Component-resolved IgE and IgG4 profiling reveals robust IgG4 responses primarily to abundant Hymenoptera allergens during venom immunotherapy and in beekeepers 
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Abstract
Background: Venom immunotherapy (VIT) and natural exposure to Hymenoptera venoms induce immunological tolerance in allergic patients and beekeepers, respectively. Specific IgE (sIgE) and IgG4 (sIgG4) antibodies play crucial roles in allergic reactions and immune tolerance.
Objective: To investigate the dynamics of sIgE and sIgG4 responses to Hymenoptera venoms in patients undergoing VIT and in non-allergic beekeepers at a component-resolved level.
Methods: Serum samples from patients allergic to honeybee venom (HBV) or yellow jacket venom (YJV) and from beekeepers were collected during the first year of VIT and around the beekeeping season, respectively. sIgE and sIgG4 levels to whole venom and molecular allergens were measured using the ImmunoCAP platform.
Results: Pronounced sIgE and sIgG4 responses to Ves v 1 and 5 in YJV-allergic patients were accompanied by an increased detection of Ves v 1 sensitization after up-dosing. While sIgE profiles in HBV-allergic patients were highly diverse, with a particular contribution of Api m 1 and Api m 10 sIgE, the sIgG4 response during VIT was strongly dominated by Api m 1. Different VIT preparations did not significantly affect the sIgG4 response to low abundance HBV allergens. In beekeepers, allergen sIgG4 induction was dependent on sting frequency and also dominated by Api m 1. 
Conclusion: Robust IgG4 induction during VIT and natural venom exposure occurs primarily to abundant allergens and is unaffected by the choice of VIT preparation. The effectiveness of VIT and beekeepers' tolerance to HBV indicate that strong sIgG4 responses to low abundance allergens are not crucial for immunological tolerance.
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Summary box
What do we know about this topic?
Venom immunotherapy and natural venom exposure induce immunological tolerance in allergic patients and beekeepers, respectively, with sIgE and sIgG4 antibodies playing key roles in allergic reactions and immune tolerance.
[bookmark: _Hlk177645769]
How does this study impact our current understanding and/or clinical management of this topic?
This study reveals that sIgG4 induction during venom immunotherapy and natural exposure occurs primarily to high-abundance allergens and is independent of venom immunotherapy preparation choice, suggesting that robust sIgG4 responses to low-abundance allergens are not essential for effective immunological tolerance.

Abbreviations
AIT, allergen-specific immunotherapy
CRD, component-resolved diagnostics
HBV, honeybee venom
HVA, Hymenoptera venom allergy
sIgE, specific immunoglobulin E antibodies
sIgG4, specific immunoglobulin G4 antibodies
V, visit
VIT, venom immunotherapy
YJV, yellow jacket venom




Introduction
Hymenoptera venom allergy (HVA) represents one of the most severe IgE-mediated hypersensitivity reactions, with the risk of fatal outcomes [1]. Despite its severity, it stands out as the allergic condition most effectively treated by allergen-specific immunotherapy (AIT), specifically venom immunotherapy (VIT) [2], which demonstrates success rates for honeybee venom (HBV) allergy and yellow jacket venom (YJV) allergy of 77-95% and 91-99%, respectively [3-5]. This not only highlights the potential of AIT in effectively treating severe allergies but additionally renders profound insights into the mechanisms of AIT-induced tolerance. On the other hand, high-dose HBV exposure in frequently stung non-allergic beekeepers represents a model to study allergen tolerance in healthy individuals [6]. 
The role of IgE in allergic reactions leading to the clinical symptoms of allergy is well-documented [7]. In contrast, IgG4 is believed to play a protective role by blocking allergen-IgE interactions and reducing inflammation [8]. The regulation of IgG4 production relies on assistance from T-helper type 2 cells, a fact linking IgG4 and IgE responses [9].
AIT regulates both IgE and IgG4 antibodies. During therapy, sIgE levels initially rise but subsequently decrease. In contrast, sIgG4 titers increase and remain elevated throughout the treatment. This shift towards a higher IgG4/IgE ratio is a hallmark of successful AIT [10, 11]. Although increasing levels of allergen sIgG4 are indicative of a favorable response to AIT, IgG4 levels alone do not consistently correlate with clinical success [12-14]. A notable parallel to VIT-induced allergen tolerance may be the natural tolerance to HBV observed in non-allergic beekeepers, who were demonstrated to display HBV-specific functional IgG4 antibodies [15].
To address the significant gap in understanding how specific allergens shape the humoral immune response in both induced and natural tolerance to Hymenoptera venoms, this study seeks to comprehensively investigate the sIgE and sIgG4 responses in venom-allergic patients during VIT and in non-allergic beekeepers at a molecular allergen-resolved level.

Methods
Study participants
HVA patients (n=86) from two study centers (Justus-Liebig-University Giessen, Giessen, Germany & Technical University of Munich, Munich, Germany) were included in the study. The diagnosis of HVA was based on a combination of clinical history and skin testing and/or sIgE measurement to venom extracts and molecular allergens. According to diagnosis, 36 and 50 patients have been recommended for VIT with HBV and YJV, respectively. VIT was performed following 3-day rush up-dosing protocols. Patients from Munich received maintenance doses one, two, four, six, nine, and twelve weeks after completing the up-dosing phase, followed by 4-week intervals (Figure 1A). In Munich, HBV- and YJV-allergic patients were treated with Venomil HBV (Bencard Allergie GmbH, Munich, Germany) and Venomil YJV (Bencard Allergie GmbH) or ALK-lyophilized SQ YJV (ALK-Abelló, Hamburg, Germany), respectively. The patients from Giessen received maintenance doses one, three, and six weeks after the up-dosing phase, followed by intervals of 4 weeks (Figure 1A). Treatment was performed either with Venomil HBV or ALK-lyophilized SQ HBV. Patients with a predominant, IgE-mediated sensitization to Api m 10 or Api m 1 were treated with Venomil HBV or ALK lyophilized SQ HBV, respectively. Demographic data of patients are given in Table 1. Detailed clinical data of YJV- and HBV-allergic patients can be found in supplemental Tables S1 and S2, respectively.
Blood samples were taken directly before the start of the up-dosing phase (V1; HBV: n=36; YJV: n=50), 1-2 weeks after completing the up-dosing phase before a maintenance injection (V2; HBV: n=29; YJV: n=40), and approx. 3-6 months (V3; HBV: n=20) and one year (V4; HBV: n=14) after therapy initiation (Figure 1A). Unfortunately, due to logistic reasons, the YJV-allergic patients could not be followed up at V3 and V4.
Moreover, 61 beekeepers were enrolled in the study. None of the beekeepers reported or was diagnosed with systemic reactions following Hymenoptera stings. For subgroup analyses, beekeepers were divided into different groups according to the number of self-reported honeybee stings during the beekeeping season. Demographic data of beekeepers are given in Table 1.
Blood samples of beekeepers from cohort I (Munich, Germany; n=29) were taken in spring before the beekeeping season and any seasonal bee stings as well as after the season in autumn. Blood samples of beekeepers from cohort II (Freiburg, Germany; n=32) were collected at the end of the beekeeping season (Figure 1B). 
Signed written consent was obtained from all participants before enrolment in the study. The study was conducted in accordance with the Declaration of Helsinki. The protocol was approved by the ethics committees of the Faculties of Medicine of the Technical University of Munich, Germany (538/17S), the Justus-Liebig-University Giessen, Germany (218/16), and the Albert-Ludwigs-University Freiburg, Germany (390/12). 

Antibody measurements
The levels of sIgE and sIgG4 antibodies to HBV (i1) and YJV (i3) and the allergens Api m 1 (i208; phospholipase A2), Api m 2 (i214; hyaluronidase), Api m 3 (i215; acid phosphatase), Api m 4 (u1273; melittin), Api m 5 (i216; dipeptidyl peptidase IV), Api m 10 (i217; icarapin), Ves v 1 (i211; phospholipase A1), and Ves v 5 (i209; antigen 5) were determined using the ImmunoCAP platform (Thermo Fisher Scientific, Uppsala, Sweden) according to the recommendations of the manufacturer. All serum samples were stored at -80 °C immediately after acquisition and analyzed together at the end of the study sampling period.

Statistical analysis
Statistical analyses were conducted using GraphPad Prism 10 (GraphPad Software, La Jolla, CA, USA). Unpaired analyses were performed using either the Kruskal-Wallis test or the Mann-Whitney test. Paired analyses were conducted using the Wilcoxon test or Mixed-effects analysis with Geisser-Greenhouse correction. p-values of ≤0.05, ≤0.01, ≤0.001, and ≤0.0001 are shown as *, **, ***, and ****, respectively.
























Results
Allergen-resolved IgE responses in HBV- and YJV-allergic patients during VIT
[bookmark: OLE_LINK1]In HBV-allergic patients, no significant changes in sIgE levels between V1 (baseline; immediately before up-dosing) and V2 (1-2 weeks after up-dosing) were observed (Figure 21A). However, a VIT-induced increase in sIgE could be demonstrated by higher sensitization rates of the patient population at V2 compared to V1 (Figure 21B). At V3 (3-6 months after start of VIT) and/or V4 (1 year after start of VIT), sIgE levels for most allergens and whole HBV had decreased again (Figure 21A). Notably, the relative molecular allergen sIgE response in relation to whole HBV sIgE was dominated by Api m 1 and Api m 10 sIgE at all visits (Figure 21C). Interestingly, the Api m 4 contribution to the HBV sIgE pool increased over the first 3 visits but then dropped to pre-treatment levels. The sIgE delta shifts from V2 to V1 revealed no significant differences between the molecular allergens (Figure 21D). 
In YJV-allergic patients, the increase in sIgE levels from V1 to V2 was significant for whole YJV and the allergens Ves v 1 and Ves v 5 (Figure 21E). While sIgE sensitization rates (cut-off 0.35 kUA/L) only slightly increased from V1 to V2 for YJV (from 98% to 100%) and Ves v 5 (from 86% to 90%), the sensitization rate for Ves v 1 drastically increased from 46% to 87.5% (Figure 21F). A similar pattern was seen when applying the 0.1 kUA/L cut-off. The sIgE delta shifts from V2 to V1 revealed no significant differences between the allergens (Figure 21G). 

Allergen-resolved IgG4 responses in HBV- and YJV-allergic patients during VIT
	In HBV-allergic VIT patients, a substantial sIgG4 response was found exclusively for Api m 1, contributing dominantly to the observed increase in total HBV sIgG4 response (Figure 32A, DC). sIgG4 levels were already detectable before VIT initiation (V1) and significantly increased at V2, with only minor increases during further visits. Interestingly, these changes were specific for Api m 1, whereas for remaining HBV allergens many measurements remained below the detection limit of 0.3 mgA/L. While there was a tendency for increased values over the treatment course for Api m 2 and Api m 4, the levels for Api m 3 decreased. Api m 5 and Api m 10 sIgG4 was not detectable, except for the latter in one patient (Figure 32A). Accordingly, the sIgG4 delta shift from V2 to V1 for Api m 1 was significantly higher compared to all other allergens and most likely accounted for the majority of the change observed for whole HBV (Figure 32B). The sIgG4/sIgE ratio significantly increased for whole HBV and Api m 1 from V1 to V2 but not for the other HBV allergens (Figure 3C). Similarly, the relative allergen sIgG4 response in relation to whole HBV sIgG4 was dominated by Api m 1 at all visits. While Api m 1 was followed by Api m 3 and Api m 2 at V1, the relative contribution of Api m 4 increased over the following visits (Figure 3D2C).
For YJV-allergic patients, the sIgG4 levels significantly increased from V1 to V2 for whole YJV as well as for Ves v 1 and Ves v 5 (Figure 3E2D), with the sIgG4 delta shift being slightly lower for Ves v 1 compared to Ves v 5 (Figure 3F2E). The sIgG4/sIgE ratio increased from V1 to V2 for whole YJV, Ves v 1, and Ves v 5, with a significant change observed only for whole YJV and Ves v 5 (Figure 3G).
Patients with HBV allergy were treated with either a VIT preparation that had undergone a gel filtration step to reduce small molecule substances [16] (ALK lyophilized SQ HBV) or a VIT preparation without this procedure (Allergy Therapeutics, Venomil HBV). In a subgroup analysis, the course of sIgG4 titers during VIT with the two different preparations was compared, and no major differences between the treatment groups were demonstrated (Figure 3H2F). Venomil HBV and ALK lyophilized SQ HBV induced slightly higher levels of Api m 2 sIgG4 and Api m 4 sIgG4 at V4, respectively. sIgG4 responses to low abundance allergens Api m 3, 5, and 10 were minor and did not show a time-dependent induction on average for both preparations. Interestingly, one patient treated with ALK lyophilized SQ HBV displayed a clear time-dependent induction of sIgG4 to Api m 10 (Figure 3H2F). 

Allergen-resolved IgE and IgG4 responses in non-allergic HBV-exposed beekeepers
	In cohort I of beekeepers (Figure 43A-F), serum samples were taken before the beekeeping season (BS) and the first seasonal honeybee sting in spring and after the season (AS) in autumn. The majority of beekeepers displayed sIgE to HBV and various HBV allergens. Changes in sIgE levels from BS to AS were generally minor, although the slight increase in sIgE levels for Api m 4 and Api m 5 was significant (Figure 43A).
	Interestingly, the composition of the sIgE response (Figure 43A and B) differed from that observed in HBV-allergic patients (Figure 21A and C). In beekeepers, the relative allergen sIgE response in relation to whole HBV sIgE was not dominated by Api m 1 and Api m 10 sIgE. Instead, sIgE to other allergens such as Api m 2, 3, and 5 had a higher impact on the overall HBV sIgE response (Figure 42B). Notably, the high relative contribution of Api m 3 sIgE in beekeepers AS was mainly due to a few individuals with exceptionally high titers. 
	The sIgG4 response in non-HBV-allergic beekeepers exposed to honeybee stings is particularly interesting as it reflects the humoral immune response to pure, unprocessed HBV. Here, sIgG4 levels significantly increased during the season for HBV and all allergens (Figure 43C). Interestingly, low sIgG4 levels were observed for the main component of HBV, Api m 4, both BS and AS and the low abundance allergens Api m 5 and Api m 10 BS. The sIgG4 increase during the season was significantly higher for Api m 1 (and HBV) compared to these allergens (Figure 43D).
To assess the impact of sting frequency on antibody titers, the beekeepers from cohort I were assigned to three different subgroups based on the number of self-reported honeybee stings during the season (0-10, 10-50, and >50). Significant differences in the sIgG4 levels between the subgroups receiving 0-10 and >50 stings were demonstrated for whole HBV, Api m 1, 2, 3, and 5, BS and AS. However, despite a visible tendency for increase, the differences were not significant for Api m 4 and Api m 10 (Figure 43E). Notably, most beekeepers reported a similar sting frequency in the season before the one investigated in this study. The sIgG4 increase over the season was significantly higher for all allergens in beekeepers with >50 stings compared to those who received 0-10 stings. This was also true for whole HBV, Api m 2, and Api m 3 when comparing the groups receiving 0-10 and 10-50 stings (Figure 43F). There were no relevant differences between the subgroups regarding the sIgE levels to the individual allergens (Figure S1). 
The dependency of sIgG4 levels on sting frequency was confirmed in cohort II of beekeepers, where sera were collected exclusively at the end of the season (Figure 43G). In beekeepers receiving >50 stings, sIgG4 levels to all allergens, except Api m 3, were significantly higher compared to beekeepers receiving <50 stings. However, IgG4 induction to low abundance allergens, particularly to Api m 10, was minor, even in the highly sting-exposed subgroup. In this cohort, sIgE levels were lower compared to cohort I but did not greatly differ in composition (Figure S2). 
In both cohorts, the relative allergen sIgG4 response in relation to whole HBV sIgG4 was comparable and dominated by Api m 1 (Figure 43H). 












Discussion
	The results of this study highlight the dynamic nature of allergen sIgE and sIgG4 responses during VIT and natural allergen exposure. Component-resolved diagnostics (CRD) utilizing individual allergens in addition to whole venom extracts have become an integral part of clinical routine [17, 18]. It represents a significant advancement in diagnostics, especially for patients with positive test results for different venoms or in cases of discrepancies between clinical history and classical diagnostic tests [19-21]. Moreover, CRD is discussed for its potential use in patient risk stratification, e.g., side effects or treatment failure [22, 23]. 
Although the determination of sIgE und sIgG4 levels to Hymenoptera venom extracts cannot be regarded as reliable biomarkers for the success of VIT or the status of immune tolerance [14, 24], changes in both can be indicative of treatment response and immunological changes [25-27]. Therefore, the investigation of allergen-resolved antibody responses during VIT and natural exposure can further help to shed light on the mechanisms of allergen tolerance and the contribution of individual allergens to the immunologic response.
The sensitization rates to individual allergens found for HBV-allergic patients are in line with previously published data [22, 28], and the initially observed slight rise and subsequent decrease of sIgE levels was expected during therapy [29, 30]. Interestingly, the initial increase of sIgE at the start of VIT was more pronounced in YJV-allergic patients. Notably, the increase in detectable sensitization (cut-off 0.1 kUA/L) to Ves v 1 from 58% to 90% from V1 to V2 was particularly striking. Most likely, many of these patients had a latent sensitization to Ves v 1 that was below the detection limit of the assay but then boostered by the up-dosing. Nevertheless, a de novo sensitization to Ves v 1 by VIT in individual patients cannot be completely excluded [31]. However, given the high efficacy of YJV VIT (91-99% [3, 4]), the clinical relevance of this rise in detectable Ves v 1 sensitization seems neglectable. 
In HBV-allergic patients, the usual HBV sIgE response is dominated by Api m 1 and Api m 10, allergens of particular high and low abundance, respectively. Since the allergenic potency of these allergens is not driven by abundance, detailed studies of their molecular characteristics might help to shed further light on the properties that determine the allergenicity of proteins. The possibility that immunodominant and pro-anaphylactic venom epitopes are critical factors in distinguishing clinically relevant Hymenoptera venom sensitization from asymptomatic cases, similar to Ara h 2 epitopes in peanut allergy [32], seems intriguing. The importance of allergen/epitope specificity of the antibody response as a significant regulator for disease versus tolerance may be supported by the divergent composition of the sIgE response in non-allergic beekeepers, which is not dominated by Api m 1 and 10.
Although in YJV allergy, the sIgE response is slightly dominated by Ves v 5 [33], an unbiased conclusion about their contribution to whole YJV sIgE cannot be drawn as the YJV ImmunoCAP used in this study is spiked with Ves v 5 [34]. 
[bookmark: _Hlk185235272][bookmark: _Hlk185242788]In contrast to the highly diverse sIgE sensitization profiles observed in HBV-allergic patients, the sIgG4 response during the first year of VIT is strongly dominated by Api m 1 sIgG4 antibodies, which likely reflects the majority of the HBV sIgG4 response. Similar results have been published previously [30]. Although not significant and by far not comparable to Api m 1, the contribution of sIgG4 to the most abundant Allergen, Api m 4, starts to rise over time. This is in line with a previous study demonstrating that 36 months after the initiation of HBV VIT, prominent IgG4 induction was restricted to the highly abundant allergens Api m 1 and Api m 4 [28]. Nevertheless, Api m 4, despite its high abundance in HBV [35] and its principal ability to induce IgE and IgG4 antibodies, seems to be a poor immunogen. In YJV-allergic patients, the IgG4 responses to Ves v 1 and Ves v 5, which are present in the venom in comparable amounts, were considerable. However, Ves v 5 seemed to be a slightly more potent inducer. An increase in the IgG4/sIgE ratio has been described as a hallmark of successful AIT [11]. In our study, we analyzed the sIgG4/sIgE ratios at an earlier time point during VIT rather than after completing therapy. We observed an increase in these ratios for the whole venoms and the major allergens Api m 1 and Ves v 5, but not for the low-abundance HBV allergens. It is important to note that this early time point may not fully capture the dynamics of immune modulation, and higher IgG4/IgE ratios for low-abundance allergens could potentially establish later in therapy; a question that should be addressed in future studies on a component-resolved level with extended follow-up. Our findings suggest that the high success rates of HBV VIT, as widely reported in the literature [3-5], may not necessarily rely on the induction of sIgG4 to low-abundance allergens. However, as we did not perform sting challenge tests or systematically capture field sting reactions in this study, our conclusions regarding the relationship between immunological parameters and clinical outcomes must be interpreted with caution. Nevertheless, our data mayGiven the high efficacy of HBV VIT, the limited IgG4 response to low abundance allergens during HBV VIT underlines the fact that other factors beyond IgG4 induction may be the critical drivers of immunological tolerance to allergens. However, this does not exclude the possibility that the low abundance of several of the relevant HBV allergens might be one factor contributing to the lower efficacy observed for HBV compared to YJV VIT [3-5]. This is supported by the fact that patients still reacting to a sting challenge while receiving conventional VIT are protected by increased venom doses [36].
[bookmark: _Hlk184967745][bookmark: _Hlk184626252]A retrospective study suggested that a predominant sensitization to Api m 10 represents a risk factor for failure of HBV VIT [22]. Therefore, it was speculated that the lack of sIgG4 to Api m 10 could be a contributing factor to therapy failure [37]. The reported underrepresentation of low abundance allergens such as Api m 3, Api m 5, and Api m 10 [22, 38, 39] in ALK lyophilized SQ HBV and the hypothesis that therapeutic success of VIT might be associated with the venom preparation and its concentration of allergens a patient is sensitized [20] prompted us to compare the IgG4 response in HBV-allergic patients treated with different VIT products. IgG4 induction to these allergens was low compared to Api m 1, regardless of which preparation was used for VIT. Despite this observation, it cannot be entirely excluded that the choice to treat patients from Giessen, who showed predominant sensitization to Api m 10, with Venomil - due to its higher content of intact Api m 10 [38] - may have introduced a potential confounding factor. Notably, one patient showed significant and time-dependent induction of sIgG4 to Api m 10. This patient was treated with ALK lyophilized SQ HBV, had a history of beekeeping for more than ten years prior to the beginning of VIT, and received up-dosing from 100µg to 200µg maintenance dose between visits 2 and 3. The patient confirmed that he had not received a field sting during the observation period, suggesting that treatment with ALK lyophilized SQ HBV was sufficient to induce a robust IgG4 response to Api m 10 in this patient. Whether this response was the result of high HBV exposure due to his beekeeping history or the up-dosing during therapy can only be speculated.
[bookmark: _Hlk184897130]Although IgG4 induction is often regarded as a hallmark of responsiveness to allergen-specific immunotherapy, the role of these “blocking antibodies”, which are thought to compete with the IgE-allergen interaction [40-42], in establishing immune tolerance remains unclear, as no consistent correlation with clinical improvement has been observed [12-14]. Additionally, studies have shown that 2 years after VIT withdrawal, high allergen-specific IgG4 levels and inhibition of facilitated allergen-IgE binding are not maintained [43]. Whether this decline increases the risk of renewed allergic reactions remains unknown. Beyond IgG4, other immunological changes, such as regulatory T cell (Treg) induction, increased IL-10 and TGF-β secretion, and downregulation of pro-inflammatory cytokines in effector cells, likely contribute to VIT success [41, 44, 45]. Notably, a recent study highlighted the expansion of inducible Helios-negative Tregs in the periphery as central to natural and VIT-induced HBV tolerance [30, 46]. Another study linked immune tolerance following VIT to reduced allergen-specific basophil responsiveness [47]. However, for individual patients, tailoring the maintenance dose and VIT preparation may be essential to achieve these tolerance-inducing immunological shifts [48].
 	Moreover, Tthe discussions about the impact of allergen content, particularly of low abundance allergens, in different HBV VIT preparations [22, 38, 49] prompted us to evaluate the allergen-specific antibody responses in non-allergic beekeepers who are exposed to natural, unprocessed HBV. The venom in VIT preparations, in contrast, has undergone an extraction procedure and, in some cases, a gel filtration step. While the increase of sIgE levels over the beekeeping season was negligible, the bee stings obtained during the season led to significant increases of sIgG4 levels to all allergens, including those of low abundance. This is a major difference to allergic patients undergoing VIT. However, as in HBV-allergic patients, the IgG4 response was dominated by Api m 1 sIgG4 antibodies, and their increase was significantly higher than those measured for Api m 5 and Api m 10. The slightly more pronounced sIgG4 response to low abundance allergens compared to HBV-allergic VIT patients might be due to a variable composition of the natural venom [38] or to a higher exposure of beekeepers on average. Interestingly, another study addressing IgG4 responses in tolerant beekeepers observed higher levels of Api m 2 and Api m 4 sIgG4 [30]. However, in that study, 80% of beekeepers reported receiving more than 200 honeybee stings per year, whereas this high sting frequency was an exception in our study population.
	Interestingly, pPrevious studies demonstrated a negative correlation between sting frequency and the risk of acquiring HBV allergy in beekeepers [50, 51]. Hence, beekeepers from cohort I, for whom serum samples before and after the beekeeping season were collected, were divided into three different subgroups according to the number of self-reported honeybee stings during the season. Already before the season, beekeepers from the group with >50 stings exhibited significantly higher sIgG4 levels to whole HBV, Api m 1, 2, 3, and 5. This might be explained by the fact that most of the beekeepers also reported the same sting frequency for the season prior to the one investigated in this study. Given the reported average biologic half-life of IgG4 of 21 days [52], the IgG4 levels before the season probably result from long-lived plasma cells, which primarily reside in the bone marrow [53]. Whether the higher pre-seasonal sIgG4 titers depend on exposure from the previous year or result from several years of beekeeping is speculative, especially considering that behavioral changes occur and beekeepers tend to receive more stings the longer they practice beekeeping. A similar pattern was observed after the beekeeping season. Although not statistically significant, there was a more pronounced trend for higher sIgG4 levels to Api m 4 and Api m 10 in the group with the highest sting exposure. Notably, the increase in sIgG4 levels over the season was significantly higher for all allergens in the subgroup with the highest compared to that with the lowest sting frequency. Significantly higher sIgG4 levels to the low abundance allergen Api m 10 after the beekeeping season in highly sting-exposed beekeepers were confirmed in beekeeper cohort II.
This study demonstrates that antibody responses in YJV-allergic VIT patients are very consistent. The two major allergens, Ves v 1 and Ves v 5, dominate the sIgE response. Notably, the rise in detectable sensitization to Ves v 1 during VIT, likely due to boostering of existing sensitization, was interesting. Similarly, these two allergens induce a robust sIgG4 response during VIT. However, the picture might become more complex if additional YJV allergens were included in antibody measurements. This increased complexity is reflected in the humoral responses to HBV allergens. The sIgE sensitization profiles of HBV-allergic patients are highly diverse, and Api m 1 and Api m 10 appear to be particularly potent inducers of IgE. In stark contrast, the sIgG4 response in HBV VIT patients and non-allergic beekeepers is strongly dominated by Api m 1 sIgG4. sIgE to low abundance allergens such as Api m 5 and Api m 10 is scarcely induced by VIT, independent of which VIT preparation is used. The findings in frequently stung beekeepers show that a robust sIgG4 response to Api m 10 is dependent on highly frequent exposure. However, the high success rates of HBV VIT and the tolerogenic status of investigated beekeepers suggest that immunological tolerance to low abundance allergens does not necessarily require robust sIgG4 induction.
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Tables
Table 1. Demographic data of venom-allergic patients and non-allergic beekeepers.
	
	HBV-allergic
patients
	YJV-allergic 
patients
	Beekeepers
cohort I Munich
	Beekeepers
cohort II Freiburg

	Total
	36
	50
	29
	32

	Sex
	
	
	
	

	Female
	18
	30
	15
	3

	Male
	18
	20
	14
	29

	Median age (range)
	47 (22-73)
	50 (22-80)
	51 (20-72)
	61.5 (41-80)























Figure legends
Figure 1. Overview of the study. (A) Dosing and sampling scheme for Hymenoptera venom-allergic patients. The majority of patients received a maintenance dose of 100 µg, while a small subset of patients was up-dosed to a maintenance dose of 200 µg. d, day; w, week; y, year. (B) Sampling scheme for non-allergic beekeepers.

Figure 21. Component-resolved IgE responses in patients undergoing venom-specific immunotherapy. (A) HBV- and allergen sIgE levels in HBV-allergic patients before therapy (V1; n=36) and 3-6 weeks (V2; n=29), 3-6 months (V3; n= 20), and approx. one year (V4; n=14) after initiation of VIT. Statistical analysis was performed separately for each allergen across the respective visits using Mixed-effects analysis with Geisser-Greenhouse correction. (B) sIgE sensitization rates in percent of HBV-allergic patients at visits 1 and 2 using the cut-offs of 0.1 and 0.35 kUA/L.(C) Proportion of allergen sIgE titers normalized to the total HBV sIgE titer depending on patient visits. The graphs depict the average proportion of the individual allergens over all patients. sIgE values below 0.1 kUA/L were considered non-detectable and counted as zero. (D) Changes in HBV- and allergen sIgE titers from visit 1 to visit 2 represented as calculated delta values. For the calculation, sIgE values below 0.1 kUA/L were considered non-detectable and counted as zero. Statistical analysis was performed using Kruskal-Wallis test. (E) YJV- and allergen sIgE levels in YJV-allergic patients before therapy (V1; n=50) and 3-6 weeks after initiation of VIT (V2; n=40). The paired values of the two visits were compared for each allergen separately using Wilcoxon test. (F) sIgE sensitization rates of YJV-allergic patients at visits 1 and 2 using the cut-offs of 0.1 and 0.35 kUA/L. (G) Changes in YJV- and allergen sIgE titers from visit 1 to visit 2 represented as calculated delta values. For the calculation, sIgE values below 0.1 kUA/L were considered non-detectable and counted as zero. Statistical analysis was performed using Kruskal-Wallis test. Data is displayed either as box-and-whisker plots showing minimum to maximum values or as part of whole plots. HBV, honeybee venom; V, visit; VIT, venom-specific immunotherapy; YJV, yellow jacket venom.

[bookmark: _Hlk185236440]Figure 32: Component-resolved IgG4 responses in patients undergoing venom-specific immunotherapy. A) HBV- and allergen sIg4 levels in HBV-allergic patients before therapy (V1; n=36) and 3-6 weeks (V2; n=28), 3-6 months (V3; n= 20), and approx. one year (V4; n=14) after initiation of VIT. The dashed line indicates the cut-off of 0.3 mgA/L. Statistical analysis was performed separately for each allergen across the respective time points using Mixed-effects analysis with Geisser-Greenhouse correction. (B) Changes in HBV- and allergen sIgG4 titers from visit 1 to visit 2 represented as calculated delta values. For the calculation, sIgG4 values below 0.3 mgA/L were considered non-detectable and counted as zero. Statistical analysis was performed using Kruskal-Wallis test. (C) HBV- and allergen sIgG4/sIgE ratios at visits 1 and 2 (n=28). sIgG4 and sIgE values below 0.3 mgA/L and 0.1 kUA/L, respectively, were considered non-detectable and counted as zero. Statistical analysis was performed using Wilcoxon test. (DC) Proportion of allergen sIgG4 titers normalized to the total HBV sIgG4 titer depending on patient visits. The graph depicts the average proportion of individual allergens in all patients. sIgG4 values below 0.3 mgA/L were considered non-detectable and counted as zero. (ED) YJV- and allergen sIgG4 levels in YJV-allergic patients before therapy (V1; n=50) and 3-6 weeks after initiation of VIT (V2; n=39). The dashed line indicates the cut-off of 0.3 mgA/L. The paired values of the two time points were compared for each allergen separately using Wilcoxon test. (FE) Changes in YJV- and allergen sIgG4 titers from visit 1 to visit 2 represented as calculated delta values. For the calculation, sIgG4 values below 0.3 mgA/L were considered non-detectable and counted as zero. Statistical analysis was performed using Kruskal-Wallis test. (G) YJV- and allergen sIgG4/sIgE ratios at visits 1 and 2 (n=39). sIgG4 and sIgE values below 0.3 mgA/L and 0.1 kUA/L, respectively, were considered non-detectable and counted as zero. Statistical analysis was performed using Wilcoxon test. (HF) IgG4 responses during VIT in HBV-allergic patients treated with either ALK lyophilized SQ® (n=13) or Venomil® (n=12). Statistical analysis for differences between the two VIT preparations at each visit was performed using Mann-Whitney test. The dashed line indicates the cut-off of 0.3 mgA/L. Data is displayed as box-and-whisker plots showing minimum to maximum values, part of whole plots, or XY plots. HBV, honeybee venom; V, visit; VIT, venom-specific immunotherapy; YJV, yellow jacket venom.

Figure 43. Component-resolved IgE and IgG4 responses in non-allergic beekeepers. (A) HBV- and allergen sIgE levels before (BS) and after (AS) the beekeeping season (n=29). Differences between the two time points were compared for each allergen separately using Wilcoxon test. (B) Proportion of allergen sIgE titers normalized to the total HBV sIgE titer before and after the beekeeping season. The graph depicts the average proportion of individual allergens among all beekeepers. sIgE values below 0.1 kUA/L were considered non-detectable and counted as zero. (C) HBV- and allergen sIgG4 levels before (BS) and after (AS) the beekeeping season (n=29). Differences between the time points were compared for each allergen separately using Wilcoxon test. The dashed line indicates the cut-off of 0.3 mgA/L. (D) Changes in HBV- and allergen sIgG4 titers during the beekeeping season are represented by calculated delta values. For the calculation, sIgG4 values below 0.3 mgA/L were considered non-detectable and counted as zero. Statistical analysis was performed using Kruskal-Wallis test. (E) HBV- and allergen sIgG4 levels before (BS) and after (AS) the beekeeping season in beekeepers reporting 0-10 (n=11), 10-50 (n=6), and >50 (n=10) honeybee stings during the season. Statistical analysis was performed for each allergen separately using Kruskal-Wallis test. The dashed line indicates the cut-off of 0.3 mgA/L. (F) Changes in HBV- and allergen sIgG4 titers during the beekeeping season in beekeepers of the different sting frequency categories represented as calculated delta values. For the calculation, sIgG4 values below 0.3 mgA/L were considered non-detectable and counted as zero. Statistical analysis was performed for each allergen separately using Kruskal-Wallis test. (G) sIgG4 levels at the end of the beekeeping season in a second cohort of non-allergic beekeepers categorized by the sting frequency in the past season (<50 stings: n=20; >50 stings: n= 12). The two sting frequency categories were compared for each allergen separately using Mann-Whitney test. The dashed line indicates the cut-off of 0.3 mgA/L. (H) Proportion of allergen sIgG4 titers normalized to the total HBV sIgG4 titer after the beekeeping season in the two cohorts of beekeepers. The graphs present the average proportion of individual allergens among all beekeepers. sIgG4 values below 0.3 mgA/L were considered non-detectable and counted as zero. Data is displayed either as box-and-whisker plots showing minimum to maximum values or as part of whole plots. AS, after season; BS, before season; HBV, honeybee venom.
