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Abstract

Background Advanced component-resolved diagnos-
tics (CRD) in Hymenoptera venom allergy (HVA) has
improved the precise description of individual sen-
sitization profiles. However, diagnostic gaps, peptide-
based cross-reactivity, early identification of severe re-
actors and diagnosis of patients with a clear history of
sting reactions but negative specific IgE and skin tests,
remain challenging.

Methods Systematic literature search in PubMed and
critical analysis of recently published studies on insect
venom allergy diagnostics.

Results and discussion CRD has increased the sensitiv-
ity of IgE testing and improved the discrimination of
primary sensitization from irrelevant cross-reactivity,
ultimately providing a better rationale for therapeu-
tic decisions. Despite these major advances, there is
still room for improvement in routine HVA diagnos-
tics. Peptide based cross-reactivity among homolo-
gous allergens from Vespinae and Polistinae venoms
as well as still existing diagnostic gaps are particu-
larly challenging. No marker allergens are currently
available to differentiate Vespula and Polistes sensiti-
zations. Several strategies including clinical setting of
basophil activation test (BAT) for routine diagnostics,
venomic analysis for the identification of novel aller-
gens and characterization of the molecular basis of
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cross-reactivity could be used to address major limi-
tations and unresolved issues in molecular diagnostics
of HVA.
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Abbreviations

BAT Basophil activation test

BTC Baseline serum tryptase concentration
CCDs Cross-reactive carbohydrate determinants
CRD  Component-resolved diagnostics
DPPIV Dipeptidyl peptidase IV

HBV  Honeybee venom

PLA1  Phospholipase Al

RMSD Root-mean square deviation

sIgE Specific IgE

VIT Venom immunotherapy

YV Yellow jacket venom

Introduction

Hymenoptera venom allergic individuals experience
a wide diversity of clinical manifestations including
local symptoms and/or mild to severe systemic re-
actions. Mild systemic reactions such as generalized
urticaria, angioedema and pruritus are limited to the
skin. In contrast, potentially fatal severe systemic re-
actions often involve vascular and respiratory systems
and can cause multiorgan failure [1]. Hymenoptera
stings are among the most frequent causes of severe
anaphylaxis in adults in Europe [2] and account for
approximately 20% of the anaphylaxis-related fatali-
ties worldwide [3]. The prevalence of systemic reac-
tions ranges from 0.3-7.5% in European population [4]
and from 0.5-3.3% in the United States [5], while in
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Fig. 1 Major elicitors of
Hymenoptera venom al-
lergy in different geograph-
ical regions. Minor elicitors
are also indicated (Aster-
isk). (Photos of A. mellif-
era, P. paulista, A. pallipes,
A. pallens and S. invicta
[kindly provided by Prof.
M.S. Palma], P. annularis
[kindly provided by Sal-

vador Vitanza], Vespula [re-

produced with permission V. cabro*
from Peter Firus/Flagstaf-

fotos]; V. crabro [PiccoloN- ‘“ Central and

amek, CC BY-SA 3.0], | orthern Europe',

P. dominula and Bombus
[J. Alves Gaspar, CCBY-
SA 3.0] as well as Dolicho-
vespula [F. Geller-Grimm,
CC-BY-SA-2.5], are repro-
duced from http://commons.
wikimedia.org, under the re-
ferred licenses)

P. paulista

Latin America, Hymenoptera stings elicit about 15%
of the severe allergic reactions annually reported [6].
Venom immunotherapy (VIT) is the only long-term
curative treatment available. Clinical data suggest that
VIT prevents subsequent systemic sting reactions in
77-84%, 91-96% and 97-98% of patients treated with
honeybee venom (HBV), yellow jacket venom (YJV)
and ant venom, respectively [7]. The safety profile
and efficacy of VIT critically relies on the unequivo-
cal identification of the culprit insect which in Cen-
tral and Northern Europe are predominantly honey-
bee and yellow jacket, while in the Mediterranean re-
gion, honeybee, Vespinae (Vespula, Vespa) and Polisti-
nae (Polistes dominula) are the most frequent elicitors.
Honeybee, yellow jacket, Polistes exclamans, Polistes
annularis and Solenopsis invicta (fire ants) [8] account
for most sensitizations in the US, whereas in Southern
America other genera from Polistinae (Polybia, Apoica,
Agelaia) and fire ant are clinically relevant ([9]; Fig. 1).
Routine diagnostic of insect venom allergy is based
on the clinical history of allergic sting reactions, skin
testing and laboratory diagnostics for the identifi-
cation of venom specific IgE (sIgE) directed against

" Southern Europ;'""“-- g
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whole venom preparations or individual venom aller-
gens [10].

Over the last decade, venomic analysis using clas-
sical as well as novel proteomic and transcriptomic
approaches have allowed the characterization of in-
dividual allergens in several insect venoms [11, 12].
To date, 76 Hymenoptera venom components have
been officially listed as allergens (www.allergen.org).
The molecular characterization and heterologous
production of some of these venom components
allowed the rational design of panels of individual
allergens for component-resolved diagnostics (CRD)
of Hymenoptera venom allergy. The identification
of a number of marker allergens in apian, Vespinae
and Polistinae venoms has improved the precision
of the sIgE diagnostics, which can now be used to
discriminate, in most cases, genuine HBV and YJV
sensitizations.

Despite the outstanding advances in diagnostics of
HVA, there are several unresolved issues that should
be addressed in the immediate future to improve the
precise identification of the relevant sensitizations.
We conducted a systematic review of the recent lit-
erature on HVA diagnostics using mainly the NCBI’s
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PubMed database (2010-2019). For some topics and
relevant studies, the timeframe was expanded. Based
in this search, we discuss the current situation, major
challenges and suggest strategies for further improve-
ment of HVA diagnostics.

Venom extract-based diagnostics: a gold
standard with limitations

Detection of sIgE using unfractionated venom prepa-
rations has represented the gold standard for diagnos-
tics of insect venom allergy for decades [13]. Despite
being widely used, this approach is often hampered
by a number of issues.

The composition of native Hymenoptera venom is
complex. In HBV more than 100 different protein/
peptide components have been described [14], some
of which are present in high quantities and some
of which are present only in trace amounts. Among
the recognized allergens in HBV only phospholipase
A2 (Api m 1) and melittin peptide (Api m 4) are
highly abundant components, accounting for 12%
and 50% of the venom dry weight, respectively, while
the hyaluronidase Api m 2 (1-3%), and a number of
other allergens such as Api m 3, Api m 5, Api m 6 and
Api m 10 are only present in low abundance (1% or
below). Variability in allergen content and/or stability
[15] may thus influence the outcome of diagnostic
testing, particularly in patients with sensitizations to
low abundance allergens.

Similarly, in YJV only phospholipase Al (PLA1) (Ves
v 1; 6-14%) and antigen 5 (Ves v 5; 5-10%) are present
in higher quantities, while the other allergens (Ves v 2,
Ves v 3, Ves v 6) are of lower abundance. Even though
antigen 5 belongs to the allergens of high abundance,
a lack of Ves v 5 IgE immunoreactivity was reported
for YJV preparations, as compared to sIgE reactivity to
recombinant Ves v 5 (rVes v 5) [14]. In this study the
sensitivity of YJV extract to detect YJV allergic patients
was as low as 83%, while testing with rVes v 5 alone
allowed detection of 90% of the patients. Spiking of
YJV preparation with recombinant Ves v 5 significantly
improved the detection of YJV sensitizations and re-
sulted in the detection of 97% of the patients [16].

Double positive results (e.g., to HBV and YJV) are
common findings in venom extract-based allergy di-
agnostics. Previous studies conducted in Central Eu-
rope demonstrated that up to 47% of patients with
anaphylactic sting reactions (n=530) display double
positivity to HBV and YJV [17]. Unfortunately, often
this result does not reflect true sensitizations to differ-
ent insects but is rather associated with the detection
of clinically irrelevant cross-reactive IgE [10]. Cross-
reactivity can be caused by IgE directed against cross-
reactive carbohydrate determinants (CCDs) which are
defined as an a-1,3-linked core fucose, and/or IgE di-
rected against common peptide epitopes in homolo-
gous venom allergens from different insects. Several
native allergens in HBV and YJV preparations are CCD

carrying proteins that can be recognized by irrelevant
CCD-slIgE. Venom preparations also contain homol-
ogous cross-reactive allergens shared by insects from
different genus, family and even superfamily (Apoidea
and Vespoidea), which also contribute to cross-reac-
tivity, overall hampering the reliable detection of the
primary sensitizer.

Component-resolved diagnostics

In Europe, cross-reactivity problems associated with
the use of whole venom preparations have been par-
tially solved with the development of CRD. This novel
approach has been particularly explored for the dis-
crimination of HBV and YJV sensitizations. Twelve
different allergens (Api m 1—Api m 12) have been
identified in HBV while five different allergens have
been described in YJV (Ves v 1-3, Ves v 5, Ves v 6) and
European paper wasp venom (Pol d 1-5) (Fig. 2a). Par-
ticularly, Api m 1, Api m 3-4 and Api m 10 as well as
Ves v 1 and Ves v 5 represent apian and yellow jacket
marker allergens that allow differential diagnosis of
most HBV and Y]V sensitizations. Similarly, the use of
the apian marker allergens and Pol d 1/Pol d 5 allows
the differential diagnosis of HBV and Polistes sensiti-
zations (Fig. 2b). Unfortunately, Ves v 1 and Pol d 1 as
well as Ves v 5 and Pol d 5 are significantly cross-re-
active, partially hampering their use for unambiguous
discrimination of Vespula or Polistes sensitizations.

Six HBV allergens, namely Api m 1-5 and Api 10 as
well as two from the YJV (Ves v 1 and Ves v 5) and
the European paper wasp P dominula (Pol d 1, Pol
d 5) provided by different manufacturers [10], are now
available as recombinant components for routine di-
agnostic workup. Remarkably, the use of recombinant
venom allergens produced in bacterial and Sf9 insect
cells as proteins devoid of CCD reactivity helps to
circumvent carbohydrate-based cross reactivity. The
routine diagnostic settings for HBV and YJV allergies
currently include the use of the venom based-skin
testing and in vitro tests followed by the application
of marker allergens to solve double positivity outcome
potentially caused by cross-reactivity (Fig. 3). Detec-
tion of IgE to a unique marker allergen for the respec-
tive specie is sufficient for correct diagnosis.

Early studies with recombinant Api m 1 (rApi m 1)
in a cohort of confirmed HBV and Y]V allergic patients,
reported levels of sensitization of 97% [18]. Sensitiza-
tion frequencies of rVes v 1 and rVes v 5 in a simi-
lar cohort range from 33-54% and 84.5-90%, respec-
tively [10]. Remarkably, CRD using these marker al-
lergens on routine diagnostic test systems such as
the ImmunoCap (Thermo Fisher Scientific, Uppsala,
Sweden) has significantly improved the identification
of the culprit insect in patients previously diagnosed
with HBV and YJV sensitizations. The initial studies
using rApi m 1 and rVes v 5 allowed the unambigu-
ous discrimination of HBV or YJV monosensitization
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Fig. 2 Graphical  rep- -
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in 37/64 (57.8%) [19] and 27/29 (93%) [20] of the pa-
tients with double positivity to HBV and YJV extracts.

Similarly, the application of rApi m 1, rVes v 5
and rVes v 1 allowed the identification of HBV (n=9,
11.8%) and YJV (n=30, 39.5%) monosensitized in
a cohort of patients (n=76) previously diagnosed
with double positivity to venom extracts [21]. Several
additional studies have reported the diagnostic value
of these marker allergens for precise discrimination of

Cross-reactive allergens

. Sighificant levels of sequence
and 3-D structures identity
. Shared peptide epitopes
. Potential diagnostic value to
increase test sensitivity

YJV or HBV sensitizations and true double positivity
from irrelevant cross-reactivity [22, 23].

Despite its major contribution to increased diag-
nostic precision, the use of recombinant allergens still
shows important limitations. In contrast to early re-
ports (97%) [21], recent studies reported lower sensi-
tivity for rApi m 1 [24, 25] and even for the whole panel
(78-93%) of HBV allergens currently available for the
detection of HBV sensitization [25, 26]. From the clin-
ical point of view this means that HBV allergy can-
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Fig. 3  Two-step routine
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tection of HBV and YJV -
sensitizations. Asterisk Due

to potential protein based
cross-reactivity with the
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I Skin testing
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Venom preparations
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v 2, a positive result to Api
m 2 does not formally ex-
clude a YJV sensitization.
However, due to the fre-
quent sensitization to Api
m 2 in HBV allergic patients
and the low prevalence of
sensitization to Ves v 2 in
YJV allergic patients, this is
unlikely (for details see text)
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not be ruled out reliably after an apian component-
based negative result. In contrast to the situation in
YJV allergy, patients with HBV allergy display a much
broader spectrum of sensitization profiles, which may
account for the limited sensitivity of the existing aller-
gen panel. Here, additional marker allergens may be
required to improve the diagnostic sensitivity in the
detection of HBV sensitization.

A second major limitation of CRD in HVA is the lack
of components that allow an unequivocal differenti-
ation of Vespinae and Polistinae sensitization. Cur-
rently, no marker allergen exists that serves this pur-
pose. One interesting candidate, Pol d 4, which was
identified in P dominula venom but not in Vespula
venom, failed as marker allergen due to low sensi-
tization prevalence in Polistes sensitized individuals
(unpublished data). All other Polistes allergens that
have been described so far, have a homologous coun-
terpart in Vespinae venom and display a high degree
of peptide-based cross-reactivities [27], making them
unsuitable for precise discrimination of YJV or Polistes
sensitizations.

Component-resolved diagnostics and peptide
based cross-reactivity

Until recently, IgE binding to CCDs was suggested
to be the major cause of cross-reactivity (75%) and

double positive results during differential diagnosis
of HBV and YJV allergy [28]. However, more recent
studies challenged this assumption by demonstrating
that 55-70% of patients with CCD reactivity display
true double sensitization as determined by IgE reac-
tivity to CCD-free recombinant marker allergens [29,
30]. Thus, CCDs do not seem to play the major role
in cross-reactivity and double positive results. In ad-
dition, venoms from European and Neotropical pa-
per wasps were shown to lack CCD, implying that di-
agnosis of paper wasp allergies is only hampered by
peptide-based cross-reactivity [31, 32]. Overall, these
findings suggest that peptide based cross-reactivity
plays a more important role in the differential diag-
nosis of HVA than previously anticipated.

Peptide based cross-reactivity relies on the pres-
ence of common linear and/or discontinuous protein
epitopes shared by homologous allergens present in
different insect venoms. In the case of HBV and Y]V,
this has been demonstrated for relevant allergens such
as dipeptidyl peptidase IV (DPPIV) (Api m 5 and Ves
v 3) and vitellogenins (Api m 12, Ves v 6) (Fig. 2). De-
spite displaying certain degree of sequence identity,
cross-reactivity between HBV (Api m 2) and YJV (Ves
v 2) hyaluronidases is mostly based on IgE reactivity
to CCD epitopes, as demonstrated using CCD-lack-
ing Ves v 2 [33]. While sensitization to Api m 2 inde-
pendent of CCD reactivity is quite common in HBV
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Fig. 4 Overlay of the
three-dimensional (3-D)
models of the venom anti-
gen 5 (@) and PLA1 (b)
from clinically relevant Hy-
menoptera. Percentages of
sequence identity (red tri-
angles) and levels of 3-D
structure similarities (green
triangles) expressed by the
root-mean square devia-
tion (RMSD) of the atomic
positions on the 3-D mod-
els are provided. RMSD
values between 0-2A indi-
cate a high-quality model
with lower values indicat-
ing higher similarity to the
template

allergic patients (42-52%) [17], little or no IgE reac-
tivity to CCD-free rVes v 2 has been reported in YJV
allergic patients [33]. One explanation for the lack
of peptide based cross-reactivity between YJ and HB
hyaluronidases could be differences in their three-
dimensional structures and surface epitopes, which
only display a low degree of similarity when analyzed
by computational modeling [34, 35].

Vespinae and Polistinae venoms display a similar
proteome and allergome profile with a limited set of
allergens currently identified. As noted, venom PLA1
and antigen 5 are the most prominent allergens in
these insect venoms and share high levels of primary
sequence and 3-D structure identity (Fig. 4). Due to
these structural similarities, venom PLAl1 and anti-
gen 5 have limited diagnostic value for discrimination
of Vespula and Polistes sensitizations [13, 17]. A re-
cent study showed significant levels of peptide-based
cross-reactivity between antigen 5 from several mem-
bers of Vespinae and Polistinae [27]. Venom PLA1 were
shown to cross-react to a lesser extent [10, 36].

To date, cross-reactivity among Vespinae and
Polistinae venoms is relevant in Mediterranean re-
gions whereas in Central and Northern Europe Polistes
sensitization is rare. Nonetheless, in Central Europe
Polistes allergy could be underdiagnosed as testing for
Polistes sensitizations is not part of the clinical rou-
tine. Moreover, the increased spreading of P domin-
ula over new areas in Europe represents a potential
challenge for allergists. The lack of biomarkers for
unequivocal differentiation of Vespinae and Polisti-
nae sensitizations could be addressed by applying
high dynamic range techniques including shotgun

s : 3-D structure similarity (RMSD)
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proteomics to identify novel low abundant allergens
differentially present in wasp venoms [14].

Interestingly, few studies for whole venome and al-
lergome profiling of European Vespinae and Polistinae
species are currently available, hampering the identi-
fication of novel allergens which can be used as po-
tential subfamily-specific biomarkers. Previous sys-
temic analysis from venome profiling of the Neotrop-
ical paper wasp [37] and the Asian hornet Vespa affinis
[38] resulted in the detection of several novel proteins
which were recognized by IgE in the sera of sensitized
patients. Unfortunately, the potential role of these
proteins as relevant allergens remains largely unex-
plored. As in the case of Api m 10 in HBV [39], the
newly identified low abundant wasp venom compo-
nents could represent novel Vespinae and Polistinae
marker allergens. This however still needs to be in-
vestigated. To date the identification of novel sub-
family biomarkers seems not very likely as the most
important Vespinae and Polistinae allergens are cross-
reactive [27].

Characterization of linear and conformational IgE
epitopes in allergens could be exploited as an alterna-
tive for improved the differential diagnosis of wasp
allergies. Although, structural analysis of Vespinae
venom PLA1 and antigen 5 showed low variations in
their primary sequence and tertiary structures, dif-
ferential epitopes could be potentially identified on
the allergen surfaces. Continuous and discontinu-
ous IgE-epitopes settled in zones of low conservation
among these allergens represent potential candidates
for the differential diagnosis of allergy. In addition
to PLAI, epitope mapping of hyaluronidase could re-
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sult in the identification novel molecular markers for
Polistinae sensitization. Unlike Ves v 2, hyaluronidase
from Polistinae members have been suggested to dis-
play high sensitization frequencies [10].

Diagnostic gaps

Despite the remarkable improvement in differential
identification of the culprit venom, in some cases
CRD fails to detect relevant sensitizations. The re-
maining diagnostic gap is clinically relevant for clin-
icians as undetected sensitizations could result in
severe reactions after the next insult. In contrast to
the initial findings (97%) [18], diagnostic sensitivity
of Api m 1 were reported to be limited, ranging from
58-80% [24]. A recently published study reported
lower values (54.5%) in a population of HBV allergic
patients (n=189) using the CAP system (cut-off IgE
>0.35kUA/L) [25]. Several factors including the se-
lected population, regional differences and sensitivity
of the test system have been suggested to cause this
wide range of sensitization frequencies [10].

The inclusion of the other HBV proteinaceous
marker allergens (Api m 3 and Api m 10) resulted
in a partial increase of the sensitization frequencies
(87%) [26]. Higher sensitivities (91-93%) were ob-
tained by combining the recombinant forms of the
marker and cross-reactive allergens [26, 30]. How-
ever, a follow-up study [25] using the same cut-off
(>0.35kU/L), reported lower sensitivity values for
the same panel of allergens (71.6%) in a cohort of
HBV monosensitized patients. Lowering the cut-off
(>0.1kU4/L) resulted in a limited increased sensitivity
(84.3%). Remarkably and in line with our previously
published observations [26], higher sensitization fre-
quencies (92.7%) to the whole panel of HBV allergens
were found in the cohort of double sensitized patients
(n=55), suggesting that the sensitization frequency
in the CRD of HBV allergy strongly depends on the
number of double-sensitized patients included in the
studied population. As we suggested [26], this result
might be related to a more advanced state of atopic
immune deviation in double-sensitized population.

The use of recombinant YJV allergens significantly
increased the sensitivity of the systems currently used
for allergy diagnostics. A study with YJV allergic pa-
tients (n=308) showed that only 83.4% of the patients
displayed sensitization to venom extracts. Shortage
in Ves v 5 or lack of immunoreactivity of Ves v 5
in the YJV preparations was suggested to cause this
limited sensitization frequency. Ves v 5-spiked YJV
venom increases test sensitivity to 96.8% [16] and
is currently available on the ImmunoCAP (Thermo
Fisher Scientific) platform for routine YJV allergy di-
agnostics. Moreover, the combined use of Ves v 1 and
Ves v 5 in CRD of YJV allergy has consistently allowed
the unequivocal identification of 92-98% of the YJV
sensitizations [40, 41].

A limited set of additional relevant YJV allergens
(Ves v 2, Ves v 3) is available at research level and
has been suggested to increase the detection rate of
YJV sensitization in patients with a clear history of in-
sect sting anaphylaxis but negative sIgE to YJV [42].
This observation, however could not be confirmed in
a subsequent study analyzing sIgE to the same aller-
gens on a routine sIgE detections system [43]. Partic-
ularly, the prevalence of sIgE to CCD-free Ves v 2 sIgE
is low (10%) [44], questioning its value to augment di-
agnostic sensitivity. Higher prevalence of sIgE to the
cross-reactive allergens Ves v 3 (57%) [12] and Ves v 6
(39%) [45] were detected in vitro. Nonetheless, fur-
ther analyses in a larger cohort of YJV allergic patients
to determine the relevance of these allergens as well
as their potential contribution to increased sensitivity,
are required.

Similarly, additional studies to investigate the
prevalence of IgE to venom PLAI, are needed. Sen-
sitization frequencies obtained with native venom
PLA1 appear to be significantly higher than the values
reported with rVes v 1 and rPol d 1 [46]. This is par-
ticularly important for Polistes-sensitized patients, as
lower sensitization frequencies (69-72%) [8, 46] have
been reported for rPol d 5. Finally, the DPPIV from the
European paper wasp (Pol d 3) was shown to be rec-
ognized by a high number of Polistes-allergic patients
(66%) and can be explored as a candidate to increase
sensitivity and overall, for further improvement of
CRD.

Diagnostic gaps might be also reduced by using
a lower cut-off value (0.1kUA/I) in laboratory tests
[47]. Although previous studies reported limited in-
creased sensitivity after lowering the cut-off [25], this
strategy can be particularly valuable for patients with
low total IgE [10]. In addition, direct quantitative
comparison of IgE levels to homologous cross-reac-
tive HBV and YJV might prove useful towards identi-
fying the primary sensitizer in patients with negative
results to HBV and YJV marker allergens. This ap-
proach may be also applied for the identification of
Vespula and Polistes venom sensitization. Recently,
we showed significant variations in the levels of pep-
tide-based cross-reactivity among PLA1 from Vespinae
venoms, even in members of the same genera (Polisti-
nae) [36]. Levels of sIgE against the primary sensitizer
were significantly higher. Our results suggested that
quantitative comparison of sIgE levels to the primary
sensitizer represent a feasible tool to rank the proba-
bility of culprit species. The diagnostic value of this
approach was also suggested in early attempts to dif-
ferentiate between Polistes and Vespula sensitizations
[46].

Overall, these data show that a number of diagnos-
tic gaps still remain in molecular diagnostics of insect
venom allergy. This is particularly true in the case of
HBV allergy, due to the wider sensitization profile and
the low rates of sensitization to individual allergens.
Currently, in some particular patient groups, a large
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number of sensitizations (15.7%) remains undetected.
Further allergome profiling of HBV and wasp venoms
as well as characterization of low abundant clinically
relevant components that could be included in the
panel of recombinant allergens may help to improve
sensitivity and overall the outcome of the CRD.

Potential novel elicitors of Hymenoptera venom
allergy in European regions

Climate change, habitat destruction and accidental
introduction of invasive species are drastically chang-
ing the distribution of some clinically relevant insects
among different geographical regions [48]. In Eu-
rope, P dominula has expanded its habitat toward
Central and Northern Europe [49]. In addition, Vespa
velutina (Asian hornet), a highly invasive insect from
South-East Asia has continuously spread over differ-
ent European countries since its original introduction
in France. Recent studies reported the presence of
the Asian hornet in Italy, Belgium, Spain and United
Kingdom [50].

Although in Central Europe, P dominula is less ag-
gressive and has shown a different nesting behavior,
its increased presence represents a potential new chal-
lenge to routine diagnostic in this area. As noted, until
recently the vast majority of HVA cases in Central Eu-
rope were caused by Vespinae members and honey
bees. Potential sensitization caused by the European
paper wasp could create a new scenario for diagnos-
tics as novel systems for differentiation of Vespinae
and Polistes sensitizations will be needed. Failing to
detect the P dominula monosensitization could led to
systemic hypersensitivity reactions after the next field
sting. In addition, failing to distinguish Vespinae and
Polistes sensitizations due to cross-reactivity could led
to de novo sensitization and severe reactions in pa-
tients wrongly diagnosed and treated with Vespinae
venom preparations.

Despite not being considered a major medical
problem, Vespa velutina also represents a potential
novel cause of allergy in Europe. Recently, Vespa ve-
lutina was identified as the elicitor of anaphylaxis in
a 71-year-old beekeeper from Spain [51]. Moreover,
a previous study showed a high prevalence of systemic
reactions (81.2%) in patients sensitized to venom of
the taxonomically close European hornet, V. crabro
[52]. This value was found to be around three times
higher than the prevalence obtained with Vespula spp
(27.8%) and HBV (24%). Since European and Asian
hornets are members of the same genus and display
a similar venom composition, V. velutina sting could
potentially cause not only de novo sensitization but
also triggers hypersensitivity reactions in V. crabro- or
Vespula-sensitized patients due to cross-reactivity.

Diagnostic challenges in Northern and Southern
America

In addition to honeybees, hornets, yellow jackets and
paper wasps are major elicitors of allergy in the US [5].
These group of wasps are highly aggressive and due
to their scavenger behavior cause a large number of
sting accidents. S. invicta is also clinically relevant and
has been reported to cause most cases of hypersen-
sitivity reactions to Hymenoptera venoms in endemic
areas [53]. The standard method for insect allergy di-
agnostic in the US is skin testing using venom ex-
tracts from HB, YJ, hornet and Polistes and/or whole-
body extracts of imported fire ants. Remarkably, sev-
eral studies have shown that a large proportion (30%)
of severe reactors have negative skin tests [54]. More-
over, double positive results to Vespula and Polistes
venom are common (50%) in Vespula-sensitized pa-
tients [55]. Overall these findings suggest the need for
further improvement in the strategies currently ap-
plied for venom allergy diagnosis in the US.

Despite hosting an outstanding diversity of clin-
ically relevant Hymenoptera which include roughly
33% of the social wasp species currently identified
worldwide, HVA is a neglected human health problem
in Brazil [9, 56]. Epidemiologic surveys as well as stud-
ies for the evaluation of the diagnostic systems cur-
rently applied are scarce. Standardized venom prepa-
rations or individual allergens derived from the venom
of the major allergy elicitors Polybia paulista, Apoica
pallens, and fire ants are not available [36, 56]. Rou-
tine diagnostic tests in Brazil are based on manufac-
tured crude venom extracts thus increasing the inci-
dence of cross-reactivity and therefore causing diag-
nostic failure to detect the culprit insect. Variations of
manufactured venom extract composition also cause
inconsistent results when analyzing sensitization fre-
quencies.

During the last few decades, several efforts have
been made to overcome this situation. Venomic anal-
ysis of P paulista allowed the identification of three
major components that were officially annotated as
insect venom allergens (Poly p 1, Poly p 2 and Poly p 5)
[56]. Recombinant forms of these allergens were ob-
tained in bacterial and yeast cells and are under evalu-
ation for the rational design of CRD [57, 58]. Moreover,
PLA1 and antigen 5 from of A. pallens were recently
identified and sequenced by our group (unpublished
data). The purified native venom components were
recognized by sIgE in the sera of allergic patients and
could represent two novel allergens and potential can-
didates for further improvement of HVA diagnostics in
Brazil.

Predictors of severe reactors

Risk factors for severe allergic reactions include el-
evated baseline serum tryptase concentration (BTC),
senior age, insect type, male sex, concomitant cardio-
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vascular diseases and presence of mast cell disorders
[59]. To date, measurement of serum tryptase con-
centration is the only test broadly available in rou-
tine diagnostics that can be used as a potential indi-
cator of severe reactors. Several studies had shown
that a high BTC is associated with severe symptoms
[60]. Moreover, an increase in the tryptase levels on
the first day of the VIT has been associated to higher
risk of systemic allergic reactions during treatment
[61]. Nonetheless, elevated baseline tryptase cannot
be considered as an unequivocal biomarker but as
a potential indicator of severe symptoms after the next
sting.

Kucharewicz et al. [62] showed that only 19%
(n=12) of untreated patients with reaction grade III
(n=37) or IV (n=25) according to Muller scale have
BTC (11.9-53.51g/L) above the widely used cutoff
(=11.4pg/L). A more recent analysis for the descrip-
tion of severity predictors showed that an increase
in the BTC from 4.25 to 20ng/L augments the risk
of severe systemic reactions by a factor of 3.8 and
described a nonlinear continuous association be-
tween BTC and insect venom allergic severe reactions
[63]. Thus, the authors recommended to consider the
whole range of tryptase concentrations rather than
define a cutoff for individualized risk assessment [59,
63].

In addition to tryptase levels, the influence of IgE
levels in the frequency of insect venom-triggered se-
vere reactions has been explored. A large cohort of
allergic patients (n=758) with a history of systemic
symptoms and complete laboratory test showed no
significant correlation between grade III and IV re-
actions and the levels of tIgE and venom-sIgE. Sturm
and colleagues [64] showed that untreated allergic pa-
tients with low level of tIgE (<50kU/1) suffered severe
reactions including loss of consciousness after a nat-
ural sting. A recent study also found no association
between IgE/IgG4 ratios to relevant allergens, and the
severity of the clinical symptoms. Overall, these data
suggest that the degree of sensitization as determined
by levels of sIgE to individual venom components has
no value for the prediction of symptoms severity and
anaphylaxis.

Advances in flow cytometry techniques and omic
approaches may be useful for the identification of
novel biomarkers of severe reactions. Over the last
few decades, several molecules such as chymase, car-
boxypeptidase A3 and the serum CCL-2 have been
investigated as indicators of anaphylaxis in different
types of allergies [65]. Particularly, increased levels
of serum CCL-2 were reported during anaphylaxis
as compared to convalescent samples. Nonetheless,
most of these molecules are useful for diagnosis of
anaphylaxis rather than for prediction of the severity
of symptoms to a future field sting. Thus, further
studies are required for the identification of reliable
predictors of severe reactors and risk assessment.

Perspective for basophil activation test

Negative skin and in vitro tests in patients with a clear
history of severe sting reactions represent a major
challenge for allergy clinicians. Often, these patients
do not receive VIT and consequently are at risk of
systemic life-threatening reactions after a subsequent
sting. It has been reported that 30% of the insect sting-
related fatal anaphylaxis occurred in patients with low
or undetectable levels of sIgE [66]. The basophil acti-
vation test (BAT) using whole venom preparations has
been suggested as a valuable tool to overcome this di-
agnostic problem. Previous studies showed that BAT
detected sensitizations in 17/21 (81%) of severe re-
actors with previous negative sIgE test using the cut
off level of 0.35KU/L [67]. These reports however
have two limitations: since sIgE detection on semi-
automated routine platforms is FDA approved down
to levels of 0.1 KU/L, detection of sIgE levels between
0.1 and 0.35KU/L should have also been considered
in these studies, particularly in patients with low total
IgE levels. In addition, the introduction of the Ves v 5
spiked YJV extract for routine diagnostics [16] mostly
likely reduces the number of sIgE-negative patients
with a clear history of Hymenoptera sting anaphylaxis,
thus reducing the number of patients who would ben-
efit from the use of the BAT even further.

BAT has also been suggested as a novel alternative
for improved discrimination of true double sensiti-
zation from cross-reactivity by allowing quantitative
detection of the stronger basophil activation elicitor.
Although BAT reliability for unequivocal identification
of the primary sensitizing species is hampered by the
presence of CCDs, at least one study showed that re-
combinant allergen-based BAT testing improved the
identification of the culprit venom as compared to
classical in vitro tests for sIgE detection [22]. Partic-
ularly, a more recent study with a panel of YJV indi-
vidual allergens showed that BAT-based diagnostic in-
creased specificity as compared to routine diagnostic
test [68]. The high specificity of this approach could
result in the detailed description of the component-
resolved sensitization profile in allergic patients po-
tentially leading to the rational design of a stratified
and personalized VIT.

To date, most reports on the diagnostic value of
BAT have been conducted in advanced research set-
ting. Only one study with a limited number of patients
(n=21) was conducted in a routine clinical practice
[67]. Several factors including increased costs, higher
expertise requirement for the implementation of the
method as well as the interpretation of the biological
data has partially hampered its application in routine
diagnostic of allergy. This would be in particular true
for the use of recombinant venom allergens in the
BAT diagnostics that are so far only available for re-
search purpose and not yet in a standardized way that
would be required for routine diagnostics in a clini-
cal setting. Additional studies for standardization of
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the test involving larger cohorts of patients and better
standardized allergens, are required. If these prereq-
uisites would be available, the BAT would most likely
be a valuable addition for component resolved diag-
nostics in Hymenoptera venom allergy. Considering
that allergens of European paper wasps are devoid of
CCD, BAT could also be a valuable tool to increase
diagnostic precision for the detection of primary sen-
sitization to P dominula venom and to discriminate
between Vespula and Polistes sensitization.

Concluding remarks

In vitro diagnostics of insect allergy has experienced
outstanding advances during the last decade. Anal-
ysis of sIgE reactivity to panels of defined venom al-
lergens now allows an improved differentiation of the
relevant sensitization particularly in HBV and YJV al-
lergy. In addition, it enables us to characterize individ-
ual sensitization profiles, particularly in HBV allergy
that may be of relevance for the treatment outcome
of VIT. Based on this, we are tempted to assume that
the improved precision of CRD results in an improved
safety and efficacy of VIT; however, data confirming
this are still lacking. Nonetheless, some issues re-
main unresolved. There are still diagnostic gaps in the
CRD of HVA that should be closed either by improv-
ing assay sensitivities and/or by expanding the range
of allergens available for routine diagnostics. In ad-
dition, marker allergens or other diagnostic markers
are still required that allow a reliable discrimination
between sensitization to Vespinae and Polistinae ven-
oms. Here, profiling of peptide specific IgE reactivity
may be a promising approach. Finally, more studies
are required for the identification and evaluation of
prognostic biomarkers for risk assessment and proper
selection of patients for venom immunotherapy.
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