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Abstract Birch (Betula) pollen is a major cause of allergy in
northern and central Europe. The allergenic potency of prod-
ucts for diagnosis and therapy of birch pollen allergy is ad-
justed nearly exclusively to the major birch pollen allergen Bet
v 1. Although every fifth patient is additionally sensitized to
Bet v 4, both content and variability of this minor allergen in
birch allergen products remain unclear due to a lack of simple
and cost-effective quantitative methods. This study aimed to
develop and in-house validate the first Bet v 4-specific sand-
wich enzyme-linked immunosorbent assay (ELISA). Based
on a murine monoclonal antibody in combination with a
polyclonal rabbit antiserum, the ELISA proved to be highly
sensitive, with a lower limit of quantification of 30 pg/ml Bet
v 4. After confirmation of satisfactory accuracy, reproducibil-
ity, and robustness, the ELISAwas utilized to quantify Bet v 4
in 30 authorized birch allergen products. The allergen was
detected in all samples tested, ranging from 0.2 to 4.4 μg/ml.
No significant correlation of Bet v 4 was found with the
respective amount of Bet v 1. In contrast to Bet v 1, also no
correlation of Bet v 4 with total protein content or total
allergenic activity could be observed. Thus, it seems presently
unfeasible to base birch allergen product standardization

additionally on Bet v 4. In light of these results, the continuous
monitoring of Bet v 4 in birch allergen products with the
presented ELISA will provide a basis for the understanding
of the clinical relevance of minor allergens.
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Abbreviations
AIT Allergen immunotherapy
Bet v Birch allergen (Betula verrucosa, nomenclature ac-

cording to the International Union of Immunologi-
cal Societies)

ELISA Enzyme-linked immunosorbent assay
mAb Monoclonal antibody
MS Mass spectrometry
nBet v Native birch allergen
PTS Prick test solution
rBet v Recombinant birch allergen
SLIT Sublingual immunotherapy
TMB 3,3′,5,5′-Tetramethylbenzidine

Introduction

To date, authorized allergen products for in vivo diagnosis and
allergen immunotherapy (AIT) almost exclusively consist of
extracts prepared from natural source material such as pollen.
These source materials as well as the resulting products are
heterogeneous mixtures containing multiple nonallergenic
and allergenic components. In combination with the natural
variability in protein expression, substantial variation in the
absolute amount and relative ratios of allergens in extracts
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seems unavoidable, a problem already described not only for
products from different manufacturers but also between
batches of the same product [1–4]. However, potential conse-
quences on the performance of test allergens as well as on the
safety and efficacy of AIT products are unknown, partly due
to missing data on single allergen content. The content of so-
called minor allergens, especially, to which only a limited
number of allergic individuals react, is hardly ever assessed.

Testing of allergen products in accordance with the Euro-
pean Pharmacopoeia (Ph. Eur.) comprises the determination
of total protein content and a protein profile. For AIT prod-
ucts, also the total allergenic activity has to be determined,
either based on allergen-specific human immunoglobulin (Ig)
E antibodies or by quantification of each relevant allergen.
However, measuring total allergenic activity in IgE antibody-
based tests based on human serum pools results in a bias
towards the detection of major allergens to which most pa-
tients are sensitized [5]. Minor IgE specificities, only present
in some patients, are “diluted”, and thus, the allergenicity of
minor allergens is commonly underrepresented in total aller-
genic activity. In addition, the Ph. Eur. and the European
Medicines Agency (EMA) guideline on the production and
quality of allergen products demand to verify the presence of
the respective relevant allergens, where possible [6, 7]. Con-
sequently, methods allowing quantitative determination of
individual components in allergen extracts should be per-
formed in addition to IgE-based potency testing. As a result,
numerous immunoassays for the quantification of individual
allergens, e.g. in pollen extracts, have been published [8–13].
More recently, also mass spectrometry (MS) has been applied
for the detection and quantification of individual allergen
components in extracts [14, 15].

Compared to other allergen sources, birch pollen allergy
represents a special case as approximately 95% of patients are
sensitized to the major allergen Bet v 1, with some variations
depending on the geographic region. Consequently, the bias
towards this major allergen in the determination of total aller-
genic activity is particularly strong in birch allergen products.
Far less than 50 % of birch-allergic subjects are sensitized to
the highly cross-reactive minor allergens Bet v 2 (profilin) and
Bet v 4 (polcalcin) [16–20]. Monoclonal and polyclonal
antibody-based enzyme-linked immunosorbent assays
(ELISAs) have been developed for plant profilins [9, 21] but
not for polcalcins like Bet v 4. This 9.3-kDa protein with two
EF-hand Ca2+ binding motifs is considered a pan-allergen,
sharing amino acid sequence identity of more than 65 % with
allergenic polcalcins from many other plant species [16, 17,
22–24]. Such pan-allergens are supposed to be responsible for
poly-sensitizations and both chemical and serological cross-
reactivity regardless of taxonomic relationship [25–27]. As a
consequence, sensitization to pan-allergens such as Bet v 4 is
suspected to reflect a more severe disease status accompanied
by more severe symptoms [26, 28, 29]. However, the clinical

relevance of Bet v 4 for patients, birch pollen allergy diagno-
sis, and AIT remains unclear. To facilitate a better understand-
ing of the importance of Bet v 4 for the patients, an allergen-
specific sandwich ELISA was developed and validated in-
house, allowing specific, accurate, and reproducible quantifi-
cation of Bet v 4 in commercial birch allergen products.
Testing of 30 birch allergen products revealed remarkable
variation in Bet v 4 content and no interdependence of the
minor allergen with those factors monitored in routine batch
control of these products. A future combination of knowledge
on Bet v 4 content in different birch allergen products on the
one hand and clinical observations in birch pollen-allergic
subjects on the other hand could clarify the clinical relevance
of this minor allergen.

Materials and methods

Recombinant allergens

The Holo recombinant Bet v 4 (rBet v 4) used for immuniza-
tion, as a reference standard, and for standard-addition sam-
ples, was produced and kindly provided by Prof. Dr. Paul
Rösch, University of Bayreuth, Bayreuth, Germany [30]. Oth-
er recombinant birch allergens used for cross-reactivity testing
of monoclonal antibodies (mAbs) were commercially avail-
able (rBet v 2 and rBet v 1 from Biomay, Vienna, Austria;
purity >98 %). rBet v 6 (AF135127) and rBet v 7 (AJ311666)
were in-house expressed in Escherichia coli BL21 (DE3)
pLysS cells using the vector pET23b and NdeI/XhoI restric-
tion sites and prepurified via metal chelate affinity chroma-
tography. Apart from slight modifications, this procedure has
been reported previously by Karamloo et al. and Cadot et al.
[31, 32]. After elution and dialysis against MOPS buffer, the
proteins were further purified by centrifugation for approx.
30 min at 20,000g. Birch pollen extract containing native Bet
v 4 (nBet v 4) was purchased from Laboratoire Stallergenes
(Antony Cedex, France) and used for sample preparation.

Antibodies and antisera

The primary capture antibody for the ELISA, the rat anti-
mouse IgG2a mAb, was purchased from Becton Dickinson
Pharmingen (Heidelberg, Germany), while the secondary de-
tection antibody, HRP-conjugated goat anti-rabbit IgG, was
purchased from Jackson ImmunoResearch Europe Ltd (New-
market, UK). For immunoblotting, AP-labeled anti-mouse or
anti-rabbit IgG was used (Sigma-Aldrich, Taufkirchen,
Germany).

For the production of Bet v 4-specific mAbs, C3H/HeJ
mice (Charles River, Sulzfeld, Germany) were immunized
with aluminum hydroxide-adsorbed rBet v 4 via intraperito-
neal injection administered three times in intervals of 14 days.
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Each shot contained 10 μg of antigen in a 2-mg/ml aluminum
hydroxide suspension. Following a booster injection with
10 μg rBet v 4 after a total period of 4 months, the mice with
satisfyingly high IgG titers (determined by ELISA according
to Reese et al. [33], using a microplate coated with 50 ng rBet
v 4 per well) were sacrificed for spleen cell preparation.
Hybridoma cell lines were generated following a standard
protocol. In brief, the spleen cells were mixed with X63-
Ag8.653 myeloma cells (DSMZ, Brunswick, Germany) in a
10:1 ratio and fused by centrifugation in the presence of 50 %
polyethylene glycol 1500 (Roche Diagnostics GmbH, Mann-
heim, Germany) in 75 mM HEPES buffer. Selection of a
hybridoma was performed in RPMI 1640 (Biochrom AG,
Berlin, Germany) supplemented with 1 % streptomycin,
0.7 % penicillin, 1 mM L-glutamine (all from Merck, Darm-
stadt, Germany), 20 % fetal calf serum (FCS) (Invitrogen,
Darmstadt, Germany), 1× HAZ (Sigma-Aldrich), and 10 %
Condimed H1 hybridoma cloning supplement (Roche Diag-
nostics GmbH). Clones were generated by limiting dilution
and screened for specificity towards both rBet v 4 as well as
birch allergen extract by indirect ELISA using a microplate
coated with 50 ng rBet v 4 or 10 μg birch pollen extract per
well [33]. For clonal expansion, RPMI 1640 (Biochrom AG)
was supplemented with 1 % streptomycin, 0.7 % penicillin,
1 mM L-glutamine (all from Merck), 10 % FCS (Invitrogen),
and decreasing concentrations of murine IL-6 from Roche
Diagnostics GmbH (maximum 100 U/ml; minimum 0 U/
ml). For sandwich ELISA development, the cell culture su-
pernatant containing the IgG2a “mP49” (isotype determina-
tion via the IsoStrip Mouse mAb Isotyping Kit, Roche Diag-
nostics GmbH) was applied. The mAb was quantified using
anti-mouse IgG2a (Becton Dickinson Pharmingen)-coated
microplates. Relative to a purified mouse IgG2a standard
(Becton Dickinson Pharmingen), mP49 concentration was
assessed using a biotinylated anti-mouse IgG2a for detection
(Becton Dickinson Pharmingen) and streptadivin-HRP/3,3′,5,
5′-tetramethylbenzidine (TMB) for visualization at 450 with
630 nm as reference.

Bet v 4-specific rabbit antiserum was produced by CE-
Immundiagnostika (Eschelbronn, Germany) via immuniza-
tion with aluminum hydroxide-adsorbed rBet v 4 following
a standard schedule. The sera IgG titers were assessed by
ELISA titration, applying dilution series of the sera. Both
the mAb mP49 and the sera were further evaluated via protein
immunoblot.

Gel electrophoresis and staining

Separation of birch pollen extract and recombinant allergen
preparations was done via 14 % sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) according
to the protocol of Schägger and Jagow [34] using a Mini-
PROTEAN II cell (Bio-Rad, Munich, Germany). The

recombinant allergens were loaded with 0.5 μg/cm (Bet v 6,
Bet v 7) or 1 μg/cm (rBet v 1, rBet v 2, rBet v 4), while birch
pollen extract was loaded with a concentration of 10 μg/cm.
Subsequently, the gels were subjected either to immunoblot as
described below or to Brilliant Blue G staining following the
manufacturer’s instructions (Sigma-Aldrich).

Immunoblotting

After electrophoresis, protein transfer on nitrocellulose mem-
branes was performed with the semidry system PEGASUS
(PHASE, Lübeck, Germany). Tris-buffered saline (TBS) with
0.05 % Tween 20 and 5 % milk powder (Roth) was used for
subsequent blocking (two times for 15 min) and TBS with
0.05 % Tween 20 to wash the membranes (three times for
10 min). Immunodetection by mAbs or sera (1:10 or 1:5000–
1:10,000 dilutions in TBS with 0.05 % Tween 20, respective-
ly) took place overnight at 4 °C. Subsequent to three wash
steps, AP-labeled IgG was diluted 1:10,000 in TBS with
0.05 % Tween 20 and incubated for 2 h at RT for secondary
detection, followed by three washes. NBT (Sigma-Aldrich)
was mixed 1:30 with BCIP (Roth) and used for the incubation
of the membranes. After an adequate staining intensity had
been reached, the membranes were washed with water and
dried in the dark.

Total protein quantification

For the estimation of total protein concentrations in cell culture
supernatants, recombinant protein, and extract preparations, the
method according to Bradford [35] was applied using bovine
serum albumin (BSA) (Thermo Fisher Scientific, Bonn, Ger-
many) as calibrator and the Roti-Nanoquant solution (Roth,
Karlsruhe, Germany). In allergen extract batches, protein con-
centration was determined by the Bradford Coomassie brilliant
blue method with BSA as standard (Bio-Rad).

Reference and sample preparation

Incubation buffer (0.5 % BSA from Thermo Fisher Scientific,
0.5 % Tween 20 in PBS pH 7) was used as dilution medium.
For the standard curve, a 1:2 dilution series starting from
4 ng/ml to 3.9 pg/ml rBet v 4 was prepared. Samples
contained birch pollen extract and rBet v 4 either alone or in
combination. For the evaluation of robustness towards poten-
tially interfering chemicals, phenol and glycerol were added to
the incubation buffer in varying ratios.

Bet v 4-specific sandwich ELISA

The development and validation of the Bet v 4 ELISA was
performed in accordance with common guidelines and recom-
mendations [36–38] and according to the rules of the quality
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assurance system of the Paul-Ehrlich-Institut (PEI). Nunc
MaxiSorp microtiter plates were coated with 200 ng of the
isotype-specific primary capture antibody rat anti-mouse
IgG2a (Becton Dickinson Pharmingen) in 100 μl/well PBS,
pH 7, and incubated overnight at 4 °C. After three washes
(300 μl/well, 0.05 % Tween 20 in PBS), plates were blocked
with 1.5 % BSA (Thermo Fisher Scientific) in PBS for 30 min
at RT and washed again. Five nanograms of Bet v 4-specific
mAb was immobilized by incubating 100 μl/well mP49 cell
culture supernatant in the incubation buffer for 1 h at RTunder
agitation. The reference and samples diluted in incubation
buffer (100 μl) were added and incubated for 1 h under
agitation. Anti-Bet v 4 rabbit serum diluted 1:16,000
(100 μl) in incubation buffer was added and incubated for
1 h under agitation. Detection was performed with 100-μl/
well HRP-conjugated anti-rabbit IgG diluted 1:30,000 in in-
cubation buffer for 1 h at RT. Three washes were performed
between all incubations.

Substrate solution (100 μl) containing 2.5 % TMB (21 mM
stock, Sigma-Aldrich) and 0.034 % H2O2 in potassium citrate
buffer, pH 4, was added and incubated for 10 min at RT. The
reaction was stopped by adding 50 μl/well of 20 % sulfuric
acid. Optical density (OD) was measured at 450 with 630 nm
as reference using a SpectraMax 340 reader provided with
SoftMax Pro 5.2 rev C software (Molecular Devices Corp.,
Sunnyvale, USA).

Bet v 1-specific sandwich ELISA

Bet v 1 was determined using the kit from INDOOR Biotech-
nologies Inc. (Cardiff, UK) according to the manufacturer’s
instructions.

Birch allergen products

All products and batches used in this study were authorized
for the German market by the PEI. Prick test solutions (PTS)
and products used in sublingual immunotherapy (SLIT), all
containing glycerol and phenol, were included. Samples were
taken from lots submitted to official batch release. Consent
was obtained from all marketing authorization holders con-
cerned (ALK-Abelló Arzneimittel GmbH, Allergopharma
GmbH & Co. KG, Bencard Allergie GmbH, HAL Allergy
GmbH, Leti Pharma GmbH, Stallergenes GmbH (listed in
alphabetical order)). Results are presented in a blinded
fashion.

Total allergenic activity (potency)

For determination of total allergenic activity, an IgE inhibition
assay was performed using commercial birch pollen
ImmunoCAP® (Thermo Fisher Phadia, Sweden) as the solid
phase. A serum pool from birch pollen-allergic patients (n=

15) was prepared in accordance with the EMA guideline on
production and quality issues of allergen products [6]. In brief,
the serum pool was diluted 1:4 in physiologic sodium chloride
solution and mixed with serial dilutions of allergen and in-
house reference, respectively. Serum pool allergen mixtures
were incubated for approx. 30 min. Finally, free specific IgE
binding to immobilized birch pollen extract was determined
using ImmunoCAP® according to the instruction of the man-
ufacturer. Relative potency was calculated with the software
CombiStats 4.0 (EDQM, Council of Europe).

Statistics

All samples were measured in dilution series allowing for
robust curve analysis. Primary ELISA data (OD values) were
processed via SoftMax Pro 5.2 rev C software (Molecular
Devices) by four-parameter logistic fitting of the reference
curve y=(A−D)/[1+(x/C)B]+D where A=ODmin, B=slope,
C=EC50, and D=ODmax, and interpolation of the sample
values after background subtraction. R2=coefficient of deter-
mination was calculated. Parallelism and linearity of curves as
well as potency assessment were estimated with the parallel
lines model using CombiStats 4.0. Precision (total variability,
intra- and inter-assay variability including the variables day
and operator) was estimated via a mixed ANOVA model with
the SAS/STAT Software, version 9.3, MIXED Procedure
(SAS Institute Inc., Heidelberg, Germany). Accuracy was
calculated via the formula spike recovery= (1+bias /
[spike])×100 %, where bias=[mean of spiked sample]
−([mean of matrix]+[spike]) and [] indicates concentrations
[39]. The limit of detection (LOD) was determined based on
blank measurements and the formula LOD=2.6×SD+mean,
relating to a confidence limit of 99 % [40]. The lower and
upper limits of quantification (LLoQ, ULoQ) were defined as
the limits of the linear and parallel section of the reference
curve [38, 41]. Measurements using birch pollen extract prep-
arations were conducted as dilution series with parallelism and
linearity of samples as well as reference curves (assessed via
CombiStats) as precondition for quantitative evaluation. Dif-
ferences between product classes were assessed for statistical
significance using Student’s t test. For calculation of Pearson’s
correlation coefficient (r) as well as the respective p values
controlled with the Holm-Bonferroni method [42], the soft-
ware R, version 3.0.1, was used [43]. Ninety-five percent
confidence intervals of r were estimated by repeated (n=
1000) sampling with replacement (bootstrapping). GraphPad
Prism version 5.04 (GraphPad Software, La Jolla, USA) was
used for the generation of graphs.

Statement of human and animal rights

The institutional and national guidelines for the care and use
of laboratory animals were followed.
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Results

Development and validation of the Bet v 4 ELISA

Highly specific murine monoclonal antibody and rabbit
antiserum recognize recombinant and native Bet v 4 equally

The development of the Bet v 4-specific sandwich ELISAwas
based on the generation of a rabbit antiserum raised against
Bet v 4 and a murine monoclonal anti-Bet v 4 antibody.
Testing of the binding capacity to both rBet v 4 and nBet v
4 by indirect ELISA led to the selection of the IgG2a-
producing clone mP49. The specificity of mP49 and the rabbit
antiserum was analyzed by immunoblots, showing strong
binding to two independently produced batches of rBet v 4
as well as clear binding to a band at approx. 7 to 9 kDa in birch
pollen extract (Fig. 1). Additional bands visible in the lanes
loaded with rBet v 4 in the immunoblots are most likely
oligomers of the recombinant minor allergen. Other recombi-
nant birch allergens were not detected by either the antiserum

or mP49 in immunoblot analysis. In contrast, the monoclonal
antibody and the antiserum were still able to detect rBet v 4
when the protein was diluted to 320 and 64 pg/cm, respec-
tively (data not shown). For specificity assessment in the
highly sensitive ELISA test format, the LOD was determined
at OD=0.146 based on six blank replicates, corresponding to
approx. 15 pg/ml Bet v 4. Subsequently, all available recom-
binant birch allergens in high concentrations of 40 ng/ml and a
birch pollen extract were tested in the ELISA for cross-reac-
tivity. As expected, only rBet v 4 and the birch pollen extract
resulted in a positive signal above the LOD (Table 1).

Figure 2a shows the dilution series of rBet v 4 and birch
pollen extract, revealing a typical sigmoid curve course in the
semi-log plot. The four-parametric nonlinear regression result-
ed in very good correlations (R2=1) and comparable, satisfy-
ingly high slopes. As estimated via the parallel lines model,
the curves obtained with recombinant reference and extract
were parallel for concentrations between 0.0039 and 0.5 ng/ml
Bet v 4. Most accurate measurements are possible in the linear
section ranging from 0.031 to 0.25 ng/ml Bet v 4, defining the
LLoQ and ULoQ, respectively. The signal-to-noise ratio of
>5:1 at the LLoQ was sufficiently high (LLoQ: OD=0.47/
blank mean: OD=0.083). According to the precision profile,
the intermediate variability of four replicates of rBet v 4 and
birch pollen extract, respectively, did not exceed a CVof 10%
in the quantitation range (Fig. 2b).

High accuracy and precision of Bet v 4 determination in birch
pollen extract matrix

Accuracy and precision of the Bet v 4 ELISAwere determined
by the standard addition method. The experimental setup
comprised two different concentrations of birch pollen extract
(=matrix) containing nBet v 4, spiked with four different
concentrations of rBet v 4. In total, 54 replicates measured
in nine experiments with six replicates each and performed by
two operators on 5 days were evaluated. The calculation of
recovery showed a clear linear relationship between the ex-
pected versus measured Bet v 4 concentrations (Fig. 3). The
overall recovery was nearly 100 % without a significant

Fig. 1 Purity and specificity of Bet v 4 ELISA components. a SDS-
PAGE followed by Coomassie blue staining was utilized for visualization
of recombinant birch allergens and birch pollen extract (BPE) relative to a
molecular weight marker (MWM). Immunoblot analysis using b Bet v 4-
specific rabbit antiserum and c Bet v 4-specific monoclonal antibody
mP49 showed antibody specificity for two batches of recombinant Bet v 4
as well as detection of native Bet v 4 in birch pollen extract

Table 1 Lack of cross-reactivity of Bet v 4 ELISA to other birch
allergens

Sample Conc. [ng/ml] OD >0.146 (LOD)

rBet v 1 40 0.076 −
rBet v 2 40 0.087 −
rBet v 4 0.4 2.677 +++

rBet v 6 40 0.075 −
rBet v 7 40 0.085 −
Birch pollen extract 400 2.886 +++

ELISA for quantification of Bet v 4 in birch allergen products 1677



influence of matrix or spike concentrations, indicating accu-
rate results in terms of absolute quantity.

The precision of an ELISA is generally defined by its
degree of variability. Using a mixed linear model, the total
variability can be estimated from replicate values from the
same experiment (intra-assay variability) in combination with
replicate values from several independent tests following an

identical procedure (inter-assay variability). In general, the
Bet v 4 ELISA showed overall high precision, not exceeding
a CVof 25 % at any point both for unspiked as well as spiked
matrices (Table 2). Intra-assay variability was found to be low,
and the inter-assay parameter “day” had a significantly higher
impact compared to “operator.”

The Bet v 4 ELISA is robust to changes in matrix composition

In many allergen products, the extract is dissolved in a
glycerol/phenol buffer. Consequently, for successful charac-
terization of PTS and SLIT products with the Bet v 4 ELISA,
these potentially interfering components have to be taken into
account. By measuring serial dilutions of rBet v 4 supple-
mented with different concentrations of glycerol and phenol, it
turned out that quantification remained unaffected up to 5 %
glycerol plus 0.05 % phenol compared to a matrix without the
two components (Table 3). However, higher concentrations
caused a dose-dependent decline of detectable Bet v 4 content.
This level of robustness towards glycerol and phenol is suffi-
cient for Bet v 4 quantification in PTS and SLIT products as
these are diluted at least 200-fold to fit the measurement range
of the assay.

Quantification of Bet v 4 in birch allergen products

In total, 30 batches (15 PTS and 15 SLIT products) from six
different manufacturers were analyzed (Fig. 4). These extract
preparations were controlled by the manufacturers with re-
spect to total protein and total allergenic activity, which were
both redetermined. In addition, the content of Bet v 1 and Bet

a b

Fig. 2 Comparison of curve progression and precision profile for rBet v
4 standard and nBet v 4 in extract. a Four ELISA tests were performed
with rBet v 4 and birch pollen extract, respectively, in concentrations as
indicated. The ODwas measured and depicted as the mean value with the
respective standard deviation (SD). The curves follow a four-parametric
nonlinear curve fitting. The grey striped section indicates parallelism of

the curves, whereas in the blank grey section, parallelism and linearity of
the curves are given. b Four ELISA tests were performed with rBet v 4
and birch pollen extract, respectively, in concentrations as indicated. The
OD was measured and the coefficient of variation (CV) calculated for
each concentration to create a precision profile

Fig. 3 Estimation of accuracy and precision based on standard addition
experiments. Nine ELISA tests were performed with six internal
replicates each. Two concentrations of nBet v 4 in the extract (=matrix)
as indicated were spiked with four different rBet v 4 concentrations (S1–
S4=0.02, 0.05, 0.1, 0.5 ng/ml). The mean measured total Bet v 4
quantities with the respective SD were plotted against the expected total
Bet v 4 concentrations. Slopes and determinants of correlation (R2) are
given for the resulting linear regression lines
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v 4 was assessed using two allergen-specific sandwich
ELISAs. The range of Bet v 1 in different PTS was approx.
eightfold (6–45 μg/ml), while a larger range of approx. 17-
fold was observed in the examined SLIT products (14–
241 μg/ml) (Fig. 4a). Interestingly, variability in Bet v 4
content in the two product types was similar, ranging approx.

15-fold both in PTS (0.2–3.1 μg/ml) and in SLIT products
(0.3–4.4 μg/ml). According to the correlation coefficient r and
the broad confidence interval, the amount of Bet v 4 did not
correlate with the respective Bet v 1 content in birch pollen
products. In contrast, a highly significant correlation with a
narrow confidence interval was found between total allergenic
activity and total protein content (Fig. 4b). Total allergenic
activity ranged from 20 to 139 U/ml in PTS and from 18 to
228 U/ml in SLIT products, while total protein content was
found to be 27–267 and 44–568 μg/ml in PTS and SLIT
products, respectively. Note that four PTS batches had to be
excluded from the analysis of total protein content because
they contained human serum albumin for stabilization. As
expected, a highly significant correlation was found for the
content of the major birch allergen Bet v 1 with the total
allergenic activity and the total protein content, respectively
(Fig. 4c, d). In contrast, no correlation between the concentra-
tion of the minor allergen Bet v 4 and total allergenic activity
or total protein content was observed.

Discussion

The characterization of allergen products is still based on IgE
potency testing and not on the quantification of individual
allergen components representing the active substances.
ELISA is a common, simple, and easily transferrable high-
throughput method, which has been used for allergen quanti-
fication for a long time despite its dependence on allergen-
specific antibodies raised in animals. It has been suggested as
a comparator for validation of quantitative MS. Although
some ELISA systems are able to differentiate between protein
isoforms [21], MS has the benefit to be a stand-alone tech-
nique allowing to differentiate between isoforms even in
chemically modified allergen preparations intended for AIT
[44, 45]. However, a widespread use of MS in allergen prod-
uct characterization is still limited due to the high costs of
instruments and their operation. At the same time, standardi-
zation programs for allergen products like CREATE and the
Biological Standardisation Programme (BSP) 090 focus on
selected major allergens like Bet v 1 [46–48]. Hence, comple-
mentary ELISA systems for quantification of both major and
minor allergens are only available for very few allergen sources.

We developed and validated, in-house, the first sandwich
ELISA for the determination of the minor birch pollen aller-
gen Bet v 4. High specificity and precision of this method
have enabled reproducible and accurate quantification of Bet v
4 in birch pollen extracts. Since the assay is highly sensitive,
Bet v 4 quantification is also possible in glycerinated extracts
without adapting the dilution buffer of the reference standard.
Above the ULoQ at concentrations exceeding 1 ng/ml, the
extract curve showed a decreased slope compared to the Bet v

Table 2 Precision of nBet v 4 and rBet v 4 determination in two birch
pollen extract matrices (n=54)

Source of variation CV [%]

Matrix,
0.02 ng/ml

Matrix,
0.10 ng/ml

Unspiked matrix Total variability 17.2 22.2

Intra-assay variability 3.7 4.9

Inter-assay variability 16.8 21.7

Operator 3.6 0.7

Day 16.4 21.7

Spike S1, 0.02 ng/ml Total variability 10.4 19.6

Intra-assay variability 5.1 4.3

Inter-assay variability 9.0 19.2

Operator 3.4 3.1

Day 8.4 18.9

Spike S2, 0.05 ng/ml Total variability 8.1 16.2

Intra-assay variability 4.7 5.3

Inter-assay variability 6.6 15.3

Operator 0.4 ne

Day 6.6 15.3

Spike S3, 0.10 ng/ml Total variability 6.8 14.2

Intra-assay variability 6.2 7.0

Inter-assay variability 2.7 12.4

Operator ne 1.9

Day 2.7 12.2

Spike S4, 0.50 ng/ml Total variability 17.5 13.7

Intra-assay variability 13.8 12.1

Inter-assay variability 10.7 6.3

Operator 4.9 ne

Day 9.5 6.3

ne not estimable

Table 3 Robustness of Bet v 4 ELISA to glycerol/phenol-containing
matrices

Glycerol [%] Phenol [%] Rel. recovery [%] 95 % Cl [%]

0 0 100 –

0.5 0.005 97.5 94.6–100.5

1 0.01 99.2 96.2–102.2

2 0.02 99.4 96.5–102.5

5 0.05 102.3 96.1–109.0

10 0.1 90.4 84.9–96.2

15 0.15 80.1 74.6–85.8

ELISA for quantification of Bet v 4 in birch allergen products 1679



4 reference (Fig. 2a). Although the OD values in this high Bet
v 4 range partially surpass OD=3, the standard deviation did
not increase significantly compared to the measurement range.
Hence, a measuring device-related artifact due to high OD
values is unlikely. Alternatively, the phenomenon could be
caused by nBet v 4 isoforms displaying epitope differences
and exceeding a critical concentration. However, as only one
isoform (Bet v 4.0101, GenBank X87153.1) has been de-
scribed so far, the best explanation for the lower extract slope
above the ULoQ is a matrix effect due to the high birch pollen
extract concentrations. The ELISA and its components were
found to be specific for Bet v 4 as they did not exhibit any
reactivity to other birch pollen allergens (Table 1, Fig. 1).
Although some of the tested birch allergen products contain
nearly 500-fold more Bet v 1 than Bet v 4, the specificity of

the antibodies as well as of the ELISA itself is sufficiently
high to ensure valid results. Unfortunately, cross-reactivity to
the minor birch allergen Bet v 8 [49] could not be tested due to
a lack of availability. As it is unclear whether this minor
allergen is contained in the birch pollen extract examined in
immunoblot analysis (Fig. 1), the absence of an unspecific
signal corresponding to the size of Bet v 8 can only be
regarded as an indication for antibody specificity.

The allergen content in an extract-based product is influ-
enced by various factors like the year and season of the harvest
as well as the maturity grade of the source material [50, 51]. In
addition, the composition of allergen isoforms was shown to
differ in pollen from different origins [15] and differences in
industrial processing of the raw material might influence the
content and stability of proteins in allergen extracts. Especially

a b

c d

Fig. 4 Quantification and
correlation of birch pollen
allergen product attributes. For 15
PTS and 15 SLIT products, the
values for Bet v 1, Bet v 4, total
protein content, and total
allergenic activity were opposed
in several scatter dot plots (PTS in
light grey, SLIT products in dark
grey). The Pearson correlation
coefficient (r) and the respective
95 % confidence interval are
given for each pairing.
Statistically significant
correlations were marked as
follows: ***p<0.001
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polcalcins like Bet v 4, which depend on binding of Ca2+ ions
to maintain both stability [30] and allergenicity [16, 52], might
be affected by differences in manufacturing processes. Nev-
ertheless, Bet v 4 could be detected at levels above the LLoQ
in all birch allergen products analyzed in this study. This result
is in contrast to published data which indicated that some
commercially available birch pollen extracts did not contain
Bet v 4 [2]. The reason for this apparent discrepancy might be
a difference in sensitivity of the applied methods (western
blotting versus ELISA). However, our data also shows re-
markable differences between the products with respect to
their Bet v 4 content, irrespective of their intended use in
either birch pollen allergy diagnosis or therapy (Fig. 4). Great
variability was also found in total allergenic activity, Bet v 1,
and total protein content. This observation is in line with other
studies showing a similarly great variability in allergen con-
tent in natural allergen extracts of various sources [4, 53, 54].
Nevertheless, our data confirm that the factors currently used
for defining the quality of allergen extracts from birch pollen
(total protein content, total allergenic activity, and Bet v 1
content) are clearly interdependent. Interestingly, none of the
investigated factors correlated with the minor allergen Bet v 4.
This finding is important with respect to the goal of allergen
product standardization. Despite the identification of Bet v 4
as a pan-allergen, there is no data available from controlled
clinical trials clarifying whether or not Bet v 4 is important for
the success of AIT in birch pollen-allergic patients sensitized
to this allergen. However, our data indicate that, due to a lack
of correlation between Bet v 4 and the parameters routinely
assessed in batch control, it will be difficult to establish Bet v 4
content as an additional specification in the control of birch
pollen extracts. As more data on content and variability of Bet
v 4 in birch pollen extracts is required, the ELISA presented in
this study will be used further on to monitor Bet v 4 in birch
allergen products and thus contribute to the understanding of
the importance of minor allergens for allergic patients and
AIT.
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