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Generation of an Allergy Vaccine by Disruption of the
Three-Dimensional Structure of the Cross-Reactive
Calcium-Binding Allergen, Phl p 7*

Kerstin Westritschnig,* Margarete Focke,* Petra Verdino," Walter Goessler! Walter Keller, T
Anna Twardosz,” Adriano Mari, | Friedrich Horak, $ Ursula Wiedermann,* Arnulf Hartl, *
Josef Thalhamer” Wolfgang R. Sperr,* Peter Valent; and Rudolf Valenta®*

The grass pollen allergen, Phl p 7, belongs to a family of highly cross-reactive calcium-binding pollen allergens. Because Phl p 7
contains most of the disease-eliciting epitopes of pollen-derived calcium-binding allergens, hypoallergenic variants were engi-
neered according to the x-ray crystal structure of Phl p 7 for allergy vaccination. In three recombinant variants, amino acids
essential for calcium binding were mutated, and two peptides comprising the N- and C-terminal half were obtained by synthetic
peptide chemistry. As determined by circular dichroism analysis and size exclusion chromatography coupled to mass spectrom-
etry, recombinant mutants showed altered structural fold and lacked calcium-binding capacity, whereas the two synthetic peptides
had completely lost their structural fold. Allergic patients’ IgE Ab binding was strongest reduced to the variant containing two
mutations in each of the two calcium-binding sites and to the peptides. Basophil histamine release and skin test experiments in
allergic patients identified the peptides as the vaccine candidates with lowest allergenic activity. Immunization of rabbits with the
peptides induced IgG Abs that blocked allergic patients’ IgE binding to Pt p 7 and inhibited allergen-induced basophil degran-
ulation. Our results indicate that disruption of an allergen’s three-dimensional structure represents a general strategy for the
generation of hypoallergenic allergy vaccines, and demonstrate the importance of allergen-specific IgG Abs for the inhibition of

immediate allergic symptoms. The Journal of Immunology, 2004, 172: 5684—-5692.

disease affecting >25% of the population in the industri-
aized world (1). Allergic patients are characterized by
their intrinsic tendency to form IgE Abs against otherwise harm-
less Ags (i.e., alergens) (2). IgE recognition of allergens induces
a cascade of inflammatory reactions via the activation of various
effector cells (3-5). The molecular and structural characterization
of the disease-éliciting alergens in the most common allergen
sources (e.g., pollen, mites, animals, food, molds, insects) has led
to the identification of highly cross-reactive allergens (6—8). Thus,
patients mounting |gE Abs against cross-reactive allergens exhibit
allergic reactions to a broad variety of allergen sources containing
these allergens (9, 10).
During the last few years, distinct proteins containing two cal-
cium-binding domains (i.e., EF-hands) have been identified as a
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family of highly cross-reactive allergens in pollens of the most
common alergenic plants (grasses, trees, and weeds) (7, 11-15).
The two EF-hand allergens represent proteins with a molecular
mass of ~8-9 kDa, which rapidly elute from pollen grains and
induce severe allergic reactions in sensitized patients (7, 10, 16).
Due to IgE cross-reactivity, patients allergic to two EF-hand al-
lergens exhibit broad sensitization to pollens of most plant species
(10, 17). It has been shown that the two EF-hand allergen from
timothy grass pollen, Phl p 7, contains the majority of IgE epitopes
of pollen-derived calcium-binding alergens (17), and its three-
dimensional structure has been solved recently (18). We have
therefore selected Phl p 7 as a paradigmatic alergen for the de-
velopment of vaccines for the treatment of allergies to calcium-
binding allergens.

Allergen-specific immunotherapy is based on the administration
of increasing doses of disease-eliciting molecules to allergic pa
tients to induce allergen-specific nonresponsiveness (19). Al-
though allergen-specific immunotherapy is the only causative
treatment of IgE-mediated alergies, it suffers from the disadvan-
tage that the application of allergens can induce anaphylactic side
effects. Furthermore, it is based on vaccines made from relatively
undefined allergen extracts, which cannot be tailored according to
the patient’s individual I1gE reactivity profile (16).

It has been shown that rPhl p 7 can be used to diagnose patients
allergic to calcium-binding allergens, who are suitable for specific
immunotherapy with this protein (20). Based on the finding that
IgE recognition of Phl p 7 and related calcium-binding allergens
depends on the presence of protein-bound calcium (7, 11, 15) and
on the intact three-dimensional structure of Phl p 7 (18), we have
investigated different strategies for the development of hypoaller-
genic Phl p 7 derivatives for immunotherapy. Three rPhl p 7 mu-
tants containing mutations in the calcium-binding domains and
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Table|. Characteristics of Phl p 7, two Phl p 7-derived synthetic peptides, and three Phl p 7 mutants
Borders Amino Number of Amino Determined Molecular Mass Isoelectric Point Structural
Acid Amino Acid Exchange Acids (kDa) (pl) Integrity
Phl p 7 1-78 78 8.555 3.99 +
Peptide 1
P1 2-37 37 3.932 4.40 -
Peptide 2
P2 37-78 42 4,702 371 -
Mutant 1-78 EF-hand 1: E24—A24
MD1.6 EF-hand 2: D59—A59 78 8.56 4.08 +
Mutant 1-78 EF-hand 1: D17—A17
M2A E24—A24 78 8.516 4.17 +
EF-hand 2: D59— A59
Mutant 1-78 EF-hand 1. D17—A17
M4 E24—A24
EF-hand 2: D52—A52 78 8.472 4.28 +
D59—A59

two synthetic peptides comprising the N- and C-terminal half of
the molecule were produced and characterized regarding structural
and immunological properties.

Materials and Methods
Generation, expression, and purification of rPhl p 7 and Phl p 7
mutants

rPhl p 7 mutants were obtained by introducing point mutations into the
cDNA of Phl p 7 using a Chameleon double-stranded site-directed mu-
tagenesis kit (Stratagene, East Kew, Australia) using the following oligo-
nucleotide primers: M1.1, 5'-ATCTCTCTGTCGGCGCTGACGGAC-3';
M1.6, 5'-ATCGACTTCAACGCGTTCATCTCC-3'; M2A, 5-GACAC
GAACGGTGCCGGGAAGATC-3'; M4, 5-GACACCGACGGCGCCG
GCTTCATC-3'; in combination with selection primers (Sel-Pwull, 5'-
CGCGCGAGGGATCTGCGGTAAAGC-3'; Sel-Bstl, 5'-CGCATAGTTA
AGCCAGTCCACACTCCGC-3'; Sel-Eco47111,5-GGGTCAATGCCAG

AACTTCGTTAATAC-3'; Sel-Xhol, 5'-GGCGGCCGAGCGAGCAGAT
CCGGCTGC-3') changing restriction sites in plasmid pET 17b. The
presence of the point mutations was confirmed by dsDNA sequencing of
each plasmid construct (MWG Biotech, Kisslegg, Germany). A graphical
representation of the mutational strategies was prepared according to the
three-dimensiona structure of Phl p 7 with MOLSCRIPT (21) and
Raster3D (22).

rPhl p 7 as well as rPhl p 7 mutants were expressed in Escherichia coli
BL21 (DE3) (Stratagene) in liquid culture. E. coli were grown to an ODg
of 0.4 in Luria-Bertani medium containing 100 mg/L ampicillin. The ex-
pression of recombinant proteins was induced by adding isopropyl-B-thio-
galactopyranoside to a final concentration of 1 mM and further culturing
for additional 4 h at 37°C. E. coli cells from a 500-ml culture were har-
vested by centrifugation, resuspended in 10 ml of PBS, and homogenized
using an ultraturrax (lka, Heidelberg, Germany). Fractions containing sol-
uble proteins were obtained after centrifugation of the homogenates at
10,000 rpm (RC5C, SS34 rotor; Sorvall, Bad Homburg, Germany) for 30
min at 4°C. Enrichment of the proteinsin the soluble fraction was achieved

FIGURE 1. A-C, Representation of the three-dimensiona structure of Phl p 7, the position of two Phl p 7-derived peptides, and of the mutational
strategies. A, Tube representation of the intertwined Phl p 7 dimer. One of the two intertwined monomers has been colored to illustrate the two peptides
(blue, N-terminal peptide; red, C-terminal peptide). N and C termini are labeled, and the second monomer is pictured in light gray. The side chains of the
calcium-coordinating residues in the canonical EF-hand motifs are shown in a ball-and-stick representation (see B and C), and the calcium ions are
highlighted in yellow in one molecule. B, Close-up view of the N-terminal EF-hand. The polypeptide backbone is shown as a blue tube; N and C termini
are labeled. The calcium ion (yellow) in the middle of the loop is coordinated 7-fold by oxygen atoms of asparagines (N15) or aspartic acids (D13, D17),
a backbone carbonyl oxygen (K19), a water molecule, and the oxygen atoms of a highly conserved bidentate glutamic acid (E24). The residues D17 and
E24 mutated to aanine in M4 are pictured with gray carbon and red oxygen atoms, whereas the nonmutated residues are shown in blue. The interactions
between the calcium ion and the coordinating oxygen atoms are represented by green dotted lines. C, Close-up view of the C-terminal EF-hand. The calcium
ion is pictured in yellow. The calcium coordination aso follows the canonical EF-hand motif and is rather identical with the N-terminal calcium-binding
site. The polypeptide backbone, as well as the nonmutated cal cium-coordinating side chains of the two aspartic acids D48 and D50, the water molecule,
and the backbone carbonyl oxygen of F54 are al shown in red. The residues D52 and E59, which were mutated to alanine in M4, are represented with
gray carbon and red oxygen atoms. Coordination between oxygen atoms and the calcium ion is symbolized with green dots.
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by addition of 70% w/v ammonium sulfate to the soluble E. coli fraction
and removal of precipitated contaminating proteins by centrifugation
(18,000 rpm, Sorval SS34, 4°C, 30 min). The supernatants containing sol-
uble rPhl p 7 or Phl p 7 mutants were dialyzed against water, lyophilized,
resuspended in 50 ml of buffer A (25 mM imidazole, 1 mM 2-ME, pH 7.4),
and applied to a DEAE anion exchange column (Pharmacia, Uppsala, Swe-
den). Fractions with pure rPhl p 7 or Phl p 7 mutants were eluted with a
NaCl gradient (buffer A containing 500 mM NaCl) at ~200 mM NaCl and
dialyzed against water. The purity of the proteins was confirmed by SDS-
PAGE, and concentrations in the samples were determined with a Micro
BCA kit (Pierce, Rockford, IL) using BSA as a standard. The Phl p 7-ho-

calcium

>
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mologous allergen from ader, rAln g 4, was expressed in E. coli and
purified, as described (15).

Size exclusion chromatography coupled to inductively coupled
plasma mass spectrometry (ICPMS)

Volumes of 5 ul of either 5mg ml~* of Phl p 7 or 4 mg ml~* of mutant
M4 dissolved in double-distilled water were incubated overnight with 15
wl of buffer B (20 mM Tris-HCI, 50 mM NH,CI, pH 7.0). A total of 5 ul
of each of these protein samples was applied to a Superdex 75 PC 3.2/30
column (Amersham, Buckinghamshire, U.K.), equilibrated with buffer B,
and isocratically eluted at aflow rate of 0.1 ml min~*. The monitoring was
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FIGURE 4. IgE reactivity of nitrocellulose-dotted rPhl p 7, Phl p 7 mu-

tants (MD1.6, M2A, M4), and peptides (P1, P2). Dotted proteins and pep-
tides were exposed to sera from 10 Phl p 7-alergic patients (lanes 1-10).
Bound IgE Abs were detected with anti-human IgE Abs.

performed via UV absorption at 210 nm, and the column was calibrated
using the Amersham Pharmacia Low Molecular Weight Gel Filtration Cal-
ibration Kit. The Agilent 1100 HPLC system was coupled to an Agilent
7500c ICPMS (Agilent Technologies, Palo Alto, CA), in which calcium
(*3Ca, “Ca, “8Ca) and sulfur (3*S) isotopes were simultaneously moni-
tored. The sulfur signal was used as an internal standard for the elution of
proteins.

Peptide synthesis

Two peptides, comprising the N-terminal or the C-terminal half of Phl p 7
wild type (aa 2—37 or 37-78, respectively), were synthesized using Fmoc
(9-fluorenylmethoxycarbonyl) strategy with 2-(1H-benzotriazol-1-yl)
1,1,3,3 tetramethyluronium hexafluorophosphat (HBTU) activation (0.1
mmol small-scale cycles) on the Applied Biosystems peptide synthesizer

Table II.  Serum IgE reactivity of rPhl p 7, Phl p 7-derived peptides
(P1, P2), and the mutant M4

IgE Binding (cpm)

Patient rPhl p7 P1 P2 M4
1 402.8 12.6 13.0 64.2
2 197.5 6.5 321 225
3 1602.7 277 63.4 100.2
4 413.9 16.3 36.5 98.6
5 399.6 6.5 345 214
6 74.6 10.2 7.0 11.2
7 266.7 55 111 343
8 243.0 16.8 33.0 51.4
9 2424 117 239 61.2
10 538.6 12.7 11.2 80.2
11 285.5 12.7 248 184
12 237.9 16.1 28.6 61.2
13 22784 136 16.9 72.7
14 310.7 175 17.7 29.5
15 1631.2 455 147.8 401.9
16 220.5 30.6 222 100.8
17 506.5 18.6 20.0 15.6
18 569.8 12.9 175 22.2
19 1354 10.3 125 19.3
20 170.6 24.3 16.8 220
21 325.2 33.6 18.8 153.7
22 2545 18.0 20.2 12.2
23 65.9 19.2 271 30.9
24 46.0 31.9 30.8 345
25 154.4 28.4 40.3 36.7
26 1574 39.0 25.2 39.1
27 295.8 253 40.3 42.0
28 3115 385 76.8 140.8
29 229.0 405 76.8 140.3
30 161.5 420 36.4 34.4
Mean 426.3 21.9 321 65.8
Mean reduction of IgE 89.0% 86.1% 77.3%
binding
SD +/— 13.4% 13.5% 18.1%
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model 433A (Foster City, CA). Preloaded polyethylenglycol polysterene
resins (0.15-0.2 mmol/g loading) (PerSeptive Biosystems, Warrington,
U.K.) were used as solid phase to build up the peptides. Chemicals were
purchased from Applied Biosystems. Coupling of amino acids was con-
firmed by conductivity monitoring in a feedback control system. One cys-
teine residue was added to each peptide to facilitate coupling of the pep-
tides to carriers. Peptides were cleaved from the resins with a mixture of:
250 ul of distilled water, 250 ul triisopropylsilan (Fluka, Buchs, Switzer-
land), and 9.5 ml trifluoroacetic acid for 2 h, and precipitated in tert-bu-
tylmethylether (Fluka). The identity of the peptides was checked by mass
spectrometry, and they were purified to >90% purity by preparative HPLC
(piChem, Graz, Austria).

Matrix-assisted laser desorption and ionization-time of flight
mass spectrometry and circular dichroism (CD)® analysis of
purified rPhl p 7, Phl p 7 mutants, and peptides

Laser desorption mass spectra of rPhl p 7 and Phl p 7 mutants were ac-
quired in alinear mode with atime of flight compact matrix-assisted laser
desorption and ionization Il instrument (Kratos, Manchester, U.K.)
(piChem). CD measurements of proteins and peptides dissolved in MilliQ
water at concentrations of 2.3 X 10~°M (rPhl p 7), 1.5 X 107°>M (MD1.6,
M2A, M4), or 6.3 X 107> M (P1) were conducted on a Jasco J-715 spec-
tropolarimeter (Japan Spectroscopic, Tokyo, Japan) using a 0.1-cm path-
length cell equilibrated at 20°C. Spectra were recorded with 0.5 nm reso-
lution at a scan speed of 100 nm/min and resulted from averaging three
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FIGURE 5. Induction of basophil histamine release in three Phl p 7-al-
lergic patients. Patients’ granulocytes were incubated with various concen-
trations (x-axis) of rPhl p 7, Phl p 7-derived peptides (P1, P2), or the Phl
p 7 mutant (M4). The percentage of total histamine released into the su-
pernatant is displayed on the y-axis.
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Table IIl. Immediate type skin reactions

A Phl p 7-BASED ALLERGY VACCINE

Mean Wheal Diameter (mm)

rPhl p 7 M4 P1 P2

2pg 8pg 2ug 8py 1upg 4pg 1pg 4pg Timothy
Individual  ml ml ml ml ml ml ml ml

grass Histamine ml mi ml

rPhl p 7 M4

8ug 2pug 1pg/ 05 025 8pug 2ug 1pg 05 025
po/ml pg/ml ml ml ml pg/ml pg/ml

1 8 11 7 9 0 0 0 0 10
2 5 8 4 5 0 0 0 0 10
3 6 9 9 7 0 0 0 0 5
4 0 0 ©O 0 0 0 0 0 0
5

abrwp

10 5 3 1 0 7 4 2 1 0

scans. The final spectra were baseline corrected by subtracting the corre-
sponding MilliQ spectra obtained under identical conditions. Results were
fitted with the secondary structure estimation program J-700 (23).

Characterization of allergic patients

Sera were obtained from patients suffering from polysensitization to pol-
lens from various unrelated plants (i.e., trees, grasses, weeds) (10). Serum
IgE Abs specific for rPhl p 7 and related calcium-binding allergens (rBet v
4, rAln g 4) were determined by CAP RAST (Pharmacia Diagnostics,
Uppsala, Sweden), dot blot, and ELISA anaysis (7, 8).

Dot blot analysis

Two-microliter aliquots of rPhl p 7 wild type, the mutants and peptides
(c = 0.5 ug/ul), were dotted onto nitrocellulose strips. Strips were exposed
to patients’ sera, and bound IgE Abs were detected with *%°|-labeled anti-
human IgE Abs (Pharmacia) (24). All determinations were performed in
duplicates. Bound IgE Abs were quantified using a gamma counter (Wal-
lac, Turku, Finland) and are displayed as mean cpm values. The mean
reduction of IgE binding to derivatives vs wild type was calculated for each
patient. Based on these results, the mean reduction = SD was determined
for the tested group of patients.

Basophil histamine release

Granulocytes were isolated from heparinized blood samples of timothy
grass pollen alergic patients by dextran sedimentation (25). After isolation,
cells were incubated with various concentrations of rPhl p 7, M4, the pep-
tides (P1, P2), or, for control purposes, with a anti-human IgE mAb (Im-
munotech, Marseille, France). In control experiments, basophils were also
exposed to keyhole limpet hemocyanin (KLH)-coupled peptides and pro-
teins. Histamine released into the supernatant was measured by RIA (Im-
munotech). Total histamine was determined after freeze thawing of cells.
Results are expressed as mean values of triplicate determinations, and rep-
resent the percentage of total histamine (25).

Skin-prick testing of allergic patients

Skin-prick tests were performed on the individuals' forearms with equimo-
lar amounts of proteins and peptides. Twenty-microliter aliquots of two
concentrations containing equimolar amounts of rPhl p 7, M4 (2 uwg/ml; 8
ng/ml), or the peptides (1 wg/ml; 4 ng/ml), diluted in sterile water as well
as commercially available prick solutions (timothy grass pollen extract,
histamine) (Allergopharma, Reinbeck, Germany) were applied and pricked
with sterile lancets (Allergopharma). In one patient, 1/2 dilution series
(0.25-8 ng/ml) of rPhl p 7 and M4 was tested. Reactions were recorded
after 20 min by photography and by transferring the ballpoint pen-sur-
rounded wheal area with a transparent scotch tape to paper. The mean
wheal diameter was calculated by measuring the maximal longitudinal and
transversal diameter and dividing their sum by 2.

Immunization of rabbits and allergic sensitization of mice

Rabbits and mice were immunized with uncoupled and KLH-coupled pro-
teins and peptides. Recombinant proteins were coupled to KLH (m.w.
4.5 X 10°-1.3 X 107; Pierce) using an Imject Immunogen EDC Conjuga-
tion Kit (Pierce), whereas peptides were coupled viartheir cysteine residues

3 Abbreviations used in this paper: CD, circular dichroism; ICPMS, inductively cou-
pled plasma mass spectrometry; KLH, keyhole limpet hemocyanin; RBL, rat basophil
leukemia.

using an Imject Maleimide Activated Immunogen Conjugation Kit
(Pierce).

Rabbits were immunized with the immunogens (200 w.g/injection) using
CFA (first immunization) and IFA (first booster injection after 4 wk; a
second booster injection with incomplete adjuvant was given after 7 wk)
(Charles River Breeding Laboratories, Kisslegg, Germany). Rabbits were
bled 8 wk after the first immunization.

A murine model for allergy to two EF-hand pollen allergens was estab-
lished by immunizing 6-wk-old female BALB/c mice (Charles River
Breeding Laboratories) s.c. with either rPhl p 7 or the cross-reactive two
EF-hand allergen from ader pollen, rAln g 4, adsorbed to aluminum hy-
droxide (26). Allergic cross-sensitization to two EF-hand allergens from
tree, grass, and weed pollen was confirmed by skin testing and ELISA
detection of specific IgE Abs (26, 27). Sera containing two EF-hand aller-
gen-specific IgE Abs were obtained via bleeding from the tail vein and
stored at —20°C until use.

Cross-reactivity of rabbit Abs with two EF-hand pollen
allergens demonstrated by ELISA

Rabbit Abs raised against rPhl p 7, M4, and the KLH-coupled peptides
were tested for reactivity with rAln g 4 and rPhl p 7 by ELISA. Rabbit sera
were diluted 1/4000, and bound Abs were detected with a HRP-labeled
donkey anti-rabbit antiserum (Amersham) (28).

Inhibition of allergic patients' IgE binding to rPhl p 7 by
mutant- or peptide-induced 1gG

The ability of peptide- or mutant-induced rabbit 1gG to inhibit the binding
of alergic patients’ IgE to rPhl p 7 was investigated by ELISA competition
assay (28). ELISA plates (Nunc Maxisorp, Rosklide, Denmark) were
coated with rPhl p 7 (1 wg/ml) and preincubated either with a /250 dilu-
tion of each of the anti-peptide antisera (anti-P1-KLH, anti-P2-KLH), the
anti-M4-KLH antiserum, the M4 antiserum, the Phl p 7 antiserum, and, for
control purposes, the corresponding preimmune sera. After washing, plates
were incubated with 1/3 diluted sera from four Phl p 7-sensitized grass
pollen allergic patients, and bound IgE Abs were detected with a rat anti-
human IgE mAb (BD PharMingen, San Diego, CA), diluted 1/1000, fol-
lowed by a 1/2000 diluted HRP-coupled sheep anti-rat 1g antiserum (Am-
ersham). The percentage of inhibition of IgE binding achieved by
preincubation with the anti-peptide or anti-mutant antisera was calculated
as follows: percentage of inhibition of IgE binding = 100 — OD,/OD; X
100. OD, and OD; represent the extinctions after preincubation with the
rabbits’ immune sera and the corresponding preimmune sera, respectively.

Table IV. Reactivity of rabbit antisera with rPhl p 7 and the cross-
reactive allergen from alder, rAln g 4

Phlp7 M4 M4KLH PLKLH P2-KLH
rPhl p7
Preimmune (OD) 0.041 0.039 0.044 0039 0.035
Immune (OD) 0.552 0.539 0474 0.399 0.767
rAlng 4
Preimmune (OD) 0.036 0.034 0.043 0.033  0.039
Immune (OD) 0.884 0268 0331 0404 0.854
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Table V. Inhibition of allergic patients' IgE binding to rPhl p 7 by
rabbit Abs

Percentage of Inhibition

Anti-
Anti-P1- Anti-P2- Anti- M4- Anti-rPhl
Patient KLH KLH M4 KLH p7
1 0 64.8 0 35.8 82
2 0 42.2 27 18.9 83.7
3 0 422 19.9 4 79
4 9.4 39.1 0 35.2 64.1
5 174 22.1 19 20 56.6
6 0 21.4 9.3 12.3 a4
7 9.8 74 0 10.3 26
Mean 52 34.1 7.2 195 62.2

Rat basophil leukemia (RBL) cell degranulation experiments

RBL-2H3 cells were plated in 96-well tissue culture plates (4 X 10* cells/
well), incubated for 24 h at 37°C using 7% CO,. Passive sensitization was
performed with mouse sera containing two EF-hand allergen-reactive IgE
at afinal dilution of 1/30 for 2 h. Unbound Abs were removed by washing
the cell layer twice in Tyrode's buffer (137 mM NaCl, 2.7 mM KClI, 0.5
mM MgCl,, 1.8 mM CaCl,, 0.4 mM NaH,PO4, 5.6 mM b-glucose, 12 mM
NaHCO;, 10 mM HEPES, and 0.1% w/v BSA, pH 7.2). RBL cells, pre-
loaded either with Phl p 7- or Aln g 4-specific mouse IgE, were exposed to
rPhl p 7 (0.1 png/ml) or rAln g 4 (0.01 pwg/ml). The alergens were prein-
cubated in Tyrode's buffer with 0, 2, 5, 7.5, or 10% v/v of rabbit antisera
for 2 hat 37°C, asfollows: 1) equal volumes of sera from rabbits obtained
before or after immunization with the two KLH-coupled peptides (P1, P2);
2) serum from a rPhl p 7-immunized rabbit or the corresponding preim-
mune serum. Preincubated allergens were added to the RBL cells for 30
min in a humidified atmosphere at 37°C, and their supernatants were an-
alyzed for B-hexosaminidase activity by incubation with 80 uM 4-methy-
lumbelliferyl-N-acetyl-B-p-glucosamide (Sigma-Aldrich, Vienna, Austria)
in citrate buffer (0.1 M, pH 4.5) for 1 h at 37°C. The reaction was stopped
by addition of 100 ul of glycine buffer (0.2 M glycine, 0.2 M NaCl, pH
10.7), and the fluorescence was measured at A.: 360/A,,: 465 nm using a
fluorescence microplate reader (Spectrafluor, Tecan, Austria). Results are
reported as fluorescence units, and percentage of total B-hexosaminidase
released after lysis of cells with 1% Triton X-100.
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Results
Biochemical and structural characterization of Phl p 7
derivatives

To reduce the alergenic activity of rPhl p 7, two different strate-
gies were pursued. First, we synthesized two peptides comprising
the N-terminal (P1: aa 2—37) and C-terminal (P2: aa 37—78) half of
Phl p 7 with the aim to disrupt the three-dimensional structure of
Phl p 7, which is composed of an intertwined dimer (Table|; Fig.
1A). The second strategy of introducing point mutations into the
calcium-binding domains of Phl p 7 was based on the observation
that depletion of protein-bound calcium reduced the I1gE-binding
capacity of Phl p 7 (7). Three rPhl p 7 mutants were engineered
(Tablel). In mutant MD1.6, the amino acids (E24, D59) that pro-
vide two oxygen atoms for the coordination of calcium binding
and thus act as bidentate ligands were exchanged (Fig. 1, B and C;
Table I). Mutant M2A differs from MD1.6 by the exchange of an
additional amino acid (i.e., D17) involved in calcium binding in
the first EF-hand domain (Fig. 1B; Table ). Finally, mutant M4
was generated by exchanging an additional amino acid (D52) in
the second EF-hand motif of M2A (Fig. 1C; Table I).

The comparison of the rPhl p 7 wild-type protein with the three
mutants by CD analysis showed that the mutants still contained
considerable amount of a-helical structure (Fig. 2). Their spectra
were characterized by minima at 224 and 208 nm and a strong
maximum below 200 nm. The «-helical content was identical for
the mutants, whereas the native rPhl p 7 showed a significantly
larger a-helical signal. Thisfinding isindicative for aloosening up
of the a-helical core structure due to the mutations in the calcium-
binding sites. The N-terminal peptide, P1, exhibited a random cail
secondary structure, with the characteristic minimum at 200 nm.
The C-terminal peptide, P2, showed reduced solubility, indicating
that truncation of rPhl p 7 protein has led to the disruption of the
three-dimensional structure.

The question as to whether the mutations in the calcium-binding
domains had indeed abolished the calcium-binding capacity of the
mutants was studied by size exclusion chromatography coupled to
ICPMS (Fig. 3). The fact that rPhl p 7 coeluted with a strong
calcium pesak, whereas M4 showed a similar elution profile without
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calcium peak demonstrates that the mutant did not contain protein-
bound calcium. The additional, later-eluting peaks in the UV ab-
sorption traces correspond to low m.w. substances (e.g., salts),
which elute beyond the separation range of the column and were
monitored due to adsorption at 210 nm (Fig. 3).

Phl p 7 mutants and peptides exhibit reduced IgE-binding
capacity

Dot blot analysis of sera from 10 Phl p 7-sensitized patients
showed that the IgE-binding capacity of the three mutants (MD1.6,
M2A, M4) was strongly reduced, whereas the two peptides
showed no detectable IgE reactivity at all (Fig. 4). A detailed anal-
ysis of the IgE-binding capacity of M4 and the two peptides (P1,
P2) was performed for additional 30 Phl p 7 allergic patients (Ta
ble I1). The quantification of IgE Abs bound to rPhl p 7 and the
three derivatives showed a mean reduction of IgE-binding capacity
of 89 and 86.1% for peptides 1 and 2, respectively, and of 77.3%
for mutant M4 (Tablell). The reduction of IgE-binding capacity of
Phl p 7 derivatives was also confirmed by IgE ELISA competition
assays (29) using fluid phase-added modified allergens to compete
IgE binding to solid phase-bound Phl p 7 (data not shown).

Basophil histamine release and skin test experiments
demonstrate strongest reduction of allergenicity for the Phl p
7-derived peptides

Basophils from three Phl p 7-allergic patients were exposed to
various concentrations of rPhl p 7, M4, and the two peptides (P1,
P2) (Fig. 5). rPhl p 7 induced strong and dose-dependent histamine
release in basophils from al three patients, yielding maximal his-
tamine release at a concentration between 10> and 10~ % pug/ml.
Compared with rPhl p 7 wild type, M4 exhibited not more than
10-fold reduced alergenic activity (Fig. 5). The strongest reduc-
tion of alergenic activity was noted for the Phl p 7-derived pep-
tides, which exhibited a 1,000- to 10,000-fold reduced allergenic
activity compared with rPhl p 7 wild type (Fig. 5). KLH-coupled
peptides that were used for immunization studies also exhibited a
>1,000-fold reduction of allergenic activity when compared with
rPhl p 7 wild type (data not shown).

The in vitro results were confirmed by skin-prick test experi-
ments in three Phl p 7-alergic patients and a nonatopic individual
(Table I1I). Each of the Phl p 7-alergic patients showed pro-
nounced immediate type skin reactions to rPhl p 7 aready at 2
wg/ml. The mean wheal diameters induced by M4 were only mod-
erately reduced compared with the rPhl p 7 wild type (Table Il1).
The latter results were confirmed by a skin test titration performed
in 1:2 stepsin another Phl p 7-allergic patient (Tablel1: individual
no. 5). However, the two peptides did not induce immediate skin
reactions in any of the patients even when amounts equimolar to
the rPhl p 7 wild type were administered. All alergic patients
displayed immediate skin reactions to timothy grass pollen extract
and histamine. The nonatopic person showed no reaction to tim-
othy grass pollen extract, rPhl p 7, M4, and to the peptides
(Table I11).

Hypoallergenic Phl p 7 derivatives induce IgG Abs that cross-
react with Phl p 7 and Phl p 7-related allergens

The mutant M4 as well as the KLH-coupled peptides (P1, P2)
induced 1gG Abs that reacted with the rPhl p 7 wild-type alergen
and the cross-reactive alergen from ader pollen, rAln g 4 (Table
1V). The Ab responses induced with uncoupled and KLH-coupled
M4 as well as those induced with KLH-coupled P1 were weaker
than those induced with the rPhl p 7 wild-type protein and KLH-
coupled P2. Uncoupled P1 and P2 induced lower rPhl p 7-reactive
1gG than the coupled peptides (data not shown).

A Phl p 7-BASED ALLERGY VACCINE

1gG Abs induced by immunization with hypoallergenic Phl p 7
derivatives inhibit allergic patients’ IgE binding to Phl p 7

The strongest inhibition of patients' IgE binding to rPhl p 7, rang-
ing between 26 and 83.7% (62.2% mean inhibition) was observed
with anti-rPhl p 7 Abs (Table V). Likewise, we observed consid-
erable reduction of anti-Phl p 7 IgE reactivity, ranging from 7.4 to
64.8% (34.1% mean inhibition) with Abs raised against the Phl p
7-derived peptide P2. Only low inhibition of IgE binding was ob-
served with 1gG Abs obtained after immunization with the other
Phl p 7 derivatives (mean inhibitions: anti-P1, 5.2%; anti-M4,
7.2%; anti-KLH-M4, 19.5%) (Table V).

19gG Abs induced by immunization with hypoallergenic Phl p 7
peptides inhibit basophil degranulation

The biological relevance and possible protective activity of pep-
tide-induced 1gG Abswere investigated in a defined cellular model
system using RBL cells that were loaded with allergen-specific
IgE. Preincubation of rPhl p 7 with increasing concentrations (2—
10% v/v) of a mixture of rabbit anti-P1 and anti-P2 Abs and with
rabbit anti-rPhl p 7 Abs led to a dose-dependent inhibition of rPhl
p 7-induced mediator release from RBLSs that had been preloaded
with Phl p 7-specific mouse IgE (Fig. 6, left). The inhibition of Phl
p 7-induced release obtained at a concentration of 10% serum
added was 70.7% (i.e., reduction from 5844 + 541 U to 1716 =+
357 U) with anti-Phl p 7 1gG and 53.8% with anti-peptide 1gG (i.e.,
reduction from 5799 + 42 U to 2676 = 208 U). Similar results
were obtained when RBLs were preloaded with Aln g 4-specific
mouse IgE and then stimulated with rAln g 4 that had been pre-
incubated with increasing concentrations of peptide-specific rabbit
19G (Fig. 6, right). The inhibition of Aln g 4-induced release ob-
tained at a concentration of 10% serum added was 67.6% (i.e.,
reduction from 5078 + 248 U to 1643 = 47 U) with anti-Phl p 7
1gG and 40.6% with anti-peptide IgG (i.e., reduction from 4856 +
527 U to 2884 =+ 210 U). No inhibition of basophil degranulation
was observed when the alergen was preincubated with the same
concentrations of preimmune Ig. No relevant degranulation (i.e.,
<200 U) was observed when allergens were omitted from the
basophils (data not shown).

Discussion

In this work, we report the generation and characterization of an
allergy vaccine with profoundly reduced allergenic activity for the
treatment of allergic patients sensitized to calcium-binding pollen
allergens. Calcium-binding molecules occur as cross-reactive al-
lergens in pollens of the most common allergenic plants and are
responsible for pollen polysensitization in allergic patients (10—
15). Because the calcium-binding alergen from timothy grass pol-
len, Phl p 7, contains most of the cross-reactive IgE epitopes (17),
and the three-dimensional structure of this protein has been solved
recently (18), it was selected as candidate molecule for vaccine
development. rPhl p 7 represents an extremely potent allergen,
presumably because its alergenic activity may be related to its
stable fold and the formation of dimers leading to a doubling of
IgE epitopes that may give rise to potent cross-linking of effector
cell-bound IgE Abs (18).

One strategy for the development of Phl p 7 derivatives with
reduced allergenic activity was therefore based on the disruption of
the alergen’ s three-dimensional structure by synthesizing peptides
comprising the N-terminal or C-terminal half of Phl p 7. The sec-
ond approach for the generation of hypoallergenic Phl p 7 deriv-
atives was based on the previous finding that depletion of protein-
bound calcium by EGTA (7) and mutations within the calcium-
binding sites of related alergens led to a reduction of IgE
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reactivity (11, 30). The recombinant mutants of Phl p 7 produced
in the present study also exhibited considerably reduced IgE reac-
tivity. Mutant M4, which contained two point mutations in each of
the two calcium-binding sites, had lost its calcium-binding capac-
ity completely, but still exhibited its dimeric overall fold with a
considerable amount of a-helical secondary structure.

The in vitro and in vivo alergenic activity of calcium-binding
allergens other than Phl p 7 and of mutants derived from these
allergens has not yet been studied in detail. We therefore compared
the allergenic activities of the rPhl p 7 wild-type alergen, the
mutant M4, and the two Phl p 7-derived peptides by basophil his-
tamine release and skin tests in dlergic patients. We found that
only complete disruption of the Phl p 7 structure, as was achieved
by the peptide strategy, was sufficient to achieve a profound (i.e.,
>1000-fold) reduction of allergenic activity.

Although each of the Phl p 7 peptides was unfolded, they in-
duced Phl p 7-specific Abs after immunization of rabbits. Similar
observations have been made for recombinant fragments of the
major birch pollen allergen, Bet v 1 (31), and the major timothy
grass pollen allergen, Phl p 1 (28). For the Phl p 7-derived peptides
aswell asfor the latter allergen derivatives, it could be shown that
the derivative-induced 1gG Abs not only recognized the wild-type
allergens, but aso inhibited the binding of allergic patients' IgE
Abs. Results obtained with blocking rabbit 1IgG Abs may in fact be
applicable for immunotherapy. We found that immunization of
mice with hypoallergenic derivatives of the major birch pollen
allergen, Bet v 1, using schemes that are used for immunotherapy
of alergic patients, yielded comparable results as the immuniza-
tion of rabbits (31, 32). The ability of unfolded hypoallergenic
allergen derivatives to induce IgG Abs that inhibit the binding of
patients' IgE directed to conformational epitopes may be explained
in two ways. One possibility is steric hindrance of IgE binding due
to binding of peptide-induced Abs in close proximity to the IgE-
reactive epitopes. A second possibility would be that peptide-in-
duced Abs are directed against continuous portions within discon-
tinuous IgE epitopes, and thus prevent IgE binding. Furthermore,
it is possible that binding of peptide-specific Abs may induce con-
formational changes in the wild-type allergens, leading to loss of
IgE epitopes.

The biologica relevance and protective activity of the peptide-
induced Abs were demonstrated by their ability to inhibit imme-
diate allergic reactions (i.e., basophil degranulation). It may thus
be expected that immunotherapy with the Phl p 7-derived peptides
will induce IgG Abs that inhibit immediate allergic reactions in-
duced by Phl p 7 and related calcium-binding allergens. Further-
more, such 1gG Abs may inhibit IgE-mediated allergen presenta-
tion and T cell activation (33) as well as the boosting of specific
IgE production induced by alergen exposure (34).

The Phl p 7 derivatives developed by us induce 1gG Abs that
inhibit a considerable proportion, but not al IgE reactivities
against the Phl p 7 wild-type alergen. This potential disadvantage
may be overcome by choosing immunization schemes that induce
higher titers of blocking Abs, and is certainly outweighed by the
strong reduction of allergenic activity, and thus, the increased
safety of the derivative-based vaccine.

Because both Phl p 7-derived peptides together represent the
complete primary sequence of Phl p 7, they contain the relevant T
cell epitopes of Phl p 7, and hence may be also suitable for alter-
native immunotherapy strategies aimed at the induction of T cell
regulation, T cell tolerance, or induction of regulatory T
cells (35-37).

In conclusion, we have developed a hypoallergenic candidate
vaccine suitable for the treatment, and perhaps prevention of a-
lergies to calcium-binding allergens, and provide evidence that the
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disruption of the three-dimensional structure of a given alergen is
a genera strategy for the generation of alergy vaccines with re-
duced allergenic side effects.
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