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Abstract: Sensitization to cross-reactive allergens complicates identifying the culprit insect in Hy-
menoptera venom allergy via diagnostic tests. This study evaluates sensitization to hyaluronidases
(Api m 2 from honey bee (Apis mellifera) venom, HBV; Pol d 2 from European paper wasp (Polistes
dominula) venom, PDV; and Ves v 2.0101 and Ves v 2.0201 from yellow jacket (Vespula vulgaris) venom,
YJV) and their cross-reactivity in allergic patients from Italy, Spain, and Germany using Immuno-
CAPs, ELISA, and basophil activation tests. Sensitization rates were 45% for Api m 2 in HBV-allergic
subjects, 25% for Pol d 2 in PDV-allergic individuals, and 20% and 10% for Ves v 2.0201 and Ves v
2.0101 in YJV-allergic patients, respectively. Patients primarily sensitized to Api m 2 showed minimal
cross-reactivity to vespid hyaluronidases, whereas those primarily sensitized to Pol d 2 or Ves v
2.0201 exhibited IgE reactivity to Api m 2. Neither Pol d 2 nor Ves v 2.0201 triggered basophil
activation. Cross-reactivity of Api m 2, Pol d 2, and Ves v 2.0201 depends on the primary sensitizing
venom. Sensitization to Pol d 2 and Ves v 2.0201 remains below 25%, yet these patients may exhibit
cross-reactivity to Api m 2. Conversely, HBV-allergic patients sensitized to Api m 2 show minimal
reactivity to Pol d 2 or Ves v 2.0201.

Keywords: allergen cross-reactivity; Api m 2; Apis mellifera; hyaluronidases; Hymenoptera venom
allergy; Pol d 2; Polistes dominula; Ves v 2; Vespula vulgaris
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Key Contribution: Api m 2 may serve as a useful marker for primary sensitization in honey bee
venom-allergic patients, and sIgE cross-reactivity between Apim 2 and its vespid homologs is limited.
Sensitization to hyaluronidases is of minor importance in vespid venom-allergic patients.

1. Introduction

Hyaluronidases, ubiquitous components of various species’ venoms, span across
taxonomic orders, including Hymenoptera (bees, wasps, hornets, and ants) [1-3], snakes,
spiders, and even the platypus [4-6]. They play a crucial role in allergic reactions triggered
by Hymenoptera stings. Allergic reactions following Hymenoptera stings in Europe are
primarily induced by venoms of the Hymenoptera species Apis mellifera (honey bee) and
Vespula spp. (yellow jacket), with Southern Europe additionally facing reactions related to
Polistes dominula (European paper wasp), an invasive species spreading northward [7-9]. P.
dominula has also conquered new habitats around the globe, such as Northern America and
South Africa [10,11], underscoring the global importance of understanding their venom
components. Another highly invasive Hymenoptera species, the yellow-legged or Asian
hornet (Vespa velutina nigrithorax), is progressively establishing itself across Europe, even
though its natural habitat is in tropical regions of Southeast Asia. In areas of Europe
where it has become established, Vespa velutina nigrithorax has become a notable cause of
Hymenoptera-induced anaphylaxis [12].

The key hyaluronidases of interest to a wider population include Api m 2 from honey
bee venom (HBV), Ves v 2.0101 and Ves v 2.0201 from yellow jacket venom (YJV), and Pol
d 2 from P. dominula venom (PDV). Sensitization rates vary among patient populations,
with Apim 2 sensitization ranging from 28% to 60% [13-17]. Currently, routine diagnostic
tools focus on Api m 2, as other Hymenoptera hyaluronidases are less investigated [18].
Experimental studies suggest sensitization rates of approximately 5% for Ves v 2.0101 and
20-28% for Ves v 2.0201 [13,19,20]. Only limited data are available regarding the allergenic
potential of Pol d 2 [1] and the cross-reactivity among Hymenoptera venom hyaluronidases,
highlighting gaps in the understanding essential for tailored treatment strategies.

Beyond their role in allergies, hyaluronidases also serve important functions within
their venom, cleaving hyaluronan, a crucial component of connective tissue. Hyaluronan
is composed of disaccharide subunits consisting of N-acetyl-p-D-glucosamine and (3-D-
glucuronic acid, which are linked via alternating 3-1,3 and 3-1,4 glycosidic bonds and to-
gether build the repetitive structure of hyaluronan in the extracellular matrix. The proteins
of Enzyme Commission number 3.2.1.35, the so-called hyaluronoglucosidases, e.g., Api
m 2, hydrolyze the 3-1,4 linkage of hyaluronan, rendering small and non-functioning
subunits [21]. While hyaluronidases do not have a direct toxic effect, they intensify the
effect of other venom proteins. The hydrolysis of hyaluronan and chondroitin A and C
supports the diffusion of the venom through tissues adjacent to the puncture site and the
distribution of the venom via blood vessels in the victim [22,23]. Because of this spreading
function, hyaluronidases can play a significant role in local and systemic venom reactions
without imparting a direct venomous effect [5,24]. Interestingly, Ves v 2.0201 represents an
inactive variant that carries a point mutation at the enzyme’s active site and seems to be
the dominant isoform in YJV [25].

To shed light on the prevalence of sensitization among Hymenoptera venom-allergic
individuals and to evaluate the true, cross-reactive carbohydrate determinant (CCD)-
independent cross-reactivity of pertinent venom hyaluronidases, Apim 2, Pol d 2, Ves v
2.0101, and Ves v 2.0201 were recombinantly produced in insect cells. The investigation of
sensitization to Ves v 2.0101 was performed using experimental InmunoCAPs and included
a cohort of YJV- and/or HBV-allergic patients. Furthermore, we assessed sensitization and
cross-reactivity of the less explored hyaluronidases Ves v 2.0201 and Pol d 2 through ELISA,
comparing them with Api m 2. The capacity of these hyaluronidases to trigger effector cells
was examined ex vivo using basophil activation tests (BAT).
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2. Results
2.1. Structural Features of the Investigated Hymenoptera Hyaluronidases

Figure 1 shows the tertiary structures of the hyaluronidases Api m 2 (PDB: 1FCU) [26],
Pol d 2, Ves v 2.0101 (PDB: 2ATM) [27], and Ves v 2.0201. Pol d 2 and Ves v 2.0201 structures
were modeled based on the structure of Ves v 2.0101 with a confidence of 100% for both
and sequence identity of 74% and 59%, respectively (Figure 2). Despite the intermediate
sequence identity of 44-74% of Apim 2, Pol d 2, Ves v 2.0101, and Ves v 2.0201 (Figure 2),
the tertiary structure of the hyaluronidases is highly conserved.
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Figure 1. Structural features of venom hyaluronidases. Ribbon diagrams and the surface coulombic
electrostatic potential (ESP) of Api m 2, Pol d 2, Ves v 2.0101, and Ves v 2.0201 are displayed. Positive
ESP areas are colored blue, and negative ESP areas are red. The structures of Api m 2 (PDB: 1FCU)
and Ves v 2.0101 (PDB: 2ATM) were solved by crystallography, and those of Pol d 2 and Ves v 2.0201
were generated by structural modeling.

As the binding of conformation-dependent epitopes is based not only on the three-
dimensional structure of a protein but also on its surface charge, the coulombic electrostatic
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potential (ESP) was calculated and added to Figure 1. While no apparent difference can be
described solely based on tertiary structure, the surface charges of the hyaluronidases of
interest draw a different picture. All four proteins have unique areas of ESP surface charge,
creating potential exclusive allergenic epitopes while maintaining enough similarities to
their respective homologous proteins to exhibit cross-reactivity.

(a)
Apim2 ------ TPDNNKTVREFNVYWN GIL FRGEEIAIL 54
Pol d 2 DSCGWNCESSKRPKRVFSIYWNVP INIKHN NFRGETIAIY 59
Ves v 2.0101 --------- SERPKRVFNIYWN IKR] FQGDKIAIF 50
Ves v 2.0201 ------- DRTIWPKKGFSIYWNIP NIKYN NFRGETISLE 52
* *** * % :**::.: ke, .:.* * s, ** *-
Api m 2 YDPGMFPALLKDP -NGNVVAI PDKSFPGVGVIDFE 113
Pol d 2 YDPGKFPALMPLNNNGKYEERNGG 119
Ves v 2.0101 YDPGEFPALLSLK-DGKYKKRNGG] 109
Ves v 2.0201 YDPGNFPSMVLLK-NGTYEIRNEGVPQKGN 111
kkkk **::: :*_ k% kkkk **:* **: * ke kkk ok
Api m 2 173
Pol d 2 179
Ves v 2.0101 169
Ves v 2.0201 171
******:* .o . * ** * %k * . . . *** k%% kxk
Api m 2 PAANWGYYAYPYCYNLTPNQPSAQC DVLLPSVYLRWNLI 233
Pol d 2 RKRAKWGYYGFPYCYNVTPNNPGPDCD INNQEILLPSVYLRHEQK 239
Ves v 2.0101 KQADWGYYGYPYCFNMSPNNLVPEC NQNVLLPSVYVRQELI 229
Ves v 2.0201 RKKTEWGYHGYPHCLSGSTDKPSFDCD NVLLPSIYLKNVLK 231
. * :. *** * * .o o e kKKK o *
Api m 2 MTTSRKKVLPYYWYKYQDRRDTDL| 293
Pol d 2 LEHS-PSVLAYWIWYVYQDKMDIYLS 298
Ves v 2.0101 KHS - PKVLSYWWYVYQDETNTF L 288
Ves v 2.0201 FKHL - PKVLPYNWYTYQDKESIFL 290
[ * %k *:***:**: 1 ** * . ** *** . _:*:: *:::*
Api m 2 GADGFIIWG N LNNNANDRLTVDVSVDQV 350
Pol d 2 GGNGITIWGSHSENNS VIS LNF------ - 348
Ves v 2.0101 GGDGIIIWG N----mmmmmm - 331
Ves v 2.0201 GADGIIIWG TD) VKENTPLNF------- 340
FooRpRRER R o R :
(b)
Apim2 | Pold2 | Vesv2.0101 | Vesv2.0201
Apim 2 / 51.61% | 52.87 % 44.12 %
Pol d 2 51.61% | / 74.02 % 56.47 %
Vesv2.0101 | 52.87% | 74.02% | / 58.31%
Vesv2.0201 | 44.12% | 56.47 % | 58.31% /

Figure 2. Sequence alignment and identity of venom hyaluronidases. (a) Alignment of the ma-
ture sequences of the investigated venom hyaluronidases. Turquoise and red boxes indicate the
positions of 3-strand and o-helices, respectively. Asterisks, colons, and periods indicate identical,
conserved, and semi-conserved residues, respectively. (b) Percent identity between the different
hyaluronidase allergens.

2.2. sIgE Sensitization of Allergic Patients to Ves v 2.0101

The sensitization rate to the hyaluronidase Ves v 2.0101 from YJV was addressed using
experimental ImmunoCAPs with the recombinant CCD-free allergen. Data were collected
for patients with a positive cutaneous test for HBV, YJV, or HBV and YJV (HBV/Y]JV)
(Figure 3). In the Y]V-reactive group, 7.7% (6/78) of patients were positive for Ves v 2.0101
(sIgE > 0.35 kU 5 /L) compared with a single patient (1/35) in the HBV-reactive group who
was also Api m 2-positive. Most reactivity, 20% (6/30), was measured in the double-reactive
group. Due to the generally low sensitization rates against Ves v 2.0101, further work was
focused on the remaining potentially allergy-relevant venom hyaluronidases Api m 2, Pol
d 2, and Ves v 2.0201.
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Figure 3. sIgE sensitization to yellow jacket venom Ves v 2.0101. Prevalence of sensitization in HBV-,
YJV-, and HBV /Y] V-reactive patients to whole YJV and Ves v 2.0101 as measured by ImmunoCAP. A
dotted line indicates the 0.35 kU /L cut-off. HBV, honey bee venom; Y]V, yellow jacket venom.

2.3. Characterization of Recombinant Hyaluronidases

Using Sf9 insect cells, the hyaluronidases were recombinantly expressed devoid of
CCDs but with the remaining N-glycosylations intact. After purification, the proteins
were analyzed by SDS-PAGE and either stained with Coomassie blue or immobilized
onto nitrocellulose membranes. Western blots were performed with an anti-V5 antibody
directed against the co-expressed V5-tag and Galanthus nivalis agglutinin (GNA) to detect
N-glycosylation (Figure 4).
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Figure 4. Recombinant expression and characterization of venom hyaluronidases. SDS-PAGE and
immunoblot of recombinant Api m 2, Pol d 2, and Ves v 2.0201 visualized by either (a) Coomassie
blue staining or (b) anti-V5 epitope antibody and (c) Galanthus nivalis agglutinin (GNA).

The predicted molecular weights (MW) for Api m 2, Pol d 2, and Ves v 2.0201 are 42,
41, and 40 kDa, respectively. When analyzed by reducing SDS-PAGE and staining with
Coomassie blue or detection with anti-V5-tag antibody, the three hyaluronidases migrated
between 40 and 55 kDa, roughly confirming their predicted MWs (Figure 4a,b). The GNA
blots show bands for Api m 2, Pol d 2, and Ves v 2.0201 (Figure 4c), therefore verifying the

in silico-predicted number of N-glycosylation sites (predicted sites: Api m 2: 3; Pol d 2: 2;
Ves v 2.0201: 2).

2.4. sIgE Sensitization of Allergic Patients to Api m 2, Pol d 2, and Ves v 2.0201

sIgE sensitization of HBV-, PDV-, and Y] V-allergic patients was assessed in vitro by
ELISA using recombinant, CCD-free Api m 2, Pol d 2, and Ves v 2.0201. Of the 95 patients
included, 29 were mono-reactive in the intradermal test with HBV, 16 with PDV, and 18
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with YJV. Further, 24 patients were double-reactive with PDV and Y]V, and eight were
triple-reactive with HBV, PDV, and Y]JV.

Api m 2 was recognized by 45% (13/29) of HBV, 25% (4/16) of PDV, and 20%
(3/18) of YJV mono-reactive; 15% (4/24) of PDV/Y]JV double-reactive; and 25% (2/8)
of HBV/PDV/Y]V triple-reactive patients. The sensitization rates against Pol d 2 were
approximately 15% (4/29) in HBV-, 25% (4/16) in PDV-, 20% (3/18) in YJV-, 15% (4/24)
in PDV/Y]JV-, and 10% (1/8) in HBV /PDV /Y] V-reactive patients. The hyaluronidase Ves
v 2.0201 from YJV showed overall slightly lower sensitization rates in the tested patient
populations: 20% (5/29) in HBV, 10% (1/16) in PDV, and 20% (3/18) in Y]V mono-reactive;
5% (2/24) in PDV/Y]JV double-reactive; and 25% (2/8) in HBV/PDV/Y]V triple-reactive
patients (Table 1).

To illustrate the putative cross-reactivity of the hyaluronidases, patients negative to all
tested hyaluronidases were excluded, and the reactivities for each population were merged
into one graph. In Figure 5, dots representing an individual patient’s reactivity to either
Apim 2, Pold 2, or Ves v 2.0201 were connected to allow a quick assessment of the patient’s
capability to bind more than one hyaluronidase homolog. Four of the twelve HBV-reactive
patients sensitized to Api m 2 had measurable IgE against Pol d 2 and three to Ves v 2.0201.
All three PDV-reactive patients sensitized to Pol d 2 were also able to bind Api m 2, but
only one had detectable IgE against Ves v 2.0201. The three patients reactive to YJV who
were sensitized to Ves v 2.0201 also reacted to Pol d 2 and Api m 2 in vitro. Half of the
PDV /Y]JV double-reactive patients above the cut-off reacted to Api m 2, Pol d 2, and Ves
v 2.0201. The other half was sensitized to Api m 2 and Pol d 2 but not Ves v 2.0201. All
triple-reactive patients with at least one sensitization to the tested hyaluronidases reacted
to Apim 2, Pol d 2, and Ves v 2.0201.

3.0 HBV (mono) 3.0+ PDV (mono)
2.04 2.04
g - e,
1.04 1.0+
0.04 T T T 0.0 T T T
Apim2 Pold2 Vesv2.0201 Apim2 Pold2 Ves v2.0201
3.0+ YJV (mono) 3.0 PDV/YJV
2.0+ 2.0+
S0l
1.0 10— . .
0.0+ T T T T T T
Apim 2 Pold 2 Ves v2.0201 Apim 2 Pold 2 Ves v2.0201
3.0+ HBV /PDV/ YJV
2.0

ODys
P
1

0.0

T T T
Apim 2 Pold 2 Ves v2.0201

Figure 5. Comparison of sIgE reactivity to venom hyaluronidases. Cross-reactivity of Api m 2, Pol d
2, and Ves v 2.0201 was assessed in HBV (mono)-, PDV (mono)-, YJV (mono)-, PDV/YJV double-,
and HBV/PDV/Y]V triple-reactive patients. HBV, honey bee venom; mono, mono-reactive in skin
test; PDV, Polistes dominula venom; Y]V, yellow jacket venom.
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Table 1. Prevalence of sensitization to venom hyaluronidases.
Sensitization in %
HBV PDV YJV PDV/YJV HBV/PDV/YJV
Apim 2 45 25 17 17 25
Pold 2 14 25 17 17 17
Ves v 2.0201 17 6 17 8 25

Sensitization to recombinant Api m 2, Pol d 2, and Ves v 2.0201 in HBV (mono)-, PDV (mono)-, YJV (mono)-,
PDV/Y]V double-, and HBV/PDV/Y]V triple-reactive patients was determined by ELISA. HBV, honey bee
venom; mono, mono-reactive in skin test; PDV, Polistes dominula venom; Y]V, yellow jacket venom.

2.5. Reactivity of Api m 2, Pol d 2, and Ves v 2.0201 in Basophil Activation Test

Basophil activation tests were performed with patients allergic to HBV, PDV, Y]V,
or a combination thereof. Basophils were treated with increasing doses of recombinant
hyaluronidases, and the upregulation of CD63 on the cell surface was measured. Patients
were enrolled in the study in the greater Munich (Germany, n = 17, MUC) or Barcelona
(Spain, n = 12, BCN) areas. As patients were recruited from clinical routine, and assessing
sensitization against PDV is not part of the general diagnostic algorithm in Germany,
sensitization against PDV cannot be excluded for those patients. Patients with HBV
sensitization were not representative of the general HBV-allergic population since patients
with sensitization to Api m 2 were preferably included.

Seven of the seventeen MUC patients showed basophil activation upon stimulation
with Api m 2 (Figure 6). However, none reacted to Pol d 2 or Ves v 2.0201. Basophil
activation with Api m 2 was further seen in one BCN patient (Figure 6). Although clear
sensitization to PDV and/or YJV was demonstrated in vitro for nine out of the twelve
BCN patients, no CD63 upregulation was seen after stimulation with either Pol d 2 or
Ves v 2.0201.

100 Apim 2 - MUC 100 Pold 2 - MUC 100 Ves v 2.0201 - MUC
80— 80— 80—
60 60 60
404 40 404
204 20 20
- o= o o K EURI SUYY IO N 5
g 1|6 E‘i 4ID Z(I)O 10|00 1I6 Eli 4|0 2(I)D 1OIDD
= 100 Apim2 - BCN 100 Pold2-BCN 100 Ves v 2.0201 - BCN
80— 80 80+
60+ 60 | 60
40+ 40| 40+
20 / 20 20
07 T T T T T 0 T T T _._T___._ﬂl 0 T T T _T_ T
16 8 40 200 1000 16 8 40 200 1000 16 8 40 200 1000

Concentration (ng/ml)

Figure 6. Basophil activation tests with recombinant venom hyaluronidases. Human basophils from
Hymenoptera venom-allergic patients from Munich, Germany (MUC), and Barcelona, Spain (BCN),
were exposed to different concentrations of recombinant Api m 2, Pol d 2, or Ves v 2.0201, and the
increase in CD63 on the cell surface was measured. Activation is shown as a percentage increase of
CD63* out of total basophilic cells. Cut-off (dotted line) is at 10% of CD63 increase.

3. Discussion

The Hymenoptera venom hyaluronidases Api m 2, Pol d 2, Ves v 2.0101, and Ves
v 2.0201 were analyzed using a variety of in silico tools, allowing a comparison of pri-
mary, secondary, and tertiary structures, including surface charge. Sensitization to Ves v
2.0101 was tested using experimental InmunoCAPs. Furthermore, Api m 2, Pol d 2, and
Ves v 2.0201 were recombinantly produced in Spodoptera frugiperda (5£9) insect cells. IgE
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antibodies against «-1,3-core-fucosylation of Hymenopteran carbohydrate structures are
frequently found in venom-allergic patients [28]. However, no clinical relevance has been
established so far [29]. This specific carbohydrate linkage, also known as cross-creative car-
bohydrate determinant (CCD), is one major reason for IgE cross-reactivity between venoms
of different Hymenoptera species. This, however, does not represent a clinically relevant
sensitization. 59 cells add carbohydrate modifications to the recombinant proteins, which
can be beneficial for proper folding. However, the attached carbohydrate structure lacks the
a-1,3-core-fucosylation, which is the molecular basis for CCD reactivity [19]. This allowed
a direct comparison of true protein allergenicity without the interfering influence of CCDs,
which are known to distort the prevalence of sensitization in Hymenoptera venom-allergic
patients [28]. The full-length recombinant proteins were used in ELISA to determine the
presence of sIgE in patient sera and in BAT to evaluate their ability to activate effector cells
of patients sensitized to HBV, PDV, Y]V, PDV/Y]V, and HBV/PDV/Y]JV.

Despite the intermediate levels of sequence identity of 44-74% between Api m 2, Pol d
2, Ves v 2.0101, and Ves v 2.0201, the secondary and tertiary structures seem to be conserved,
and conformational, allergenic epitopes mediating cross-reactivity between the species’
venoms are probably maintained. While surface charges of Api m 2, Pol d 2, Ves v 2.0101,
and Ves v 2.0201 differ in certain areas, others share enough similarities for cross-reactivity
based on ESP and structure.

Structural similarities, particularly in the context of conserved conformational epitopes,
likely contribute to cross-reactivity by promoting immune recognition across different
allergens. Conformational epitopes—three-dimensional structures formed by amino acid
sequences brought into proximity through protein folding—play a significant role in
IgE binding. Because IgE antibodies recognize these spatial arrangements, structural
similarities between allergens such as Api m 2, Pol d 2, and Ves v 2.0201 may lead to cross-
reactivity, even when the sequence homology is limited. This underlines the importance of
considering both linear and conformational epitope analysis in studies of allergen cross-
reactivity to improve clinical outcomes.

The experimental InmunoCAPs performed with Ves v 2.0101 confirmed its role as a
minor allergen in YJV- and HBV-allergic patients (<10% of patients sensitized with sIgE
titers >0.35 kU/L). Relevant sensitization rates were only measured for YJV/HBV double
skin-reactive patients (~20%), which aligns with already published data [19,20].

After recombinant production and purification, the predicted MWs of 42 (Api m
2), 41 (Pol d 2), and 40 (Ves v 2.0201) kDa were confirmed by SDS-PAGE. However, a
slightly higher MW was observed, probably due to N-glycosylation on the hyaluronidases.
N-glycosylation was confirmed by detecting the hyaluronidase bands with the lectin GNA.

The recombinant full-length proteins were tested in ELISA with 95 patients recruited
in Italy who were skin-reactive to HBV (29), PDV (16), Y]V (18), PDV/Y]V (24), and
HBV/PDV/Y]JV (8). The assessed prevalence of sensitization in these patients confirmed
the importance of Api m 2 in HBV-reactive individuals (45% sensitized). Additionally; it
indicates that true sensitization to Pol d 2 and Ves v 2.0201 is less prevalent. Furthermore,
20% of YJV-reactive patients reacted to Ves v 2.0201. The prevalence of sIgE to Api m 2 in
HBV- and Ves v 2.0201 in Y] V-reactive patients was consistent with previously published
data [14,19,20]. In PDV mono-reactive patients, 25% had detectable sIgE levels directed
against Pol d 2. Around 15% of PDV/Y]V double-reactive patients reacted to Pol d 2, while
only 5% reacted to Ves v 2.0201. The obtained in vitro data are in line with published
sensitization rates for Api m 2 and Ves v 2.0201 in HBV- and Y] V-allergic patients and adds
a further piece to the puzzle by describing sensitization to Api m 2 and Ves v 2.0201 in
PDV- and PDV /Y] V-allergic patients. The recently identified Pol d 2 showed sensitization
rates comparable to those of Ves v 2.0201, in the range of 15 to 25%, depending on the
population tested.

Including different Hymenoptera venom-allergic patient groups allowed us to assess
the putative cross-reactivities of venom hyaluronidases. The majority of HBV skin-reactive
patients sensitized to Api m 2 did not react to Pol d 2 or Ves v 2.0201. However, four
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HBV-allergic patients tested positive for Pol d 2 and Ves v 2.0201. It remains speculative
whether this cross-sensitization renders patients susceptible to systemic reactions when
exposed to hyaluronidases from other species. Factors that might influence the clinical
relevance of cross-reactivity include IgE antibody affinity and density of cross-reactive
epitopes on the homologous allergens.

All PDV-allergic patients sensitized to Pol d 2 also tested positive against Api m 2.
Only one reacted to Ves v 2.0201, confirming Pol d 2 as probably cross-reactive with Api m
2 and, to a lesser degree, to Ves v 2.0201. Patients mono-reactive to YJV who had detectable
sIgE levels against Ves v 2.0201 were all reactive to Api m 2 and Pol d 2, showing the
potential cross-reactivity of Ves v 2.0201. The high positive rate for Api m 2 in patients
sensitized to Pol d 2 or Ves v 2.0201 in PDV /Y] V-allergic individuals (4/4 and 2/4) shows
the extensive cross-reactivity of wasp and honey bee hyaluronidases in this patient group.
This is in line with prior work showing that 10-15% of people allergic to YJV have IgE
against Ves v 2.0101 or Ves v 2.0201 (no discrimination is made). Half of these patients
showed peptide-specific cross-reactivity with Api m 2 [20].

The data indicate that the initially sensitizing venom has an effect on the cross-
reactivity of venom hyaluronidases. While there is a limited likelihood for primarily
Apim 2-sensitized patients to react to Pol d 2 and Ves v 2.0201, virtually all Pol d 2- and Ves
v 2.0201-sensitized patients react to Api m 2. Ves v 2.0201-sensitized patients can further
recognize Pol d 2, while the chance for primarily Pol d 2-sensitized patients to react to Ves
v 2.0201 appears to be less pronounced. This might be explained by allergenic epitopes
present on the primarily sensitizing hyaluronidases, which are lacking in the putative
cross-reactive homologs.

The observed cross-reactivity among these allergens may have implications for both
diagnosis and treatment, particularly for patients at high risk of systemic reactions. In diag-
nostics, cross-reactivity can complicate the identification of primary sensitizing allergens,
potentially leading to misdiagnosis or over-diagnosis if clinicians rely on extract-based
IgE testing alone. To address this, a CRD approach may improve diagnostic accuracy by
differentiating between genuine sensitization to one allergen and cross-reactive responses
due to protein similarities.

Measuring Apim 2 as part of the diagnostic work up may add clinical value in patients
suspected of HVA. A positive result in liaison with sensitization to HBV species-specific
markers (e.g., Apim 1 and Api m 10), may explain positive YJV and/or PDV extract results
in the absence of YJV and/or PDV species-specific markers (e.g., Ves v 5 and Pol d 5). This
allows an increased resolution, enabling a patient-tailored treatment strategy.

On the other hand, Pol d 2 and Ves v 2.0201 may be of limited value considering
(a) the low sensitization rates in YJV and/or PDV allergic patients and (b) the observed
cross-reactivity with Api m 2. Given the positive Api m 2 results in Y]V and/or PDV
allergic patients with sensitization to the respective species-specific hyaluronidase (Ves v
2.0201 or Pol d 2), Api m 2 may suffice as a marker allergen for hyaluronidase sensitization.

From a therapeutic standpoint, understanding cross-reactivity is crucial in selecting the
most appropriate extract for immunotherapy. An increased diagnostic resolution may help
to identify the right AIT while reducing the cost and impact on quality of life associated with
unnecessary treatments. Furthermore, tailoring treatment based on CRD could enhance the
safety profile and efficacy of allergen-specific immunotherapy for some patients.

We recognize that the relatively low sensitization rates to Pol d 2 and Ves v 2.0201 in our
study may affect the statistical power for detecting cross-reactive patterns. However, our
findings still provide valuable initial insights into the potential cross-reactivity between Api
m 2, Pol d 2, and Ves v 2.0201. These results contribute to the growing body of knowledge
on Hymenoptera venom allergen sensitization. However, to strengthen and expand upon
these findings, further studies with larger patient cohorts will be beneficial. Ideally, future
research would involve a multicenter study across diverse geographic regions, which
would not only enhance statistical power but also capture a broader range of sensitization
profiles. A standardized component-resolved diagnostic (CRD) approach across sites could
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further improve consistency and comparability of results, enabling a more comprehensive
understanding of cross-reactivity patterns. This would help determine the applicability of
our observations on a larger scale.

To assess the relevance of hyaluronidase sensitization of Api m 2, Pol d 2, and Ves v
2.0201 in cellular testing, BATs were performed with Hymenoptera venom-allergic patients
from Barcelona (Spain) and Munich (Germany). In Germany, Api m 2 sensitization was an
inclusion criterion for the patients. Upon stimulation with Api m 2, a clear upregulation of
CD63 on basophilic cells was observed in 8 out of all 29 patients, translating to an overall
response rate of about 28% in Hymenoptera venom-allergic patients. However, none of the
patients—including those allergic to PDV and/or Y]V—reacted to stimulation with Pol d
2 or Ves v 2.0201. While this may imply that peptide-mediated sensitization to Pol d 2 or
Ves v 2.0201 is of low clinical relevance, individual patients might still be susceptible to
their allergenic capacities with a potentially systemic reaction. The discrepancy between
IgE reactivity and the absence of response in BAT assays is intriguing and warrants further
investigation. It is known that BAT often has a higher informative value for assessing
clinical relevance compared to sIgE determination [30]. Consequently, the lack of response
to Pol d 2 and Ves v 2.0201 in sensitized patients might reflect a limited clinical relevance of
these allergens. Another possible explanation is that, in their present form, the epitopes
of these allergens may not effectively induce cross-linking of IgE receptors on basophils,
thereby failing to trigger cellular activation. Further studies are needed to explore these
mechanisms and their implications for understanding allergen-specific reactivity and
potential clinical impact.

4. Conclusions

In conclusion, our study highlights Api m 2 as a key allergen in HBV allergy, which is
capable of activating basophils in susceptible patients and serving as a critical marker for
primary HBV sensitization. While Pol d 2, Ves v 2.0101, and Ves v 2.0201 appear to play a
minor role as allergens, their relevance cannot be completely ruled out due to occasional
cases of primary sensitization. Emphasizing the limited cross-reactivity of Api m 2 with
vespid homologs in the absence of CCDs underscores its value in distinguishing HBV
allergy. To enhance diagnostic accuracy, the development and availability of commercial
sIgE assays for Ves v 2 and Pol d 2 would be valuable. Such assays could improve patient
care by enabling more precise identification of multi-sensitized individuals, ultimately
allowing for more tailored treatment approaches and reducing unnecessary interventions
in clinical practice.

5. Materials and Methods
5.1. In Silico Analysis

The hyaluronidases were bioinformatically analyzed regarding their molecular prop-
erties using ProtParam [31]. SignalP4.0 [32] was used to predict the presence and length of
signal sequences. Sequence similarity was assessed by Clustal Omega [33]. Potential glyco-
sylation of the proteins was determined by NetNGlyc 1.0 Server. Pol d 2 and Ves v 2.0201
were structurally modeled based on Ves v 2.0101 (2 ATM) [27] by Phyre2 [34] with 100%
confidence. Three-dimensional protein structures were compared with ChimeraX v1.3 [35].
Graphs and statistical analyses were generated using GraphPad Prism 7.04 (GraphPad
Software, San Diego, CA, USA).

5.2. Recombinant Allergen Production

Apim 2, Ves v 2.0101, and Ves v 2.0201 were cloned by Seisman et al. [19]. The Pol
d 2 encoding open reading frame was amplified from P. dominula venom gland cDNA
omitting the signal peptide. A 10-fold His-tag and a V5-tag were added to the construct
for purification and unambiguous identification. The amplicon and pAcGP67B-vector (BD
Pharmingen, Heidelberg, Germany) were digested with Xbal/NotI and ligated. Recombi-
nant baculovirus was obtained by co-transfecting 1 x 10° adherent Sf9 (Spodoptera frugiper-
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dia) cells (Thermo Fisher Scientific, Schwerte, Germany) with ProGreen™-Baculovirus
DNA (AB Vector, San Diego, CA, USA) and pAcGP67B-vector carrying the Pol d 2-coding
gene. High titers of baculovirus were generated by infecting 24 x 10° adherent Sf9 cells,
incubating for five days at 27 °C, and harvesting the supernatant by centrifugation at
3000 relative centrifugal force (rcf) for 5 min.

Recombinant full-length hyaluronidases were produced with a baculovirus-mediated
insect cell expression system as described earlier [19]. In brief, wildtype Sf9 cells were
cultivated in suspension at 27 °C using Insect-XPRESS protein-free medium (Lonza, Basel,
Switzerland) supplemented with L-glutamine and 10 pg/mL gentamycin sulfate solution
(Carl Roth, Karlsruhe, Germany). A suspension culture of 400 mL with a cell density of
1.5 x 10° cells/mL was inoculated with 1 mL of high-titer virus and then incubated for
72 h at 27 °C. Recombinant proteins were isolated through metal affinity chromatography
using a nickel-chelating matrix (HisTrap excel, GE Healthcare Life Sciences, Freiburg,
Germany) on an AKTA™ pure system (GE Healthcare Life Sciences, Freiburg, Germany).
After application of the supernatant, the columns were rinsed with 45 mM imidazole, and
His-tagged proteins were subsequently eluted using 300 mM imidazole. The eluent was
then concentrated and diafiltrated (PBS, pH 7.4) through 10 kDa cut-off Amicon® Ultra
centrifugal filters (Merck, Darmstadt, Germany).

5.3. SDS-PAGE and Western Blots

Recombinant proteins were separated by molecular weight using freshly prepared
10% Tris-Tricine gels, followed by visualization through Coomassie blue staining. For
Western blotting, proteins were transferred onto nitrocellulose membranes, which were
then blocked for 1 h at room temperature with either 4% (w/v) non-fat dried milk powder
(AppliChem, Darmstadt, Germany) in PBS or 1% (w/v) polyvinylpyrrolidone in PBS. The
immobilized proteins were probed with a mouse monoclonal anti-V5 antibody (0.2 pg/mL,
Thermo Fisher Scientific, Schwerte, Germany) or biotinylated Galanthus nivalis agglu-
tinin (10 pg/mL, Vector Laboratories, Peterborough, UK), followed by anti-mouse IgG
(0.4 pg/mL) or ExtrAvidin (1:20,000) conjugated to alkaline phosphatase. Visualization of
the complexes was achieved using nitrotetrazolium blue chloride and 5-bromo-4-chloro-3-
indolyl phosphate (AppliChem, Darmstadt, Germany) as substrates.

5.4. Patientsh

For experimental ImmunoCAP tests with Ves v 2.0101, 35 HBV, 78 Y]V, and 30 HBV/YJV
skin-reactive patients with a history of systemic sting reactions were recruited in Germany
(Freiburg). To assess cross-reactivity and sensitization to Api m 2, Pol d 2, and Ves v 2.0201,
17 patients sensitized to HBV, PDV, Y]V, or a combination thereof were recruited out of
clinical routine in Germany (Munich), 95 in Italy (Ancona) and 12 in Spain (Barcelona).
Diagnostic criteria for inclusion were a thorough and positive clinical history of an allergic
reaction following a Hymenoptera sting, positive intradermal skin test, and /or specific
IgE (sIgE) levels as measured by ImmunoCAP system (Thermo Fisher Scientific, Uppsala,
Sweden) to HBV (i1), PDV (i77), and/or Y]V (i3) and/or allergen components (Api m 1
(i208), Ves v 5 (i209), Pol d 5 (i210), Ves v 1 (i211), Api m 2 (i214), Api m 3 (i215), Api m
5 (i216), and Api m 10 (i217)) or IMMULITE 2000 immunoassay (Siemens Healthineers,
Erlangen, Germany) for HBV (il) and/or YJV (i3) and/or Api m 2 (A46). For assessment
of reactivity in BAT in Germany, patients with an allergy to HBV or YJV and sensitization
to Api m 2 were included. For these patients, PDV was not tested in skin tests, as this
is not part of the clinical routine in Germany. Table S1 shows the clinical data for all
participating patients.

The assignment of patients to HBV-, PDV-, YJV-, HBV/Y]V-, PDV /Y] V-, or HBV/PDV/Y]JV-
reactive patient groups was based on the skin reactivity of each patient to the venoms
in question.

Written informed consent was obtained from all participants prior to their enrollment
in the study. The study adhered to the principles outlined in the Declaration of Helsinki
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and received approval from the following ethics committees: the Ethics Committee of the
Faculty of Medicine at the Technical University of Munich (5478/12, approval date: 9 Octo-
ber 2012), the Ethics Committee of Albert-Ludwigs-Universitdt Freiburg (390/12, approval
date: 8 October 2012), the Comité Etic d'Investigaci6 Clinica at Hospital Clinic de Barcelona
(HCB/20196/08290361, approval date: 24 January 2020), and the Ethics Committee of the
University Hospital of Ancona (N. 2016-0424, approval date: 20 October 2016).

5.5. In Vitro sIgE Reactivity

Experimental ImmunoCAP tests with Ves v 2.0101 were conducted as outlined by
Marknell et al. [36]. Sensitization rates for recombinant Api m 2, Pol d 2, and Ves v
2.0201 were assessed in vitro using ELISA. Purified proteins (40 ug/mL) were coated onto
384-well microtiter plates (Nunc, Thermo Fisher Scientific, Ulm, Germany) and incubated
overnight at 4 °C. The remaining binding sites were blocked with 40 mg/mL fat-free milk
powder in PBS at room temperature for 1 h. Negative controls (wells without recombinant
hyaluronidase) were included. Patient sera were diluted with two parts PBS, added to
the wells, incubated overnight at 4 °C, and washed four times with PBS. Bound sIgE was
detected using a monoclonal anti-human IgE antibody conjugated to alkaline phosphatase
(BD Pharmingen, Heidelberg, Germany) at a 1:1000 dilution.

After a second washing step, a substrate solution (100 mM Tris, 10 mM MgCl,-6H,0,
100 mM NaCl, pH 9.5, with 5 mg/mL 4-nitrophenylphosphate; AppliChem, Darmstadt,
Germany) was added, and absorbance was measured at 405 nm. Two independent experi-
ments were pooled to generate a single dataset, and mean values were used to calculate sIgE
reactivity. Sensitization status (positive vs. negative) was determined using an established
cut-off calculation method [37-39], assessed per plate, protein, and patient group:

(e 43 X SDyc) x 1.1 1)

with 7i¢ representing the mean absorbance of the negative controls and SD,, the standard
deviation of this mean. To avoid systematic overestimation of sensitization rates, 10% was
added to the calculated cut-off value. In the graphs, this cut-off is depicted as a dotted
line. A range within 5 percentage points is provided in the main text instead of the exact
calculated value.

5.6. Basophil Activation Tests

Basophil activation tests (Flow CAST, Bithlmann Laboratories AG, Schonenbuch,
Switzerland) were performed as previously described [40]. Briefly, venous blood from
patients was collected in EDTA tubes (1.6 mg EDTA /mL blood). Recombinant proteins
were dissolved in PBS and diluted in stimulation buffer to final concentrations of 1.6, 8,
40, 200, and 1000 ng/mL. Stimulation buffer alone served as the negative control, while a
monoclonal anti-FceRI antibody was used as the positive control. A volume of 50 uL venous
blood was combined with 20 uL staining reagent (anti-CD63-fluorescein isothiocyanate and
anti-CCR3-phycoerythrin monoclonal antibodies) and 100 pL stimulation buffer containing
calcium, heparin, and II-3 (2 ng/mL). This mixture was added to the antigen dilution series
and incubated at 37 °C for 25 min. To stop stimulation, 2 mL lysis buffer was added and
incubated for 5 min at room temperature. Samples were then centrifuged at 500 rcf for
5 min, and the supernatant was replaced with 300 pL washing buffer before analysis by
flow cytometry. Basophils were gated from the lymphocyte population using anti-CCR3.
Typically, between 400 and 500 basophilic cells (minimum of 300) were analyzed to assess
CD63 upregulation upon stimulation. The percentage of CD63-positive basophils within
the total basophil population was used to measure activation (Figure S1). A 10% cut-off,
as recommended by the manufacturer, was applied and is represented as a dotted line in
the graphs.
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Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/toxins16110498 /s1, Figure S1: Flow cytometry graphical analysis for
detecting CD63" basophils. Table S1: Clinical patient data.
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