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Birch-allergic patients often experienceoral allergy syndrome
upon ingestionof vegetables and fruits,most prominently apple,
that is caused by antibody cross-reactivity of the IgE antibodies
in patients to proteins sharingmolecular surface structureswith
the major birch pollen group 1 allergen from Betula verrucosa
(Bet v 1). Still, to what extent two molecular surfaces need to be
similar for clinically relevant antibody cross-reactivity to occur
is unknown. Here, we describe the grafting of a defined confor-
mational antibody epitope from Bet v 1 onto the surface of the
homologous apple allergen Malus domestica group 1 (Mal d 1).
Engineering of the epitope was accomplished by genetic engi-
neering substituting amino acid residues in Mal d 1 differing
between Bet v 1 and Mal d 1 within the epitope defined by the
mAb BV16. The kinetic parameters characterizing the antibody
binding interaction toBet v 1 and to themutatedMal d 1 variant,
respectively, were assessed by Biacore experiments demonstrat-
ing indistinguishable binding kinetics. This demonstrates that a
conformational epitope defined by a high affinity antibody-al-
lergen interaction can successfully be grafted onto a homolo-
gous scaffold molecule without loss of epitope functionality.
Furthermore, we show that increasing surface similarity to Bet v
1 of Mal d 1 variants by substitution of 6–8 residues increased
the ability to trigger basophil histamine release with blood from
birch-allergic patients not responding to natural Mal d 1. Con-
versely, reducing surface similarity to Bet v 1 of aMal d 1 variant
by substitution of three residues abolished histamine release in
one patient reacting to Mal d 1.

Type 1 hypersensitivity, i.e. IgE-mediated allergy, is a sub-
stantial health problem in countries having adapted toWestern
lifestyle (1, 2). Grass pollen and house dust mites are the most
important allergen sources world wide (3), but on a regional
basis local pollenmay be the cause of even higher prevalences of
sensitization. In Scandinavia, inhalation allergy to birch pollen
is among themost prevalent (4). Patients allergic to birch pollen
most often also react to pollens of the related trees alder and
hazel (5) prolonging the season with symptom load. Hazel pol-
linates in February-March, alder typically in March, and birch

in April-May. Birch is the quantitatively dominating species
reaching average pollen counts in the peak season of about 500
grains per m3, which is about 10 times the level of hazel and
alder, and consequently most patients are sensitized to birch
pollen. Birch pollen-allergic patients have an increased risk of
symptoms upon ingestion of foods, such as nuts and certain
vegetables and fruits, for example apple (6, 7). Symptoms
induced by the foods are typically mild and restricted to the
region around the mouth, for example itching and swelling of
lip or tongue and throat irritation. This phenomenon is referred
to as the oral allergy syndrome (OAS)2 (8, 9).

Analysis of serum IgE from allergic patients by crossed
immunoelectrophoresis has revealed that all birch pollen-aller-
gic patients have IgE directed to the major allergen Bet v 1 (4).
Although patientsmay occasionally react to other allergens, IgE
toBet v 1 accounts formore than 90%of the IgEdirected toward
birch pollen allergens (4). Molecular studies have shown the
presence ofmajor allergens homologous to Bet v 1 in extracts of
hazel and alder pollen. The currentmodel for cross-reactivity is
that the major allergens with �75% sequence identity have
common molecular structures (i.e. epitopes) on their surfaces,
which are recognized by the same patient IgE antibodies (10).
Also,more distantly related species, such as apple, containmol-
ecules homologous to Bet v 1(11, 12). Mal d 1, the major aller-
gen in apple, is a 14-kDaprotein that shares 55–65% amino acid
sequence identity with Bet v 1. The molecular mechanism
underlying OAS upon ingestion of apple is thought to be the
same as those responsible for antibody cross-reactivity in gen-
eral. Sequence similarity between Mal d 1 and Bet v 1 is obvi-
ously reduced compared with the more closely related species
(hazel and alder), but studies comparing themolecular surfaces
of Bet v 1 andMal d 1 suggest that the OAS is indeed caused by
IgE binding to epitopes that are shared between Bet v 1 andMal
d 1 (13). Still, the conserved surface areas between Bet v 1 and
Mal d 1 are smaller compared with conserved surface areas
between Bet v 1 and Aln g 1, the major allergen of alder pollen,
and consequently, only a fraction of birch-allergic patients have
IgE directed to the conserved surface areas inMal d 1 and there-
fore display OAS upon ingestion of apple.
The dynamics of the processes taking place at the surface of

mast cells and basophils have been described in some detail. IgE□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. E1 and E2.
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molecules are anchored to the cell surface through high affinity
Fc�RI receptors with the ability to float freely over the cell sur-
face. Effector cell activation occurs after simultaneous binding
of the same allergen molecule by two or more IgE antibodies
(14). As shown in a recent article (15), using a panel of recom-
binant allergen-specific IgE antibodies, activation of signal
transduction requires that the first interaction is of medium to
high affinity to withhold the allergen near the cell surface. The
receptor-bound IgE molecules then float to the vicinity of the
complex facilitating the second interaction. A consequence of
this cooperativity is that if the first interaction is of high affinity
then the affinity of the second interaction is not critical, and
even low affinity interactions may play a significant role in
cross-linking and also effector cell activation. This suggests that
an IgE-allergen interaction through a single high affinity anti-
body may manifest into clinically significant cross-reactivity in
the presence of an additional IgE-allergen interaction of any
affinity. Still, the degree of similarity ofmolecular surface struc-
tures on related but nonidentical allergens needed to support
relevant cross-reactivity in relation to allergy and OAS is still
uncertain. Here, a well characterized conformational B-cell
epitope from themajor birch pollen allergen Bet v 1 was re-cre-
ated onto the surface of Mal d 1, and the kinetic parameters
characterizing antibody-epitope interactions were measured
usingBiacore technology. Furthermore, the allergenicity of sev-
eral mutated Mal d 1 variants was investigated in IgE binding
assays with birch patient serum IgE and in basophil histamine
release experiments with blood from birch-allergic patients to
investigate the effects on cross-reactivity of increasing or
reducing surface similarity to Bet v 1 of Mal d 1 variants.

EXPERIMENTAL PROCEDURES

Cloning of Constructs—Generation of rMal d 1 variants was
initiated on a previously cloned DNA construct (13) coding for
Mal d 1 isoform (GenBankTM accession number Q8L6K9)
inserted into the Escherichia coli expression vector pMAL-c
(New England Biolabs, Hertfordshire, UK). First, nucleotides
targeted for mutation that were located close together in the
DNA sequence were mutated by PCR-based overlap extension
using sense and antisense mutation-specific oligonucleotide
primers accommodating each mutation along with sense and
antisense oligonucleotide primers accommodating either
upstream or downstream neighbor mutations or the N/C ter-
minus of Mal d 1, respectively. Second, the PCR products were
purified, mixed, and used as templates in a PCR assembling
reaction with oligonucleotide primers accommodating the N
and C termini of rMal d 1. The N-terminal primer included
nucleotides coding for a Factor Xa cleavage site for generation
of rMal d 1 with authentic N terminus. Both oligonucleotide
primers contained nucleotide overhang for in-frame direc-
tional cloning into the multiple cloning site of pMAL-c. After
transformation into E. coliK12, the strain DH5� correct nucle-
otide sequence of inserts was verified on both DNA strands by
DNA sequencing.
Protein Expression and Purification—Expression vector

pMAL-c containing inserts coding for rBet v 1 (Z80104), rMal d
1 (Q8L6K9), or rMal d 1 variants were overexpressed in E. coli
K12, strain DH5� yielding fusion proteins with N-terminal

maltose-binding protein. Purified molecules with authentic N
terminus were obtained by amylose-affinity purification fol-
lowed by Factor Xa cleavage (Protein Engineering Technology
APS, Denmark) and size exchange chromatography as de-
scribed previously in yields of 3–5 mg/liter (16). Protein con-
centrations were determined by UV absorption at 280 nm in a
Shimadzu UV-1601PC (Columbia, MD) spectrophotometer.
All purified protein preparations appeared as single bands with
an apparent molecular mass of 17.5 kDa after silver-stained
SDS-PAGE (data not shown).
Circular Dichroism Spectroscopy—Circular dichroism spec-

tra were obtained using an OLIS DSM 10 CD spectrophotom-
eter (On Line Instrument Systems, Bogart, GA), equipped with
cylindrical (31-Q-1/CD) or square (21-Q-1/CD) 0.1-cm light
path quartz cuvettes (Starna, Hainault, UK). The spectra
were recorded from 260 to 184 nm collecting data at every
second nm, 38 data points per spectrum. The temperature of
the cuvette was maintained constant using a Julabo model
F30-C bath/circulator temperature control module (Julabo
Labortechnik, Seelbach, Germany). Spectra were obtained in
0.01 M sodium phosphate buffer, pH 7.2, at a concentration of
0.2 mg of protein per ml. Each spectrum represents the arith-
meticmean of four determinations corrected for buffer absorp-
tion and normalized to �� � 0 at 260 nm. The millidegree
recorded was transformed to �� using �� � millidegree/
(32,980�c�l) Aunits/(M�cm), where millidegree is the circular
dichroism signal; c is the concentration in mol/liter as meas-
ured by amino acid analysis, and l is the length of the light path
in cm.
Biacore Experiments—Biacore experiments were set up ac-

cording to the manufacturer’s recommendations (Biacore�
2000 Instrument Handbook, January 2001; Getting started Bia-
core� 3000, October, 1998), and in brief, the monoclonal anti-
bodyBV16 (1–10�g/ml inHBS-EPBiacore buffer)was injected
into the four flow channels on the Biacore Sensor ChipCM5 for
300 s at a flow rate of 30 �l/min (charging phase), followed by a
150-s flow (30 �l/min) of HBS-EP buffer (equilibrium phase).
The antigen, i.e. rBet v 1 (Z80104), rMal d 1 (Q8L6K9), or one of
the rMal d 1 variants, was injected for 180 s (association phase),
followed by an HBS-EP buffer flow (30 �l/min) for up to 1000 s
(dissociation phase), and the flow channels were regenerated by
a pulse of 10 mM glycine solution, pH 1.8, for 30 s at a flow rate
of 30 �l/min. The data used to estimate k1 (M�1�s�1), k�1 (s�1),
and Kd (M) values were obtained from runs performed with five
different antigen concentrations (1–150 �g/ml).
Specific Human Serum IgE Inhibition Assay—Individual

patient sera or serum pools of equal volume of 10 sera from
birch pollen-allergic patients was used for specific serum IgE
inhibition assays. All patients had a clinical history of birch
pollinosis and were radioallergosorbent test class 2 or more
against birch extract. Information with respect to clinical his-
tory of apple allergy was not available. rBet v 1 was biotinylated
at a molar ratio of 1:5 (rBet v 1:biotin). The inhibition assay was
performed on ADVIA Centaur System (Bayer, Kgs. Lyngby,
Denmark) as follows. A serum sample (25 �l) was incubated
with paramagnetic beads (solid phase) coated with a monoclo-
nal mouse anti-human IgE antibody (ALK-Abelló, Hørsholm,
Denmark), washed, resuspended, and incubated with amixture
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of biotinylated rBet v 1 and inhibitor (nonbiotinylated mole-
cules, i.e. rBet v 1, rMal d 1, or derivate molecules) in dilution
series. The amount of biotinylated rBet v 1 bound to the serum
IgEon the solid phasewas estimated from themeasured relative
light units after incubation with acridinium ester-labeled
streptavidin. The degree of binding was calculated as the ratio
between the relative light units obtained using buffer and rBetv
1, rMal d 1, or derivatives as inhibitor.
Histamine Release in Human Basophils—Heparinized blood

(20 ml) was drawn from birch pollen-allergic patients with a
history of seasonal hay fever, stored at room temperature, and
used within 4 h. 100 �l of Pipes buffer, pH 7.4, or 100 �l of
allergen dilutions in Pipes buffer, pH 7.4, 1, 3, 10, 30, 100, and
1000 ng of rBet v 1 (Z80104), rMal d 1 (Q8L6K9), or mutated
rMal d 1 variants were added to 96-well plates in triplicate.
Plates were preheated to 37 °C before 100 �l of preheated
(37 °C) blood, diluted 1:5with Pipes buffer, pH7.4,was added to
wells with different allergen dilutions or Pipes buffer. Plates
were incubated 30 min at 37 °C before centrifuging for 10 min
at 800 � g in a centrifuge with a plate rotor. Supernatants from
each of the wells were transferred to wells in new microtiter
plates that were covered and sealed with sealing tape before
incubating at �20 °C. All histamine release experiments were
performed in triplicate.
Histamine ELISA—Histamine release in each sample was

measured using the ELISA-based enzyme immunoassay kit ref.
2015 (Immunotech, France) following the recommendations of
the supplier. 100 �l of sample or standard solutions were acy-
lated with 25 �l of acylation buffer and 25 �l of acylation rea-
gent to permit later binding to anti-histamine antibodies. 50 �l
of acylated histamine samples, standards, or negative controls
were then added to anti-histamine antibody-coated wells along
with 200 �l of alkaline phosphatase-conjugated histamine and
incubated 2 h at 4 °C with shaking at 250 rpm. Plates were
rinsed three times with diluted wash solution before 200 �l of
para-nitrophenyl phosphate substrate solution was added to
the plates that were incubated for 30 min at room temperature
with shaking at 250 rpm before 50 �l of stop solution were
added. The ability of the histamine samples and histamine
standards (1, 3, 10, 30, 100, and 1000 nM) to inhibit binding of
alkaline phosphatase-conjugated histamine to anti-histamine
antibody-coated wells was measured as relative absorbance at
405 nm.
Sequence Analysis and Molecular Surface Illustrations—

BLAST searches with the amino acid sequence of Mal d 1
(Q8L6K9)were performed at the internet server of theNational
Center for Biotechnology Information (www.ncbi.nlm.nih.gov)
and at the Swiss Institute of Bioinformatics. Three-dimensional
structure models of Mal d 1 and mutated variants were
obtained using the program Deepview/Swiss-pdb-viewer ver-
sion 4.0.1 and the SWISS-MODEL Comparative Protein Mod-
eling Server (17) using the Protein Data Bank coordinates for
Bet v 1 (1BV1) as template and the amino acid sequences of
respective Mal d 1 molecules or Mal d 1 variants. The program
DS ViewerPro version 5.0 was used for depiction of the water-
accessible molecular surfaces. Unless stated otherwise, amino
acid residues conserved between Bet v 1 and Mal d 1 were col-
ored red, and conservative substitutionswere colored blue in all

models shown. Substitution of amino acid residues within the
following groups were considered conservative: Val-Leu-Ile-
Met, Ser-Thr-Cys, Phe-Tyr-Trp, Asp-Glu, Asn-Gln, and
Lys-Arg-His.

RESULTS

Serum IgE Antibody Cross-reactivity—To visualize the basis
for birch-allergic serum IgE antibody cross-reactivity toward
the apple allergen Mal d 1, the amino acid sequences of 77
published differentMal d 1 isoformswere analyzedwith respect
to sequence identity to Bet v 1. Structural similarities between
Bet v 1 andMal d 1 enabled modeling of the three-dimensional
structure of Mal d 1 isoforms upon combining amino acid
sequence information of the differentMal d 1 isoformswith the
ProteinData Bank coordinates from the known structure of Bet
v 1 (18). In Fig. 1,A–C, themodeled water-accessiblemolecular
surfaces ofMal d 1 isoformshave been color-codedwith respect
to amino acid identity to Bet v 1. In Fig. 1A, red indicates amino

FIGURE 1. Modeled molecular surfaces of Bet v 1 (Z80104) and two Mal d
1 isoforms (Q43550 and P43211) having 65 and 55% amino acid
sequence identity to Bet v 1 (Z80104), respectively. Front and back views
(turned 180° on vertical axes) are shown. A, red color indicates residues shared
between Bet v 1 and �90% of available Mal d 1 sequences. Blue color indicates
residues that in �90% of Mal d 1 isoforms are either shared with Bet v 1 or
conservatively substituted. Three surface patches are framed that are shared
between Bet v 1 and 9 of10 Mal d 1 isoforms. Patch 1 contains 28 residues,
Glu-42, Ile-44, Glu-45, Gly-46, Gly-48, Gly-49, Gly-51, Thr-52, Thr-53, Lys-55,
Tyr-66, Val-67, Lys-68, Arg-70, Val-71, Asp-72, Ser-84, Val-85, Ile-86, Glu-87,
Gly-88, Ile-91, Leu-95, Glu-96, Lys-97, Ile-98, Ser-99, and His-121. Patch 2 con-
tains 19 residues, Leu-24, Asp-25, Asp-27, Asn-28, Leu-29, Pro-31, Lys-32, Val-
33, Ala-34, Pro-35, Gln-36, Ala-37, Glu-148, Tyr-150, Leu-151, Asp-156, Ala-
157, Tyr-158, and Asn-159. Patch 3 contains 11 residues, Tyr-5, Glu-6, Glu-8,
Glu-127, Val-128, Lys-129, Glu-131, Val-133, Lys-134, Lys-137, and Glu-138.
B shows residues shared between Bet v 1 and Mal d 1 isoform Q43550. Red
(identity) and blue (conservatively substituted residues). Four surface patches
shared between Bet v 1 and Mal d 1 (Q43550) are framed. C shows residues
shared between Bet v 1 and Mal d 1 isoform P43211. Red (identity) and blue
(conservatively substituted residues). Three surface patches shared between
Bet v 1 and Mal d 1 P43211 are framed.
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acid residues in Mal d 1 that in �90% of available sequences of
Mal d 1 isoforms are identical to the corresponding residues
found inBet v 1, and blue indicates naturally occurring conserv-
ative substitutions. Fig. 1, B and C, shows the actual conserva-
tion of molecular surface structures to Bet v 1 of Mal d 1 iso-
forms (GenBankTM accession number Q43550 and P43211)
having highest (65%) and lowest (55%) amino acid identity,
respectively, to Bet v 1 among available sequences. Fig. 1A

points out three surface patches that are well conserved
between Bet v 1 and most Mal d 1 isoforms. These surface
patches vary in shape and size in the molecules in Fig. 1, B and
C. Interestingly, Fig. 1B shows an additional patch (Patch 4) that
only exists in a subgroup of published Mal d 1 isoforms repre-
sented by Mal d 1 (Q43550). Patch 4 is not present in the sub-
group represented by Mal d 1 (P43221) shown in Fig. 1C.
Epitope Grafting—The mAb BV16 binds an epitope on Bet v

1. Previously, the precise epitopewas identified from the crystal
structure of the Bet v 1-BV16 Fab complex (19), and a clear
inhibition of birch-allergic serum IgE bymAb BV16 was shown
(19) illustrating the relevance of the BV16-defined epitope on
Bet v 1 for IgE binding. Here, the requirements for Bet v 1-spe-
cific antibody cross-reactivity between Bet v 1 andMal d 1 were
investigated in further detail in a model system, including anti-
Bet v 1mAb BV16 together with rBet v 1, rMal d 1, and variants
of Mal d 1 (Table 1). The x-ray structure of the complex
revealed 16 amino acid residues (Fig. 2A) in rBet v 1 that con-
stitute a 931-Å2 conformational B-cell epitope on the Bet v 1
surface. Fig. 2B (rightmodel, Bet v 1) depicts the footprint of the
BV16 epitope on rBet v 1. Five residues within the antibody
footprint are different between rBet v 1 and rMal d 1 (Q8L6K9),
seen as blue- orwhite-colored residues in the left model, depict-
ing Mal d 1. The center model illustrates the grafting of the
“BV16 epitope” into the Mal d 1 variant (Mut-2782) through
substitution of these five residues to residues found in corre-
sponding positions in Bet v 1. Fig. 2C shows a Biacore diagram

FIGURE 2. A, amino acid sequence alignment of residues present within the epitope defined by the binding of the mAb BV16 to Bet v 1 in Bet v 1, Mal d 1, and
the mutated Mal d 1 variant Mut-2782. Five residues within the antibody footprint are not shared between Mal d 1 and Bet v 1. All 16 residues within the
antibody footprint are shared between Bet v 1 and Mut-2782. B, modeled molecular surfaces of Mal d 1, Mut-2782 with the BV16 epitope grafted onto its
surface, and Bet v 1. Amino acid residues are color-coded according to amino acid identity (red) to Bet v 1 and (blue) indicates naturally occurring conservative
substitutions. Right model shows Bet v 1 (Z80104) with 16 amino acid residues colored cyan that make up the BV16 epitope. Left model shows Mal d 1 (Q8L6K9)
with the antibody footprint visible in cyan. Center model shows Mut-2782 with the antibody footprint visible in cyan and mutated amino acid residues colored
in green. C, kinetic parameters for the binding of mAb BV16 are shown below each model. No binding to Mal d 1 could be detected, whereas very similar kinetic
parameters characterize BV16 antibody binding to Bet v 1 and Mut-2782 were found.

TABLE 1
Mutated recombinant Mal d 1 variants

Mutated variants Amino acid substitutionsa

Mut-2782b,c,d I43N, L44I, D47N, K70R, E76H
Mut-2781b,d,e,f I43N, L44I, D47N, G65K, K70R, E76H
Mut-2762b,f,g E12V, P16A, S107T, G108P, �109D,

S110G, K152L, P155S
Mut-2760f,h N28T, K32Q, E45S

a Amino acid substitutions were introduced into Mal d 1 (Q8L6K9).
b Residues in Mal d 1 were substituted to residues present in corresponding posi-
tions in Bet v 1.

c All five mutations in Mut-2782 are located within the BV16 antibody footprint
illustrated in Fig. 2.

d Mut-2781 and Mut-2782 were tested along with rBet v 1 and rMal d 1 in Biacore
experiments with mAb BV16.

e In addition to the five mutations located within the BV16 antibody footprint,
Mut-2781 contains an additional mutation G65K located outside the footprint
as shown in Fig. 3B.

f Mut-2781, Mut-2762, and Mut-2760 were tested along with rBet v 1 and rMal d 1
in IgE-binding experiments with birch-allergic patient sera and in histamine
release assays with blood from birch-allergic patients.

g (�109D) refers to the insertion of aspartic acid extending the length of the mu-
tated molecule to 159 amino acid residues.

h Residues in Mal d 1 were substituted to residues not present in corresponding
positions in Bet v 1.
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illustrating the interaction between the mAb BV16 and each of
the three molecules. The BV16 antibody did not bind Mal d 1
with anymeasurable strength. Kinetic parameters for the inter-
action with Bet v 1 and the Mal d 1 variant with the grafted
BV16 epitope are displayed below the respective models. The
very similar kinetic parameters characterizing antibody bind-
ing to Bet v 1 andMut-2782 as both being of high affinity show
full recognition of the grafted epitope on the engineered Mal d
1 variant Mut-2782 by BV16.
With the aim to further investigate the structural basis for

antibody cross-reactivity from birch-allergic patients with Mal
d 1, additional Mal d 1 variants were engineered (Table 1). An
amino acid sequence alignment of Bet v 1, Mal d 1, and all
mutated variants is shown in Fig. 3A. Mut-2782 (Fig. 2B), Mut-
2781 (Fig. 3B), and Mut-2762 (Fig. 3C) all illustrate Mal d 1
variants with increased surface similarity to the Bet v 1 allergen.
Mut-2762 was designed with the intention to increase surface
similarity to Bet v 1 in a surface area onMal d 1 clearly separated
from the epitope defined by mAb BV16. As seen from Fig. 3C,
Mut-2762 contains a surface area sharedwithBet v 1 that is very
similar to “Patch 4” shown in Fig. 1B, which is shared between a
subgroup of naturally occurring isoforms ofMal d 1 and Bet v 1.
In Mut-2781, Mut-2782, and Mut-2762, mutations are located
in surface areas that on naturally occurringMal d 1 isoforms are
specific toMal d 1, and all targeted residues were substituted to
residues that are present in the corresponding positions in Bet v
1. In contrast, Fig. 3D displays themodeledmolecular surface of
Mut-2760 that contains mutations intended to reduce surface
similarity to Bet v 1. Here, three residues Asn-28, Lys-32, and
Glu-45 shared between Mal d 1 and Bet v 1 were substituted
with residues differing from the ones found in the correspond-
ing positions of known Bet v 1 isoforms. These residues were
chosen for substitution based on previous data showing that
they are critical residues in Bet v 1 for binding birch-allergic
patients serum IgE antibodies (20).
Maintained Structural Integrity of rBet v 1, rMal d 1, and

Mutated rMal d 1 Variants—To confirm the structural integ-
rity of wild type and mutated molecules, the presence of sec-
ondary structure elements were analyzed by circular dichroism
(CD) spectroscopy. Fig. 3E shows an overlay of CD spectra
obtained at 15 °C. A CD spectrum of heat-denatured rBet v 1
obtained at 90 °C is included for comparison. The spectra of
rBet v 1, rMal d 1, and mutated variants all have negative and
positive amplitudes at 212–216 and 192–194 nm, respectively,
characteristic for nBet v 1. All five spectra are different from the
CD spectrumof heat-denatured rBet v 1, which is characterized
by negative and positive amplitudes at 200 and 186 nm, respec-
tively. This suggests that the containment of secondary struc-
ture elements is unaffected by the introduced point mutations
and that all of the molecules have maintained structural integ-
rity. CD spectroscopy was not applied to Mut-2782. However,
BV16 binds a conformational epitope on Mut-2781 and Mut-
2782with identical kinetics strongly indicating identical folding
patterns. Therefore, in this study the reported effects of intro-
ducing mutations was in all cases caused by local changes in
surface topography and charge distribution and was not caused
by loss of overall structure integrity.

Increasing Surface Similarity to Bet v 1 of Mal d 1 Variants
Increased Binding of Birch Allergic Serum IgE—Compared with
wild type rMal d 1, the mutated variants Mut-2781 and Mut-
2762 with point mutations that increase surface similarity to
Bet v 1 showed increased binding of pooled serum IgE from
patientswith birch allergies. Fig. 4 (left column) shows the bind-
ing of human serum IgE to biotinylated rBet v 1 inhibited by
rBet v 1, rMal d 1 or mutatedMal d 1 variants, respectively. Fig.
4, A and B, shows the degree of inhibition when testing serum
pools A and B, respectively. Serum pool A is a pool of sera from
10 birch pollen-allergic patients tested positive for IgE against
Bet v extract (ALK-Abelló, Magic Lite�, class 3) and Mal d
extract (GE Healthcare, CAP�, class 2–4). Serum pool B is a
pool of 10 sera from patients tested positive for IgE against Bet
v extract (Magic Lite�, class 3) but negative against Mal d
extract (CAP�, class 0). Fig. 4, C and D, shows the degree of
inhibition when testing individual patient sera. In all four
graphics, rBet v 1 shows full inhibition at the highest inhibitor
concentration, whereas wild type rMal d 1 inhibits IgE binding
poorly. Compared with rMal d 1, the two mutated Mal d 1
variants with increased surface similarity to Bet v 1 inhibit IgE-
binding to Bet v 1 to a larger extent.
Increasing Surface Similarity to Bet v 1 of Mal d 1 Variants

Increased the Ability to Trigger Histamine Release in Birch
Allergic Basophils—Recombinant Bet v 1, rMal d 1, Mut-2781,
and Mut-2762 were tested in standard basophil histamine
release assays. Fig. 4 (right column) shows the results of three
histamine release experiments (E, F, and G) with blood drawn
from three individual birch-allergic patients not reacting to
apple. The increased surface similarity to Bet v 1 of the Mal d 1
variants mut-2781 and mut-2762 enabled both molecules to
trigger basophil histamine release with blood from these
patients.
Reduction of Surface Similarity to Bet v 1 of aMal d 1 Variant

Affected Histamine Release from Individual Basophils Dif-
ferently—rBet v 1, rMal d 1, and the mutated variant Mut-2760
were tested in IgE inhibition experiments with individual sera
from five birch pollen allergic patients and biotinylated Bet v 1
(Fig. 5, left column). rBet v 1 inhibits binding fully at maximum
inhibitor concentration, whereas rMal d 1 andMut-2760 inhib-
ited poorly the binding of serum IgE from different patients to
biotinylated rBet v 1. Blood obtained from the same five indi-
vidual patients was used in basophil histamine release assays
(Fig. 5, right column). Here, rBet v 1 triggered strong histamine
release responses with basophils from all patients, whereas
notable patient-to-patient variations were seen with rMal d 1.
In basophils from patient (n), no histamine release occurred
within the measured antigen concentration range. In basophils
from patients o, p, and q, 10–100-fold higher concentrations of
rMal d 1 were needed to initiate histamine release when com-
pared with rBet v 1. In basophils from patient r, the difference
was considerably less i.e. 0–3-fold. Still, rMal d 1 had the ability
to reach histamine release levels (maximum release) equal to
those obtained with rBet v 1 in basophils from four patients (o,
p, q, and r). TheMal d 1 variantMut-2760with pointmutations
that reduce surface similarity to Bet v 1 affected histamine
release in basophils from individual patients differently. Aswith
wild type rMal d 1, no histamine release occurred within the
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measured antigen concentration range when testing basophils
from patient n. With basophils from patient o, histamine
release was abolished in the measured antigen concentration
range. In basophils from patient p, a 10-fold reduced potency of
Mut-2760 to trigger histamine release was seen compared with
Mal d 1. In basophils from patients q and r, no difference was
seen.

DISCUSSION

Bet v 1 in complex with an antibody Fab fragment from the
mAb BV16 raised against natural Bet v 1 has previously been
crystallized (19). In this study, themolecular surface ofMal d 1,
which shares 60% amino acid identity to Bet v 1 and is not
recognized by mAb BV16, was altered by introduction of five
pointmutations. After these alterations, all of the 16 amino acid
residues that constitute the BV16 epitope on the surface of rBet
v 1 were present in the corresponding surface area on theMal d
1 variant Mut-2782, as if the epitope had been grafted onto the
molecular surface. The kinetics of the complex formation
between BV16 and Mut-2782 and the complex formation
between BV16 and Bet v 1 were nearly identical, which strongly
indicates a perfect fit between epitope and paratope in both
complexes, and confirm that full functionality of the assembled
conformational epitope on the engineered Mal d 1 variant has
been achieved. The identical CD spectra obtained here for Bet v
1 and Mal d 1 indicate equal folding patterns that must be
assumed to be very important for the formation of this nonlin-
ear epitope and in this case a prerequisite for epitope grafting.
The allergen preparations used did not activate basophils pas-
sively sensitized with a monoclonal humanized recombinant
IgE antibody form of BV16 (see supplemental Fig. E1), exclud-
ing possible oligomerization/aggregation of the allergen.
We have previously illustrated the molecular basis of birch-

allergic patient antibody cross-reactivity to the group 1 allergen
from apple by analysis of 17 Mal d 1 isoform sequences (13).
Here, a total of 77 differentMal d 1 isoform sequences originat-
ing from 12 different apple varieties was analyzed with the pur-
pose of identifying structurally identical surface patches on Bet
v 1 and Mal d 1 large enough to accommodate antibody bind-
ing. Available crystal structures of antibody-antigen interac-
tions suggest that a typical epitope covers �600–900 Å2 on the
surface of the antigen (21, 22). Here, four such patches of suffi-
cient sizes (Fig. 1) on Mal d 1 were identified where birch-
allergic patient serum IgE may bind. Surprisingly, despite the
dominance of conserved residues in the models in Fig. 1, our
IgE binding data show that the large majority of specific IgE
antibodies from birch-allergic patients fails to bindMal d 1 in a
competition assay with biotinylated Bet v 1 (Fig. 4). This indi-

cates that few IgE antibody specificities in IgE repertoires from
patients bind surface areas with high affinity that are conserved
between Bet v 1 andMal d 1. Still, it is tempting to suggest that
the presence of IgE directed against the surface patches con-
served among Bet v 1 and Mal d 1 increases the risk of cross-
allergic reactions as those seen with OAS. Furthermore, serum
pool A, with IgE reactivity to birch and apple (Fig. 4A), and
serum pool B, with IgE reactivity to only birch (Fig. 4B), only
showedmodest differences in IgE binding capacities to rMal d 1
implying that even small differences among birch-allergic IgE
repertoires may determine the ability to potentiate allergic
reactions to apple and may determine whether or not a partic-
ular patient experiences OAS.
Here, we show that changing the allergen epitope composi-

tion by increasing or reducing the surface similarity to Bet v 1 in
confined surface areas onMal d 1 variants has a huge impact on
the histamine release patterns obtained with basophils from
birch-allergic individuals. Amino acid residues Glu-45, Pro-
108, Asn-28, and Lys-32 all present in surface structures on Bet
v 1 that are conserved among the group 1 Fagales allergens have
previously beendemonstrated to be critical residues for binding
of birch-allergic patient serum IgE to Bet v 1 (23). In later stud-
ies with the homologous protein from cherry, Pru av 1, residues
Glu-45 (24) and Asn-28 (25) have likewise been identified as
critical residues for IgE binding. Here, we show (Fig. 5) notable
differences between birch-allergic patient basophil histamine
release profiles upon testing of wild type rMal d 1 and the
mutated variant Mut-2760 (N28T, K32Q, E45S) with point
mutations that decrease surface similarity to Bet v 1. This result
illustrates that IgE repertoires from allergic patients can be
expected to vary from patient to patient and that different IgE
antibodies binding different epitopes on Mal d 1 may be
responsible for OAS in individual patients. In addition, the
unresponsiveness toward Mut-2760 seen with blood from
patient o suggests that histamine release in this patient caused
bywild type rMal d 1 is because of the presence of few or as little
as two different IgE-binding epitopes. This result may explain
why some birch-allergic patients suffer from OAS to apple
despite the result in Fig. 4 showing effectively no inhibition of
serum IgE binding to Bet v 1 by Mal d 1.
In addition, the classical view states that the minimum

requirements for basophil and mast cell activation involves
cross-linking of antigen by two receptor-bound IgE antibodies
that bind two nonoverlapping epitopes on the same antigen.
However, it has been hypothesized (26) that one high affinity
IgE antibody on the surface of an effector cell may act as a stable
surface anchor hereby facilitating binding to a second IgE anti-

FIGURE 3. A, B, C, and D, amino acid residues identical with residues in Bet v 1 or conservatively substituted are shown in red and blue colors, respectively.
A, amino acid sequence alignment of Bet v 1, Mal d 1, and mutated variants. Symbols #, X, @, and $ mark positions of introduced point mutations in Mut-2781,
Mut-2782, Mut-2762, or Mut-2760, respectively. Amino acid residue positions in Bet v 1 are shown with numbers above aligned sequences. For the C-terminal
part of Mal d 1, residue positions are shown below aligned sequences. B, modeled molecular surfaces of Mal d 1, Mut-2781, and Bet v 1 (front views). Green color
shows the positions of six introduced point mutations in Mut-2781 that increases surface similarity to Bet v 1 within (five mutations) and around (1 mutation)
the epitope defined by the BV16 antibody. C, modeled molecular surfaces of Mal d 1, Mut-2762, and Bet v 1 (back views). Frame marks Patch 4 previously
defined in Fig. 1B. Green color shows the positions of eight introduced point mutations in Mut-2762 that increases surface similarity to Bet v 1 within Patch 4.
D, modeled molecular surfaces of Mal d 1, Mut-2760, and Bet v 1 (front views). Frame marks Patch 2 previously defined in Fig. 1A. Yellow color shows the
positions of three introduced point mutations in Mut-2760 of which two mutations decrease surface similarity to Bet v 1 within Patch 2. E, CD spectra. All spectra
of mutated molecules Mut-2781 (�), Mut-2762 (�), and Mut 2760 (�) recorded at 15 °C are similar to spectra of wild type molecules rBetv 1 (F) and rMal d 1
(Œ) recorded at 15 °C that are different from the spectrum of denatured rBet v 1 (�) recorded at 90 °C.
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body even if the second antibody involved binds the antigen
with very poor affinity. This theory was recently supported by
data from basophil activation experiments with a panel of
humanized recombinant IgE antibodies binding the house dust
mite allergen rDer p 2 with low, medium, or high affinity (15).

Here, the combination of a single high affinity IgE specificity
combinedwith a single low affinity IgE specificity was almost as
effective as the combination of two high affinity IgE specifici-
ties, and both combinations resulted in potent histamine
release responses. Therefore, whether or not an individual suf-

FIGURE 4. IgE inhibition (left column) and histamine release (right column). For IgE inhibition assay, graphs A–D show the binding of serum IgE (individual
sera or serum pools) to biotinylated rBet v 1 upon inhibition with rBet v 1 (F), rMal d 1 (�), or mutated rMal d 1 variants Mut-2781 (�) and Mut-2762 (�) with
increased surface similarity to Bet v 1. Serum pool A, 10 sera sensitive to Bet v and Mal d extracts. Serum pool B, 10 sera sensitive to Bet v extract solely. In all
graphs full inhibition is obtained with rBet v 1 as inhibitor. Compared with rMal d 1 that shows very little inhibition, the mutated variants Mut-2781 and
Mut2762 inhibit binding of serum IgE to biotinylated rBet v 1 to a larger degree. For histamine release assay, graphs E, F, and G show the results of histamine
release with blood from three individual birch-allergic patients. No histamine release is obtained with rMal d 1 (�), whereas histamine release is seen with rBet
v 1 (F) as well as with the mutated rMal d 1 variants Mut-2781 (�) and Mut-2762 (�) with increased surface similarity to Bet v 1.
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fers from OAS may be determined by the existence of a single
IgE antibody specificity binding a single “birch-like epitope”
present on Mal d 1 with medium to high affinity causing effec-
tor cell activation through cross-linking of antigen in com-
plexes with low affinity IgE antibodies. Together, this indicates
that the number of birch-like epitopes inMal d 1 bound by high
affinity IgE that is responsible for antibody cross-reactivity in a
particular birch-allergic patient may be few and interestingly
that low affinity IgE antibodies may play an important role in
cross-allergies.
Specific immunotherapy (SIT) is a highly effective treatment

of allergic disease that reduces both the immediate allergic
symptoms as well as late phase responses (27). Current treat-
ment depends on the use of standardized allergen extracts
administered to patients for a period of 3–5 years. SIT based on
subcutaneous injection of allergen extract is associated with a
small but significant risk of inducing systemic allergic adverse
reactions. Several concepts for the improvement of vaccines for
subcutaneous SIT have therefore been proposed. Most con-
cepts aim for a reduction in the anaphylactic potential of the
vaccine component either through disruption of the tertiary
structure of the allergen, e.g. allergen-derived peptides (28, 29),
or through disruption of epitopes by substitution of surface-
exposed single amino acid residues on structurally intact aller-
gens (20, 23). A vaccine for SIT based on allergen-derived pep-
tides focuses solely on a modulation of the existing T-cell
response, whereas the latter concept also focuses on maintain-
ing surface structures for the induction of so-called blocking
IgG antibodies (30, 31) reactive with the native allergen. The
approach, however, is hampered by the heterogeneity of
responses from allergic patients, and the concept may be
dependent on the introduction of mutations in numbers lead-
ing to structural destabilization of the resulting molecule.
Conceptually, a novel approach to rational allergy vaccine

engineeringmight be based on epitope grafting, i.e. the building
of allergen-specific antibody-binding epitopes into a stable
homologous scaffoldmolecule that, with respect to binding IgE
antibodies from allergic patients, ideally should be inert. The
idea is to generate a vaccine with reduced anaphylactic poten-
tial by splitting the allergen surface onto separate vaccine mol-
ecule components. Ideally, the size of the surface graft on each
scaffoldmolecule should allow for several overlapping epitopes
to exist but be restricted in size to allowonly one IgE antibody to
bind within the surface graft at the same time. Potentially, such
a multicomponent-based vaccine will be unable to activate
effector cells as this would require specific IgE antibodies to
bind two ormore nonoverlapping epitopes on the same scaffold
molecule. The vaccine, however, would be able to generate
blocking IgG antibodies directed against all the overlapping
epitopes present within the grafted surface areas present on the
different vaccine components. In line with the results of other
studies (32, 33), we have demonstrated reactivity with Mal d 1
of Bet v 1-specific T-cell lines, and in addition, the T-cell rec-
ognition of rMal d 1 variants was not influenced by the muta-
tions investigated in this study (see supplemental Fig. E2). Still,
a scaffoldmolecule that is very distantly related but structurally
similar to the allergen in question would probably lack most if
not all allergen-specific T-cell epitopes. Grafting of both spe-

FIGURE 5. IgE binding and histamine release experiments. For IgE inhibi-
tion assay, graphs A–E (left column) show binding of individual (n, o, p, q, and r)
birch serum IgE samples to biotinylated rBet v 1 upon inhibition with rBet v 1
(F), rMal d 1 (�), or a mutated rMal d 1 variant Mut-2760 (�), with point
mutations that decrease surface similarity to Bet v 1. In all graphs, binding of
serum IgE is inhibited fully by rBet v 1, whereas little inhibition is caused by
rMal d 1 or the variant Mut-2760. For histamine release assay, graphs F–J (right
column) show the results of histamine release experiments using blood from
the same panel of individual birch-allergic patients (n, o, p, q, and r). rBet v 1
triggered histamine release in basophils from all five patients, whereas nota-
ble patient-to-patient variations were seen with rMal d 1 and the variant Mut-
2760. Interestingly, three mutations N28T, K32Q, and E45S that decrease sur-
face similarity to Bet v 1 of variant Mut-2760 abolished histamine release in
patient o.
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cific B-cell epitopes as well as specific T-cell epitopes might
therefore be necessary to obtain a suited vaccine candidate. The
grafting of the BV16 epitope from Bet v 1 toMal d 1 performed
in this study was a first attempt to follow such a strategy, and
this study shows that it is possible to shape a conformational
B-cell epitope onto the surface of a homologous scaffold mole-
cule having 60% amino acid identity to Bet v 1 and maintain
epitope functionality. Further work is needed to show whether
a conformational epitope can be grafted onto a homologous
scaffold molecule that is exceedingly more distantly related to
Bet v 1.
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35, 52–58

30. Lichtenstein, L.M., Holtzman, N. A., and Burnett, L. S. (1968) J. Immunol.
101, 317–324

31. Flicker, S., and Valenta, R. (2003) Int. Arch. Allergy Immunol. 132, 13–24
32. Fritsch, R., Bohle, B., Vollmann, U., Wiedermann, U., Jahn-Schmid, B.,

Krebitz, M., Breiteneder, H., Kraft, D., and Ebner, C. (1998) J. Allergy Clin.
Immunol. 102, 679–686

33. Jahn-Schmid, B., Radakovics, A., Lüttkopf, D., Scheurer, S., Vieths, S.,
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