental immunotherapy where a JAK inhibitor was improving experimental tolerance induction, when it was used to cover the vaccination phase (1, 28). However, also other clinically used immunosuppressants such as glucocorticoid were suggested to support Treg cells at least in in vitro models (29), while cyclosporine A is counteracting the induction of these cells (30).



Indicators of Immune Tolerance

Clinical unresponsiveness is often not identical with immunological tolerance; however, in other diseases, a relationship of induction of regulatory B cells (Bregs) in spontaneous clinical tolerance against kidney transplants was demonstrated (31). Bregs are able to suppress cells of the immune system by secretion of IL-10 (18, 32), IL-35 (33) and transforming growth factor beta (TGF-β) (32). IL-10+ B cells are a heterogenous group that can be separated to different subsets that demarcate distinct maturation phenotypes such as CD1dhiCD5+ (34, 35), CD24hiCD27+ (36), CD24hiCD38hi B cell subsets (37), and CD25+CD71+CD73− (38). The latter subset has been shown to be induced following AIT inhibiting antigen-specific CD4+ T cell proliferation and production of anti-inflammatory IgG4 antibodies. Induction of IL-10+ B cells is an early event in AIT, observed most abundantly within weeks of the up-dosing period (18). In the same study, FOXP3+ Tregs increased only after 3 years of therapy, and also the decrease in Th2 cells took as long thus much later as the induction of Bregs. At this time point, Bregs are back to baseline levels. In contrast, Th17 cells appeared also relatively early but are mainly considered as proinflammatory cells, despite the fact that they require the presence of the rather anti-inflammatory cytokine TGF-β (39, 40). Depending on certain circumstances and anatomic locations, T cells are described, which express FOXP3 and IL-17 at the same time and inversely correlated with Th2 cells (41). These cells or cells of a similar phenotype (FOXP3+IL-17+) also occur transiently in the first year of AIT (18). It may represent a transitory “Tr17” population, which possibly originates from Th17 cells and may further differentiate into fully regulatory T cells.



Predicting Therapy Success: Hopeful or Helpful?

The prediction of therapy success, and in particular to support the physician to manage AIT to make it successful, is a major aim in biomarker research. The difficulty is that multiple proinflammatory players are in balance with those that act anti-inflammatory (Figure 1). As a consequence, a reliable biomarker will not be based on a single molecule, but rather need to cover multiple analytes that better represent the balance of the players contributing to tolerance. The first blood-borne biomarker that fulfills this idea is a ratio of Bregs and Th17 cells taken after the up-dosing phase, thus in the early phase of the therapy (18). This ratio correlates with the therapy success [Retrospective Assessment of Seasonal Allergic Symptoms (RAAS)] after 3 years and embraces the idea to include regulatory and inflammatory elements into account. The Bregs in the equation showed a high spread as well as the proinflammatory Th17 cells that were previously not considered in context of other AIT studies. Th17 cells are known to be very “plastic,” which means that they may not be fully differentiated and may have enough stemness to further differentiate even into regulatory T cells. This biomarker is awaiting to be validated in larger cohorts to be able to answer the question whether this marker is not only hopeful, but also helpful.
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FIGURE 1. The scheme is illustrating distinct cellular mediators that have been shown to be involved in the immune regulation in allergen-specific immune tolerance. In green are shown genes that appear in the process of tolerance induction, in red are those that indicate a proallergic, inflammatory direction.




Discussion and Outlook

The role of the tissue and tissue biomarker in the regulation of tolerance is still insufficiently investigated in AIT, while increasingly recognized as key factor in transplantation tolerance via mechanisms of amino acid consumption [auxotrophy; (42)]. The tissue interacts with the specific immune system either directly or indirectly via tissue-resident macrophages or dendritic cells. Differentiation of tissue-resident macrophages may provide important information and biomarker of how effective the allergen tolerance has been corrected by allergen-specific immunotherapy (43). Dendritic cells are key orchestrators of both the innate and the adaptive immune responses and are essential for the regulation of CD4+ T cell responses. When triggered by an allergen, immature DCs polarize into DC1s, DC2s, DC17s, or DCregs, which in turn can differentiate T cells into Th1 cells (DC1s), Th2 cells (DC2s), Th17 cells (DC17s), or regulatory T cells [DCregs; (44)]. Changes in expression of five combined DCreg/DC2-associated markers (CD141, C1Q, GATA3, FcγRIIIa, RIPK4) in peripheral blood mononuclear cells (PBMCs) correlated with clinical efficacy of sublingual immunotherapy (SLIT) at 2 and 4 months (44). The link between tissue cells, T cells, and macrophages or dendritic cells is regulated by CD8+ T cells, which recognize specific antigens on any cell via major histocompatibility complex class I (MHCI), while CD4+ T cells recognize allergen peptides only on MHCII expressed by dendritic cells. Consequently, CD8 cell may also play an important in direct tolerance induction (45), by interacting between tissue cells and antigen-presenting cells. Both CD4+ and CD8+ T cell cells produce interleukins that selectively act on tissue and epithelial cells that can mediate specific epithelial responses and can thereby contribute to clinical tolerance (46, 47). In turn, epithelial cells interact with all these cell types and innate lymphoid cells. Epithelial cells are directly responding to environmental influences and can therefore influence immune tolerance and immune homeostasis (48). Specifically, epithelial tissues respond to allergic inflammation or viral infections with distinct differentiation processes and commit toward E2 and E1 cells, respectively (49). These phenotypes can be detected in allergen-specific immunotherapy and are noninvasively detectable in secretions of the upper and lower airways (50). The important role of epithelial cells in tolerance regulation was also demonstrated in studies showing that airway epithelial cells can break immunotolerance upon recognition of bacteria and FcγRIII-mediated activation of the cells (51).

In conclusion, AIT induces clinical allergen tolerance that depends on multiple mechanisms across different immune and tissue cells. Therefore, an effective biomarker will consist of multiple analytes that cover different cellular processes. Whether multiple biomarkers as opposed to a single marker are helpful depends on simple devices that need to be developed and convert the hopeful experimental results into an helpful clinical routine.




AUTHOR CONTRIBUTIONS

UZ and CS-W wrote the manuscript and prepared the figure. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the German Center of Lung Research (DZL) and German Research Foundation (DFG) grant no. 398577603 and the EIT Health, a body of the EU receiving funding from H2020.



REFERENCES

 1. Gutermuth J, Schmidt-Weber CB, Blank S. Supporting allergen-specific immunotherapy by inhibition of Janus kinases. Allergy. (2019) 74:1814–6. doi: 10.1111/all.13808

 2. Jensen-Jarolim E, Bachmann MF, Bonini S, Jacobsen L, Jutel M, Klimek L, et al. State-of-the-art in marketed adjuvants and formulations in allergen immunotherapy: a position paper of the European Academy of Allergy and Clinical Immunology (EAACI). Allergy. (2020) 75:746–60. doi: 10.1111/all.14134

 3. Pfaar O, Agache I, de Blay F, Bonini S, Chaker AM, Durham SR, et al. Perspectives in allergen immunotherapy: 2019 and beyond. Allergy. (2019) 74 (Suppl. 108):3–25. doi: 10.1111/all.14077

 4. Pfaar O, Bonini S, Cardona V, Demoly P, Jakob T, Jutel M, et al. Perspectives in allergen immunotherapy: 2017 and beyond. Allergy. (2018) 73 (Suppl. 104):5–23. doi: 10.1111/all.13355

 5. Russkamp D, Aguilar-Pimentel A, Alessandrini F, Gailus-Durner V, Fuchs H, Ohnmacht C, et al. IL-4 receptor alpha blockade prevents sensitization and alters acute and long-lasting effects of allergen-specific immunotherapy of murine allergic asthma. Allergy. (2019) 74:1549–60. doi: 10.1111/all.13759

 6. Bruhns P, Iannascoli B, England P, Mancardi DA, Fernandez N, Jorieux S, et al. Specificity and affinity of human Fcgamma receptors and their polymorphic variants for human IgG subclasses. Blood. (2009) 113:3716–25. doi: 10.1182/blood-2008-09-179754

 7. Rossi RE, Monasterolo G. Evaluation of recombinant and native timothy pollen (rPhl p 1, 2, 5, 6, 7, 11, 12 and nPhl p 4)- specific IgG4 antibodies induced by subcutaneous immunotherapy with timothy pollen extract in allergic patients. Int Arch Allergy Immunol. (2004) 135:44–53. doi: 10.1159/000080042

 8. Shamji MH, Kappen JH, Akdis M, Jensen-Jarolim E, Knol EF, Kleine-Tebbe J, et al. Biomarkers for monitoring clinical efficacy of allergen immunotherapy for allergic rhinoconjunctivitis and allergic asthma: an EAACI Position Paper. Allergy. (2017) 72:1156–73. doi: 10.1111/all.13138

 9. Pereira Santos MC, Lourenco T, Pereira Barbosa M, Branco Ferreira M. Evolution of Api m10 specific IgE and IgG4 after one year of bee venom immunotherapy. Eur Ann Allergy Clin Immunol. (2020) 52:175–81. doi: 10.23822/EurAnnACI.1764-1489.131

 10. Matsui EC, Diette GB, Krop EJ, Aalberse RC, Smith AL, Curtin-Brosnan J, et al. Mouse allergen-specific immunoglobulin G and immunoglobulin G4 and allergic symptoms in immunoglobulin E-sensitized laboratory animal workers. Clin Exp Allergy. (2005) 35:1347–53. doi: 10.1111/j.1365-2222.2005.02331.x

 11. Shamji MH, Ljorring C, Francis JN, Calderon MA, Larche M, Kimber I, et al. Functional rather than immunoreactive levels of IgG4 correlate closely with clinical response to grass pollen immunotherapy. Allergy. (2012) 67:217–26. doi: 10.1111/j.1398-9995.2011.02745.x

 12. Chaker AM, Zissler UM, Wagenmann M, Schmidt-Weber C. Biomarkers in allergic airway disease: simply complex. ORL J Otorhinolaryngol Relat Spec. (2017) 79:72–7. doi: 10.1159/000455725

 13. Shima M, Sawamoto Y, Nakai H, Kamisue S, Murakami T, Morichika S, et al. Measurement of anti-factor VIII IgG, IgG4 and IgM alloantibodies in previously untreated hemophilia A patients treated with recombinant factor VIII. Kogenate Japanese Clinical Study Group. Int J Hematol. (1995) 62:35–43.

 14. Boonpiyathad T, Sokolowska M, Morita H, Ruckert B, Kast JI, Wawrzyniak M, et al. Der p 1-specific regulatory T-cell response during house dust mite allergen immunotherapy. Allergy. (2019) 74:976–85. doi: 10.1111/all.13684

 15. Tsai YG, Yang KD, Wen YS, Hung CH, Chien JW, Lin CY. Allergen-specific immunotherapy enhances CD8(+) CD25(+) CD137(+) regulatory T cells and decreases nasal nitric oxide. Pediatr Allergy Immunol. (2019) 30:531–9.

 16. Pilette C, Nouri-Aria KT, Jacobson MR, Wilcock LK, Detry B, Walker SM, et al. Grass pollen immunotherapy induces an allergen-specific IgA2 antibody response associated with mucosal TGF-beta expression. J Immunol. (2007) 178:4658–66. doi: 10.4049/jimmunol.178.7.4658

 17. Yan L, Zhimin X, Junge W, Congli G. Salivary immunoglobulin A, E, and G4 levels specific to dermatophagoides pteronyssinus in allergic rhinitis patients treated with subcutaneous immunotherapy. Am J Rhinol Allergy. (2018) 32. doi: 10.1177/1945892418793470

 18. Zissler UM, Jakwerth CA, Guerth FM, Pechtold L, Aguilar-Pimentel JA, Dietz K, et al. Early IL-10 producing B-cells and coinciding Th/Tr17 shifts during three year grass-pollen AIT. EBioMedicine. (2018) 36:475–88. doi: 10.1016/j.ebiom.2018.09.016

 19. Klimek L, Dormann D, Jarman ER, Cromwell O, Riechelmann H, Reske-Kunz AB. Short-term preseasonal birch pollen allergoid immunotherapy influences symptoms, specific nasal provocation and cytokine levels in nasal secretions, but not peripheral T-cell responses, in patients with allergic rhinitis. Clin Exp Allergy. (1999) 29:1326–35. doi: 10.1046/j.1365-2222.1999.00651.x

 20. Ciprandi G, Vizzaccaro A, Cirillo I, Tosca M, Massolo A, Passalacqua G. Nasal eosinophils display the best correlation with symptoms, pulmonary function and inflammation in allergic rhinitis. Int Arch Allergy Immunol. (2005) 136:266–72. doi: 10.1159/000083953

 21. Mantel PY, Kuipers H, Boyman O, Rhyner C, Ouaked N, Ruckert B, et al. GATA3-driven Th2 responses inhibit TGF-beta1-induced FOXP3 expression and the formation of regulatory T cells. PLoS Biol. (2007) 5:e329. doi: 10.1371/journal.pbio.0050329

 22. Ouaked N, Mantel PY, Bassin C, Burgler S, Siegmund K, Akdis CA, et al. Regulation of the foxp3 gene by the Th1 cytokines: the role of IL-27-induced STAT1. J Immunol. (2009) 182:1041–9. doi: 10.4049/jimmunol.182.2.1041

 23. Chaker AM, Shamji MH, Dumitru FA, Calderon MA, Scadding GW, Makatsori M, et al. Short-term subcutaneous grass pollen immunotherapy under the umbrella of anti-IL-4: A randomized controlled trial. J Allergy Clin Immunol. (2016) 137:452–61 e459. doi: 10.1016/j.jaci.2015.08.046

 24. Alba A, Puertas MC, Carrillo J, Planas R, Ampudia R, Pastor X, et al. IFN beta accelerates autoimmune type 1 diabetes in nonobese diabetic mice and breaks the tolerance to beta cells in nondiabetes-prone mice. J Immunol. (2004) 173:6667–75. doi: 10.4049/jimmunol.173.11.6667

 25. O'Sullivan BJ, Thomas HE, Pai S, Santamaria P, Iwakura Y, Steptoe RJ, et al. IL-1 beta breaks tolerance through expansion of CD25+ effector T cells. J Immunol. (2006) 176:7278–87. doi: 10.4049/jimmunol.176.12.7278

 26. Schwarz A, Grabbe S, Mahnke K, Riemann H, Luger TA, Wysocka M, et al. Interleukin 12 breaks ultraviolet light induced immunosuppression by affecting CD8+ rather than CD4+ T cells. J Invest Dermatol. (1998) 110:272–6. doi: 10.1046/j.1523-1747.1998.00111.x

 27. Shimizu J, Yamazaki S, Takahashi T, Ishida Y, Sakaguchi S. Stimulation of CD25(+)CD4(+) regulatory T cells through GITR breaks immunological self-tolerance. Nat Immunol. (2002) 3:135–42. doi: 10.1038/ni759

 28. Aguilar-Pimentel A, Graessel A, Alessandrini F, Fuchs H, Gailus-Durner V, Hrabe de Angelis M, et al. Improved efficacy of allergen-specific immunotherapy by JAK inhibition in a murine model of allergic asthma. PLoS ONE. (2017) 12:e0178563. doi: 10.1371/journal.pone.0178563

 29. Karagiannidis C, Akdis M, Holopainen P, Woolley NJ, Hense G, Ruckert B, et al. Glucocorticoids upregulate FOXP3 expression and regulatory T cells in asthma. J Allergy Clin Immunol. (2004) 114:1425–33. doi: 10.1016/j.jaci.2004.07.014

 30. Mantel PY, Ouaked N, Ruckert B, Karagiannidis C, Welz R, Blaser K, et al. Molecular mechanisms underlying FOXP3 induction in human T cells. J Immunol. (2006) 176:3593–602. doi: 10.4049/jimmunol.176.6.3593

 31. Newell KA, Adams AB, Turka LA. Biomarkers of operational tolerance following kidney transplantation - The immune tolerance network studies of spontaneously tolerant kidney transplant recipients. Hum Immunol. (2018) 79:380–7. doi: 10.1016/j.humimm.2018.02.007

 32. Palomares O, Martin-Fontecha M, Lauener R, Traidl-Hoffmann C, Cavkaytar O, Akdis M, et al. Regulatory T cells and immune regulation of allergic diseases: roles of IL-10 and TGF-beta. Genes Immun. (2014) 15:511–20. doi: 10.1038/gene.2014.45

 33. Mauri C, Nistala K. Interleukin-35 takes the ‘B’ line. Nat Med. (2014) 20:580–1. doi: 10.1038/nm.3594

 34. Amu S, Saunders SP, Kronenberg M, Mangan NE, Atzberger A, Fallon PG. Regulatory B cells prevent and reverse allergic airway inflammation via FoxP3-positive T regulatory cells in a murine model. J Allergy Clin Immunol. (2010) 125:1114–24 e1118. doi: 10.1016/j.jaci.2010.01.018

 35. Khan AR, Amu S, Saunders SP, Hams E, Blackshields G, Leonard MO, et al. Ligation of TLR7 on CD19(+) CD1d(hi) B cells suppresses allergic lung inflammation via regulatory T cells. Eur J Immunol. (2015) 45:1842–54. doi: 10.1002/eji.201445211

 36. Iwata Y, Matsushita T, Horikawa M, Dilillo DJ, Yanaba K, Venturi GM, et al. Characterization of a rare IL-10-competent B-cell subset in humans that parallels mouse regulatory B10 cells. Blood. (2011) 117:530–41. doi: 10.1182/blood-2010-07-294249

 37. Blair PA, Norena LY, Flores-Borja F, Rawlings DJ, Isenberg DA, Ehrenstein MR, et al. CD19(+)CD24(hi)CD38(hi) B cells exhibit regulatory capacity in healthy individuals but are functionally impaired in systemic Lupus Erythematosus patients. Immunity. (2010) 32:129–40. doi: 10.1016/j.immuni.2009.11.009

 38. van de Veen W, Stanic B, Yaman G, Wawrzyniak M, Sollner S, Akdis DG, et al. IgG4 production is confined to human IL-10-producing regulatory B cells that suppress antigen-specific immune responses. J Allergy Clin Immunol. (2013) 131:1204–12. doi: 10.1016/j.jaci.2013.01.014

 39. Burgler S, Ouaked N, Bassin C, Basinski TM, Mantel PY, Siegmund K, et al. Differentiation and functional analysis of human T(H)17 cells. J Allergy Clin Immunol. (2009) 123:588–95, 595 e581–7. doi: 10.1016/j.jaci.2008.12.017

 40. Mantel PY, Schmidt-Weber CB. Transforming growth factor-beta: recent advances on its role in immune tolerance. Methods Mol Biol. (2011) 677:303–38. doi: 10.1007/978-1-60761-869-0_21

 41. Andreas N, Potthast M, Geiselhoringer AL, Garg G, de Jong R, Riewaldt J, et al. RelB deficiency in dendritic cells protects from autoimmune inflammation due to spontaneous accumulation of tissue T regulatory cells. J Immunol. (2019) 203:2602–13. doi: 10.4049/jimmunol.1801530

 42. Cobbold SP, Adams E, Farquhar CA, Nolan KF, Howie D, Lui KO, et al. Infectious tolerance via the consumption of essential amino acids and mTOR signaling. Proc Natl Acad Sci USA. (2009) 106:12055–60. doi: 10.1073/pnas.0903919106

 43. de Los Reyes Jimenez M, Lechner A, Alessandrini F, Bohnacker S, Schindela S, Trompette A, et al. An anti-inflammatory eicosanoid switch mediates the suppression of type-2 inflammation by helminth larval products. Sci Transl Med. (2020) 12:eaay0605. doi: 10.1126/scitranslmed.aay0605

 44. Gueguen C, Bouley J, Moussu H, Luce S, Duchateau M, Chamot-Rooke J, et al. Changes in markers associated with dendritic cells driving the differentiation of either TH2 cells or regulatory T cells correlate with clinical benefit during allergen immunotherapy. J Allergy Clin Immunol. (2016) 137:545–58. doi: 10.1016/j.jaci.2015.09.015

 45. Siegmund K, Ruckert B, Ouaked N, Burgler S, Speiser A, Akdis CA, et al. Unique phenotype of human tonsillar and in vitro-induced FOXP3+CD8+ T cells. J Immunol. (2009) 182:2124–30. doi: 10.4049/jimmunol.0802271

 46. Pennino D, Bhavsar PK, Effner R, Avitabile S, Venn P, Quaranta M, et al. IL-22 suppresses IFN-gamma-mediated lung inflammation in asthmatic patients. J Allergy Clin Immunol. (2013) 131:562–70. doi: 10.1016/j.jaci.2012.09.036

 47. Stott B, Lavender P, Lehmann S, Pennino D, Durham S, Schmidt-Weber CB. Human IL-31 is induced by IL-4 and promotes TH2-driven inflammation. J Allergy Clin Immunol. (2013) 132:446–54 e445. doi: 10.1016/j.jaci.2013.03.050

 48. Frey A, Lunding LP, Ehlers JC, Weckmann M, Zissler UM, Wegmann M. More than just a barrier: the immune functions of the airway epithelium in asthma pathogenesis. Front Immunol. (2020) 11:761. doi: 10.3389/fimmu.2020.00761

 49. Zissler UM, Chaker AM, Effner R, Ulrich M, Guerth F, Piontek G, et al. Interleukin-4 and interferon-gamma orchestrate an epithelial polarization in the airways. Mucosal Immunol. (2016) 9:917–26. doi: 10.1038/mi.2015.110

 50. Zissler UM, Ulrich M, Jakwerth CA, Rothkirch S, Guerth F, Weckmann M, et al. Biomatrix for upper and lower airway biomarkers in patients with allergic asthma. J Allergy Clin Immunol. (2018) 142:1980–3. doi: 10.1016/j.jaci.2018.07.027

 51. Golebski K, Hoepel W, van Egmond D, de Groot EJ, Amatngalim GD, Beekman JM, et al. FcgammaRIII stimulation breaks the tolerance of human nasal epithelial cells to bacteria through cross-talk with TLR4. Mucosal Immunol. (2019) 12:425–33. doi: 10.1038/s41385-018-0129-x

Conflict of Interest: CS-W received research grants from Leti Pharma, Bencard, and Allergopharma.

The remaining author declares 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 © 2020 Zissler and Schmidt-Weber. 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/xhtml/Nav.xhtml




Contents





		Cover



		Predicting Success of Allergen-Specific Immunotherapy



		Introduction



		Tracking Allergen Vaccination



		Detecting Decreasing Inflammation



		Indicators of Immune Tolerance



		Predicting Therapy Success: Hopeful or Helpful?



		Discussion and Outlook







		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Predicting Success of
Allergen-Specific Immunotherapy





OPS/images/fimmu-11-01826-g001.gif
Prining of typo-2 immonity

petvation of ool colls

potigen rcogeiton

A mmane 3ivaton

Prontammat
e

Tpo2 el

wa

ez Foes
onez

3 ot

come

oo
T

ooz

ety e

= W

F———
——
wo—
ol RS
PU—

oot

Epthota homeostass









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





