Component-resolved diagnostics to direct in venom immunotherapy: important steps towards precision medicine
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Abstract


Stings of Hymenoptera can induce IgE-mediated systemic and even fatal allergic reactions. Venom-specific immunotherapy (VIT) is the only disease-modifying and curative treatment of venom allergy. However, choosing the correct venom for VIT represents a necessary prerequisite for efficient protection against further anaphylactic sting reactions after VIT. In the past, therapeutic decisions based on the measurement of specific IgE (sIgE) levels to whole venom extracts were not always straightforward, especially when the patient was not able to identify the culprit insect. In the last years, the increasing knowledge about the molecular structure and relevance of important venom allergens and their availability as recombinant allergens, devoid of cross-reactive carbohydrate determinants, resulted in the development of an advanced component-resolved diagnostics (CRD) approach in venom allergy. Already to date, CRD has increased the sensitivity of sIgE detection and enabled the discrimination between primary sensitization and cross-reactivity, particularly in patients with sensitization to both honeybee and vespid venom. Hence, CRD in many patients improves the selection of the appropriate immunotherapeutic intervention. Moreover, the detailed knowledge about sensitization profiles on a molecular level might open new options to identify patients who are at increased risk for side effects or not to respond to immunotherapy. Therefore, increasing potential of CRD becomes evident, to direct therapeutic decisions in a personalized and patient-tailored manner. Reviewed here are the state of the art options, recent developments and future perspectives of CRD of Hymenoptera venom allergy.  

Introduction


Allergy to insect stings is one of the most severe IgE-mediated hypersensitivity reactions with regard to the high risk of severe and even fatal anaphylaxis. The only curative treatment which is effective in reducing the risk of subsequent systemic reactions and to improve the patients’ quality of life is venom immunotherapy (VIT). VIT is reported to be effective in 77-84% of patients treated with honeybee venom and in 91-96% of patients receiving vespid venom [1]. However, successful VIT depends on the use of the correct venom for therapy and, hence, the identification of the allergy-eliciting Hymenoptera species is a prerequisite for a successful therapy. As there are numerous allergy-eliciting Hymenoptera species with overlapping phenotypes that are hard to discriminate, many patients, primary care doctors and even allergy specialists are not able to correctly distinguish between different species [2]. Unnecessary treatment with more than one or even with the wrong venom can lead to de novo sensitizations [3], potentially increased risk of side-effects, missing or limited protection to further stings, increases in treatment costs and even fatal outcome in the worst case scenario.

In northern and central Europe, the most common elicitors of venom allergy are honeybees (Apis mellifera) and yellow jackets (Vespula spp.). In southern Europe and America, additionally, allergy to paper wasps (Polistes spp.) is common. Particularly, Polistes dominula, known to be domestic in southern Europe, is an invasive species which increasingly spreads to more moderate climate zones of Europe [4]. Polistes dominula has also entered the United States [5]. Therefore, allergy to Polistes dominula might also gain importance as an elicitor of venom anaphylaxis in other areas. 

For many patients it is hard to discriminate between different members of the Apidae and Vespidae families, so that correct diagnosis often depends on an extensive and sometimes challenging diagnostic work-up by the allergy specialist. The diagnosis of Hymenoptera venom allergy comprises the clinical history of a systemic sting reaction and the proof of sensitization to the relevant venom by skin testing and/or the detection of venom-specific IgE antibodies in the serum of the patients [1, 6, 7]. Additionally, cellular tests such as the basophil activation test (BAT) can be used in cases of unclear or even negative skin and specific IgE (sIgE) test results [8-10]. Especially when the patient was not able to identify the allergy-eliciting insect, in clinical practice, the correct diagnosis is not always straightforward due to inherent limitations of skin testing and whole venom-based in vitro diagnosis [11]. 

Many of the diagnostic limitations are due to the use of whole venom preparations. However, in the last years, increasing knowledge about the venom composition on a molecular level and the availability of recombinant allergens with advanced characteristics have facilitated the development of an advanced molecular or component-resolved diagnostics (CRD) approach to Hymenoptera venom allergy [12], which has largely contributed to solving many diagnostic challenges [11, 13]. Hence, CRD of venom allergy has created the basis for a more reliable identification of the venom responsible for the allergic reaction and provides appropriate and evidence-based guidance for therapeutic decisions. Here we will give examples for the advantages and limitations of component-resolved diagnostics and for potential therapeutic implications with a focus on honeybee venom (HBV), yellow jacket venom (YJV) and Polistes dominula venom (PDV) allergy. 
Which allergens are important in venom allergy?

Hymenoptera venoms are complex mixtures of various components which together mediate the venomous effects, including small-molecular-weight substances such as biogenic amines, several small peptides and many proteins and, hence, potential allergens. An overview about allergens of HBV, YJV and PDV is given in Table 1.


The venom of the honeybee Apis mellifera is certainly the best characterized Hymenoptera venom [14, 15]. So far 12 allergens of HBV are included in the official WHO/International Union of Immunology Societies’ allergen nomenclature list [16]. In fact only two of these allergens make up substantial amounts of the venom, the major allergen phospholipase A2 (Api m 1) and the minor peptidic allergen melittin (Api m 4) with 12% and 50% of the venom dry weight, respectively [17]. All other HBV allergens are contained in the venom in much lower quantities. Despite their low abundance in HBV, in addition to Api m 1, a role as relevant major allergen was also confirmed for Api m 2 (hyaluronidase), Api m 3 (acid phosphatase), Api m 5 (dipeptidyl peptidase IV) and Api m 10 (icarapin) with sIgE reactivity in the range of 47.9-52.2%, 49.6-50%, 58.3-61.7% and 61.8-72.2% of allergic patients’ sera, respectively [18, 19]. For the other HBV allergens, less information about sensitization rates is available [20-22].

Prominent YJV allergens include phospholipase A1 (Ves v 1), hyaluronidase (Ves v 2.0101) and antigen 5 (Ves v 5) [23, 24]. Moreover, a second hyaluronidase (Ves v 2.0201) carrying an inactivating mutation in the active site of the enzyme, was identified, which seems to be the predominant isoform [25, 26]. YJV also contains a dipeptidyl peptidase IV (Ves v 3) which shows high homology to HBV Api m 5 [27]. The sensitization rates of YJV-allergic patients to Ves v 1, Ves v 3 and Ves v 5 are 33.3-54% [28-33], 50-62.8% [27, 28] and 84.5-100%, respectively [28, 30, 31, 33-35]. In contrast to HBV hyaluronidase Api m 2, which is a major allergen, the YJV homologue Ves v 2 seems to be of restricted relevance and sensitization was reported in 5-25% of YJV-allergic patients [36].


The allergen composition of PDV is very similar to that of YJV and the most important allergens are phospholipase A1 (Pol d 1), dipeptidyl peptidase IV (Pol d 3) and antigen 5 (Pol d 5) with sensitization rates of 87% [37], 66.7% (unpublished data) and 69-72% [37], respectively. Moreover, PDV contains a serine protease (Pol d 4) and a hyaluronidase (Pol d 2), for which no data about their clinical relevance are available so far.

Diagnostic sensitivity of component-resolved sIgE diagnostics

In the last years, it has become more and more evident, that testing for sIgE reactivity against several single allergens is evolving as a superior tool to support classical allergy testing. In contrast to venom extract-based sIgE testing, which only provides information whether there is sensitization to the whole venom or not, the component-resolved approach additionally allows for exactly determining which allergens are relevant for a given patient in an insect venom extract (Figure 1). The Hymenoptera venom allergens currently available on various diagnostic platforms for either singleplex or multiplex testing are listed in Table 1.


The diagnostic sensitivity of a combination of the YJV allergens Ves v 1 and Ves v 5 lies between 92-98% [29, 30, 33, 36, 38, 39]. Although, diagnostic sensitivity of these two commercially available allergens is quite high and similar or even higher than whole YJV (by using the cut-off of 0.35 kUA/L 83-97% of YJV-allergic patients are tested positive for IgE to YJV extract) [33, 35, 40], in the cited studies CRD failed to diagnose 2-8% of subjects with clear history of YJV allergy, suggesting that more allergen components for in vitro diagnostics are needed. Indeed, one study using a combination of routine ImmunoCAPs for Ves v 1 and Ves v 5 and ELISAs for Ves v 2 and Ves v 3, demonstrated a diagnostic sensitivity of 100% [28]. In contrast, these results were not confirmed in a following study using ImmunoCAPs for all allergens [41]. More recently, however, Michel et al. used Ves v 1 and Ves v 5 (Immulite system) to diagnose 27 patients with YJV allergy and 53 patients with YJV allergy and mastocytosis and/or elevated baseline serum tryptase [42]. In this study, a diagnostic sensitivity of 100% was reached in the first group using the cut-off of 0.35 kUA/L and in the second group using the cut-off of 0.1 kUA/L. 


For the diagnosis of PDV allergy, so far only the major allergen Pol d 5 is available on the most widely used singleplex IgE assay (ImmunoCAP), thus, clearly pointing to the need of adding additional allergens such as Pol d 1 or others for enabling a more accurate CRD of PDV-allergic patients [37, 43].


CRD of HBV allergy is even more complex compared to vespid venom allergy in terms of diagnostic sensitivity. In a first study, using Api m 1 on a liquid-phase IgE assay system no longer available, a diagnostic sensitivity as high as 97% was reported [35]. However, in follow-up studies applying currently available immunoassay platforms, sensitivity of Api m 1 was lower and ranged between 58% and 80% [19, 34, 44-46]. These differences in sensitization rates were attributed to differential inclusion criteria of the patient population, geographical differences and to sensitivity aspects of the immunoassay platforms used [34, 39, 47-49]. However, what these studies demonstrated foremost was the need for including additional allergens to properly diagnose HBV allergy by CRD. After the clinical relevance of several more HBV allergens was demonstrated [19], all these molecules (Api m 2, Api m 3, Api m 4, Api m 5, Api m 10) became available for CRD in the clinical routine. The first study that used this combination of allergens to diagnose 144 patients with confirmed history of HBV allergy, demonstrated a diagnostic sensitivity of 94.4% [19]. However, a recent study using the allergens Api m 1, Api m 2, Api m 3, Api m 5 and Api m 10 on the same assay platform showed differences in the diagnostic sensitivity for patients with allergy to HBV only and for those, allergic to HBV and YJV [49]. In patients monosensitized to HBV and double-sensitized to HBV and YJV, the diagnostic sensitivity was 71.6% and 92.7%, respectively. Certainly, these data demonstrate the need for additional studies, using well defined patient populations, to evaluate if the sensitivity of the available sIgE tests and the number of available allergens is sufficient for appropriate CRD of patients allergic to HBV. Nevertheless, the extension of the panel of commercially available HBV allergens has created clear added clinical benefit since approximately two thirds of patients with negative sIgE to Api m 1 can be diagnosed by using Api m 3 and Api m 10 [50]. It is of note that using the cut-off of 0.35 kUA/L 85-100% of HBV-allergic patients are tested positive for IgE to HBV extract [35, 40, 51].

CRD to direct in multiple sIgE sensitization 


Double-positive sIgE test results are commonly observed in venom-allergic patients, but clinical relevance of these results in terms of systemic symptoms is rare [52]. However, as many patients are not able to identify the culprit insect, a clinically relevant allergy to both venoms cannot be excluded. Therefore, this often leads to unnecessary VIT with both venoms resulting in higher costs, potentially increased risk of side effects and the possibility of de novo sensitization. 


Major reasons that are responsible for these clinically irrelevant double-positive sIgE test results are: i) IgE antibodies directed to protein epitopes on homologous allergens, which are present in both venoms, ii) sIgE to cross-reactive carbohydrate determinants (CCDs) and, iii) additionally, clinically irrelevant test results may be caused by asymptomatic sensitization as discussed in the section “Limitations and future perspectives of component-resolved diagnostics”.

CCDs are present on the majority of HBV and YJV allergens [53] and they most frequently cause double-sensitization to these venoms [54]. IgE antibodies directed against CCDs were shown to be of high affinity [55], but their clinical relevance seems to be low, meaning that they cause no clinical symptoms [56]. However, they clearly interfere with diagnostic approaches, since they lead to positive test results with any allergen source displaying CCDs. While measuring sIgE to CCD marker molecules such as MUXF or bromelain is able to confirm the presence of CCD-specific IgE as reason for multiple positive test results, the detection of these antibodies does not rule out a clinically relevant sensitization to protein epitopes on allergens of different venoms [12, 54, 57]. In CRD the CCD problem was solved by the introduction of recombinant allergens that display the full protein epitope spectrum of the native allergens but are free of CCDs [26, 58]. Thus, positive sIgE test results using these engineered allergens in CRD indicate sensitization to protein epitopes only and not to CCD epitopes [44, 59]. Hence, CRD with CCD-free allergens offers clear advantages to adequately diagnose patients exhibiting CCD-specific IgE antibodies [11]. 

Additionally, double-positive sIgE test results can be caused by homologous allergens which are present in different venoms. So far three homologous allergen pairs have been described in HBV and YJV: the hyaluronidases (Api m 2 and Ves v 2), the dipeptidyl peptidases IV (Api m 5 and Ves v 3) and the vitellogenins (Api m 12 and Ves v 6) (Figure 2). However, it was suggested that cross-reactivity of the hyaluronidases is mainly caused by CCDs [26, 36]. This is further supported by the identical sensitization rates to CCD-free Api m 2 in HBV monosensitized and HBV and YJV double-sensitized patients [49]. In contrast, the sensitization to CCD-free Api m 5 is more than doubled in patients double-sensitized to HBV and YJV, indicating a high degree of cross-reactivity on the level of protein epitopes [49]. Much less detail is known about the cross-reactivity of the vitellogenins [21]. 

The potential of CRD becomes evident by the fact that HBV and YJV in addition to homologous allergens also contain differentiating marker allergens which are present in either HBV or YJV. So far identified marker allergens are Api m 1, Api m 3, Api m 4 and Api m 10 in HBV and Ves v 1 and Ves v 5 in YJV (Figure 2). Hence, in addition to the use of allergens in a CCD-free context, the other major advantage of CRD is that it allows the diagnostic application of these differentiating allergens as single components, thus, excluding any perturbation of sIgE test results by cross-reactive allergens as it is the case in extract-based sIgE testing. Due to the fact that cross-reactivity between Api m 2 and Ves v 2 is mainly attributed to CCDs and that Ves v 2 represents only a minor allergen [36] of YJV, while Api m 2 is an important major allergen of HBV [18, 19, 49], also the measurement of sIgE to Api m 2 might be beneficial to diagnose HBV allergy. However, a clear shortage of the currently commercially available allergens for CRD is the unavailability of potentially cross-reactive allergens of YJV (and of PDV) such as hyaluronidases and dipeptidyl peptidases IV.

While there is intriguing evidence that the availability of molecular allergens for CRD on commercially available immunoassay platforms represents an advanced tool to discriminate between sensitization to HBV and YJV/PDV, this is not the case when differential diagnosis between Vespula spp. And Polistes spp. is required. In the south of Europe double-sensitization to YJV and PDV is more frequent than that to YJV/PDV and HBV [60-62]. A definite discrimination is rarely possible due to a high degree of cross-reactivity of these venoms. Unlike HBV and YJV, venoms of different Polistes species have been demonstrated to be devoid of any CCD-reactivity and, hence, allow CCD interference-free diagnostics [63]. However, due to the structural similarity and, therefore, cross-reactivity of the so far identified important allergens of vespid venoms such as phospholipases A1, antigens 5 and dipeptidyl peptidases IV (Figure 2), differentiation between allergy to the stings of the different vespid species is still challenging [37, 64, 65]. Unique marker allergens that would allow reliable discrimination are not available and, to our opinion, will be hard to find due to the close phylogenetic distance of the species. A recent study reported that the measurement of the relative levels of sIgE to the phospholipases A1 (Ves v 1 and Pol d 1) and antigens 5 (Ves v 5 and Pol d 5) of YJV and PDV is required to identify the most probable sensitizing species in 69% of allergic patients with double sensitization [37]. In a smaller population, the detection of sIgE to Pol d 1, Pol d 5, Ves v 1 and Ves v 5 seemed to be able to determine the venom for VIT in the majority of patients [66]. However, in many cases the results will be difficult to interpret and, moreover, not all required allergens are available for the most commonly used sIgE assay platforms. Recently, the ability of CRD with the commercially available allergen components to identify the allergy-triggering venom in patients with double-positive tests to Polistes spp. and Vespula spp. venom was compared to CAP-inhibition assays [67, 68]. A good concordance between the results was found when the value of sIgE in kUA/l to Ves v 5 was about twice of those to Pol d 5 and vice versa, a fact, clearly demonstrating the limitations of currently available CRD to distinguish between allergy to these species. Therefore, the availability of additional YJV and PDV allergens for CRD will clearly add value for proper and advanced diagnosis of vespid venom-allergic patients.

Based on the commercially available allergens, diagnostics algorithms for sIgE testing to discriminate between HBV and vespid venom allergy as well as between YJV and PDV allergy are suggested in Figure 3A and Figure 3B, respectively.

CRD to direct in patients with sensitization that is difficult to proof


According to current guidelines, in addition to a reported history of a systemic sting reaction, the proof of sIgE sensitization by either skin test or in vitro diagnostics is a prerequisite for the prescription of potentially life-saving VIT [1]. However, there are patients for whom this proof is difficult to achieve.


A prominent example is a study that demonstrated that only 83.4% (cut-off 0.35 kUA/L) of patients with systemic reaction to YJV could be diagnosed with the conventional YJV ImmunoCAP, while sensitization was verified in 96% of patients by using the individual allergens Ves v 1 and Ves v 5 [33]. Interestingly, amongst the patients negative for whole YJV only one was tested positive for Ves v 1, whereas 84.4% showed a positive test for Ves v 5, suggesting a shortage of available Ves v 5 epitopes in the whole venom preparation despite the abundance of this allergen in YJV. Spiking of the YJV ImmunoCAP with recombinant Ves v 5 increased the diagnostic sensitivity to 96.8% [33, 69]. The improved YJV ImmunoCAP is available for routine diagnosis since 2012. By fact, such developments with impact on routine patient management have only become possible through the advancement of the molecular knowledge on venom allergens and, subsequently, through availability of recombinant allergens on sIgE assay platforms.


Another problem of diagnostics with whole Hymenoptera venoms stems from the unequal distribution of relevant allergens in the venom preparation and the instability of certain allergens. In HBV, only one (Api m 1) out of five relevant allergens is present in the venom in substantial amounts, while only trace amounts of the others are detectable. Moreover, an intrinsic instability and rapid degradation of the important major allergen Api m 10 was reported recently [70]. Such a predominance of particular allergens in the venom extract is very likely to create a diagnostic information bias by favoring the detection of high abundant allergens. However, such problems can easily be overcome by the use of recombinant allergens in CRD, which are available in nearly unlimited amounts and stable form.

Recently, it was demonstrated that diagnostic sensitivity using recombinant allergens also differs on different sIgE assay systems [47, 48, 71], a fact that is most likely not due to the quality of the allergens used [44], but rather to the difference in the calibration approach used for the different systems, resulting in an overestimation of the levels of sIgE in one system [72-74].

In patients with mast cell disorders and venom allergy, negative IgE and negative skin tests are quite common, restricting them from VIT [75]. In a population of high-risk patients with YJV allergy and elevated baseline serum tryptase and/or mastocytosis it was demonstrated that the use of CRD and decreasing the threshold sIgE level to 0.1 kUA/L may be needed to avoid otherwise undetectable sIgE to YJV extract in about 8% of such patients [42]. Although, 0.35 kUA/L has commonly been used as the lower threshold for sIgE detection, sIgE concentrations can be measured today with high accuracy on the major singleplex sIgE immunoassay platforms with the lower end threshold of 0.1 kUA/L. Thus, sIgE levels between 0.1 and 0.35 kUA/L should be considered in the context of venom-allergic patients with a clear clinical history [51, 76-78]. Moreover, the sIgE to total IgE ratio has particular clinical importance, because any defined level of sIgE will have a different significance if produced in the midst of a high total serum IgE as opposed to a low total serum IgE [79].

CRD to direct in immunotherapy – do sensitization profiles matter? 

Apart from being helpful for routine diagnostics component-resolved analyses have helped us to learn a lot about sensitization profiles of patients, particularly in HBV allergy. A total of 39 different sensitization profiles were identified in 144 patients with confirmed HBV allergy using six allergens (Api m 1-5 and Api m 10) [19]. Currently, it is a matter of debate whether some of these profiles might be associated with a risk of therapeutic failure of VIT. Although VIT is effective in 77% to 96% of patients in preventing sting anaphylaxis, therapy failures occur significantly more often in HBV compared to YJV VIT [1, 80]. Successful allergen immunotherapy is dose-dependent [81]. This is also the case in VIT, where a therapeutic maintenance dosage of 50 µg is significantly less effective than 100 µg [1, 82]. Furthermore, VIT therapeutic maintenance dosages are recommended to be doubled from 100 µg to 200 µg in patients who developed systemic allergic reactions after a field sting or a sting challenge while under 100 µg maintenance VIT [1, 83]. Thus, it can be hypothesized that therapy success of VIT might be associated with the concentration of relevant allergens a patient is sensitized to in the therapeutic venom extract (Figure 4A). In HBV, Api m 1 is the only major allergen that is present in substantial amounts, while all other relevant allergens make up only 0.6-2% of the venom dry weight [58, 84]. In contrast, in YJV the two most relevant allergens Ves v 1 and Ves v 5 are present in relatively high and, moreover, in nearly equimolar amounts, which implies that these differences in the allergen content between the two venoms might be one reason for the higher success rate of VIT with YJV than with HBV. 

Additionally, it was demonstrated that some of the relevant low abundance allergens of HBV such as Api m 3, Api m 5 and Api m 10 are underrepresented or are even lacking in certain therapeutic extracts compared to crude HBV, while their Api m 1 content was comparable [18, 58, 70]. Intriguingly, a recent retrospective multi-center study demonstrated that a predominant sensitization (>50% of sIgE to HBV) to Api m 10 represents a relevant risk factor for treatment failure of VIT (odds ratio of 8.44; univariate analysis not considering other identified confounders for VIT failure) [18], thus, making Api m 10 a candidate for the model proposed for VIT outcome based on individual allergen concentration in the therapeutic extract (Figure 4B). Thus far, for none of the other allergens such an association was identified. Another study demonstrated only minimal IgG4 induction against Api m 10 and Api m 3 during VIT in contrast to allergens that are present in high amounts in the extract [19]. Although IgG4 induction per se cannot be correlated with therapeutic success, this indicates differences in the immunological response or even unresponsiveness to those underrepresented allergens. However, due to the current lack of results from prospective clinical studies, it remains to be further proven if therapeutic failure of HBV VIT is indeed linked to the lack of Api m 10 or other allergens in particular therapeutic extracts. 

The frequency of systemic adverse events during VIT in large multi-center studies ranges from 8-20%, whereby VIT with HBV is less safe compared to vespid venom [1]. Interestingly, recent studies have shown that Api m 4 sensitization might be a useful marker to identify a particular phenotype of HBV allergy that is associated with a higher risk of systemic reactions during the up-dosing phase of VIT [85, 86]. However, it has to be taken into account that in these studies the number of patients was very small and that no other known risk factors for side effects were considered. So far, no data are available on the correlation between certain sensitization profiles to vespid allergens and the severity of disease, as well as side-effects or therapy outcome of VIT.

Although it will remain an important topic of future clinical research to analyze the relationship between sensitization profiles and particular phenotypes of the disease or outcome of VIT during the treatment as well as after stopping VIT, the available data already now demonstrate a potential of CRD for an individual risk assessment of the patient and to direct therapeutic decisions as a major step forward towards a personalized medicine approach in VIT. 

Limitations and future perspectives of component-resolved diagnostics

Even though skin testing with whole extracts still plays a key role in the diagnosis of Hymenoptera venom allergy, CRD is undoubtedly a major advancement in the field. In fact, CRD is helpful to discriminate between true allergy to different venoms and cross-reactivity, allowing physicians to optimize venom selection for immunotherapy. CRD is also helpful in identifying patients with Hymenoptera venom-induced anaphylaxis having negative test results to whole venom extracts. CRD with CCD-free allergens and CCD markers is always preferable, taking into account that sIgE to CCDs does not exclude clinically relevant allergy to different venoms. 

Currently available allergens of honeybee and vespid venoms allow a molecular diagnosis in the vast majority of patients, but not in 100% of them and, moreover, not all allergens are available for one assay system. New recombinant molecules are needed to improve the diagnosis of Polistes spp.-allergic patients, especially in the case of double-positivity to both Polistes spp. and Vespula spp. venom, in order to prevent unnecessary double VIT.

Although, CRD of Hymenoptera venom allergy has opened many new options for routine diagnostics and clinical research, as any diagnostic approach, it also has clear limitations. For instance, as observed for venom extracts, sIgE sensitization can also be incidentally found in patients without clinical history of a sting reaction [87]. For such patients it is likely that such a positive sensitization test result will have no clinical significance. However, the possibility of a reaction to a future sting cannot be fully excluded. To date no indications are currently available on how to effectively manage these cases. Finally, as also true for venom extracts, sIgE levels to venom components do not reflect the severity of the sting reaction.

More work has to be done to assess whether CRD may detect biomarkers for VIT efficacy, the risk assessment of side effect and relapse after stopping the treatment. There is one report that hints to the possibility that allergen-based assays might present tools for assessing long-term tolerance in patients treated with VIT [88]. Moreover, some studies show that patients exclusively sensitized to allergens that are underrepresented in therapeutic extracts might be at risk to respond less well to VIT. Therefore, it is necessary to have accurate methods to investigate the exact molecular composition of the different VIT extracts for a “tailored therapy” based on the patient sensitization profile [70]. This progress, together with a greater diagnostic accuracy through a further improvement of CRD, can allow physicians to move further towards precision and personalized medicine even in the field of Hymenoptera venom allergy.
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Figure legends

Figure 1. Concept of component-resolved diagnostics (CRD). Venom extract-based diagnostics provides the information if a patient is sensitized to the whole venom or not. In contrast, in CRD sIgE to a number of important isolated allergen molecules is measured. Hence, CRD gives information about the sensitization profile of the patient on a molecular level and allows determining exactly which allergens are relevant for a given patient.
Figure 2. Established differentiating and cross-reactive allergens of HBV, YJV and PDV. While allergens are identified that enable a differentiation between HBV (Api m 1, Api m 3, Api m 4 and Api m 10) and YJV/PDV (Ves v 1/Pold 1 and Ves v 5/Pol d 5) sensitization, the so far known allergens of YJV and PDV exhibit cross-reactivity. 
Figure 3. Diagnostic algorithm for in vitro diagnostics of (A) HBV and vespid venom allergy and (B) YJV and PDV allergy. The diagnostic algorithm shown in (A), with the corresponding PDV allergens Pol d 1 and Pol d 5 can also be used to discriminate between HBV and PDV allergy. In addition, to discriminate in the case of double-positive test results, CRD might also be useful in cases of negative results despite a convincing history of venom allergy or in cases of discrepancies between history, skin tests and venom extract-based testing. A plus indicates a positive and a minus a negative test result. Of note, the allergens Api m 4 and Pol d 1 (in brackets) are only available for selected multiplex sIgE test platforms. *The allergens Api m 2 and Api m 5 are potentially cross-reactive with their homologues from YJV and PDV (not available for CRD) and, hence, a positive test result does not necessarily exclude allergy to vespid venom. 
Figure 4. Proposed model for the association between therapeutic success of venom-specific immunotherapy (VIT) and the concentration of the allergens, relevant for a patient, in the VIT extract. (A) General Model. (B) Evidence-based model for success of HBV VIT. Of note, this model might be particularly relevant if a patient is predominantly or exclusively sensitized to underrepresented allergens and, thus, sensitization to underrepresented allergens per se is no risk factor for therapeutic failure. Therefore, a low amount of an individual allergen in one specific extract might be relevant if the patient is dominantly sensitized to it.
Table 1. Allergens of HBV, YJV and PDV.

	Allergen
	Name/Function
	MW 

[kDa]
	% of DW
	Available for CRD

	Honeybee (Apis mellifera)

	Api m 1
	Phospholipase A2
	17
	12
	S1,2,3, M1,4,5

	Api m 2
	Hyaluronidase
	45
	2
	S1,2,3, M4,5

	Api m 3
	Acid phosphatase
	49
	1-2
	S1

	Api m 4
	Melittin
	3
	50
	M5

	Api m 5
	Dipeptidyl peptidase IV
	100
	<1
	S1

	Api m 6
	Protease inhibitor
	8
	1-2
	

	Api m 7
	Protease
	39
	
	

	Api m 8
	Carboxylesterase
	70
	
	

	Api m 9
	Carboxypeptidase
	60
	
	

	Api m 10
	Icarapin
	55
	<1
	S1,3, M4,5

	Api m 11.0101
	Major Royal Jelly Protein 8
	55 
	
	

	Api m 11.0201
	Major Royal Jelly Protein 8
	60
	
	

	Api m 12
	Vitellogenin
	200
	
	

	Yellow jacket (Vespula vulgaris)

	Ves v 1
	Phospholipase A1
	35
	6-14
	S1, M4

	Ves v 2.0101
	Hyaluronidase
	45
	1-3
	

	Ves v 2.0201
	Hyaluronidase (inactive) 
	45 
	
	

	Ves v 3
	Dipeptidyl peptidase IV
	100
	
	

	Ves v 5
	Antigen 5
	25 
	5-10
	S1,2,3, M1,4,5

	Ves v 6
	Vitellogenin
	200 
	
	

	European paper wasp (Polistes dominula)

	Pol d 1
	Phospholipase
	34
	
	M4

	Pol d 2
	Hyaluronidase
	45
	
	

	Pol d 3
	Dipeptidyl peptidase IV
	100
	
	

	Pol d 4
	Protease
	33
	
	

	Pol d 5
	Antigen 5
	23
	
	S1, M4,5


CRD, Component-resolved Diagnostics; DW, Dry weight; M, Multiplex assay; S, Singleplex assay 

1Thermo Fisher Scientific, 2Siemens Healthcare Diagnostics, 3Dr. Fooke Laboratories, 4Euroimmun, 5Macro Array Diagnostics
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