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derivatives of the major birch pollen allergen, Bet v 1
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Summary

Background We have recently engineered recombinant derivatives of the major birch pollen
allergen Bet v 1 (rBet v 1 fragments and trimer) with strongly reduced allergenic activity.
Objective The aim of this study was the in vivo characterization of potential allergy vaccines based
on Al(OH)s-adsorbed genetically modified rBet v 1 derivatives in mice.

Methods BALB/c mice were immunized either with courses of nine injections of increasing doses of
Al(OH);3-adsorbed rBet v 1 wild-type, rBet v 1 fragments, rBet v 1 trimer or AI(OH); alone in weekly
intervals or with three high-dose injections applied in intervals of 3 weeks. Humoral immune
responses to rBet v 1 wild-type and homologous plant allergens were measured by ELISA and
Western blotting, and the ability of mouse antibodies to inhibit the binding of allergic patients IgE to
Bet v 1 was studied by ELISA competition experiments.

Results In both schemes, hypoallergenic rBet v 1 derivatives induced low IgE but high 1gGl
responses against rBet v 1 wild-type. The IgG1 antibodies induced by genetically modified rBet v 1
derivatives cross-reacted with natural Bet v 1 and its homologues from alder (Aln g 1) as well as hazel
(Cor a 1) and strongly inhibited the binding of birch pollen allergic patients’ IgE to Bet v 1 wild-type.
Conclusion Genetically modified hypoallergenic rBet v 1 derivatives induce blocking antibodies
in vivo. Their safety and efficacy for the treatment of birch pollen and associated plant allergies can

now be evaluated in clinical immunotherapy studies.
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Introduction

Type 1 allergy, a genetically determined IgE-mediated
hypersensitivity, affects almost 25% of the population [1].
Specific immunotherapy, the only curative approach towards
allergy treatment, is based on the administration of increasing
doses of the disease-eliciting allergens [2]. Although the
clinical efficacy of specific immunotherapy has been docu-
mented in numerous controlled clinical studies, the under-
lying mechanisms are not completely understood [3, 4]. This
may be attributed in part to the fact that both treatment of
allergic diseases and analysis of clinical and immunological
effects have been performed with natural allergen extracts
consisting of mixtures of allergenic and non-allergenic
components.

Another disadvantage of specific immunotherapy is the risk
of inducing life-threatening anaphylactic side-effects due to
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the administration of active allergens. Therefore, reduction of
anaphylactic side-effects and simultaneous preservation of
immunogenic properties of therapeutic allergen preparations
have been long-sought goals. One way to increase the
immunogenicity of a therapeutic allergen preparation and
to delay the systemic release of allergens from the site of
application is adsorption of allergen extracts to adjuvants [5].
Alternatively and/or in addition, chemical modification of
allergen extracts was found to reduce allergenic activity [6-9].

The application of molecular biological techniques for the
characterization of allergens has not only provided us with an
increasing number of recombinant allergens suitable for
diagnostic purposes but also opens new avenues for the
generation of hypoallergenic allergen derivatives [10—-16].

We have recently produced recombinant derivatives of the
major birch pollen allergen, Bet v 1, which exhibited a more
than 100-fold reduced allergenic activity in vitro and in vivo
when compared with rBet v 1 wild-type [17-22]. Bet v 1 was
chosen as a model allergen since it represents one of the most
important environmental allergens. It is recognized by more
than 25% of allergic individuals and 95% of birch pollen
allergic patients [23, 24], and contains most of the IgE
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epitopes present in pollen extracts from birch and related
trees of the Fagales order and in plant-derived food [25, 26].

However, before hypoallergenic Bet v 1 derivatives can be
considered for immunotherapy of allergic patients, their
immunogenic properties must be evaluated in vivo. In this
study we describe the characterization of potential allergy
vaccines, which are based on Al(OH);-adsorbed genetically
modified rBet v 1 derivatives (rBet v 1 fragments and rBet v 1
trimer), and compare them with rBet v 1 wild-type in BALB/c
mice. We studied the induction of IgE and IgG subclass
responses and compared different immunization schemes.
Furthermore, we investigated whether the antibodies induced
by vaccination with the recombinant allergen derivatives
cross-react with the major allergens of alder and hazel pollen
and whether they inhibit the binding of IgE from birch pollen
allergic patients to the rBet v 1 wild-type allergen. Our finding
that the genetically engineered rBet v 1 derivatives induced
IgG1 and IgG2a/b antibodies in mice which cross-reacted
with natural Bet v 1, as well as Bet v 1-related allergens from
alder and hazel and blocked allergic patients’ IgE binding to
Bet v 1 is discussed regarding their use for the treatment of
birch pollen and related allergies.

Materials and methods

Production of adsorbates containing recombinant antigens

Recombinant Bet v 1a was expressed in Escherichia coli and
purified as described [27]. Recombinant Bet v 1 fragments, F1
and F2, comprising aa 1-73 (without methionine; MW
8100Da) and aa 74-159 (MW 9461Da) of Bet v 1,
respectively, were expressed in E. coli and purified [17]. A
stable recombinant trimer consisting of three covalently
linked copies of Bet v 1a was produced by ligation of three
copies of the Bet v 1a-encoding cDNA into plasmid pET-17b
and expression of the recombinant trimer in E. coli BL21
(DE3) [19].

Recombinant antigens were dissolved in 144mM sodium
chloride, 10mM sodium hydrogen carbonate, 0.25% w/v
phenol, pH 8.0, and mixed with sterile aluminiumhydroxide
suspension (Superfos Biosector, Copenhagen, Denmark) to
achieve final concentrations of 1 mg AP */mL and 100 pg pro-
tein/mL. An adsorbate containing an equimolar mixture of
the two fragments was produced by mixing adsorbates
prepared with each fragment in the ratio 0.46 F1:0.54 F2
to achieve equimolar concentrations of the two fragments.
The resulting adsorbates contained a final total protein
concentration of 100 pg/mL. Adsorbates were assessed for
stability at three different temperatures (25°C, 4°C, —20°C)
for extended periods (30, 60, 90 days). During the storage
periods, the proteins were analysed for integrity by SDS-
PAGE and protein contents were determined in the super-
natants of centrifuged samples of the aluminium hydroxide
suspensions using the Lowry method [28].

Immunization of mice

One hundred and forty-four (72 males, 72 females) eight-
week-old BALB/c mice were purchased from Charles River
(Kislegg, Germany). The animals were maintained in the

Scheme of immunization
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Fig. 1. Scheme of immunization. Groups of mice received either a series
of 8 weekly injections containing increasing antigen doses (l) followed by
one final injection on day 70 or three high-dose immunizations (H) on days
0, 21 and 42. Serum samples were collected from all mice on days 0, 21, 42
and 77.

animal care unit of the Department of Pathophysiology of the
University of Vienna according to the local guidelines for
animal welfare. Groups of 16 mice each (eight males, eight
females) received subcutaneous immunizations in the neck
either in an increasing-dose (I) scheme or as a high-dose (H)
scheme (Fig. 1). Mice in the I scheme received increasing
doses (0.1, 0.2, 0.4, 0.8, 1.25, 2.5, 5, 10 pug) of either AI(OH),-
adsorbed rBet v 1 fragments 1 and 2, rBet v 1 trimer or rBet v 1
in weekly intervals (days 0, 7, 14, 21, 28, 35, 42, 49) until the
maintenance dose of 10pg (equivalent to 1/10 of the
conceivable human dose) was reached (day 49). A control
group received corresponding injections of an Al(OH);
suspension. After a 1-month interval, a final injection of the
maintenance dose was given at day 70 (Fig. 1). Mice in the H
scheme were injected three times in 3-week intervals (days 0,
21, 42) with the maintenance dose (10 pug) (Fig. 1).

Clinical, laboratory and histological investigations of mice

The well-being of all animals was regularly assessed. Prior to
each injection, the body weight of the animals was determined
and the injection sites were examined for local responses.
Blood samples were collected at days 0, 21, 42, and on
completing the study at day 77, in order to assess humoral
antibody responses. At day 77, mice were killed after
bleeding. Liver, heart, kidneys, spleen and lungs from all
animals were weighed and histopathology was obtained for
liver, spleen, lungs, lymph nodes, thymus, skin from the
injection sites and remote from the injection sites. Blood
samples from day 77 were analysed for haematocrit,
haemoglobin, erythrocyte counts, mean corpuscular volume
(MCV), mean corpuscular haemoglobin concentration
(MCHCO), leucocyte, neutrophil and platelet counts.

ELISA measurement of specific IgE, IgG1 and IgG2a/b
antibodies

Mouse antibodies with specificity for rBet v 1 and rBet v 1
fragments F1 and F2 were measured by ELISA as previously
described [29]. Optical density (OD) values for the individual
plates were determined after the same incubation periods. To
exclude plate-to-plate variabilities, reference sera were in-
cluded on each of the different plates. Results are displayed as
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Fig. 2. (a, b) IgG1, IgG2a/b responses to rBet v 1. Groups of 16 mice each
were immunized with rBet v 1 fragments, trimer, rBet v 1 wild-type or
Al(OH); (inset) according to an increasing-dose scheme. Mean optical
density (OD) values and standard errors (y-axis) of 16 immunized mice
corresponding to the antibody levels are displayed for the different
bleedings (x-axis). P-values are as follows: *P<0.05, **P<0.01,
***P<0.001. Asterisks above the graph report results from global tests for
differences between treatments at the respective bleeding points.

mean values of OD measurements from sera of all 16 animals
of each group for each bleeding.

Statistical analysis

Results are presented as mean values with standard errors in
the figures and as least-squares means (adjusted means).
Statistical significance of differences in antibody induction
(IgGl, IgG2, IgE) was assessed within repeated measurement
ANOVA models unless otherwise stated. Included factors were
time of bleeding, type of vaccine, allergen dose used for
immunization and gender. For evaluation of immunization
schemes (I vs. H) over vaccines, an additional interaction
term between vaccine and dose scheme was included. All
pairwise comparisons were Bonferroni adjusted to avoid
inflation of a-error. To enhance the readability of figures, we
report asterisks for P-values as follows: * P<0.05, ¥**P<0.01,
***P<0.001.

SDS-PAGE and immunoblotting

Protein extracts from birch (Betula verrucosa), alder (Alnus
glutinosa) and hazel (Corylus avelana) pollen (Allergon AB,
Vilinge, Sweden) were prepared as described [25]. Protein
contents and quality of the extracts were analysed by
analytical 12.5% SDS-PAGE [30] and Coomassie blue
staining [31]. Comparable amounts (100 pg/cm preparative
gel) of each protein extract were blotted onto nitrocellulose

membranes (Schleicher & Schuell, Dassel, Germany) [32].
Nitrocellulose-blotted allergen extracts were probed with two
representative immune sera (fourth bleeding, day 77) and the
corresponding pre-immune sera from each treatment group
and bound IgG1 antibodies were detected as described [29].

’

Competitive ELISA for assessment of inhibition of patients
IgE binding to rBet v 1 by murine sera

Patients with birch pollen allergy (n = 10) were characterized
by a case history indicative of birch pollen allergy, positive
skin prick test results, RAST and IgE immunoblotting as
described [25, 26].

ELISA plates (Nunc-Maxisorb”, Nunc, Roskilde, Den-
mark) were coated with 100 pL/well of 0.5pug rBet v 1/mL
overnight at 4°C. After five Tris-buffered saline containing
Tween (TBST) washes, plates were blocked with TBST, 1%
w/v bovine serum albumin (BSA) for 2h at 37°C. Then,
plates were incubated with mouse sera from each treatment
group (sera from the fourth bleeding, day 77 and correspond-
ing pre-immune sera, day 0), each diluted 1:100 in TBST,
0.5% w/v BSA. After five TBST washes, plates were
incubated with human sera from birch pollen allergic patients
diluted 1:5 in TBST, 0.5% w/v BSA overnight at 4 °C. After
five TBST washes, bound human IgE was detected with
alkaline phosphatase (AP)-coupled mouse monoclonal anti-
human-IgE antibodies (PharMingen, San Diego, CA, USA)
diluted 1: 1000 in TBST, 0.5% w/v BSA and was incubated at
37°C and then at 4 °C for 1 h. After a further five washes with
TBST, the ELISA substrate (Sigma, St Louis, MO, USA) was
added and the OD of the colour reaction was read at 405nm
after 15 min. All measurements were performed as duplicates.

The percentage of inhibition of IgE after pre-incubation
with immune sera was calculated as follows: % in-
hibition = 100 — (ODimmunc X ]00)/0Dprc-immunc~

ODyreiimmune and ODjmmune represent the OD after pre-
incubation with murine pre-immune and immune sera,
respectively.

Rat basophil leukaemia (RBL) cell mediator release

RBL-2H3 cells were plated in 96-well tissue culture plates
(4 x 10*/well) and incubated for 24 h at 37 °C using 7% CO,.
First, experiments were performed to study the anaphylactic
activity of sera from mice (eight females, eight males) that had
been immunized with rBet v 1, rBet v 1 trimer and rBet v 1
fragments 1 and 2, respectively, using either the I or the H
scheme. RBL cells were loaded with the respective sera,
diluted 1:20 in Tyrode’s buffer (137 mm NaCl, 2.7mm KCl,
0.5mMm MgCl,, 1.8mMm CaCl,, 0.4mM NaH,PO, 5.6mm
D-glucose, 12mM NaHCOj;, 10 mMm HEPES and 0.1% BSA,
pH 7.2) and cross-linked with rBet v 1 (¢ =0.3pug/mL). In a
second type of experiments, the blocking activity of rabbit
anti-rBet v 1 derivative antisera on Bet v 1-induced basophil
degranulation was studied. RabbitaBet v 1 trimer or
rabbitaBet v 1 fragment immune complexes were formed by
incubating 0%, 2%, 5% or 10% rabbit sera or normal rabbit
serum with 0.1 pg/mL rBet v 1 in Tyrode’s buffer for 2h at
37°C. These immune complexes were exposed to RBL cells,
which had been passively sensitized (1:30 diluted sera, 2h,
37°C) with anaphylactic murine sera raised against rBet v 1
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wild-type [29]. RBL supernatants were analysed for
B-hexosaminidase activity by incubation with 80um 4-
methylumbelliferyl- V-acetyl-B-D-glucosaminide (Sigma, Vien-
na, Austria) in citrate buffer (0.1 M, pH 4.5) for 1h at 37°C
[33]. The reaction was stopped by the addition of 100puL
glycine buffer (0.2M glycine, 0.2M NaCl, pH 10.7) and
fluorescence was measured at Aoy 360/A., 465nm using a
fluorescence microplate reader (Spectrafluor, Tecan, Austria).
Results are reported as percentage of total B-hexosaminidase
released after the addition of 1% Triton X-100.

Results

Stability and toxicity assessment of recombinant allergen
adsorbates

The analysis of the individual proteins and adsorbates
revealed no evidence of degradation during the course of
the stability study (30, 60 and 90 days storage). The pH of the
fragment adsorbates was in the range between 7.9 and 8.2,
and that of the trimer adsorbates was between 8.0 and 8.3.
Repeated dose toxicity studies in mice revealed no evidence
for histopathological alterations induced by the allergen
adsorbates at the injection site or systemically other than
those induced by the adjuvant alone. Comparing the
haematological parameters in the different mouse groups,
no significant differences were found between the groups
receiving active preparations or adjuvant alone (data not
shown).

Immunoglobulin responses to rBet v 1 derivatives
administered in increasing concentrations

Sera from the differently immunized groups of mice were
analysed for the presence of rBet v I-specific IgGl and
IgG2a/b antibodies (Figs 2a and b). Figures 2a and b display
the antibody responses determined for each group (n=16)
that had received a course of nine injections of increasing
antigen concentrations (i.e. I scheme). Serum samples
obtained at the fourth bleeding (day 77) contained the
highest levels of Bet v 1-specific I[gG1 antibodies (Fig. 2a).
The strongest IgG1l response was induced by repeated
vaccination with the rBet v 1 fragment mixture and the
unmodified rBet v 1 followed by the trimer (Fig. 2a). The
mean rBet v 1-specific IgG1 antibody responses (least-squares
means) at day 77 were 0.622 (fragments), 0.593 (rBet v 1),
0.411 (trimer), 0.03 (Al(OH);). All responses were signifi-
cantly greater than those with Al(OH); alone (P<0.001).
Sera from mice immunized with the equimolar fragment
mixture mounted significantly higher IgGl responses to
fragment 2 than to fragment 1 (P<0.001, data not shown).
At day 77, IgGl antibody levels induced by fragments
(P=0.004) and rBet v 1 wild-type (P =0.009) are signifi-
cantly higher than those induced by trimer (Fig. 2a).
Recombinant vaccine formulations also induced IgG2a/b
antibodies (Fig. 2b). rBet v 1 fragment mixture and rBet v 1
wild-type induced higher levels of rBet v 1-specific IgG2a/b
than the trimer formulation (Fig. 2b). The mean IgG2a/b
antibody responses (least-squares means) obtained at the
fourth bleeding (day 77) were 0.136 (rBet v 1), 0.103

(fragments), 0.065 (trimer) and 0.049 (AI(OH);). IgG2a/b
antibodies are induced the strongest by the wild-type with
significantly higher levels (P =0.021) than by the trimer.

Of the three recombinant preparations, the trimer induced
significantly more IgE than fragments (P = 0.036) and rBet v 1
wild-type (P = 0.041) at day 77 (data not shown).

Immunoglobulin responses to rBet v 1 derivatives
administered as three high-dose injections

Comparing Bet v 1-specific IgG1 and IgG2a/b antibody levels
of mice of the I scheme (comprising a course of nine injections
with antigen amounts gradually increasing to 10 pg) with mice
of the H scheme (consisting of three injections of the
maintenance dose of 10 pug antigen) no significant differences
were found at the third bleeding (Figs 2a and 3). At the time
of third and fourth bleeding, immunization according to the
H scheme with rBet v 1 fragments (Fig. 4a: P =0.008 at day
42), rBet v 1 wild-type (Fig. 4c: P =0.015 at day 42; P =0.037
at day 77) and trimer (Fig. 4b) induced lower IgE levels than
the I scheme.

Hypoallergenic rBet v 1 derivatives induce IgG1 antibodies
that cross-react with natural Bet v 1 and Bet v 1-related
allergens

Sera from mice treated with rBet v 1 fragments, trimer and
rBet v 1 wild-type exhibited IgG1 reactivity to nitrocellulose-
blotted natural Bet v 1 in a birch pollen extract at 17kDa
(Fig. 5a, lanes 1i—4i). Pre-immune sera obtained from the
same mice, as well as sera from mice treated with the adjuvant
alone, did not contain Bet v 1-specific IgG1 (Fig. 5a, lanes
1p—4p; AI(OH);). The immune sera also recognized the major
alder pollen allergen Aln g 1 (Fig. 5b) and the major hazel
pollen allergen Cor a 1 (Fig. 5c¢) at 17kDa.

Hypoallergenic rBet v 1 derivatives induce antibodies that
inhibit binding of IgE from allergic patients to rBet v 1
wild-type

Representative serum samples (one male, one female) from
each mouse group obtained at the fourth bleeding, together
with the corresponding pre-immune sera as controls, were
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Fig. 3. IgG1 response to rBet v 1 after immunization according to the high-
dose scheme. Groups of 16 mice each were immunized with rBet v 1
fragments, trimer, rBet v 1 wild-type or Al(OH); (inset) according to the
high-dose scheme. Mean optical density (OD) values (y-axis) of 16
immunized mice corresponding to the antibody levels are displayed for the
different bleedings (x-axis).
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Fig. 4. (a—c) IgE responses to rBet v 1 in mice having received high- or
increasing-dose immunizations. Mean optical density (OD) values with
standard errors corresponding to Bet v 1-specific IgE levels (y-axis) are
displayed for the mouse groups (a: fragments; b: trimer; c: wild-type)
treated by the increasing- and high-dose scheme for the different bleedings
(x-axis). P-values are as follows: *P<0.05, **P<0.01, ***P<0.001.
Asterisks above the graph report results from global tests for differences
between dose schemes at the respective bleeding points.

analysed for their ability to block human IgE binding to rBet
v 1 (Table 1). Despite the fact that mouse sera were diluted
1:100, they potently blocked IgE binding to Bet v 1. Sera
from rBet v 1 fragment-immunized mice (increasing scheme)
inhibited patients’ IgE binding between 58.3% and 89.3%
(mean 74.6%) (Table 1). Pre-incubation with sera from
trimer-immunized mice (increasing scheme) yielded an
inhibition of IgE binding between 14.6% and 85.2% (mean
50.2%) and sera from mice immunized with rBet v 1 wild-
type achieved an inhibition of patients’ IgE binding from

32.8% to 84.0% (mean 62.8%). A substantial inhibition of

IgE binding to rBet v 1 was also obtained with sera from
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Fig. 5. (a—c) IgG1 reactivity of mice to nitrocellulose-blotted pollen
extracts. Sera (p, pre-immune sera; i, immune sera) from mice immunized
with rBet v 1 fragments, trimer, rBet v 1 wild-type (#1 and 2: increasing-
dose protocol; #3 and 4: high-dose scheme) or Al(OH)3 alone were exposed
to nitrocellulose-blotted birch pollen (a), alder pollen (b) and hazel pollen (c)
extract. Molecular masses are displayed in kDa at the left side.

mice immunized according to the H scheme (fragments:
18.1-59.5%, mean 45.2%; trimer: 11.6-46.6%, mean 27.4%:;
wild-type: 0-52.9%, mean 24.9%) (Table 1).

Sera from mice immunized according to the high-dose
protocol induce less RBL mediator release than sera from
mice immunized with increasing doses

To confirm that high-dose immunization induces less IgE
production than immunization according to the increasing-
dose protocol, RBL cells were incubated with sera from the
various groups and challenged with rBet v 1.

Figure 6a shows that rBet v 1 always induced much less
mediator release from RBL cells that had been incubated with
mouse sera obtained after immunization with the H scheme

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 34:115-122
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Table 1. Inhibition of patients’ IgE binding to rBet v 1 by murine antisera

Percentage inhibition of patients’ (P1—P10) IgE binding to rBet v 1

Murine antiserum raised against ~ P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Mean inhibition

Increasing-dose scheme
Fragments (m) 75.05 89.38 79.97 81.32 76.31 86.66 65.66 65.27 60.52 80.60 76.07
Fragments (f) 72.33 87.00 79.89 78.04 67.74 73.57 63.30 76.32 58.36 76.65 73.32
Trimer (m) 39.54 35.83 36.80 35.25 28.93 33.04 31.62 35.95 14.65 21.59 31.32
Trimer (f) 67.58 85.26 72.47 72.30 65.59 80.79 56.77 70.00 50.00 71.66 69.24
rBet v 1 (m) 63.24 75.10 59.30 44.66 61.45 69.31 42.56 58.01 42.65 62.41 57.87
rBet v 1 (f) 75.18 84.01 76.88 73.16 73.20 79.64 32.80 61.38 47.03 75.88 67.92

High-dose scheme
Fragments (m) 57.14 59.53 53.56 51.87 45.81 55.65 39.56 52.60 24.24 18.18 45.81
Fragments (f) 49.93 56.81 49.70 51.89 40.34 51.99 31.01 43.41 29.90 42.58 44.76
Trimer (m) 21.08 33.46 20.93 27.65 20.64 28.05 11.63 26.50 13.23 17.99 22.12
Trimer (f) 38.44 46.66 35.79 41.86 24.85 42.22 14.63 31.84 20.53 31.02 32.78
rBet v 1 (m) 15.37 21.16 13.59 7.91 6.12 25.40 —10.28 15.24 23.30 38.07 15.59
rBet v 1 (f) 41.77 52.93 46.70 26.55 22.91 28.72 17.76 24.46 33.71 47.87 34.34

ELISA-plate bound rBet v 1 was pre-incubated with representative sera from male (m) or female (f) mice (increasing-, high-dose scheme) which were immunized
with fragments, trimer, rBet v 1, or Al(OH)s, respectively. The percentage inhibition of IgE binding is displayed for sera from 10 birch pollen allergic patients
(P1-P10). The right column shows the mean percentage inhibition of IgE binding for the patients.

than with mouse sera obtained after immunization with the I
scheme. This is in agreement with the results of the ELISA
experiments (Fig. 4), which showed that immunization with
the H scheme induced significantly lower IgE levels than
immunization with the I scheme.

Antibodies raised against Bet v 1 derivatives inhibit Bet v 1-
induced release of mediators from RBL cells

To demonstrate the protective activity of antibodies induced
with rBet v 1 derivatives, RBL cell mediator release inhibition
experiments were performed. rBet v 1 was pre-incubated with
rabbit anti-rBet v 1 trimer, anti-rBet v 1 fragment antisera
and a normal rabbit serum, respectively, and then exposed to
RBL cells that had been loaded with Bet v 1-specific IgE.
Figure 6b shows that rabbit anti-rBet v 1 trimer as well as
anti-rBet v 1 fragments antisera cause a dose-dependent
inhibition of degranulation and B-hexosaminidase release
from RBL cells with an almost complete suppression when
10% serum was added. No relevant inhibition of mediator
release was noted when a normal rabbit serum was pre-
incubated with Bet v 1.

Discussion

Recently, several research groups have started to produce
genetically modified allergen derivatives, which preserve
many of the primary structure elements of the respective
wild-type allergens, but exhibit strongly reduced allergenic
activity (reviewed in [10, 11]). The reduction of allergenic
activity of a given allergen derivative can be evaluated by
in vitro assays (e.g., IgE binding assays, basophil histamine
release tests) and by in vivo provocation testing (e.g., skin
testing), but it is equally important to determine whether the
allergen derivative can induce an immune response that may
protect against exposure to the wild-type allergen.

In this study we have evaluated the immunogenic activities
of vaccine formulations, which are based on genetically
modified hypoallergenic derivatives of the major birch pollen
allergen Bet v 1. In order to obtain vaccine formulations that
may receive permission from regulatory authorities for
clinical evaluation in allergic patients, Al(OH); adsorbates
of two hypoallergenic rBet v 1 fragments and of a
hypoallergenic rBet v 1 trimer were prepared following a
protocol that is currently used for allergen extract-based
immunotherapy. The immunogenicity of both vaccines was
compared with that of the active wild-type allergen by
immunizing mice. The potential protective effect of the
vaccine was evaluated by testing whether antibodies induced
in mice can inhibit the binding of allergic patients IgE to the
wild-type allergen.

Both vaccine formulations containing genetically modified
rBet v 1 derivatives induced strong IgG1 responses to rBet v 1
wild-type when administered in an I scheme but induced only
weak de novo IgE production. Notably, we found that a high-
dose regimen consisting of three injections of the maintenance
dose also induced strong IgG1 responses to rBet v 1 wild-
type, but even lower de novo IgE responses than the I scheme.
Perhaps even more important was the finding that sera
obtained from mice having received the high-dose immuniza-
tion induced much less degranulation of rat basophils than
sera from mice treated with increasing doses.

Our finding that genetically modified rBet v 1 derivatives
induced IgG1 antibodies in mice which cross-reacted with the
major allergens of alder and hazel pollen indicates that they
may not only be useful for the treatment of birch pollen but
also for the treatment of birch-associated allergies (e.g.,
allergy to alder and hazel pollen). In this context, it is
noteworthy that previous clinical immunotherapy studies
with natural birch pollen extract indicated that treatment
with birch pollen extract reduced allergic symptoms to pollen
of trees of the Fagales order and even allergy to apple [34-36].

More important than the fact that genetically modified rBet
v 1 derivatives induced IgG antibodies to rBet v 1 wild-type
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Fig. 6. (a) Induction of mediator release from rat basophil leukaemia
(RBL) cells with sera from immunized mice. RBL cells were loaded with
mouse sera obtained at day 77 after immunization with rBet v 1, rBet v 1
trimer and rBet v 1 fragments, respectively, using the high-dose (H) or the
increasing-dose () scheme. Release of B-hexosaminidase (y-axis: %
release) was induced with rBet v 1. Results are displayed as mean
values + SD. (b) Rabbit anti-rBet v 1 derivative antibodies inhibit Bet v 1-
induced RBL cell mediator release. rBet v 1 was pre-incubated with
different dilutions (x-axis: 0%, 2%, 5% and 10%) of rabbit anti-rBet v 1
trimer (white circles), rabbit anti-rBet v 1 fragments (triangles) and rabbit
pre-immunsera (black circles), respectively, and then exposed to RBL cells
loaded with mouse anti-rBet v 1 IgE. The percentage of f-hexosaminidase
release into the supernatants is displayed as mean + SD on the y-axis.

and to Bet v I-homologous allergens is the finding that
mouse-derived antibodies strongly inhibited the binding of
birch pollen allergic patients’ IgE to Bet v 1. Despite the fact
that mouse sera were diluted 1:100 for the blocking
experiments, we found that fragment- and trimer-specific
antibodies induced by the increasing-dose protocol yielded a
mean inhibition of human IgE binding of 75% and 50%,
respectively. The mean inhibition obtained with sera from
mice immunized with the high-dose protocol ranged between
45% in the case of the fragments and 27% for the trimer.
These results indicate that the genetically modified rBet v 1

derivatives contain sufficient structural elements to induce
protective IgG antibodies in vivo, which either bind to or close
to epitopes defined by human IgE antibodies and thus
prevent IgE binding to the wild-type allergen. This finding is
in agreement with recent reports re-confirming the impor-
tance of allergen-specific blocking antibodies of the IgG
isotype for the successful outcome of specific immunotherapy
[37, 38]. In this context, it has been shown that blocking
antibodies not only suppress allergen-induced effector cell
activation but inhibit IgE-mediated allergen presentation to
T cells, and thus can reduce proliferation and cytokine release
from allergen-specific T cells [37, 39]. That IgG antibodies
induced by the Bet v 1 derivatives have indeed protective
activity is demonstrated by the inhibition of Bet v 1-induced
RBL degranulation with rabbit sera containing such anti-
bodies whereas normal rabbit serum had no relevant effect
(Fig. 6b).

Skin test studies have shown that allergic patients tolerated
approximately the 100-fold dose of the rBet v 1 derivatives
[20-22]. We thus hope that it may be possible to develop
immunotherapy protocols that are based on a few high-dose
injections, an assumption that is supported by the notion that
the high-dose immunization scheme also induced blocking
antibody responses. Another advantage of using recombinant
hypoallergenic allergen derivatives for specific immunother-
apy may be that treatment can be conducted with pharma-
ceutically defined allergen preparations according to the
patients’ sensitization profile [40, 41]. As a next step, clinical
immunotherapy trials will have to evaluate the efficacy and
safety of the hypoallergenic rBet v 1 derivative vaccine
formulations in birch pollen allergic patients.
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