EUROPEAN JOURNAL OF ALLERGY :%
AND CLINICAL IMMUNOLOGY
—

4

EAACI

ORIGINAL ARTICLE

Allergy

EXPERIMENTAL ALLERGY AND IMMUNOLOGY

Carrier-bound nonallergenic Der p 2 peptides induce IgG
antibodies blocking allergen-induced basophil activation in

allergic patients

K.-W. Chen'?, M. Focke-Tejkl?, K. Blatt®, M. Kneidinger®, A. Gieras?, F. Dall’Antonia®, I. Faé®,
G. Fischer®, W. Keller*, P. Valent?, R. Valenta'? & S. Vrtala'

"Division of Immunopathology, Department of Pathophysiology and Allergy Research, Center for Pathophysiology, Infectiology and
Immunology, Medical University of Vienna, Vienna, Austria; “Christian Doppler Laboratory for Allergy Research, Division of
Immunopathology, Department of Pathophysiology and Allergy Research, Medical University of Vienna, Vienna, Austria; *Division of
Hematology and Hemostaseology, Department of Internal Medicine |, Medical University of Vienna, Vienna, Austria; “Division of Structural
Biology, Institute of Molecular Biosciences, Karl-Franzens-University, Graz, Austria; °Department of Blood Group Serology, Medical

University of Vienna, Vienna

To cite this article: Chen K-W, Focke-Tejkl M, Blatt K, Kneidinger M, Gieras A, Dall'Antonia F, Faé |, Fischer G, Keller W, Valent P, Valenta R, Vrtala S. Carrier-
bound nonallergenic Der p 2 peptides induce IgG antibodies blocking allergen-induced basophil activation in allergic patients. Allergy 2012; DOI:10.1111/

}.1398-9995.2012.02794.x

Keywords
Der p 2; house dust mite allergy;
immunotherapy; peptides.

Correspondence

Susanne Vrtala, Division of Immunopathol-
ogy, Department of Pathophysiology and
Allergy Research, Center for Pathophysiol-
ogy, Infectiology and Immunology, Medical
University of Vienna, Waehringer Guertel
18-20, 1090 Vienna, Austria.

Tel.: +43 1 40400 5132

Fax: +43 1 40400 5130

E-mail: susanne.vrtala@meduniwien.ac.at

Accepted for publication 05 January 2012

DOI:10.1111/1.1398-9995.2012.02794 .x

Edited by: Sarbjit Saini

Abstract

Background More than 90% of house dust mite-allergic patients are sensitized to
the major Dermatophagoides pteronyssinus allergen, Der p 2. The aim of this
study was to develop and characterize an allergy vaccine based on carrier-bound
Der p 2 peptides, which should allow reducing IgE- and T-cell-mediated side-
effects during specific immunotherapy (SIT).

Methods Five Der p 2 peptides (P1-P5) were synthesized and analyzed regarding
IgE reactivity and allergenic activity. Lymphoproliferative and cytokine responses
induced with Der p 2 and Der p 2 peptides were determined in peripheral blood
mononuclear cells from mite-allergic patients. Der p 2-specific IgG antibodies
induced with carrier-bound Der p 2 peptides in mice and rabbits were tested for
their capacity to inhibit IgE binding and basophil activation in allergic patients.
Results Of five overlapping peptides (P1-P5) covering the Der p 2 sequence, two
peptides (P2 and P4) were identified, which showed no relevant IgE reactivity,
allergenic activity, and induced lower Der p 2-specific T-cell activation than Der p
2. However, when coupled to a carrier, P2 and P4 induced Der p 2-specific IgG anti-
bodies in animals, which inhibited allergic patients’ IgE binding to the allergen and
allergen-induced basophil activation similar as antibodies induced with Der p 2.
Conclusions Carrier-bound Der p 2 peptides should allow avoiding IgE-mediated
side-effects, and because of their low potential to activate allergen-specific T cells,
they may reduce late-phase side-effects during SIT. Further, these peptides may
be also useful for prophylactic vaccination.

The Dermatophagoides pteronyssinus allergen, Der p 2, is one
of the most potent and frequent house dust mite (HDM)
allergens, which is recognized by more than 90% of HDM-
allergic patients (1). It represents a 15-kDa B-sheet protein

Abbreviations

SIT, specific immunotherapy; HDM, house dust mite; KLH, keyhole
limpet hemocyanin; PBMC, peripheral blood mononuclear cell;

SI, stimulation index; RBL, rat basophil leukemia cells.
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that exhibits extensive sequence and structural similarity with
group 2 allergens from other mites species (2). Furthermore,
it cross-reacts with group 2 allergens from other dust mite
species at the IgE antibody and at the T-cell level (1).

Several approaches have been taken to engineer recombi-
nant hypoallergenic derivatives of group two mite allergens for
improving the safety of HDM specific immunotherapy (SIT).
With the aim to disrupt the conformational IgE epitopes of
group 2 allergens, recombinant mutants and deletion variants
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have been produced (3-6). Furthermore, hypoallergenic frag-
ments and hybrids of Der p 2 have been engineered (7). These
hypoallergenic derivatives exhibit reduced IgE reactivity and
allergenic activity, but the allergen-specific T-cell epitopes have
been preserved in these constructs. This may represent a possi-
ble disadvantage because it has been shown in clinical studies
performed with recombinant hypoallergens and T-cell-reactive
peptides that IgE-mediated side-effects can be reduced but T-
cell-mediated side-effects still occur (8—11).

Here, we present a strategy for generating a Der p 2-based
vaccine that should eliminate IgE- and T-cell-mediated side-
effects. Using synthetic peptide chemistry, we prepared five
Der p 2-derived peptides that showed no relevant IgE reac-
tivity and IgE-mediated allergenic activity. Using cultured
peripheral blood mononuclear cells (PBMCs) from HDM-
allergic patients, peptides were identified, which induced
lower T-cell proliferation and pro-inflammatory cytokine
release than Der p 2. Among these peptides, two were identi-
fied which, when coupled to a carrier molecule, induced aller-
gen-specific IgG antibodies upon immunization, which were
able to block allergic patients’ IgE recognition and allergen-
induced basophil degranulation equally well as antibodies
raised against complete Der p 2.

Material and methods

Sera from allergic patients, rDer p 2, and recombinant
hypoallergenic Der p 2 derivatives

HDM-allergic patients (n = 41) were selected according to
case history, skin prick testing, and serological analysis as
described (12). HLA typing of the patients was performed by
nucleotide sequencing as described (13).

Sera from nonallergic individuals were included for control
purposes. rDer p 2 and recombinant hypoallergenic Der p 2
derivatives (rDerp 2 fragments: aa 1-53; aa 54-129 and hybrid
aa 54-129 + 1-53) were expressed in E. coli strain BL21
(DE3) (Novagen Inc., Darmstadt, Germany) and purified as
described (7). Purified rDer p 2 was subjected to affinity
chromatography step using immobilized polymyxin (Affi-
Prep Polymyxin Matrix; Bio-Rad, Hercules, CA, USA) to
reduce endotoxin contents. The endotoxin contents in the
rDer p 2 preparations were determined with the Limulus-
Amebocyte-Lysate assay (BioWhittaker, Walkersville, MD,
USA) and were typically in the range of 25-110 EU/ml
(endotoxin unit).

Chemical synthesis and characterization of Der p 2 peptides

Five overlapping peptides spanning the Der p 2 sequence
(Fig. 1A) with a length between 31 and 41 amino acids were
synthesized using a Fmoc (9-fluorenylmethoxycarbonyl) strat-
egy with 2-(1H-Benzotriazol-1-yl) 1,1,3,3, tetramethyluronium
hexafluorophosphat (HBTU)-activation (14). The peptides
were purified by preparative HPLC, and their identities were
confirmed by mass spectrometry.

Each of the Der p 2 peptides was coupled to keyhole limpet
hemocyanin (KLH) (MW 4.5 x 10°-1.3 x 107 Daltons; Pierce,
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ThermoFisher Scientific, Waltham, MA, USA) and purified
using a conjugation kit (Pierce, ThermoFisher Scientific).

The solvent-accessible surface (SAS) of each amino acid res-
idue was calculated with the program MSMS (15), which is
determined by a spheric solvent probe (r = 1.4 IOA) rolling over
the van der Waals surface of the protein and is displayed in
A”. The surface exposure of the peptides was calculated as fol-
lows: Surface exposure [%] = SAS of all aminoacids of the
peptide/SAS of all aminoacids of the protein*100.

IgE reactivity of dot-blotted rDer p 2 and Der p 2 peptides

The concentration of Der p 2 and the KLH-conjugated Der
p 2 peptides was measured using the Micro BCA Assay Kit
(Pierce, Rockford, IL, USA). Aliquots containing 0.2 pg of
purified rDer p 2, KLH-conjugated Der p 2 peptides 1-5,
and for control purposes, KLH, were dotted onto nitrocellu-
lose (Schleicher & Schuell, Dassel, Germany), and IgE reac-
tivity was determined using sera from 26 HDM-allergic
patients as described (7).

T-cell proliferation assays and cytokine measurements

Heparinized venous blood was collected from HDM-allergic
individuals (n = 18) after informed consent was given.
Peripheral blood mononuclear cells were isolated by Ficoll
(Amersham, GE Healthcare, Buckinghamshire, UK) density
gradient centrifugation, and T-cell proliferation assays were
performed as described (16). Peripheral blood mononuclear
cells were stimulated in triplicates with equimolar concentra-
tions (0.03 nmol/well) of Der p 2, the recombinant Der p 2
derivatives, the unconjugated Der p 2 peptides, the KLH-
conjugated Der p 2 peptides or KLH. Proliferation was mea-
sured by [*H]-thymidine uptake and is given in counts per
minute (cpm). The results were displayed as stimulation index
(SI) calculated as quotient of the mean stimulated values and
mean background values. A SI of two or more was consid-
ered to be indicative of a specific response.

Supernatants from PBMCs cultured in parallel to T-cell pro-
liferation assays were harvested at day 6. The levels of cyto-
kines (IFN-gamma, GM-CSF, IL-5, IL-10, and IL-13)
released into the supernatants were measured using a Human
Fluorokine MAP Base Kit (R&D Systems, Minneapolis, MN,
USA).

Immunization of rabbits and mice

Peptide-specific IgG antibodies were obtained by immunizing
rabbits three times with each of the KLH-conjugated pep-
tides (200 pg/injection) and, for control purposes, with
recombinant Der p 2 protein (200 pg/injection) using once
Freund’s complete and twice Freund’s incomplete adjuvant
(Charles River, Kisslegg, Germany).

Eight-week-old female BALB/c mice were purchased from
Charles River (Sulzfeld, Germany) and maintained according
to the local animal care guidelines in the Animal Care Unit
of the Department of Pathophysiology and Allergy Research
of the Medical University of Vienna. Six groups consisting of

© 2012 John Wiley & Sons A/S
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DQVDVKDCANHEIKKVLVPGCHGSEPCIIHRGKPFQLEAVFEANQNSKTAKIEIKASIEGLEVDVPGIDPNACHYMKCPLVKGQQYDIKYTWIVPKIAPKSENVVVTVKVMGDNGVLACAIATHAKIRD

DQVDVKDCANHEIKKVLVPGCHGSEPCIIHRGK  Peptide 1 (aa 1-33)

CHGSEPCIIHRGKPFQLEAVFEANQNSKTAK  Peptide 2 (aa 21-51)

EANQNSKTAKIEIKASIEGLEVDVPGIDPNAC  Peptide 3 (aa 42-73)

EVDVPGIDPNACHYMKCPLVKGQQYDIKYTWIVPKIAPKSEN  Peptide 4 (aa 62-103)

Front

Back

- Der p 2 peptide 1 (aa 1-33)

- Der p 2 peptide 3 (aa 42-73)

Peptide 5 (aa 98-129) APKSENVVVTVKVMGDNGVLACAIATHAKIRD

D Der p 2 peptide 2 (aa 21-51)

] Derp 2 peptide 4 (aa 62-103)

Il Derp 2 peptide 5 (aa 98-129)

Figure 1 (A) Amino acid sequence of Der p 2. Synthetic Der p 2-
derived peptides 1-5 are indicated. (B) Left images: Ribbon
representations of the Der p 2 structure from the front and back.

five mice each were monthly immunized subcutaneously in
the neck with 5 pug rDer p 2 or 5 pg of each of the five
KLH-conjugated Der p 2 peptides, absorbed to 200 pl Alu-
Gel-S (SERVA Electrophoresis, Heidelberg, Germany).
Blood samples were collected at the day before each immuni-
zation and stored at —20°C.

IgG antibody responses in mice and rabbits

Der p 2-specific IgG antibody responses in mice were deter-
mined by ELISA as described (7). Specific IgG antibody

© 2012 John Wiley & Sons A/S

Alpha-helices and beta-sheets are indicated in red and yellow, respec-
tively. Center and right images: corresponding surface representa-
tions of the Der p 2 structure with peptides 1-5 in different colors.

responses in rabbits were measured in dot-blot assays. Aliqu-
ots of 2 pl containing 0.2 pg of rDer p 2, each of the five
Der p 2 peptides and, for control purposes, BSA, were dotted
onto nitrocellulose membrane strips (Schleicher & Schuell).
The strips were washed twice for 5 min and once for 30 min
with buffer A. The nitrocellulose strips were then incubated
with rabbit anti-sera raised against each of the five Der p 2
peptides (dilution 1 : 10 000 in buffer A) or with the corre-
sponding pre-immune sera (dilution 1 : 10 000 in buffer A)
overnight at 4°C. The nitrocellulose strips were washed with
buffer A (2 x 10 min, 1 x 60 min), and bound rabbit IgG
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antibodies were detected with '*’I-labeled donkey anti-rabbit
IgG (GE Healthcare) (dilution 1 : 1000 in buffer A) and
visualized by autoradiography.

Inhibition of allergic patients’ IgE binding to rDer p 2 with
peptide-specific antibodies as determined by ELISA

ELISA plates (Nunc, Roskilde, Denmark) were coated with
rDer p 2 (0.5 pg/well in PBS) overnight at 4°C. The plates
were washed twice with PBST (PBS; 0.05% [v/v] Tween 20)
and blocked in blocking buffer (PBST, 1% [w/v] BSA) for
3 h at room temperature. Then, rabbit anti-rDer p 2 antise-
rum, each of the rabbit anti-Der p 2 peptide antisera
(anti-peptide 1-anti-peptide 5), mixes of the rabbit antisera
(anti-peptide 1—anti-peptide 5 and anti-peptide 2+anti-
peptide 4 antiserum), or the corresponding pre-immune sera
[1: 100 dilution in PBST, 0.5% (w/v) BSA] were added to
the plates and incubated overnight at 4°C. After washing,
plates were incubated with HDM-allergic patients’ sera
[1 : 10 dilution in PBST, 0.5% (w/v) BSA] overnight at 4°C.
Bound human IgE antibodies were detected with HRP-cou-
pled goat anti-human IgE antibodies (KPL, Gaithersburg,
MD, USA) diluted 1 : 2500 in PBST, 0.5% (w/v) BSA as
described (17). The percentage inhibition of IgE binding was
calculated as follows: 100—(ODs/ODp) x 100. ODs and
ODp represent the extinctions after pre-incubation with the
rabbit immune serum and pre-immune serum, respectively.

CD203c expression on allergic patients’ basophils and
inhibition of CD203c expression with specific antibodies

Aliquots of 100 pl heparinized blood were incubated with
increasing concentrations of rDer p 2 (0.066-660 nM), an
equimolar mix of the five peptides, an equimolar mix of the
five KLH-coupled peptides and, for control purposes, with a
monoclonal anti-IgE antibody (1 pg/ml) (Immunotech, Vau-
dreuil-Dorion, QC, Canada) or PBS for 15 min (37°C). After
incubation, cells were washed in PBS-EDTA and then incu-
bated with phycoerythrin-labeled CD203¢c mAb 97A6. There-
after, samples were subjected to erythrocyte lysis with FACS
lysing solution (Becton Dickinson, San Diego, CA, USA).
Cells were then washed, resuspended in PBS, and analyzed
by means of 2-color flow cytometry on a FACScan (Becton
Dickinson). Basophils were detected on the basis of forward
side-scatter characteristics and expression of CD203c and ana-
lyzed with Painta-gate (Becton Dickinson). Peripheral blood
mononuclear cells of allergic individuals were sorted as
CD203c* and CD203c ™ cells by using a FACS-Vantage (Bec-
ton Dickinson) to confirm specificity of CD203c for basophils.
Allergen-induced CD203c up-regulation was calculated from
mean fluorescence intensities (MFIs) obtained with stimulated
(MFIstim) and unstimulated (MFIcontrol) basophils and is
expressed as SI (SI = MFIstim:MFIcontrol) (18).

To test whether peptide-specific antibodies can inhibit
allergen-induced  up-regulation of CD203c expression,
increasing concentrations of rDer p 2 (0.0005-0.5 pug/ml)
were pre-incubated with a 1 :20 dilution of the rabbit
anti-Der p 2 antiserum, the corresponding pre-immune
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serum, or a mix of the rabbit anti-peptide 2 and the anti-pep-
tide 4 antisera at 37°C for 60 min. Thereafter, blood samples
from HDMe-allergic patients (n = 8) were incubated with
these mixes, and CD203c expression and up-regulation was
assessed as described (18).

In vivo allergenicity of peptides, rat basophil leukemia cell
degranulation assay

Serum samples were obtained from mice that had been immu-
nized with aluminum-hydroxide-adsorbed rDer p 2 (n = 5) or
with the KLH-coupled Der p 2 peptides (five mice per peptide)
before or 16 weeks after immunization. Aliquots of 2 ul serum
from each mouse were then exposed to rat basophil leukemia
cells [subline rat basophil leukemia cells (RBL)-2H3] cultivated
in 96-well tissue-culture plates (Nunc) (4 x 10* cells in 100 pl)
for 2 h at 37°C. After the addition of Der p 2, the releases of
B-hexosaminidase in the cultures were measured and are
shown as mean percentages + SD of total B-hexosaminidase
releases (7). Unpaired Mann—Whitney tests were used to assess
statistically significant differences between the mouse groups,
and spss statistical software system (SPSS Inc., Chicago, IL,
USA) was used for calculations. The reported P-values are the
results of a two-sided test, corrected by Shaffer coefficient. A
P-value <0.05 has been considered statistically significant.

Results

Characterization of overlapping synthetic peptides covering
different areas of the Der p 2 surface

We have synthesized five overlapping peptides of a length
between 31 and 42 amino acids, which span the complete
sequence of Der p 2 (Fig. 1A). The identity of each of the
synthetic peptides was confirmed by MALDI-TOF analysis
(data not shown). When the peptides were superimposed to
the 3D structure of Der p 2, the N-terminal peptide 1 and
the C-terminal peptide 5 get close and define a surface patch
on one side of the Der p 2 molecule (19) (Fig. 1B, front),
whereas peptides 2-4 appear on the other side of Der p 2
(Fig. 1B, back). The coverage of surface by the individual
Der p 2 peptides was as follows: peptide 1: 27%, peptide 2:
22%, peptide 3: 25%, peptide 4: 40%, and peptide 5: 19%.

KLH-conjugated Der p 2 peptides showed no relevant IgE
reactivity and allergenic activity

The IgE-binding capacity of the five Der p 2 peptides was
compared with that of the complete rDer p 2 allergen in non-
denaturing dot-blot RAST-based IgE-binding dot-blot assays
using sera from 26 HDM-allergic individuals (Fig. 2). Each
of the patients showed IgE reactivity of varying intensity to
rDer p 2, whereas only two patients (12 and 26) showed very
weak IgE reactivity to the KLH-conjugated peptides and to
KLH (Fig. 2). When serum from a nonallergic person (NA)
or buffer without serum (BC) were used, no reactivities to
rDer p 2 or to Der p 2 peptides were found (Fig. 2, lanes
NA, BO).

© 2012 John Wiley & Sons A/S
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The allergenic activity of Der p 2-derived peptides was
compared with rDer p 2 wild type by measuring the up-regu-
lation of CD203¢ expression on basophils from HDM-aller-
gic individuals, which had been exposed to Der p 2 or the
peptides (Fig. 3). rDer p 2 induced a strong up-regulation of
CD203c expression in each of the tested mite-allergic individ-
uals at concentrations between 0.66 and 66 nM, whereas no
up-regulation was obtained with an equimolar mixture of the
five peptides up to a concentration of 660 nM (Fig. 3). Addi-
tionally, basophils were incubated with an equimolar mixture
of the KLH-coupled peptides to test whether multiple cou-
pling of the peptides to a carrier may influence allergenic
activity. Also with KLH-coupled peptides, no up-regulation
of CD203c expression was obtained up to 660 nM (Fig. 3).
Anti-human IgE antibodies induced up-regulation of CD203c
expression on basophils from each of the patients, whereas
no up-regulation was obtained with buffer alone (Co)
(Fig. 3). Similar results were obtained when basophils were
incubated with the individual unconjugated and KLH-
conjugated peptides (data not shown).

Identification of surface-exposed Der p 2 peptides, which
induce low lymphoproliferative responses in PBMCs from
HDM-allergic patients

Next, we investigated the lymphoproliferative responses in
PBMCs from 18 HDM-allergic patients to Der p 2, to three
earlier described recombinant hypoallergenic Der p 2 deriva-
tives (rDer p 2 fragments 1, 2 and hybrid) (7), the individual
Der p 2 peptides and the KLH-conjugated peptides (Fig. 4).
In a first set of experiments, PBMCs were stimulated with
equimolar concentrations of Der p 2, the recombinant Der p
2 derivatives, or the unconjugated Der p 2 peptides
(Fig. 4A). Der p 2 and Der p 2-derivatives induced T-cell
proliferation in PBMCs from almost all tested patients. Pep-
tide 3 seemed to contain an important T-cell epitope of Der
p 2 because it induced proliferative responses in four of the
ten patients (patient 11, 19, 28, and 29) and peptide 5 showed
activity in three of the ten patients (patient 11, 27, and 28).
The other peptides (peptide 1, 2, and 4) induced only low or
no T-cell proliferation (Fig. 4A). To investigate whether the
KLH-conjugated peptides induce T-cell proliferation, PBMCs
from eight additional HDM-allergic patients with diverse
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HLA backgrounds (patient 12: DRB1*04, DRB1*08, DRB4,
DQB1*03, DQB1*04; patient 14: DRB1*11, DRB1*10, DRB3,
DQBI1*03, DQB1*05; patient 17: DRB1*04, DRB4, DQB1*04;
patient 22: DRB1*01, DRB1*15, DRB5, DQB1*05, DQB1*06;
patient 24: DRB1*11, DRB1*10, DRB3, DQB1*03, DQBI1*05;
patient 25: DRBI1*01, DQBI1*05; patient 26: DRBI*04,
DRBI1*07, DRB4, DQB1*02, DQB1*03; patient 30: DRB1*01,
DRBI1*07, DRB4, DQB1*02, DQB1*05) were stimulated with
equimolar concentrations of Der p 2, the unconjugated Der
p 2 peptides, or the KLH-conjugated Der p 2 peptides in a
second set of experiments (Fig. 4B). In each of the tested
patients, the KLH-conjugated peptides as well as the uncon-
jugated peptides induced lower T-cell proliferation than the
Der p 2 allergen (Fig. 4B). The background values of prolif-
eration obtained with medium alone were between 346 cpm
(patient 28) and 1624 cpm (patient 13).

Der p 2 peptides induce less IFN-gamma secretion than Der
p 2 or Der p 2 derivatives in allergic patients’ PBMCs

Table 1 shows the mean cytokine production in PBMCs from
the ten patients of Fig. 4A, after stimulation with Der p 2,
recombinant Der p 2 derivatives, or Der p 2 peptides. We
found that Der p 2 and Der p 2 derivatives induced much
higher levels of IFN-gamma in allergic patients’ PBMC cul-
tures than any of the Der p 2 peptides. The high IFN-gamma
production was accompanied by higher IL-10 production in
the Der p 2 and Der p 2-derivative-stimulated cultures com-
pared with peptide-stimulated cultures. The median levels of
IL-5 and IL-13 in the Der p 2- and the Der p 2-derivative-
exposed cultures were higher than in the peptide-exposed cul-
ture, but the differences were not statistically significant
(Table 1). The production of GM-CSF was higher in cultures
stimulated with Der p 2- and Der p 2 derivatives compared
with peptide-containing cultures (Table 1).

Immunization with KLH-coupled Der p 2 peptides induces
Der p 2-specific IgG antibodies, which inhibit mite-allergic
patients’ IgE binding to the Der p 2 allergen

In a first set of experiments, we studied the IgG reactivity of

rabbits, immunized with KLH-coupled peptides, with dot-
blotted Der p 2 and Der p 2 peptides. Each of the five

123456 789 1011121314151617181920212223242526NABC

Figure 2 IgE reactivity of rDer p 2 and
Der p 2 peptides. Dot-blotted rDer p 2,
keyhole limpet hemocyanin (KLH)-conju-
gated Der p 2 peptides, and KLH were
tested for IgE reactivity with sera from 26
house dust mite-allergic patients (1-26),
serum from a non-allergic individual (NA)
and buffer without serum (BC). Bound IgE
were detected with 2% labeled anti-
human IgE antibodies and visualized by
autoradiography.
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Figure 3 Allergenic activity of rDer p 2 and Der p 2 peptides deter-
mined by CD203c expression. Basophils from eight house dust
mite-allergic patients were incubated with various concentrations
of rDer p 2, an equimolar mixture of the five peptides, an equimolar

peptides induced Der p 2-specific I1gG antibodies. The 1gG
response to Der p 2 was weaker in the peptide 5-immunized
rabbit than in the rabbits immunized with peptides 1-4. Cer-
tain peptides (e.g. peptides 1, 3, and 4) containing overlap-
ping sequences with other peptides induced IgG antibodies,
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mixture of the five keyhole limpet hemocyanin-coupled peptides,
anti-IgE and buffer (Co) (x-axes). Expression of CD203c was deter-
mined by FACS analysis and is displayed as stimulation index (y-
axes).

which recognized also the adjacent peptides (data not
shown).

We also immunized mice with Der p 2 or the KLH-cou-
pled peptides using aluminum hydroxide. Der p 2-specific
1gG, responses induced with rDer p 2 were higher and were

© 2012 John Wiley & Sons A/S
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Figure 4 T-cell proliferative responses of allergic patients to rDer p patients with different HLA backgrounds (x-axis) were stimulated
2, rDer p 2 derivatives, and Der p 2 peptides. (A) Peripheral blood with equimolar amounts of rDer p 2, unconjugated Der p 2 pep-
mononuclear cells (PBMCs) from ten house dust mite (HDM)-aller- tides, keyhole limpet hemocyanin (KLH)-conjugated Der p 2 pep-
gic patients (x-axis) were stimulated with equimolar amounts of tides or KLH. T-cell proliferation was measured by [*H]-thymidine
rDer p 2, rDer p 2 derivatives (Der p 2 fragment 1, 2 and hybrid), or uptake and is displayed as stimulation index (y-axis).

Der p 2 peptides. (B) PBMCs from eight additional HDM-allergic
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Table 1 Expression of cytokines in PBMC cultures from ten HDM-
allergic patients after stimulation with medium, rDer p 2, Der p 2
derivatives, or Der p 2 peptides

Cytokine

IFN-gamma  GM-CSF  IL-5 IL-10  IL-13
Medium 2.59 61.68 27.68 3.59 40.22
Derp 2 195.13 865.45 34.12 33.93 34.29
Derp 2 fragment 1 59.66 348.91 89.56 7.03 83.75
Derp2fragment2 142.14 889.77 62.45 36.74 37.56
Der p 2 hybrid 164.97 953.64  38.05 2589 36.36
Peptide 1 2.59 56.12 1152 3,59 38.94
Peptide 2 2.59 49.64 1296 359 34.29
Peptide 3 2.59 78.80 18.43  3.59 39.37
Peptide 4 2.59 79.68 3538 3.59 35.82
Peptide 5 2.59 62.97 21.00 3.59 40.65

HDM, house dust mite; PBMC, peripheral blood mononuclear cell.
The results are displayed as median value in pg/mi

Detection limits for IFN-gamma: 2.59 pg/ml and for IL-10: 3.59
pg/ml

detected earlier than IgG; responses induced with the individ-
ual KLH-coupled peptides (Fig. 5A). However, after week 8,
Der p 2-specific 1gG; responses were induced by immuniza-
tion with peptides 2, 3, and 4 (Fig. 5A). The other peptides
induced low (peptide 1) or no (peptide 5) Der p 2-specific
IgG, responses at the tested serum dilution (i.e. 1 : 1000).
Next, we investigated whether antibodies induced by
immunization of rabbits with Der p 2 peptides can inhibit
mite-allergic patients’ IgE binding to Der p 2 in ELISA com-
petition experiments. The percentage of inhibition of serum
IgE binding to rDer p 2 wild type by rabbit antibodies is
shown for 20 HDM-allergic patients in Table 2. Rabbit anti-
rDer p 2 antibodies inhibited patients’ IgE binding to rDer p
2 between 56.7 and 94.4% (mean 79.5%). Interestingly, the
inhibitions obtained with rabbit anti-peptide 2 (mean 69.9%),
anti-peptide 3 (mean 77.7%), and anti-peptide 4 (mean
72.7%) antibodies were comparable with the inhibitions
obtained with rabbit antibodies raised by immunization with
the complete Der p 2 allergen. The inhibitions of patients’
IgE binding to Der p 2 with anti-peptide 1 antibodies were
lower (i.e., 0-64.7%; mean 40.7%). Rabbit anti-peptide 5
antibodies showed no relevant inhibition of patients’ IgE
binding to Der p 2 (i.e. 0-16.2%; mean 3.2%). A mixture of
the anti-peptide 2 and anti-peptide 4 antibodies inhibited IgE
binding between 56.2 and 92.9% (mean 79.3%) and thus equally
well as a mixture of the five anti-peptide antibodies (i.e. 43.4
-96.0%; mean 77.8%) or anti-rDer p 2 antibodies (Table 2).

Reduced in vivo allergenicity of Der p 2 peptides compared
with Der p 2

Der p 2 peptides were compared with rDer p 2 regarding
their in vivo allergenicity. For this purpose, mice were
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Figure 5 (A) Der p 2-specific IgG; responses of mice immunized
with rDer p 2 or Der p 2 peptides. Groups of five mice each were
immunized with rDer p 2 or Der p 2 peptides in 4-week intervals.
The optical densities (OD 405 nm) corresponding to the 1gG; anti-
body levels (y-axis) are displayed for groups of five mice as box
plot diagram where 50% of the values are within the boxes and
nonoutliers between the bars. Lines within the boxes indicate the
median values. Open circles and stars indicate outliers and extreme
values of each mouse group. (B) Der p 2-specific basophil degranu-
lation of rat basophil leukemia (RBL) cells loaded with sera from
mice immunized with rDer p 2 or Der p 2 peptides. Rat basophil
leukemia cells were loaded with serum IgE from mice obtained
before (pre-immune serum) or after immunization (immune
serum) with Der p 2 or Der p 2 peptides 1-5. Der p 2-specific
release of B-hexosaminidase is displayed as percentage of total
release on the y-axis. Results are displayed as mean values + SD
from each mouse group. Statistically significant differences are
indicated.
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immunized with the KLH-coupled peptides or Der p 2, and
the induction of Der p 2-specific reaginic IgE antibodies was
then studied by loading RBL cells with the sera followed by
allergen provocation (Fig. 5B). Very low or no relevant
release of B-hexosaminidase was obtained when RBLs loaded
with mouse anti-peptide IgE were exposed to Der p 2 (pep-
tide 1: mean 2.6%; peptide 2: mean 4.9%; peptide 3: mean
2.9%, peptide 4: mean 11.5%; peptide 5: mean 1.1%). By
contrast, immunization with Der p 2 induced high levels of
Der p 2-specific reaginic IgE yielding a mean Der p 2-specific
degranulation of 25.5% (Fig. 5B).

Anti-Der p 2 peptide antibodies inhibit allergen-induced
basophil activation

Antibodies induced by immunization with Der p 2 peptides
were tested for their ability to inhibit allergen-induced baso-
phil activation. Increasing concentrations of Der p 2 were
pre-incubated with a mixture of rabbit anti-peptide 2 and
anti-peptide 4 antibodies, anti-Der p 2 antibodies or pre-
immune serum. Basophils from eight HDM-allergic patients
were then incubated with the Der p 2-immune complexes,
and the up-regulation of CD203c expression was measured
(Fig. 6). Pre-incubation of rDer p 2 with the mixture of the
two anti-peptide antibodies strongly inhibited allergen-
induced CD203c up-regulation on basophils. The inhibitory
effect achieved with this mixture was in certain patients (e.g.
patients 32 and 35) even stronger than the inhibition with
antibodies obtained by immunization with the complete Der
p 2 allergen. Overall, a more than tenfold reduction and in

Carrier-bound Der p 2 peptides for allergy vaccination

certain cases (e.g. patient 35) an up to 1000-fold reduction of
sensitivity to Der p 2 could be achieved.

Discussion

Der p 2 is recognized by more than 90% of HDM-allergic
patients and exhibits high in vivo allergenic activity (12, 20).
Here, we developed an approach for a Der p 2-based
allergy vaccine, which should eliminate IgE-mediated side-
effects and induce reduced activation of allergen-specific T
cells and thus reduce late-phase side-effects. Such as most
other potent respiratory allergens, Der p 2 contains primar-
ily conformational IgE epitopes, and no relevant sequential
IgE epitopes have been found so far (21). We therefore syn-
thesized five overlapping Der p 2 peptides spanning the Der
p 2 sequence to study whether the disruption of the Der p
2 molecule into small fragments may abolish IgE reactivity
and allergenic activity. A length of approximately 30 amino
acids was chosen for the peptides because it has been
shown for other respiratory allergens that such peptides,
when coupled to a carrier molecule, can induce robust IgG
antibody responses against the intact wild-type allergen (14,
22, 23). When we tested the five peptides for IgE reactivity
with sera from 26 HDM-allergic patients and basophil
preparations from eight patients, we found that none of the
peptides showed any detectable IgE reactivity or allergenic
activity. This result demonstrates that the majority of Der
p 2 IgE epitopes belong to the conformational type and
provide a set of nonallergenic Der p 2 peptides for vaccine
design.

Table 2 Inhibition of allergic patients’ IgE binding to Der p 2 with rabbit anti-Der p 2 or anti-peptide antisera

Patient no. Peptide 1 Peptide 2 Peptide 3 Peptide 4 Peptide 5 Peptide 1-5 Peptide 2,4 Derp 2
2 20.89 60.85 70.76 63.16 2.69 73.43 73.07 74.98
13 42.93 71.02 79.55 75.44 0.83 81.27 83.27 78.35
15 0.00 43.56 50.52 47.28 0.00 56.19 58.13 56.70
16 48.15 74.60 83.13 78.97 5.59 81.82 83.65 83.56
18 30.33 58.36 50.94 56.49 7.76 53.60 62.71 57.03
19 54.12 80.63 82.64 80.94 1.10 80.02 83.73 83.21
26 44.71 73.62 87.29 77.19 4.97 89.15 88.15 84.34
27 51.43 79.64 92.08 83.25 16.16 94.69 92.88 93.51
28 38.46 66.79 71.20 71.25 0.00 57.89 62.07 69.06
31 46.06 68.54 74.05 71.32 10.05 75.99 75.73 76.46
32 39.20 63.55 63.94 65.30 0.00 43.35 56.15 66.20
33 43.62 71.82 89.94 74.54 0.51 96.03 92.83 94.39
34 38.09 69.94 84.08 72.45 1.29 89.09 87.53 86.83
35 43.63 74.16 87.12 78.50 2.98 88.45 89.00 89.10
36 29.09 73.75 89.97 77.59 1.38 93.29 92.53 90.66
37 40.44 56.77 62.09 62.30 0.00 68.62 66.00 66.16
38 50.63 74.41 78.36 75.50 1.07 77.58 79.15 78.26
39 49.61 77.15 82.95 77.85 4.16 80.56 82.92 82.74
40 64.73 87.41 92.13 89.25 0.00 93.08 92.70 93.34
41 37.98 72.24 81.08 75.60 2.48 81.76 83.67 84.25
Mean 40.71 69.94 77.69 72.71 3.15 77.79 79.29 79.46

Results are shown in % inhibition of IgE binding.
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Figure 6 Inhibition of Der p 2-induced basophil activation by aller-
gen-specific antibodies. Various concentrations of rDer p 2 (0.0005
—0.5 pg/ml) were pre-incubated with rabbit anti-Der p 2 antibodies,
the corresponding pre-immune serum or a mixture of rabbit anti-
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dust mite-allergic patients were then incubated with the pre-incu-
bated rDer p 2, anti-IgE, or buffer (Co) (x-axes). Up-regulation of
CD203c expression on basophils determined by FACS analysis is
displayed as stimulation index (y-axes).
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Several recombinant hypoallergenic Der p 2 derivatives
with reduced IgE reactivity have been engineered earlier for
SIT (3-7, 24). These derivatives were made to reduce IgE-
mediated side-effects but preserved the majority of allergen-
specific T-cell epitopes. However, several clinical studies have
shown that allergen-specific T-cell epitopes can induce IgE-
independent, mainly late-phase side-effects (9-11, 25). We
therefore compared the five Der p 2 peptides with Der p 2
and three hypoallergenic Der p 2 derivatives regarding their
ability to induce specific T-cell proliferation and cytokine
responses in PBMC cultures from HDMe-allergic patients.
Der p 2 and the Der p 2 derivatives induced strong lympho-
proliferative responses and the production of pro-inflamma-
tory cytokines, among them IFN-gamma that has been
shown to damage respiratory epithelial cells (26). Peptide 3,
comprising aa 42-73 and peptide 5, comprising aa 98-129,
also induced T-cell proliferation, whereas peptides 1, 2, and 4
induced low proliferation and low production of IFN-
gamma. Based on these results, peptides 1, 2, and 4 showed
not only no relevant IgE reactivity but should also induce
only low T-cell activation and thus T-cell-mediated side-
effects when used for SIT. Several immunotherapy studies
performed with purified allergen molecules and hypoaller-
genic allergen derivatives have demonstrated that it is impor-
tant to induce allergen-specific IgG antibodies that
antagonize allergen recognition by IgE antibodies (8, 27, 28).
We therefore followed the principle of the hapten carrier con-
cept described by Benaceraff et al. (29) and coupled the pep-
tides to KLH for immunization experiments. Immunization
of mice and rabbits showed that KLH-coupled peptides 2, 3,
and 4 induced robust Der p 2-specific IgG responses. These
rabbit anti-peptide 2, 3, and 4 antibodies inhibited allergic
patients’ IgE binding to the allergen Der p 2 almost similar
as those induced with the complete allergen. Furthermore,
anti-peptide antibodies inhibited allergen-induced basophil
activation and thus should suppress acute allergic inflammation.

When we superimposed the areas defined by peptides 24
onto the three-dimensional structure of Der p 2 (19), we
found that they occupied one side of the Der p 2 molecule,
whereas peptide 5 that failed to induce IgE-blocking
responses and peptide 1 that induced low IgE-blocking
responses defined an area on the other side of the Der p 2
structure. We thus assume that the majority of the Der p
2-specific IgE epitopes are located in the area defined by pep-
tides 2-4. This assumption is supported by an earlier
performed in vitro mutagenesis study demonstrating that a
Der p 2 mutant in which prolines 34, 95, and 99 have been
exchanged retained structural fold but exhibited reduced IgE
reactivity (24). Each of the three amino acids mutated in this
derivative is located in the area defined by peptides 2 and 4.

Because peptide 3 induced T-cell proliferation, we selected
peptides 2 and 4 as minimal structural elements for the Der
p 2 vaccine. Comparing a combination of anti-peptide 2 and
4 antibodies with antibodies raised against the complete Der
p 2 allergen, we found that the combination of peptide 2-
and 4-specific antibodies inhibited Der p 2-induced basophil
degranulation in allergic patients equally well as Der p 2-spe-
cific antibodies. Moreover, we used a murine model based on
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injection of aluminum-hydroxide-adsorbed vaccines and
found that immunization with peptide 2 and 4 induced only
low IgE responses to Der p 2, whereas immunization with
Der p 2 induced allergenic IgE responses in mice.

We thus have identified two Der p 2 peptides (peptide 2
and 4) as key elements for a Der p 2 allergy vaccine, which
should allow avoiding IgE- and T-cell-mediated side-effects
and should not induce allergic sensitization. The peptides
may be conjugated to KLH or can be produced as fusion
protein with other carrier molecules similar as described for a
grass pollen peptide fused to the rhinovirus coat protein VP1
(23). The safety of the vaccine can then be evaluated in a first
step by skin prick and atopy patch testing and later in safety
and dose-finding vaccination trials in representative numbers
of HDM-allergic patients. To cover the spectrum of all clini-
cally important HDM allergens, it will be necessary to
include peptides derived from other major HDM allergens
such as Der p 1 which should be no problem because the
concept of peptide vaccines seems to be broadly applicable to
other allergens (30, 31).

The advantage of the carrier-bound peptides over the ear-
lier described approach of using allergen derived T-cell epi-
tope-containing peptides (25) is that they induce robust
allergen-specific IgG antibodies and abolish or reduce T-cell-
mediated side-effects originating from allergen-specific T
cells. According to previous experience regarding the kinetics
and efficacy of blocking antibody responses induced by hypo-
allergenic vaccines (27), it is envisaged that the peptide vaccines
need to be administered approximately four times per year to
maintain the levels of allergen-specific IgG antibodies.

The allergen-specific IgG antibodies should inhibit aller-
gen-induced mast cell and basophil degranulation and thus
immediate allergic symptoms (8, 27). Furthermore, allergen-
specific I1gG should reduce allergen-induced boosts of IgE
production and thus down-regulate allergen-specific IgE
responses (8, 32). Finally, allergen-specific IgG should inhibit
IgE-facilitated allergen presentation and thus reduce T-cell
activation and the subsequent release of pro-inflammatory
cytokines (33-35). This strategy should allow reducing T-cell
activation by antibody-mediated effects. However due to the
reduction of allergen-specific T-cell epitopes, the vaccine will
not induce regulatory T-cell responses.

The peptide vaccine described by us thus should combine
all the advantages of allergy vaccines based on wild-type
allergens and recombinant hypoallergens (8, 27, 28, 32).
Moreover, the carrier-bound peptides should even have
advantages over the above-mentioned approaches, because
they should neither induce IgE- nor T-cell-mediated side-
effects. Furthermore, the Der p 2-based peptide vaccine shows
reduced allergenicity compared with the wild-type allergen and
therefore may be also used for prophylactic vaccination.
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