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ARTICLE INFO ABSTRACT

Artic{e history: Api m 10 has recently been established as novel major allergen that is recognized by more than 60% of
Received 25 September 2014 honeybee venom (HBV) allergic patients. Previous studies suggest Api m 10 protein heterogeneity which
Accepted 28 September 2014 may have implications for diagnosis and immunotherapy of HBV allergy. In the present study, RT-PCR

Available online 17 October 2014 revealed the expression of at least nine additional Api m 10 transcript isoforms by the venom glands.

Two distinct mechanisms are responsible for the generation of these isoforms: while the previously
Keywords: known variant 2 is produced by an alternative splicing event, novel identified isoforms are intragenic

csggilbee chimeric transcripts. To the best of our knowledge, this is the first report of the identification of chimeric
Chimeric transcripts transcripts generated by the honeybee. By a retrospective proteomic analysis we found evidence for the
Allergy presence of several of these isoforms in the venom proteome. Additionally, we analyzed IgE reactivity to

Protein array different isoforms by protein array technology using sera from HBV allergic patients, which revealed that
IgE recognition of Api m 10 is both isoform- and patient-specific. While it was previously demonstrated
that the majority of HBV allergic patients display IgE reactivity to variant 2, our study also shows that
some patients lacking IgE antibodies for variant 2 display IgE reactivity to two of the novel identified Api
m 10 variants, i.e. variants 3 and 4.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction 12 different HBV proteins have been recognized as allergens
(http://www.allergen.org/). One of these allergens is icarapin,
Honeybee venom (HBV) allergy is the second most frequent designated as Api m 10 according to the International Union of
form of Hymenoptera venom allergy, observed especially in Immunological Societies nomenclature. Api m 10 has recently
children, beekeepers and their relatives and other individuals been reported as novel major allergen, that is recognized by up
that have a higher risk of being stung (Muller, 2005). HBV allergy to 62% of HBV allergic patients (Blank et al., 2011b; Kéhler et al.,
is mediated by IgE antibodies specific to protein allergen com- 2014). Interestingly, while present in unprocessed HBV, Api m
ponents present within the venom. The protein composition of 10 seemed to be absent or underrepresented in therapeutic HBV
HBV is highly complex, with at least 113 identified proteins and preparations used for venom-specificimmunotherapy (Blank et al.,
peptides (Van Vaerenbergh et al., 2014). The complexity is even 2011b). Until now two alternatively spliced Api m 10 transcripts
increased by different glycosylation patterns and protein hetero- have been identified [variant 1 (Peiren et al., 2006) and variant 2
geneity [phospholipase A, (Peiren et al., 2005; Blank et al., 2011a); (Peiren et al., 2006; Blank et al., 2011b)], both of which display
Api m 6 (Peiren et al., 2006; Kettner et al., 2001)]. Currently, IgE reactivity that is independent of cross-reactive carbohydrate
determinants (CCDs) (Peiren et al., 2006; Blank et al., 2011b).
Upon previous 2D-gel separation of pure HBV we identified four
—_— protein spots as Api m 10 (Peiren et al., 2005). Interestingly, the
* Corresponding author. Tel.: +32 92648732; fax: +32 9 2645242. difference in theoretical molecular weight (MW) between the two
E-mail address: Dirk.deGraaf@UGent.be (D.C. de Graaf).
1 Shared senior authorship. known splice variants was known to be small (0.3 kDa) and thus
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could not account for the observed MW differences between these
protein spots. Two Api m 10 spots from the higher MW region
of the gel differed by about 3 kDa, which may correspond to dif-
ferent glycoforms of variant 1 and/or 2. Curiously, the MW of the
other two Api m 10 spots was about 30 kDa lower, which strongly
suggested that additional Api m 10 isoforms existed. For other
allergens, protein heterogeneity has been reported to be immuno-
logically relevant. For instance, the birch genome contains at least 7
pollen-expressed genes that encode distinct isoforms of the major
birch pollen allergen Bet v 1 that display varying IgE reactivity
(Schenk et al., 2006; Wagner et al., 2008). Therefore, the present
study focused on the identification of additional Api m 10 isoforms
and the impact of Api m 10 protein heterogeneity on IgE reactivity.

2. Materials and methods
2.1. Venom gland RNA isolation and cDNA synthesis

Approximately 100 honeybee (Apis mellifera carnica) venom
glands were dissected under anesthesia by chilling and were trans-
ferred to RNAlater (Ambion, Austin, TX, USA). RNA was extracted
using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) following
the protocol for purification of total RNA from animal cells using
spin technology. Subsequently, cDNA was synthesized using the
RevertAid™ H Minus First Strand cDNA synthesis kit (Fisher Scien-
tific, Schwerte, Germany).

2.2. Screening of Api m 10 transcript heterogeneity

RT-PCRs were carried out as described before (de Graaf
et al, 2010). Primers for amplification of the mature (with-
out secretory signal sequence) Api m 10 sequence were
developed, allowing ligation-independent cloning by a
5 incorporated sequence (in italics): forward primer 5'-
GACGACGACAAGATGTTCCCTGGTGCACACGATG-3' and reverse
primer 5-GAGGAGAAGCCCGGTCAAGCAGTTAATACATCTCCT-3'.
RT-PCR-amplification products were electrophoretically separated
on a 2% agarose gel over a 25cm distance. The complete length
of the gel lane was divided in ten gel pieces and separate DNA
extractions were performed by the Genejet gel extraction kit
(Fisher Scientific, Schwerte, Germany). Subsequently, RT-PCR
fragments were cloned in the pIEx-7 Ek/LIC vector according to the
instructions of the Ek/LIC cloning kit (Novagen, Madison, WI, USA).
For each cloning reaction, plasmid DNA was extracted (Birnboim
and Doly, 1979) from eight different colonies and inserts with
different lengths were identified by agarose gel electrophoresis of
restriction digests. Plasmid DNA was purified and DNA sequencing
of both strands was performed as described previously (de Graaf
et al,, 2010) using vector sequencing primers. Sequences were
analyzed by multiple sequence alignment (Clustal W2; Larkin et al.,
2007). Putative N- or O-linked glycosylation sites were determined
with NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc/)
and NetOGlyc 3.1 (http://www.cbs.dtu.dk/services/NetOGlyc/).

2.3. Proteomics

MS/MS data of HBV generated in prior studies (Peiren et al.,
2005; Van Vaerenbergh et al,, 2013, 2014) were reanalyzed by
searching against the honeybee protein RefSeq database extended
with all translated Api m 10 isoform sequences to identify isoform-
specific tryptic peptides. Identical search parameters were used as
those previously described (Peiren et al., 2005; Van Vaerenbergh
etal., 2013, 2014).

2.4. Synthetic peptides and recombinant production

Isoforms smaller than 50 amino acids were synthetically pro-
duced (Genscript, Piscataway, NJ, USA) at HPLC purities higher than
70%. Mass spectrometry peak analysis was performed to analyze
peptide quality.

Synthetic production of some of these isoforms was impos-
sible due to technical limitations. These isoforms and isoforms
larger than 50 amino acids were produced by bacterial expression.
Api m 10 variant 2 was expressed and purified using the IMPACT
protocol (New England Biolabs, Beverly, MA, USA) as previously
described (Blank et al., 2011b). All other Api m 10 variants and ute-
rocalin were cloned, sequenced and expressed using the pET system
(Life technologies, Carlsbad, CA, USA) (de Graaf et al., 2010). They
were overproduced in Escherichia coli as His-tagged fusion proteins
and purified by immobilized metal chelate affinity chromatogra-
phy on Ni-NTA beads (adapted protocol from (Van Vaerenbergh
etal., 2013). When native purification yielded insufficient amounts
of soluble protein, denaturing purifications were applied. Purified
proteins were dialyzed against phosphate buffered saline (PBS) and
sample purity was evaluated by Coomassie staining of SDS-PAGE
gels. Protein integrity was verified by Western blots using an anti-
His antibody (Van Vaerenbergh et al., 2013).

2.5. Patients’ sera

The diagnosis of HBV allergy was based on the history of sys-
temic allergic reaction to a sting of a honeybee (as identified by
the patient), positive skin test and sIgE to HBV (>0.35 kU, /L, FEIA
ImmunoCAP i1, Thermo Fisher Scientific, Uppsala, Sweden), as
recently described (Hofmann et al., 2011a). Api m 10-specific IgE
titers were determined by ImmunoCAP FEIA tests (Thermo Fisher
Scientific, Uppsala, Sweden) with rApi m 10 variant 2, recombi-
nantly produced in Sf9 insect cells (Blank et al., 2011b). In addition,
sIgkE to Api m 1 (i208), and MUXF3 (CCD) as well as total serum
IgE were determined (Table S1). Sera obtained from wasp-stung
individuals without allergic sting reaction and/or lack of HBV sensi-
tization were used as negative controls. All patients had given their
informed written consent to draw a serum sample, and all exper-
iments applying human sera were approved by the local ethics
committee.

2.6. Protein array spotting and development

Synthetic peptides were dissolved at 0.1 mM in 0.01 M phos-
phate buffer pH 7.4 with 50mM NaCl and recombinants were
dissolved at 0.5 mg/ml in 0.01 M phosphate buffer pH 7.4 with the
exception of variant 1 which had a final concentration of 0.2 mg/ml
as it was insoluble at higher concentrations. Peptides and pro-
teins were printed on nitrocellulose-coated glass slides (Sartorius,
Gottingen, Germany) in duplicate, a procedure conducted by Inno-
biochips (IBL, Lille, France). Besides the Api m 10 isoforms, an
irrelevant control protein (uterocalin or BSA) was spotted. Addi-
tionally, two proteins to assess the quality of biochip development
and spot normalization were spotted: protein G binds goat-IgG and
Goat Anti-Mouse binds all antibodies from mouse.

A protocol for human serum IgE recognition was developed:
arrays were saturated for 1 h at room temperature (RT) with 150 .l
of saturation buffer (PBS-BSA 1% — Tween20 0.05%). Incubation with
50 wl of two-fold diluted (with saturation buffer) serum samples
was performed overnight at 4 °C. Subsequently, arrays were incu-
bated for 1 hat RT with 100 .l of a secondary polyclonal horseradish
peroxidase-linked goat-IgG anti-human IgE (2 wg/ml in saturation
buffer) (Acris Antibodies, Hiddenhausen, Germany). Finally, 50 .l
of3,3,5,5'-tetramethylbenzidine solution (Calbiochem, LaJolla, CA,
USA)was added which generates a stable precipitate at the reaction
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site. Arrays were washed three times for 5 min with PBS-Tween20
0.05% between all consecutive steps. After development, arrays
were air-dried and scanned using the Spotware colorimetric array
scanner (obtained from European Biotech Network, Dolembreux,
Belgium) at a scan gain of 0.9 and a scan resolution of 5 wm (Spot-
ware 1.1 software). Image] was used to adjust image size to a
1000 pixel width. The resulting image is quantified using Mapix
(Innopsis, Carbonne, France).

2.7. Data analysis

For each spot, the local median background intensity is sub-
tracted from the median spot intensity. Only spots with signal
to noise ratios greater than a minimum threshold of two were
included in the analysis. Normalization between arrays was done
using protein G and the average of spot duplicates was calculated.
The average spot intensity per protein on control arrays developed
with sera of honeybee non-allergic patients was subtracted from
the average spot intensity per protein on the arrays developed
with sera from honeybee allergic patients. Next, for each array a
cut-off value was calculated as the average of the intensity of the
irrelevant control protein plus three times the standard deviation
(SD) (Table S2). SDs were calculated as follows: ((SD of the control
protein)? +(SD of the control protein spots on the negative control
arrays)?)!/2.

3. Results and discussion
3.1. Apim 10 transcript heterogeneity

Mature Api m 10 transcripts were amplified from venom gland
tissue by RT-PCR (Fig. 1). Sequence analysis of seventeen cloned
RT-PCR fragments, identified eleven different variants, which were
named variant 1 to variant 11. All cloned nucleotide sequences
(and their GenBank numbers) and translated protein sequences are
shown in Doc. S1.

The Api m 10 gene is positioned on chromosome LG1 (GenelD:
503505) and consists of 4 exons. Sequence alignment of all vari-
ants to the genome indicates the existence of a single genomic locus
only (Doc. S2). Two distinct mechanisms seem to be responsible for
the generation of these variants. First, the splice sites of variant 1
conform to the general canonical GT-AG splicing rule (Xiong et al.,
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Fig. 1. IgE recognition of identified Api m 10 isoforms. (A) RT-PCR on honeybee
venom gland tissue reveals multiple Api m 10 isoform transcripts. Base pair lengths
of ladder proteins are shown. L=GeneRuler 1kb DNA ladder (Fermentas); I=Api m
10 amplicons. (B) IgE recognition of Api m 10 isoforms evaluated by protein array
technology. Numbers represent spotted Api m 10 variants 1 to 11, printed as syn-
thetic constructs or recombinants. Also a negative control protein (UC) and two
positive control proteins [purified native honeybee venom allergens Api m 1 and Api
m 4 (Sigma-Aldrich, St. Louis, MO)] were included. Additionally, protein G (ProtG)
and Goat Anti-Mouse (GAM) allowed to assess the quality of biochip development
and spot normalization. The array shown was developed with serum of patient 1
(see Table 1 for result).

2009). Variant 1 and variant 2 differ by only 12 base pairs due to
the presence of an alternative splice acceptor site in exon 3 and also
this splicing is consistent with the GT-AG rule. In contrast, the nine
newly detected variants are so-called chimeric transcripts, which
are distinct from conventionally spliced mRNA isoforms as they are
produced by joining exons from two or more different gene trans-
cripts. Instead of splice sites, short homologous sequences (SHSs)
are found at the junction sites of the source sequence. The Api m
10 gene contains multiple distinct SHSs in exon 2, which are joined
to SHSs from exon 3 or exon 4 (Fig. 2 and Doc. S2). The SHSs are
5-9 base pairs in length. In four variants, this process generates
frame shifts and premature stop codons, leading to C-terminally
truncated variants. While variant 1, the longest mature variant,
consists of 204 amino acids, variants 8 to 11 are severely truncated
with lengths of 41, 25, 19 and 12 amino acids. Protein sequence
alignments of all variants are shown in Fig. 3.

To the best of our knowledge, we here report the first identifica-
tion of chimeric transcripts generated by the honeybee. Although
thousands of chimeric transcripts have been reported in fruit fly,
mouse and human (Li et al., 2009), evidence at the protein level
is still scarce. In humans, the few characterized chimeric pro-
teins are associated with cancer, although some also appear to
be expressed at low levels under normal physiological conditions
(Frenkel-Morgenstern et al., 2012; Casado-Vela et al., 2013). Their
physiological role remains elusive but they certainly boost the com-
plexity of the proteome (Casado-Vela et al., 2013). As until now
neither function nor enzymatic activity of Api m 10 could be deter-
mined, the impact of this heterogeneity on its function/activity is
impossible to establish. However, as the sequence length of some
isoforms is severely reduced, we hypothesize that some of them
are loss-of-function mutants.

3.2. Proteomics

The specific and unambiguous identification of the Api m 10
protein isoforms in HBV requires the detection of the isoform-
specific junction peptides by bottom-up proteomics (Casado-Vela
et al., 2013). Searching HBV MS/MS data from preceding research
(Peiren et al., 2005; Van Vaerenbergh et al., 2013, 2014) against
a database containing all translated Api m 10 isoform sequences
identified multiple tryptic peptides (Fig. 3), but no isoform-specific
peptides were found. The differentiation between variants can only
be based on a limited number of peptides. For instance, there is only
a single difference between the theoretical set of tryptic peptides
of variants 1 and 2. Moreover this peptide is larger than 50 amino
acids, which typically gives poor signal intensity in MALDI peptide
mass fingerprinting.

In a preceding study (Peiren et al., 2005), venom proteins
were separated using 2D-gel electrophoresis and Api m 10 tryp-
tic peptides were identified in four spots. Two tryptic peptides
(KNVDTVLVLPSIER and VREQMAGILSR) were detected in two high
molecular weight spots (spots 8 and 9), which we suggest to be dif-
ferent glycosylation forms of variant 1 and/or variant 2. In contrast,
only one Api m 10 tryptic peptide (KNVDTVLVLPSIER) was found in
two low molecular weight spots (+8 kDa) (spots 19 and 20) which,
based on their molecular weight, cannot represent full-size variant
1 and/or variant 2. These proteins may represent one of the newly
identified Api m 10 chimers, although protein degradation of the
larger variants cannot be excluded. The VREQMAGILSR peptide, a
variant 1- and variant 2-specific peptide (Fig. 3), was not detected
in these spots. The only identified tryptic peptide (KNVDTVLVLP-
SIER) is part of variant 1 to 5 and based on the theoretical pl/MW
this spot may be assigned to variant 5.

Proteomic evidence for the smallest isoforms (isoform 9-11)
can hardly be obtained using our approach, as detectable tryp-
tic peptides are not generated. Also, due to the poor resolution in
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Exon 1 Exon 2 Exon 3 Exon 4
P o | 08t | 276 nt | ICAvari (615 nt)= 204 AA
P o | i6nt |  276mt | ICAvar2 (603 nt)= 200 AA
SHS
P o [enc| st | 276nt | iCAvar3 (456 nt)= 151 AA
P o [ el e [ 2%ent | icAvaril(@3e2nt)=12AA
P o [enc| e | 2%6nt | icAvaro(332nt)=25AA
P o [ s | ICAVar10 (314 nt)= 19 AA
P e e 7ne | ICAvara (264 nt)= 87 AA
P e [ 7ee] aome | ICAvars (180 nt)= 59 AA
P et [see| wsee | ICAvar6 (144 nt)= 47 AA
e T ICAvar7 (138 nt)= 45 AA
A 5 6| osm || ICAvar8 (134 nt)= 41AA

Fig. 2. Exon structure of Api m 10 variants. Schematic figure showing the exon structure of sequenced Api m 10 amplicons, named Api m 10 variant 1 to 11 (ICAvar1 to
ICAvar11). Different exons are shown as colored boxes. Distinct short homologous sequences (SHSs) are found at the junction sites of the chimeric transcripts (orange boxes).
Red boxes present alternative stop codons, which generate C-terminally truncated variants. The full coding sequence lengths are shown: number of nucleotides (nt), number

of amino acids (AA).

classical SDS-PAGE separation they may not be visualized on a 2D-
gel. Besides, due to the process of nonsense-mediated mRNA decay,
these smallestisoforms may not be expressed (Contiand Izaurralde,
2005).

3.3. Testing IgE reactivity to Api m 10 isoform

We additionally explored the effect of the observed Api m 10
protein heterogeneity on IgE reactivity by protein array technology.
Sera of HBV allergic patients were pre-screened for the presence
of specific IgE using Api m 10 ImmunoCAP research prototypes as
recently described (Kohler et al., 2014). Api m 10 used for gener-
ating the ImmunoCAPs corresponded to variant 2 which has been
recombinantly produced using the Sf9 insect cell line. As this cell
line produces glycans that lack or show significantly reduced «-
1,3-core fucosylation (Blank et al., 2011b; Seismann et al., 2010),
the expressed Api m 10 is devoid of CCDs and allows to assess if
sera possess IgEs binding to Api m 10 variant 2 independent of CCD
reactivity. For spotting on the array, all 11 variants were produced
by either peptide synthesis or bacterial expression (Doc. S3) and
therefore lack glycosylations including CCD epitopes.

As unambiguous protein evidence for a number of Api m 10
isoforms was not obtained, the complete panel of isoforms was
evaluated. Variants were printed on nitrocellulose-coated glass
slides (Fig. 1). In contrast to other immunoassays, the applied pro-
tein array technology is a multiplex assay, which allows testing
a broad protein panel with minute amounts of serum (Lebrun
et al., 2005) and can reliably detect allergen-specific IgE below
0.35kU,/L, the current World Health Organization standard cut-off
for sensitization (Lebrun et al., 2005).

In the first protein array experiment, IgE reactivity to Api m
10 isoforms was analyzed using sera of 18 HBV allergic patients
sensitized to Api m 10 variant 2 as determined by ImmunoCAP
(Table S1). ImmunoCAP IgE reactivity of variant 2 was confirmed
using the protein array technology in sixteen out of eighteen
patients (Table 1). Discrepant results in two patients may be
related to the use of differently expressed Api m 10 variant 2 in
the two assay systems. While the ImmunoCAPs were loaded with
Api m 10 expressed in Sf9 cells, i.e. with glycosylation but devoid

of a-1,3-core fucosylation, the protein array used E. coli expressed
i.e. non-glycosylated Api m 10 variant 2. This could indicate that
absence of multiple carbohydrates (variant 2 contains 2 N-linked
glycosylation sites) may have altered the protein conformation
and specific conformational epitopes. A direct comparison of non-
glycosylated and glycosylated (without CCD) variant 2 using an
ELISA based assay system however showed comparable IgE reactiv-
ity to both forms of Api m 10 (Blank et al., 2011b). Alternatively, it
may simply be an issue of different assay sensitivity of the two sys-
tems used for analysis. Both discrepant sera displayed rather low
Api m 10-specific IgE titers (0.59 and 0.60 kU, /L) by ImmunoCAP,
which may have been too low to be detected by the protein array.

IgE recognition was found to be both isoform- and patient-
specific (Table 1). In general, three groups of isoforms can be
distinguished. Variants 1 to 4 are IgE recognized by most of the
sera, variants 5 to 8 are recognized by less than half of the sera, and
variants 9 to 11 are recognized by none of the sera. The observed
differences in IgE reactivity between isoforms can be explained in
two ways.

First, in case only the alternative splice variants 1 and 2 are
present in the venom, the IgE recognition of several other variants
may be explained by their conserved N- and C-terminal regions
(Fig. 3). These regions may contain linear or even conformational
IgE epitopes identical to those of variant 2. Consequently, in addi-
tion to variant 2, other variants will be recognized by IgE from sera
that have been selected based on IgE reactivity to variant 2 in the
ImmunoCAP. One of these conserved epitopes may correspond to
the mouse IgE epitope of the venom Api m 10 of the Asian honeybee
(A. cerana) (Wong et al., 2012), which is highly similar to A. mellif-
era Api m 10 variant 1. The experimentally determined antigenic
serine is conserved in the variants 1 to 4 and 6 and 7 (Fig. 3), which
explains their IgE reactivity in the array experiment. The observed
IgE recognition of variant 5, which lacks this antigenic site serine,
indicates that additional epitopes may exist, which are conserved
between variant 2 and 5. The smallest variants, variant 9, 10 and
11 have only limited sequence identity with variant 2 which may
explain why they are not recognized.

Second, besides variants 1 and 2, additional variants may be
present in the venom. For example, the N-terminal region of the
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Fig. 3. Protein sequence alignments of Api m 10 isoforms generated without (A) and with (B) frame shifts. (A) Yellow boxes show all identified tryptic peptides by searching
honeybee venom MS/MS data from preceding research (Peiren et al., 2005; Van Vaerenbergh et al., 2013, 2014) against the RefSeq honeybee protein database extended with
all translated Api m 10 isoform sequences. The antigenic site serine of the mouse IgE epitope from the venom Api m 10 of the Asian honeybee (Apis cerana) (Wong et al.,
2012) is indicated by an arrow. (B) Isoform-specific sequences are indicated in gray.

Table 1

Result of the first protein array experiment, conducted with 18 variant 2-sensitized sera (ImmunoCAP Api m 10 IgE titers>0.35KkUa/L). IgE recognition of the spotted
recombinant and synthetic Api m 10 variants is indicated for each serum sample: x =recognition; 0= no recognition.

Patients ImmunoCAP Results protein array experiment
No. Apim 10 Recombinants Synthetic peptides
kUa/L Class VAR1 VAR2 VAR3 VAR4 VAR5 VAR7 VARG VARS8 VAR9 VAR10 VAR11

1 14.90 3 X X X X X 0 X 0 0 0 0
2 11.20 3 X X X X 0 X X 0 0 0 0
3 10.60 3 X X X X X 0 X 0 0 0 0
4 8.88 3 X X X X 0 0 X 0 0 0 0
5 8.31 3 X X X X X X X 0 0 0 0
6 717 3 X X X X X 0 X X 0 0 0
7 441 3 X X X X X X X 0 0 0 0
8 3.39 2 0 X X X X 0 0 0 0 0 0
9 3.05 2 X X X X 0 0 X 0 0 0 0
10 3.03 2 X X X X X 0 X X 0 0 0
11 2.84 2 0 X X X 0 X X 0 0 0 0
12 1.79 2 0 X X X X X 0 0 0 0 0
13 1.40 2 0 X X X 0 0 0 0 0 0 0
14 0.94 2 X X X X 0 0 X X 0 0 0
15 0.84 2 X X X 0 0 0 0 0 0 0 0
16 0.60 1 X 0 0 0 0 0 0 0 0 0 0
17 0.59 1 X 0 0 0 0 X 0 0 0 0 0
18 0.58 1 X X X 0 0 0 0 X 0 0 0
No. of positive sera 14 16 16 14 8 6 11 4 0 0 0
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Table 2

Partial results of the second protein array experiment, performed with variant 2-non-sensitized sera. Only the results of arrays analyzed with sera containing ImmunoCAP
Api m 10 IgE titers between 0.1 and 0.35 kU, /L are shown. For each serum sample, IgE recognition of the spotted recombinant and synthetic Api m 10 variants is indicated:
x recognition; 0 =no recognition. Besides, none of the variants were recognized by 14 sera with ImmunoCAP Api m 10 IgE titers below 0.1 kU, /L (results not shown).

Patients ImmunoCAP Results protein array experiment
No. Api m10 Recombinants Synthetic peptides
kU /L Class VAR1 VAR2 VAR3 VAR4 VAR5 VAR7 VARG VARS8 VAR9 VAR10 VAR11

1 0.34 0 0 0 X X 0 0 0 0 0 0 0
2 0.29 0 0 0 0 0 0 0 0 0 0 0 0
3 0.27 0 0 0 0 0 0 0 0 0 0 0 0
4 0.27 0 0 0 0 X 0 0 0 0 0 0 0
5 0.26 0 0 X 0 0 0 0 0 0 0 0 0
6 0.26 0 0 0 0 0 0 0 0 0 0 0 0
7 0.24 0 0 0 0 0 0 0 0 0 0 0 0
8 0.23 0 0 0 0 0 0 0 0 0 0 0 0
9 0.23 0 0 0 0 0 0 0 0 0 0 0 0
10 0.22 0 0 0 0 X 0 0 0 0 0 0 0
11 0.20 0 0 0 0 0 0 0 0 0 0 0 0
12 0.18 0 0 0 0 0 0 0 0 0 0 0 0
13 0.18 0 0 0 0 X 0 0 0 0 0 0 0
14 0.17 0 0 0 0 0 0 0 0 0 0 0 0
15 0.12 0 0 0 0 0 0 0 0 0 0 0 0
No. of positive sera 0 1 1 4 0 0 0 0 0 0 0

variant 8 (Table 1) recognized by IgE and the non-recognized vari-
ant 10 are identical (Fig. 3). Therefore, this experiment suggests that
variant 8 contains a unique IgE epitope within the variant-specific
region. The lack of IgE recognition of the small variants 9 to 11 by all
sera indicates that they have either a low antigenicity or that they
are not expressed. Variants 1 to 7 may have common IgE epitopes
as their N- and C-terminal regions are conserved (Fig. 3). In addi-
tion, as each variant lacks a different internal region, these variants
have a different conformation and possibly variant-specific con-
formational IgE epitopes. To investigate if these variants possess
variant-specific IgE epitopes and confirm that they are present in
the venom, we conducted a second protein array experiment, ana-
lyzing the IgE reactivity of these variants with sera of HBV allergic
patients lacking variant 2-specific IgE.

In the first protein array experiment, analyses were performed
using sera containing variant 2-specific IgE levels higher than
0.35kU,/L, i.e. confirmed sensitization to variant 2. However, the
ImmunoCAP system allows linear detection down to 0.1 kU4/L,
although the cut-off for sensitization is maintained at 0.35 kU, /L.
In the second protein array experiment, IgE reactivity of the Api
m 10 variants was analyzed using 15 sera with variant 2-specific
IgE titers between 0.10 and 0.35kUA/L, and 14 sera with variant
2-specific IgE titers lower than 0.10 kU4 /L (Table S1). This experi-
ment showed that variant 3 and 4 are IgE recognized by 1 and 4 of
the variant 2-negative sera, respectively. These sera belong to the
group with variant 2-specific IgE titers between 0.10 and 0.35 kU, /L
(Table 2), while the sera with IgE titers lower than 0.10 kU /L did not
recognize any variants. This observation indicates that a subset of
patients displayed variant 3- and 4-specific IgE reactivity directed
toward unique epitopes not present in variant 2 or other variants.
In addition, we interpret this as indirect evidence that variant 3 and
4 are present in the venom.

3.4. Clinical consequences

More than 100 compounds have previously been found within
HBV (Van Vaerenbergh et al., 2014). The successful identification of
nine new Api m 10 chimeric transcripts and the indirect evidence
for their presence in the HBV proteome, shows that the venom com-
plexity has not yet been fully unraveled. Besides its consequences
for the protein function and activity, protein heterogeneity may
have important consequences for diagnosis and immunotherapy
of HBV allergy. Allergen heterogeneity has already been observed

for the HBV allergen Api m 6, for which four allelic protein iso-
forms have been described differing in their primary structure at
the amino and carboxy terminus by a maximum of six amino acids.
However, immunoblot analyzes revealed no isoform-specific IgE
(Kettner et al., 2001). In contrast, our study shows that Api m 10
variants are recognized differently by patient IgE, an observation
which has been described for several other major allergens derived
from different allergen sources (Wurtzen, 2001). The biological
mechanism at the level of effector cell activation triggered by inter-
actions between individual IgEs and different isoallergens however
remains mostly unresolved (Christensen et al., 2010).

Currently, rApi m 1 is the only HBV allergen commercially avail-
able for component-resolved diagnosis (CRD) (Sturm et al., 2012).
However, sensitization to rApi m 1 in HBV allergy is less frequent
than previously anticipated. Depending on the patient population,
between 20% and 42% of the HBV allergic patients lacks IgE reactiv-
ity to rApi m 1 (Hofmann et al., 2011b; Korosec et al., 2011, 2012;
Sturm et al.,, 2011; Jakob et al., 2012). Therefore, additional HBV
allergens appear to be relevant in HBV allergy. Indeed, using a panel
of 6 different HBV allergens, we recently demonstrated that more
than 94% of HBV allergic patients can be detected (Kohler et al.,
2014). In this context, Api m 10 has been recognized as novel major
allergen with IgE reactivity in up to 62% of HBV allergic patients
(Blank et al., 2011b; Kohler et al., 2014). Our present study shows
that the observed Api m 10 protein heterogeneity may have impor-
tant consequences for diagnostic tests as IgE recognition is both
isoform- and patient-specific. Variant 2 was previously demon-
strated to be a good biomarker for IgE recognition of Api m 10
(Blank et al., 2011b; Kohler et al., 2014), which was confirmed by
the present study. In addition, our study found that variant 3 and
especially variant 4 may be of additional relevance for the diagnosis
of HBV allergy in those patients that do not react to variant 2.
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Doc. S1: A) Nucleotide sequences and GenBank accession numbers of sequenced mature Api m 10
amplicons, generated by reverse transcription-PCR on honeybee venom gland tissue. Alternative stop

codons producing C-terminally truncated Api m 10 peptides are indicated in red.

>KC952889|ICA_varl
TTCCCTGGTGCACACGATGAGGATAGCAAGGAGGAAAGGAAGAATGTGGACACTGTTCTCGTCCTACCGTCCA
TTGAAAGAGATCAAATGATGGCTGCAACTTTCGATTTCCCGAGTTTGAGCTTCGAGGACAGCGACGAGGGCTC
CAACTGGAACTGGAACACGCTGCTCAGACCTAACTTTTTGGATGGCTGGTACCAGACGTTACAAAGTGCAATTT
CAGCTCACATGAAGAAAGTGAGGGAGCAGATGGCTGGCATTTTGTCACGTATTCCCGAGCAAGGTGTTGTGA
ATTGGAACAAGATTCCTGAAGGAGCGAACACTACCTCTACCACCAAGATCATCGATGGACACGTGGTAACCAT
TAATGAAACGACTTATACCGATGGTAGCGACGACTACAGTACACTGATCCGCGTCCGTGTGATCGACGTGAGA
CCCCAGAATGAAACAATCTTGACAACGGTGAGCAGCGAAGCGGACAGCGATGTGACCACTTTGCCTACACTTA
TCGGAAAGAATGAGACCAGCACCCAATCTTCAAGGAGTGTGGAAAGCGTCGAGGATTTCGACAACGAGATAC
CGAAGAACCAAGGAGATGTATTAACTGCTTGA

>KC952890 | ICA_var2
TTCCCTGGTGCACACGATGAGGATAGCAAGGAGGAAAGGAAGAATGTGGACACTGTTCTCGTCCTACCGTCCA
TTGAAAGAGATCAAATGATGGCTGCAACTTTCGATTTCCCGAGTTTGAGCTTCGAGGACAGCGACGAGGG
CTCCAACTGGAACTGGAACACGCTGCTCAGACCTAACTTTTTGGATGGCTGGTACCAGACGTTACAAACT
CACATGAAGAAAGTGAGGGAGCAGATGGCTGGCATTTTGTCACGTATTCCCGAGCAAGGTGTTGTGAATT
GGAACAAGATTCCTGAAGGAGCGAACACTACCTCTACCACCAAGATCATCGATGGACACGTGGTAACCAT
TAATGAAACGACTTATACCGATGGTAGCGACGACTACAGTACACTGATCCGCGTCCGTGTGATCGACGTG
AGACCCCAGAATGAAACAATCTTGACAACGGTGAGCAGCGAAGCGGACAGCGATGTGACCACTTTGCCTA
CACTTATCGGAAAGAATGAGACCAGCACCCAATCTTCAAGGAGTGTGGAAAGCGTCGAGGATTTCGACAA
CGAGATACCGAAGAACCAAGGAGATGTATTAACTGCTTGA

>KC952891|ICA_var3
TTCCCTGGTGCACACGATGAGGATAGCAAGGAGGAAAGGAAGAATGTGGACACTGTTCTCGTCCTACCGTCCA
TTGAAAGAGATCAAATGATGGCTGGCATTTTGTCACGTATTCCCGAGCAAGGTGTTGTGAATTGGAACAAGAT
TCCTGAAGGAGCGAACACTACCTCTACCACCAAGATCATCGATGGACACGTGGTAACCATTAATGAAACGACT
TATACCGATGGTAGCGACGACTACAGTACACTGATCCGCGTCCGTGTGATCGACGTGAGACCCCAGAATGAAA
CAATCTTGACAACGGTGAGCAGCGAAGCGGACAGCGATGTGACCACTTTGCCTACACTTATCGGAAAGAATGA
GACCAGCACCCAATCTTCAAGGAGTGTGGAAAGCGTCGAGGATTTCGACAACGAGATACCGAAGAACCAAGG
AGATGTATTAACTGCTTGA

>KC952892 | ICA_var4
TTCCCTGGTGCACACGATGAGGATAGCAAGGAGGAAAGGAAGAATGTGGACACTGTTCTCGTCCTACCGTCCA
TTGAAAGAGATCAAATGATGGCTGCAACTTTCGATTTCCCGAGTTTGAGCTTCGAGGACAGCGATGTGACCAC
TTTGCCTACACTTATCGGAAAGAATGAGACCAGCACCCAATCTTCAAGGAGTGTGGAAAGCGTCGAGGATTTC
GACAACGAGATACCGAAGAACCAAGGAGATGTATTAACTGCTTGA

>KC952893|ICA_var5
TTCCCTGGTGCACACGATGAGGATAGCAAGGAGGAAAGGAAGAATGTGGACACTGTTCTCGTCCTACCGTCCA
TTGAAAGAGATCAAATGATGGCTGCAACTTTCGATTTCCCGAGTTTGAGCTTCGAGGATTTCGACAACGAGAT
ACCGAAGAACCAAGGAGATGTATTAACTGCTTGA

>KC952894 |ICA_var6
TTCCCTGGTGCACACGATGTGACCACTTTGCCTACACTTATCGGAAAGAATGAGACCAGCACCCAATCTTCAAG
GAGTGTGGAAAGCGTCGAGGATTTCGACAACGAGATACCGAAGAACCAAGGAGATGTATTAACTGCTTGA



>KC952895|ICA_var7
TTCCCTGGTGCACACGATGAGGATAGCAAGGAGGAAAGGAAGAATGAGACCAGCACCCAATCTTCAAGGAGT
GTGGAAAGCGTCGAGGATTTCGACAACGAGATACCGAAGAACCAAGGAGATGTATTAACTGCTTGA

>KC952896 | ICA_var8
TTCCCTGGTGCACACGATGAGGATAGCAAGGAGGAAAGAATGAGACCAGCACCCAATCTTCAAGGAGTGTGG
AAAGCGTCGAGGATTTCGACAACGAGATACCGAAGAACCAAG GAGATGTAT-CTGCTTGA

>KC952897|ICA_var9
TTCCCTGGTGCACACGATGAGGATAGCAAGGAGCGAACACTACCTCTACCACCAAGATCATCGATGGACACGT
GG-CCATTAATGAAACGACTTATACCGATGGTAGCGACGACTACAGTACACTGATCCGCGTCCGTGTGATC
GACGTGAGACCCCAGAATGAAACAATCTTGACAACGGTGAGCAGCGAAGCGGACAGCGATGTGACCACTTTG
CCTACACTTATCGGAAAGAATGAGACCAGCACCCAATCTTCAAGGAGTGTGGAAAGCGTCGAGGATTTCGACA
ACGAGATACCGAAGAACCAAGGAGATGTATTAACTGCTTGA

>KC952898|ICA_varl0
TTCCCTGGTGCACACGATGAGGATAGCAAGGAGGAAAGGAAGAATGTGGACACGTG G-CCATTAATGAAA
CGACTTATACCGATGGTAGCGACGACTACAGTACACTGATCCGCGTCCGTGTGATCGACGTGAGACCCCAGAA
TGAAACAATCTTGACAACGGTGAGCAGCGAAGCGGACAGCGATGTGACCACTTTGCCTACACTTATCGGAAAG
AATGAGACCAGCACCCAATCTTCAAGGAGTGTGGAAAGCGTCGAGGATTTCGACAACGAGATACCGAAGAAC
CAAGGAGATGTATTAACTGCTTGA

>KC952899|ICA_varll
TTCCCTGGTGCACACGATGAGGATAGCAAGGTGTTGIBATTGGAACAAGATTCCTGAAGGAGCGAACACTA
CCTCTACCACCAAGATCATCGATGGACACGTGGTAACCATTAATGAAACGACTTATACCGATGGTAGCGACGA
CTACAGTACACTGATCCGCGTCCGTGTGATCGACGTGAGACCCCAGAATGAAACAATCTTGACAACGGTGAGC
AGCGAAGCGGACAGCGATGTGACCACTTTGCCTACACTTATCGGAAAGAATGAGACCAGCACCCAATCTTCAA
GGAGTGTGGAAAGCGTCGAGGATTTCGACAACGAGATACCGAAGAACCAAGGAGATGTATTAACTGCTTGA



Doc. S1: B) All translated protein sequences of sequenced mature icarapin amplicons.

>|CA_varl
FPGAHDEDSKEERKNVDTVLVLPSIERDOMMAATFDFPSLSFEDSDEGSNWNWNTLLRPNFLDGWYQTLQSAISA
HMKKVREQMAGILSRIPEQGVVNWNKIPEGANTTSTTKIIDGHVVTINETTYTDGSDDYSTLIRVRVIDVRPQNETIL
TTVSSEADSDVTTLPTLIGKNETSTQSSRSVESVEDFDNEIPKNQGDVLTA

>|CA_var2
FPGAHDEDSKEERKNVDTVLVLPSIERDOMMAATFDFPSLSFEDSDEGSNWNWNTLLRPNFLDGWYQTLQTHM
KKVREQMAGILSRIPEQGVVNWNKIPEGANTTSTTKIIDGHVVTINETTYTDGSDDYSTLIRVRVIDVRPQNETILTTV
SSEADSDVTTLPTLIGKNETSTQSSRSVESVEDFDNEIPKNQGDVLTA

>|CA_var3
FPGAHDEDSKEERKNVDTVLVLPSIERDOQMMAGILSRIPEQGVVNWNKIPEGANTTSTTKIIDGHVVTINETTYTDG
SDDYSTLIRVRVIDVRPQNETILTTVSSEADSDVTTLPTLIGKNETSTQSSRSVESVEDFDNEIPKNQGDVLTA

>|CA_vard
FPGAHDEDSKEERKNVDTVLVLPSIERDOMMAATFDFPSLSFEDSDVTTLPTLIGKNETSTQSSRSVESVEDFDNEIP
KNQGDVLTA

>|CA_var5
FPGAHDEDSKEERKNVDTVLVLPSIERDOMMAATFDFPSLSFEDFDNEIPKNQGDVLTA

>|CA_var6
FPGAHDVTTLPTLIGKNETSTQSSRSVESVEDFDNEIPKNQGDVLTA

>|CA_var7
FPGAHDEDSKEERKNETSTQSSRSVESVEDFDNEIPKNQGDVLTA

>|CA_var8
FPGAHDEDSKEERMRPAPNLQGVWKASRISTTRYRRTKEMY

>|CA_var9
FPGAHDEDSKERTLPLPPRSSMDTW

>|CA_varlO
FPGAHDEDSKEERKNVDTW

>|CA_varll
FPGAHDEDSKVL



Doc. S2 shows the aignment of detected Api m 10 variants against the Api m 10 gene structure (Gene
ID: 503505) on chromosome 1. Exons are shown in green, while introns are not colored. Intron 5’GT
donor and 3’AG acceptor splice sites, conform to the general canonical GT-AG splicing rule, are
presented in purple. For the chimeric transcripts, yellow boxes show short homologous sequences
found at the junction sites of the source sequence.
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Doc. S3 shows the isoform sequences produced as synthetic constructs and as prokaryotic

recombinants. His-tags are shown in red.

1. Prokaryotic recombinants

>| CA_VAR1L

NMAHHHHHHVDDDDKMFPGAHDEDSKEERKNVDTVLVLPSI ERDQVMVAAT FDFPSL SFEDSDEGSNVWNW
NTLLRPNFLDGAYQTLQSAI SAHVKKVREQVAG LSRI PEQGYWNWAKI PEGANTTSTTKI | DGHWT
I NETTYTDGSDDYSTLI RVRVI DVRPQNET! LTTVSSEADSDVTTLPTLI GKNETSTQSSRSVESVED
FDNEI PKNQGDVLTA

>| CA_VAR2

FPGAHDEDSKEERKNVDTVLVLPS|I ERDQUVAATFDFPSL SFEDSDEGSNVAMKTL L RPNFL DGAY QT
LQTHVKKVREQVAG! LSRI PEQGVWWNWAKI PEGANTTSTTKI | DGHVVTI NETTYTDGSDDYSTLI RV
RVI DVRPQNET! LTTVSSEADSDVTTLPTLI GKNETSTQSSRSVESVEDFDNE! PKNQGDVLTA

>| CA_VAR3

MAHHHHHHVDDDDKVFPGAHDEDSKEERKNVDTVLVLPSI ERDQUWAG LSRI PEQGVWNWAKI PEGA
NTTSTTKI | DGHVWTI NETTYTDGSDDYSTLI RVRVI DVRPQNET! LTTVSSEADSDVTTLPTLI GKN
ETSTQSSRSVESVEDFDNE! PKNQGDVLTA

>| CA_VAR4
MAHHHHHHVDDDDKVFPGAHDEDSKEERKNVDTVL VL PSI ERDQVVAATFDFPSL SFEDSDVTTLPTL
| GKNET STQSSRSVESVEDFDNE! PKNQGDVLTA

> CA_ VAR5
MAHHHHHHVDDDDKVFPGAHDEDSKEERKNVDTVL VL PS| ERDQVVAATFDFPSL SFEDFDNE! PKNQ
GDVLTA

>| CA_VAR?
MAHHHHHHVDDDDKVFPGAHDEDSKEERKNET STQSSRSVESVEDFDNE! PKNQGDVLTA

>Ut erocalin

MAHHHHHHYDDDDKML HMGPGDPNFDEKL VKGKWFSVAL ASNEPKFI AKDTDVKFFI HKI QVTPESLQ
FHFHRKVRGVCVPTMMI AHKTKKKFQYTVNHSGHKTI FLEKVDPKHFVI FCAHSVKHGKETVVWWVTLFS
RTPTVSPDVMAWFKKYCKTHG HTSNI VDL TQTDRCLHARH

2. Synthetic constructs

>| CA_VAR6
FPGAHDVTTLPTLI GKNETSTQSSRSVESVEDFDNE! PKNQGDVLTA

>| CA_VARS
FPGAHDEDSKEERVRPAPNL QGVWKASRI STTRYRRTKEMY

> CA_VAR9
FPGAHDEDSKERTL PLPPRSSMDTW
2870. 15 Da

>| CA_VARLO
FPGAHDEDSKEERKNVDTW
2260. 36 Da



>| CA_VARL1
FPGAHDEDSKVL
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