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Reshaping the Bet v 1 fold modulates Ty polarization
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and Amsterdam, The Netherlands

Background: Several alternative mechanisms have been
proposed to explain why some proteins are able to induce a
Ty2-biased and IgE-mediated immune response. These include
specific interactions with receptors of the innate immune
system, proteolytic activities, allergen-associated carbohydrate
structures, and intrinsic structural determinants.

Objectives: Available data suggest that a fold-dependent
allergy-promoting mechanism could be a driving force for the
Ty2-polarization activity of Bet v 1, the major birch pollen
allergen.

Methods: Computer-aided sequence and fold analysis of the Bet
v 1 family identified a short stretch susceptible for mutations
inducing an altered fold of the entire molecule. With this
knowledge, 7 consecutive amino acids of Bet v 1 were replaced
with the homologous Mal d 1 sequence, creating the derivative
BMd4.

Results: The minimal changes of the sequence led to a loss of the
Bet v 1-like fold and influenced the immunologic behavior.
Compared to wild-type Bet v 1, BM4 induced elevated T-cell
proliferation of human PBMCs. In the mouse model,
immunization with Bet v 1 absorbed to aluminum hydroxide
triggered strong Ty2 polarization, whereas BM4 immunization
additionally recruited Tyl cells. Furthermore, the fold variant
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BM4 showed enhanced uptake by dendritic cells and a
decreased susceptibility to endo-/lysosomal proteolysis.
Conclusion: Modifications in the 3-dimensional structure of Bet
v 1.0101 resulted in a change of its immunologic properties. We
observed that the fold alteration led to a modified crosstalk with
dendritic cells and a shift of the immune response polarization
toward a mixed Ty1/Ty2 cytokine production. (J Allergy Clin
Immunol 2011 ;NuN:EEN-EEN,)

Key words: Protein remodeling, tree pollen allergens, Bet v 1 family,
Ty-cell polarization, IgE reactivity, allergenicity, antigen uptake,
lysosomal degradation

Recently the search of inherent properties of allergens causing
a Ty2 immune polarization and the respective cytokine milieu led
to the proposal of several alternative mechanisms of allergenicity.
Interactions of allergens with receptors of the innate immune sys-
tem, proteolytic activities, allergen-associated carbohydrate
structures, and yet undefined intrinsic structural properties of al-
lergens have been proposed as driving forces of allergenicity.' In
this context, the intrinsic structural properties of Bet v 1, the major
birch pollen allergen, have been intensively investigated. The pro-
tein has been shown to be the main cause of spring pollinosis in
the temperate climate zone of the northern hemisphere. In addi-
tion, a large panel of Bet v 1-homologous allergens has been iden-
tified and described in many Fagales pollens.” Remarkably, only
selected Bet v 1 isoforms seem to be accountable as main sensi-
tizers and triggers of Fagales pollen allergies. Thus, recent studies
focused on the comparison of immunogenicity as well as antigen
uptake and processing of the high IgE-binding Bet v 1 isoform
0101 with the low IgE-binding isoform 0401. Despite an amino
acid sequence identity of 95% and an almost identical tertiary
structure, isoform Bet v 1.0401 was shown to induce a strong
IgG but a moderate IgE immune response in a murine model,
whereas Bet v 1.0101 induced high serum IgE titers and low
IgG levels, a serologic status also reflected in patients with birch
pollen allergy.” With murine bone marrow—derived dendritic cells
(BMDCs), Bet v 1.0401 was shown to be more efficiently taken
up than isoform 0101, stimulated an increased activation of cos-
timulatory molecules, and caused an increased activation of
IFN-y—producing T cells compared with Bet v 1.0101.* Interest-
ingly, the Bet v 1 homolog from celery, Api g 1, also showed this
Tyl skewing of T cells cultured with antigen-loaded human
monocyte-derived dendritic cells (DCs) isolated from patients
with birch pollen allergy as well as healthy donors.” Structural
analysis of the Bet v 1 isoforms revealed that Bet v 1.0401 forms
dimers via its single free cysteine, which is not present in isoform
0101. Therefore, the differences related to the decreased ability of
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Abbreviations used
ALUM: Aluminum hydroxide
ANS: 8-Anilino-1-naphtalene sulfonic acid
APC: Allophycocyanin
BMDC: Bone marrow—derived dendritic cell
DC: Dendritic cell
DLS: Dynamic light scattering
FITC: Fluorescein isothiocyanate
FTIR: Fourier-transformed infrared
LAL: Limulus amebocyte lysate
RBL: Rat basophilic leukemia
SI: Stimulation index
WT: Wild-type

Bet v 1.0401 to elicit an allergic immune response are probably a
result of aggregate formation.* Likewise, although not investi-
gated in detail, a similar process of dimerization could be
accountable for the Tyl-polarizing mechanism of Api g 1, be-
cause the molecule also has a single free cysteine in its amino
acid sequence. However, these observations do not explain the al-
lergenic properties of Bet v 1.0101. Thus, we speculate that the
fold of Bet v 1.0101 per se plays a role in the Ty2 polarization.
To test this hypothesis, we identified a sequence on the backbone
of Bet v 1.0101 that is highly sensitive to mutations because
amino acid exchanges lead to a change in fold stability of the en-
tire protein. With this knowledge, a destabilizing sequence stretch
from apple Mal d 1 was grafted onto the Bet v 1 backbone. The
resulting mutant allergen, BM4, was unable to adopt the typical
Bet v 1-like fold, as was demonstrated by the characterization
of the molecule in terms of physicochemical properties, aggrega-
tion state, folding, and antibody binding. Furthermore, T-cell ac-
tivation, interaction with antigen-presenting cells, and resistance
to digestion by endo-/lysosomal proteases isolated from DCs re-
vealed functional differences between the derivative and the wild-
type (WT) molecule.

METHODS

Patients and sera

Patients with Fagales pollen allergy were selected on the basis of case his-
tory, positive in vivo skin prick test, and in vitro IgE detection (CAP System;
Phadia AB, Uppsala, Sweden). Patients with the IgE values greater than class 3
were selected. Experiments with blood samples from patients with pollen al-
lergy were approved by the ethics committee of the Medical University and
General Hospital of Vienna (no. EK028/2006). Informed written consent
was obtained from all subjects included in the study.

Recombinant allergens

Recombinant Bet v 1.0101, termed Bet v I hereafter, was purchased from
Biomay AG (Vienna, Austria). Endotoxin content was 1.09 ng/mg protein as
determined by limulus amebocyte lysate (LAL) assay (Associates of Cape
Cod, Inc, East Falmouth, Mass).

Cloning and expression of BM4

The Bet v 1 variant BM4 was generated by PCR amplification of mutated
fragments of bet v 1.0101 (X15877) by using internal mismatch primers
(see this article’s Table E1 in the Online Repository at www.jacionline.org)
as described in the subsection on cloning of BM4 in this article’s Online Re-
pository at www.jacionline.org. BM4 was cloned into a pET28b vector (No-
vagen; Merck KGaA, Darmstadt, Germany) by using Ncol and EcoRI
restriction sites. Protein expression and purification was performed as

J ALLERGY CLIN IMMUNOL
mmm 2011

described in the subsection on expression and purification of BM4 in this ar-
ticle’s Online Repository at www.jacionline.org. Endotoxin content was 1.18
ng/mg protein as determined by LAL assay (Associates of Cape Cod, Inc).

Physicochemical analysis of recombinant proteins
Purity of recombinant proteins was analyzed by SDS-PAGE, identity by
amino acid analysis and mass spectrometry,® secondary structure by circular
dichroism, and homogeneity and aggregation behavior by dynamic light scat-
tering (DLS) and online high-performance size exclusion chromatography
light scattering.” A brief description of these analyses is given in the subsec-
tion on physicochemical analysis of recombinant proteins in the Online
Repository at www.jacionline.org. Shelf life and storage stability of recombi-
nant allergens were tested in 5 mmol/L sodium phosphate pH 7.4 at 4°C and
—20°C, respectively, for 30 days and analyzed by dynamic light scattering.

Fourier-transformed infrared spectroscopy

Infrared spectra of BM4 and Bet v 1 were recorded at 0.5 and 1.0 mg/mL,
respectively, in 5 mmol/L sodium phosphate by using the Confocheck Fourier-
transformed infrared (FTIR) system (Bruker Optics, Ettlingen, Germany)
equipped with a mercury cadmium telluride detector.® A description of the
analysis is given in the subsection FTIR in the Online Repository at www.
jacionline.org.

ELISA experiments

ELISA experiments using human serum samples in a 1:10 dilution were
performed as described in the subsection ELISA experiments in this article’s
Online Repository at www.jacionline.org.

Activation of basophils

The allergenic potential of BM4 was measured by rat basophilic leukemia
(RBL) assay as previously described.’ Antigen-dependent B-hexosaminidase
release into the supernatant was measured by enzymatic cleavage of the fluo-
rogenic substrate 4-methyl umbelliferyl-N-acetyl-B-glucosaminide and ex-
pressed as a percentage of total enzyme content of Triton X-100—treated
cells. Direct activation of human basophils from donors with birch pollen
allergy was determined by upregulation of CD63 surface expression. Baso-
phils from donors with allergy were stimulated with titrated concentrations
of the proteins. Samples were stained with BD Fastimmune CD63/CD123/
anti-HLA-DR reagent (BD Biosciences, Franklin Lakes, NJ). Basophils
were selected as CD123"#" side scatter'®¥, and HLA-DR'Y leukocytes, and
CD63 upregulation was assessed in a minimum of 500 basophils per assay.'®

T-cell proliferation assays

PBMCs obtained from donors with birch pollen allergy were stimulated with
increasing concentrations of antigens as previously described.'! The stimula-
tion index (SI) was calculated as a ratio between counts per minute obtained
in cultures with T cells plus autologous antigen-presenting cells plus allergen
and counts per minute obtained in cultures containing T cells and
antigen-presenting cells.

Animal experiments

Female BALB/c mice (Charles River Laboratories, Wilmington, Mass)
were purchased at 8 to 10 weeks of age and used for experiments 4 days after
arrival. All experiments including immunizations, ELISAs, and ELISPOT
assays were performed at the same time. Animals were injected subcutane-
ously with 5 g antigen adsorbed to Alugel-S (Serva, Heidelberg, Germany)
given as two 50-pL subcutaneous injections administered bilaterally in the
lumbar region and boosted on days 14, 21, and 42. Sera were collected on days
0, 21, 49, and 180. Per group, 8 animals were tested. Serum IgGy, 1gG,,, and
IgE was analyzed by ELISA as described.* Anti gen-specific IL-2, IL-4, IL-5,
IL-10, or IFN-y—secreting splenic lymphocytes were analyzed by ELISPOT
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assay using matched-pair mAbs for IL-2, IL-4, IL-5, IL-10, or IFN-y
detection, respectively.'? All animal experiments were conducted according

to national guidelines approved by the Austrian Ministry of Science
(BMWF-66.012/0011-11/10b/2010).

In vitro antigen uptake

Bone-marrow derived DCs from BALB/c mice were harvested from culture
atday 7. A total of 2 X 10° BMDCs were loaded with 1.5 pg/mL of Bet v 1—flu-
orescein isothiocyanate (FITC), Bet v 1-pHrodo (pHrodo succinimidy] ester;
Invitrogen Corp, Carlsbad, Calif), BM4-FITC, or BM4-pHrodo. Cells were
incubated in RPMI supplemented with 10% FBS (Gibco; Invitrogen Corp), 2
mmol/L L-glutamine, 100 U/mL penicillin, 0.1 mg/mL streptomycin (PAA
Laboratories GmbH, Pasching, Austria), and 10 ng/mL. GM-CSF (PeproTech
GmbH, Hamburg, Germany) for the indicated time points at 37°C before label-
ing with specific antibodies against CD86 (clone: GL1), CD11c (clone: HL3) or
matching isotype controls (all from BD Biosciences). Flow cytometric assays
were performed on a FACS Canto II (BD Biosciences) and analyzed by using
FlowJo software (FlowJo 8.8; Tree Star, Inc, Ashland, Ore).4

Endo-/lysosomal degradation assays

BMDCs were homogenized in 10 mmol/L TRIS acetate pH 7, 250 mmol/L
sucrose, and microsomes were isolated by ultracentrifugation.'® Antigens
(5 pg) were digested with microsomal/endo-/lysosomal enzymes (7 pg) in
100 mmol/L citrate buffer pH 4.8, 2 mmol/L dithiothreitol, at 37°C. Reactions
were stopped by heat denaturation and analyzed by SDS-PAGE and mass
spectrometry using an ESI-QTOF mass spectrometer fitted with a capillary re-
versed phase HPLC (Waters Corp, Milford, Mass).

Statistical analysis
Statistical evaluations were calculated with the Student ¢ test. A value of P <
.05 was considered statistically significant.

RESULTS
Generation of the Bet v 1 variant BM4 by epitope
grafting

In silico mutagenesis and calculation of z scores of Bet v 1 re-
vealed that replacement of leucine 114 by lysine destabilizes the
structure of the allergen.' In addition, the amino acid position
112 has already been identified as susceptible for structural
changes not only in Bet v 1 but also in homologous food allergens
from apple, peach, cherry, and carrot.'”'® The side chains of the
residues 112 and 114, respectively, are orientated toward the core
of the hydrophobic cavity; thus, exchanges of these residues may
interfere with the formation of this motif. However, the introduc-
tion of the point mutation L.114K induced the formation of high-
molecular-weight aggregates (data not shown). We speculated
that this was in part a result of negative influences of adjacent res-
idues present in Bet v 1. To amend this effect, we decided to em-
bed the lysine residue in a naturally evolved environment, which
we found in the Bet v 1 homolog from apple. Apple Mal d 1 is
1 amino acid shorter than Bet v 1, containing a gap located at po-
sition 118 of the Bet v 1 sequence, which results in a shift of K115
of Bet v 1 to position 114 of Mal d 1. Thus, we selected the Mal d
1 sequence 109 to 115 for the transplantation onto the Bet v
1 backbone. The resulting chimeric protein was designated
BM4 (see this article’s Fig El in the Online Repository at
www.jacionline.org). The recombinant allergen was cloned, ex-
pressed in Escherichia coli, and purified to homogeneity yielding
40 to 100 mg per liter of culture depending on the cell density at
the time of harvest.
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FIG 1. A, Circular dichroism spectra of Bet v 1 and BM4 at 20°C. Spectra are
baseline corrected and presented as mean residue molar ellipticity. deg,
Degree; MRW, mean residue weight. B, The FTIR spectra of Bet v 1 and
BM4 are presented as second derivatives. Typical regions of secondary
structure elements are highlighted (a-helix, blue; intramolecular B-sheet,
red; intermolecular B-sheet, green).

BM4 lacks the Bet v 1-like fold

Circular dichroism (Fig 1, A) and FTIR (Fig 1, B) spectroscopy
were used to investigate the secondary structure of BM4. In con-
trast with Bet v 1, pronounced levels of unordered structural ele-
ments, indicated by the strong negative peak of the circular
dichroism signal at 200 nm, were visible in the spectrum of
BM4 at 20°C. On the basis of the FTIR spectra, we found that
the content of 29.4% a-helices and 38.7% [3-sheets in WT Bet
v 1 was reduced to 9.9% a-helices and 17.7% [3-sheets in BM4.
These secondary structure changes directly affected the ligand-
binding activity of BM4. The inner core of folded Bet v 1 is tra-
versed by a solvent-accessible, hydrophobic cavity harboring
binding sites for a wide variety of ligands.'” One of those is 8-ani-
lino-1-naphtalene sulfonic acid (ANS), an essentially nonfluores-
cent compound displaying fluorescence when attached to
hydrophobic areas of proteins. Fluorescence spectroscopy re-
vealed that Bet v 1 but not BM4 was capable of binding ANS
(see this article’s Fig E2 in the Online Repository at www.
jacionline.org). Taken together, the results demonstrated that
the Bet v 1 cavity—either blocked or collapsed—appears no lon-
ger accessible for small-molecular-weight ligands in BM4.

BM4 does not form oligomers or high-molecular-
weight aggregates

To determine the aggregation behavior of BM4 in solution,
DLS and High-Performance Size-Exclusion Chromatography
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FIG 2. Aggregation behavior of Bet v 1 and BM4 were analyzed by DLS
(small panel) and gel filtration (large panel). Hydrodynamic radius and
molecular weight of both proteins were determined by light scattering.
HP-SEC, High performance-size exclusion chromatography; MW, molecu-
lar weight; RALS, Right-angle light scattering; RH, hydrodynamic radius;
RI, refractive index.

(HPSEC) light scattering experiments were performed (Fig 2).
The protein was analyzed in PBS at 24°C and in tissue culture me-
dium at 37°C, and results were compared with Bet v 1. BM4 and
Bet v 1 showed a hydrodynamic radius of 3.0 and 2.1 nm in DLS
and 2.7 and 1.9 in HPSEC, respectively. Thus, both proteins were
found to be monomeric to at least 99% at these measurement con-
ditions. According to the crystal structure of Bet v 1 (1BV1), the
protein has a globular shape, which was reflected by the hydrody-
namic radius of approximately 2 nm. Therefore, the increased
radius of BM4 might be interpreted as a more ellipsoid shape of
the molecule. With the methods applied for structural characteri-
zation of BM4, it cannot be excluded that 0.1% to 1% of BM4
molecules show a Bet v 1-like fold, whereas the remaining
99% to 99.9% represent the fold variation. However, we were
able to produce 3 structurally identical batches of BM4, which
is considered a strong demonstration of the reproducibility and
homogeneity of the recombinant protein.

Fold changes of BM4 affect antibody binding

A reduction of IgE binding capacity of Bet v 1 from 1.16 *
0.42 units to 0.02 = 0.02 units (P <.001) for the fold variant BM4
was measured in direct ELISA. The reduced IgE binding of BM4
was verified by basophil activation by using either the RBL assay
or freshly isolated human peripheral blood basophils from donors
with Bet v 1 allergy (see this article’s Fig E3 in the Online Repos-
itory at www.jacionline.org). A total of 0.19 = 0.19 ng/mL Bet v
1 compared with 6.46 * 4.89 ng/mL BM4 (P <.05) was necessary
to trigger 50% release of inflammatory mediators in RBL cells. In
the basophil activation test, 0.06 = 0.04 ng/mL Bet v 1 compared
with 3.33 * 2.13 ng/mL. BM4 (P <.01) was required to obtain
half-maximal activation.

BM4 elicits strong T-cell proliferation

PBMCs isolated from donors with birch pollen allergy were
stimulated with titrated concentrations of Bet v 1 and BM4.
Proliferative responses were significantly more pronounced in
response to BM4 (ie, mean SI at a concentration of 12.5 pg/mL =
7.1) than Bet v 1 (ie, mean SI at a concentration of 12.5 pg/mL =
1.8) at 3 of 4 concentrations determined (concentration range,
3-25 pwg/mL; Fig 3).
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FIG 3. Proliferative responses of PBMCs from donors with birch pollen
allergy stimulated with increasing amounts of Bet v 1 or BM4. Symbols rep-
resent individual patients, bars medians. P values were calculated by
paired-sample t test (*P < .05).
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FIG 4. A, BALB/c mice were immunized 4 times with either Bet v 1 (filled cir-
cles) or BM4 (open circles; n = 8 per group). Bet v 1-specific antibody levels
were determined by ELISA. B, ELISPOT analysis of splenocytes from immu-
nized animals expressed as mean cytokine-secreting cells per 10° spleen
cells = SEM. P values were calculated with ttests (**P < .01; ***P < .001).

Immunization with BM4 recruits both T2 and Ty1
cells in BALB/c mice

To compare the immune responses induced by BM4 and Bet v
1, we first analyzed the Bet v 1—specific antibody responses of
animals immunized with either antigen adsorbed to aluminum
hydroxide (ALUM) at different time points (0, 21, 49, and 180
days). At all time points after sensitization, BM4 induced
significantly higher levels of Bet v 1-specific IgG; and IgG,,
(Fig 4). Immunization with BM4 also induced Bet v 1-specific
IgE antibodies. In contrast with Bet v 1, the BM4-induced IgG
response exceeded the IgE response by several orders of magni-
tude. As proof that the altered fold of BM4 is responsible for
the different immunologic behavior, a batch of the folded hypoal-
lergenic Bet v 1.0101 derivative A1-6*° was produced as recom-
binant protein as described in the subsection recombinant
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FIG 5. BMDCs were pulsed with FITC or pHrodo-labeled Bet v 1 or BM4, stained for CD11c and CD86, and
gated for CD11c expression. Representative fluorescence-activated cell-sorting profiles of 6 experiments
per time point and antigen are shown. Numbers in the panels represent percentage values of analyzed cells
(left panel). A time course analysis is presented as a line chart = SEM (right panel). P values were calculated

with ttests (*P < .05; **P <.01).

production of A1-6 in this article’s Online Repository at www.
jacionline.org, characterized physico-chemically,>' and used for
an animal study to investigate the humoral as well as cellular
immune responses. The low IgE-binding molecule A1-6 showed
the circular dichroism spectrum of folded Bet v 1, a hydrody-
namic radius of 2.0 nm, which resembles the radius of WT Bet
v 1, and was found to be monomeric to more than 99%. Similar
to Bet v 1, A1-6 was not able to trigger increased production of
1gG,, or IgG,, antibodies, but elicited high levels of IgE anti-
bodies in mice (see this article’s Fig E4 in the Online Repository
at www.jacionline.org). Evaluation of splenocytes from immu-
nized animals in ELISPOT assays showed that immunization
with Bet v 1, A1-6, and BM4 induced IL-2, IL-4, IL-5, and no
IL-10-secreting T cells. The IL-4 immune response against the
3 antigens was comparable; however, IL-2 and IL-5 production
was significantly elevated in Al-6—immunized mice compared
with Bet v 1 and BM4, whereas Bet v 1 immunizations stimulated
the lowest levels of both cytokine-secreting T-cell subpopula-
tions. Of note, only BM4 immunizations induced IFN-
vy—producing cells (Fig 4; see this article’s Fig ES in the Online
Repository at www.jacionline.org). These findings indicate that
in mice, a mixed Ty1/Ty2 immune response is elicited against
the fold variant BM4 compared with a clear Ty2-driven response
against Bet v 1 or the folded hypoallergenic mutant A1-6.

Pattern of BM4 uptake leads to efficient activation
of DCs

To understand better the different T-cell and B-cell responses
elicited by BM4, murine BMDCs were pulsed at defined time
points with antigens labeled with either FITC or pHrodo. FITC is
an indicator for attachment of antigens to the cell surface and
antigen uptake. pHrodo, a pH-sensitive dye showing increased
fluorescence at acidic pH, has been used to track antigen
internalization. Uptake rates of CD11c™ cells and the upregula-
tion of the costimulatory molecule CD86 were determined by
flow cytometry (Fig 5). At early time points, Bet v 1-FITC and
BM4-FITC were attached and taken up equally well into BMDCs.
However, after 5 hours, 11% of Bet v 1 versus 21% of BM4 (P <
.01) was bound or internalized by the cells. After 16 hours, this
ratio was 8% Bet v 1 versus 26% BM4 (P <.01), and at 24 hours,
the ratio was 7% Bet v 1 versus 25% BM4 (P <.01). Between 3
and 24 hours, significantly more (3 hours, 7% vs 15%, P < .01;
5 hours, 11% vs 22%, P <.01; 16 hours, 41% vs 49%, P < .05;
24 hours, 44% vs 62%, P < .01) BM4-pHrodo than Bet v
1-pHrodo was taken up by the DCs. Further, upregulation of
CD86 was significantly increased for BM4-stimulated cells (Bet
v 1 vs BM4 after 3 hours, 1.6% vs 4.5%, P <.01; 5 hours, 2.8%
vs 6.2%, P <.01; 16 hours, 10.5% vs 12.8%, P <.05; 24 hours,
13.2% vs 24%, P <.01).
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BM4 shows reduced susceptibility to endo-/lysosomal
proteolysis

Previous studies demonstrated that antigens prone to rapid
lysosomal degradation represent weak immunogens, whereas a
certain resistance toward proteolysis enhances immunogenicity.
Therefore, we subjected Bet v 1 and BM4 to degradation by
microsomal proteases isolated from murine BMDCs. Proteolytic
degradation monitored by gel electrophoresis at defined intervals
revealed that 100% degradation of Bet v 1 occurred after 12 hours,
compared with 24 hours for BM4, indicating an increased
proteolytic resistance of the fold variant (Fig 6, A and B, respec-
tively). Tandem mass spectrometry analysis of the peptides ob-
tained by in vitro endo-/lysosomal degradation showed almost
identical degradation patterns for BM4 and Bet v 1—for example,
immunodominant peptide clusters in the regions aa 4-30, 79-123,
and 142-153 are in accordance with published major T-cell epi-
topes of Bet v 1?? (Fig 6, C).

DISCUSSION

Natural Bet v 1 is composed of a complex mixture of different
isoforms showing high amino acid sequence identities (approxi-
mately 95%). However, striking differences were observed in their
allergenic as well as immunogenic potentials. For example, Bet v
1.0101, formerly designated Bet v 1a, has been identified as the
major component (more than 50%) of natural Bet v 1, whereas Bet
v 1.0401, also known as Bet v 1d, accounts for approximately
10%.%* Because of their remarkably different allergenic behavior—
strong IgE binding and weak T-cell reactivity for Bet v 1.0101
versus weaker IgE binding but elevated T-cell reactivity for Bet v

1.0401—both molecules have been extensively studied to under-
stand the underlying mechanisms.**** For Bet v 1.0401, dimeriza-
tion has been reported as a crucial mechanism for an altered
crosstalk of the allergen, with the immune system leading to its
weakened allergenic potential.* However, this does not explain
the high allergenicity of Bet v 1.0101. We speculate that the Bet
v 1.0101 fold may be the crucial attribute causing the protein to
become allergenic. To test the hypothesis, we generated the Bet
v 1 derivative BM4, which is based on structural remodeling of
Bet v 1.0101. The resulting molecule showed a reduction in
both a-helical and B-sheet motifs compared with WT Bet v 1, ac-
companied by an increase in its hydrodynamic radius, suggesting a
rodlike overall shape. This rendered the Bet v 1 cavity, present in-
all folded members of the Bet v 1 family,19 inaccessible. Still,
BM4 does not form aggregates. Three production batches of
BM4 were analyzed concerning structural properties and aggrega-
tion behavior by using FTIR and DLS, respectively, and all batches
showed identical behavior (data not shown), indicating the stabil-
ity of the engineered Bet v 1 fold. The fold alteration also resulted
in the loss of human IgE binding and mediator releasing capacity
of BM4; however, the molecule retained the ability to stimulate
Bet v 1-specific T cells.

Immunizations of BALB/c mice with ALUM-adsorbed BM4
resulted in significant production of IgG,, IgG,,, and IgE anti-
bodies, which were cross-reactive with the WT molecule. Both ki-
netics and antibody concentrations were elevated compared with
the immune response against Bet v 1. However, the BM4-induced
IgG response exceeded the IgE response by several orders of mag-
nitude, whereas in Bet v 1-immunized animals, this was not ob-
served. Of note, BM4-induced IgG antibodies were even able
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to block human serum IgE binding to Bet v 1, as demonstrated in
this article’s Fig E6 in the Online Repository at www.jacionline.
org. Despite the Ty2-polarizing effect of ALUM as adjuvant,
analysis of murine splenocytes revealed the induction of Ty1 cells
producing IFN-vy in the BM4, but not Bet v 1 group. This Tyl
component of the immune response to BM4 is reflected by the
substantial amount of IgG,, in the serum and by a clearly in-
creased IgG to IgE ratio. In addition, we were able to demonstrate
that the observed in vivo immune response against BM4 was fold-
dependent by using the hypoallergenic Bet v 1 derivative A1-6 as
a control in our experiments. The mutant has a secondary struc-
ture similar to WT Bet v 1 and does not form aggregates. In
fact, A1-6 elicited a strong Ty2-biased immune response at the
humoral as well as the cellular level, which was demonstrated
by high levels of Bet v 1-specific IgE antibodies and a substantial
amount of IL-2, IL-4, and IL-5-producing T cells accompanied
by the absence of IFN-y—producing cells.

To shed some light on the mechanisms of the BM4 interaction
with the immune system, BMDCs were pulsed with labeled
antigens to study antigen uptake. BM4 uptake into the dendritic
endosomes was faster and more efficient and was accompanied by
an increased upregulation of CD86 costimulatory molecules com-
pared with the uptake of Bet v 1. Analysis of the endo-/lysosomal
degradation pattern in vitro revealed a decreased susceptibility of
BM4 toward proteolytic digestion, which has previously been
shown to correlate positively with immunogenicity.13 No changes
could be observed with respect to the peptide patterns generated
by endo-/lysosomal degradation of BM4.

The data indicate that the altered structure of BM4 might be
responsible for an increased uptake- as well as activation-rate of
BMDCs. Obviously, changing of the Bet v 1 fold modified the
communication of the molecule with DCs and induced a partial
shift of the immune polarization by the recruitment of Tyl cells.
At present, the nature of this polarizing stimulus remains specula-
tive. It has been described that a weak MHC II signal at the immu-
nologic synapse correlates with a Ty2 immune response, which
might explain the decreased Ty2-polarizing capacity of the proteo-
Iytically more stable BM4.%° Given the fact that pollen allergens
arrive at a very low dose via the airways (low microgram amounts
per year),”%?” and that these allergens are delivered in combination
with pollen-derived Ty2 polarizing factors, such as lipid media-
tors, enzymes that can generate reactive oxygen intermediates,
and proteases, which facilitate the allergen entry via tight junction
degradation, the intrinsic weak interaction of allergens (low uptake
rates, proteolytic instability) with DCs might be another driving
factor in the development of an allergic disease.' %

Beyond that, the fold-induced modified immunologic behavior
of BM4 in combination with its excellent production yields,
batch-to-batch reproducibility, good stability, and drastically
reduced patient IgE binding shows the high potential of the
molecule as a vaccine candidate. The data on the interplay of
BM4 with DCs encourages clinical application and might serve as
a milestone for designing new vaccine candidates, especially
because it points out possibilities of how to address not only the
B-cell but also the antigen-presenting cell and the T-cell com-
partments in rational vaccine design.

We thank Drs Rob Aalberse, Chrisof Ebner, Matthias Egger, Gabriele
Gadermaier, Peter Hammerl, Peter Lackner, Adriano Mari, Rudolf Valenta,
Nicole Wopfner, and Laurian Zuidmeer for their support in characterization
and immunologic evaluation of BM4.
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Clinical implications: The rationally designed Bet v 1 fold var-
iant BM4 evinces a modified interplay with DCs, resulting in a

shifted Tyl/Tyx2 polarization, thus opening new possibilities
for allergy vaccine conception.
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METHODS
Cloning of BM4

BM4 was generated by PCR amplification of mutated fragments of bet v
1.0101 (X15877). The mutated fragments were created by using internal mis-
match primers (Table E1). After PCR amplification, the DNA fragments were
gel-purified (Wizard SV Gel and PCR Clean Up system; Promega, Madison,
Wis), pooled, and assembled in a primerless PCR. Full-length cDNAs were
amplified by using the primer pair BetF and BetR (Table El).

Expression and purification of BM4

Freshly transformed E coli BL21 (DE3; Invitrogen Corp, Carlsbad, Calif)
cells were grown at 37°C to an OD600 of 0.8. Protein expression was induced
by addition of 0.5 mmol/L isopropyl-B-d-thiogalactopyranoside (IPTG). After
incubation for 6 hours, cells were harvested and resuspended in 50 mmol/L
TrisBase, | mmol/L EDTA, and 0.1% Triton X-100. Cells were lysed, cellular
debris and insoluble proteins were precipitated, and thereafter the pellet was
washed once with 50 mmol/L TrisBase, 1 mmol/L EDTA, and 1% Triton
X-100, and once with 25% ethanol, 5 mmol/L sodium phosphate pH 7.4. After
centrifugation for 30 minutes at 25,000g, the pellet was dissolved in 6 mol/L
urea, 20 mmol/L sodium phosphate pH 7.4, and centrifuged, and this superna-
tant was applied on a Q-Sepharose column (GE Healthcare, Little Chalfont,
United Kingdom). BM4 remained in the flow-through. After addition of 2.2
mol/L NaCl, BM4 was purified by using a Phenyl-Sepharose column followed
by a polishing step using a SP-Sepharose column (GE Healthcare). Fractions
containing BM4 were pooled and dialyzed against 6 mol/L urea, 20 mmol/L
sodium phosphate pH 7.4, followed by dialysis against 5 mol/L urea, 10
mmol/L sodium acetate pH 5. A final polishing step was performed by using
a Q-Sepharose column (GE Healthcare). Recombinant BM4 was dialyzed
against 5 mmol/L sodium phosphate buffer pH 7.4 and stored at —20°C.

ANS binding

Ligand binding to Bet v 1 and its derivatives was analyzed by fluorescence
spectroscopy using deoxycholate as substrate and ANS as a competitor. Assay
solutions consisted of 10 wmol/L of the respective allergen, either with or
without 100 wmol/L deoxycholate, and 50 pmol/L ANS in 5 mmol/L sodium
phosphate buffer pH 7.4. Measurements were performed from 410 to 600 nm
in a Tecan Infinite 200 microplate reader (Tecan Group Ltd, Mannedorf,
Switzerland) by using an excitation wavelength of 370 nm.”’

ELISA experiments

For ELISA experiments, Maxisorp plates (Nalge Nunc, Rochester, NY)
were coated with allergen (200 ng/well in 50 wL PBS) overnight at 4°C. Plates
were blocked with TBS, pH 7.4, 0.05% (vol/vol) Tween, 1% (wt/vol) BSA,
and incubated with patients’ sera diluted 1:10 overnight at 4°C. Bound IgE was
detected with alkaline phosphatase-conjugated monoclonal antihuman IgE
antibodies (BD Biosciences, Franklin Lakes, NJ) after incubation for 1 hour
at 37°C and 1 hour at 4°C. 4-Nitrophenyl phosphate 10 mmol/L (Sigma-Al-
drich, St Louis, Mo) was used as substrate, and OD was measured at 405/
492 nm. All measurements were performed as triplicates; results are presented
as mean OD values. For inhibition assay using murine immune sera, the mu-
rine sera were preincubated for 2 hours at 56°C to deplete serum IgE, and
coated antigen was incubated with murine sera (dilution 1:20) for 16 hours
at 4°C. Human sera were added in a 1:10 dilution, and bound IgE was detected
as described.

Recombinant production of Bet v 1*

Abatch of Bet v 1.0101 was produced in the laboratory and is labeled Bet v
1’* throughout the manuscript to distinguish it from commercially bought Bet
v 1.Betv 1.0101 (X15877) was cloned into a pET28b vector (Novagen; Merck
KGaA, Darmstadt, Germany) using Ncol and EcoRI restriction sites. Freshly
transformed E coli BL21 (DE3; Invitrogen Corp) cells were grown at 37°C to
an OD600 of 0.8. Protein expression was induced by addition of 0.5 mmol/L
IPTG. After incubation for 6 hours, cells were harvested and resuspended in 25
mmol/L imidazole pH 7.4, 0.1% Triton X-100. Cells were lysed, cellular de-
bris and insoluble proteins were precipitated, and thereafter NaCl was added to
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a final concentration of 1 mol/L. After lowering the pH to 4.8 by the addition of
NaH,POy,, the solution was centrifuged for 30 minutes at 25,000g, and the su-
pernatant was applied on a Phenyl-Sepharose column (GE Healthcare). Bet v
1* was purified by gradient reduction of NaCl. Fractions containing Bet v 1*
were pooled and dialyzed against 25 mmol/L imidazole pH 7.4. A final polish-
ing step was performed by using a Q-Sepharose column (GE Healthcare). Re-
combinant Bet v 1* was dialyzed against 5 mmol/L sodium phosphate buffer
pH 7.4 and stored at —20°C. Endotoxin content was 1.31 ng/mg as determined
by LAL assay (Associates of Cape Cod, Inc, East Falmouth, Mass).

Recombinant production of A1-6

The Bet v 1.0101 mutant allergen A1l -6,%2 which has amino acid exchanges
at 6 positions, was cloned into a pET28b vector (Novagen; Merck KGaA) by
using Ncol and EcoRI restriction sites. Freshly transformed E coli BL21
(DES3; Invitrogen Corp) cells were grown at 37°C to an OD600 of 0.8. Protein
expression was induced by addition of 0.5 mmol/L IPTG. After incubation for
18 hours at 16°C, cells were harvested and resuspended in 25 mmol/L sodium
phosphate buffer pH 7.4, 0.5 mol/L urea. Cells were lysed, cellular debris and
insoluble proteins were precipitated, and thereafter NaCl was added to a final
concentration of 1 mol/L. After lowering the pH to 4.8 by the addition of
NaH,PO,, the solution was centrifuged for 30 minutes at 25,000g, and
the supernatant was applied on a Phenyl-Sepharose column
(GE Healthcare), followed by a gradient reduction of NaCl to elute A1-6. Frac-
tions containing the desired protein were pooled and dialyzed against 25
mmol/L imidazole pH 7.4. A final polishing step was performed by using a
Q-Sepharose column (GE Healthcare). Recombinant Al-6 was dialyzed
against 5 mmol/L sodium phosphate buffer pH 7.4 and stored at —20°C. Endo-
toxin content was 1.34 ng/mg protein as determined by LAL assay (Associates
of Cape Cod).

Physicochemical analysis of recombinant proteins

Purity of recombinant proteins was determined by SDS-PAGE. Proteins
were visualized by Coomassie Brilliant Blue R-250 (Biorad, Hercules, Calif).
Protein identity was determined by amino acid analysis of allergens using the
Pico Tag method (Waters Corp, Milford, Mass) and by mass spectrometry using
a Quadrupole time-of-flight mass spectrometer with electrospray ionization
(ESI-QTOF-MS; Waters Corp).F? Circular dichroism spectra to determine pro-
tein secondary structure were recorded with a JASCO J-815 spectropolarimeter
fitted with a PTC-423S Peltier-type single-position cell holder in appropriate
buffers (Jasco, Tokyo, Japan). Homogeneity and aggregation behavior of pro-
teins were assessed by online-size exclusion chromatography coupled with a
UV detector and a triple detection array (TDA 302; Viscotek Corp, Houston,
Tex) monitoring refractive index, right-angle light scattering, and intrinsic vis-
cosity. Size exclusion chromatography triple detection array runs were per-
formed by using a 7.8 X 300 mm TSKgel G2000SWXL column (Tosoh
Bioscience, Stuttgart, Germany) on a HP1100 analytical chromatography sys-
tem (Hewlett-Packard, San Jose, Calif) at 0.5 mL/min in PBS. By using the
combination of data obtained by sequential UV, refractive index, intrinsic vis-
cosity, and right-angle light-scattering detection, the approximate hydrody-
namic radius of eluted proteins or aggregates was determined. In addition,
DLS was performed on a DLS802 system (Viscotek Corp) at 1.0 mg/mL in 5
mmol/L sodium phosphate pH 7.4 to determine the hydrodynamic radius and
polydispersity of proteins in solution.”*

FTIR

For FTIR spectra, data were accumulated in the temperature-controlled
AquaSpec flow-through transmission cell with 7 wm path length at 25°C with a
spectral resolution of 4 cm ™' and a data acquisition time of 100 seconds
(Bruker Optics, Ettlingen, Germany). Data procession and evaluation was per-
formed with the Opus software (Bruker Optics). Second derivatives were cal-
culated from the absorbance spectra and vector-normalized on the amide I
band. Secondary structure prediction was performed applying partial least-
squares calibrations for a-helix and B-sheets. These calibrations are based
on infrared transmission spectra of aqueous solutions of 43 different proteins
with secondary structure reference information from x-ray crystallography.
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FIG E1. Primary sequence of BM4 compared to Bet v 1, isoform 0101, and Mal d 1, isoform 0108. The
exchange sequence of BM4 is highlighted by a gray box.
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FIG E2. ANS binding to Bet v 1 and BM4 was analyzed with fluorescence
spectroscopy. Data are presented in mean fluorescence units (RFU).
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FIG E3. IgE binding of BM4 was compared with Bet v 1 by ELISA detecting antigen-specific human serum
IgE (n = 13; A), RBL assays using patients’ sera (n = 8; B), or basophil activation tests (n = 8; B). C, Four char-
acteristic RBL titration curves are shown. Bet v 1 is represented as a black line and BM4 as a red line in the

graphs. OVA, Ovalbumin.



8.e6 WALLNER ET AL

2 2
5 52
> )
g g
: z
© @
0
IgE ® Betv 1*
8 =
o A A1-6
A
26 o BM4
>3
>4
g
3 o
Tl 3t gt
0 T—T— —
0 21 49
day

FIG E4. BALB/c mice were immunized 4 times with Bet v 1* (filled circle),
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antibody levels were determined by ELISA. P values were calculated with t
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FIG E5. BALB/c mice were immunized 4 times with Bet v 1* (black bars), A1-
6 (gray bars), or BM4 (white bars; n = 5 per group). ELISPOT analysis of
splenocytes from immunized animals expressed as mean cytokine-
secreting cells per 2 X 10° spleen cells + SEM. P values were calculated
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FIG E6. Bet v 1-coated ELISA plates were preincubated with IgE-depleted
pooled mouse sera of animals immunized with Betv 1 (n = 5) or BM4 (n =
5), and human serum IgE binding of 5 patients with birch pollen allergy was
determined. The threshold was calculated by preincubation of Bet v 1 with
pooled murine preimmune sera (n = 5).
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TABLE E1. Primer list

Primer Sequence

BM4 F 5'GCAACCCCTagTGGAaGcaCCATCaaGAgtATCAGCAAC3'
BM4 R 5'GTTGCTGATacTCttGATGGtgCtTCCActAGGGGTTGC 3’
BetF 5'CATGCCATGGGTGTTTTCAATTACGAA3’

BetR 5'GGAATTCTTAGTTGTAGGCATCGGAGTG3’

Primers used for construction of Bet v 1.0101-Mal d 1.0108 chimeric protein BM4.
Exchanged bases are shown in lower-case letters; restriction sites are underlined.
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