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Allergen-specific immunotherapy using peptides is an efficient treatment for allergic diseases. Recent studies suggest that the
induction of CD4� regulatory T (Treg) cells might be associated with the suppression of allergic responses in patients after
allergen-specific immunotherapy. Our aim was to identify MHC class II promiscuous T cell epitopes for the birch pollen allergen
Bet v 1 capable of stimulating Treg cells with the purpose of inhibiting allergic responses. Ag-reactive CD4� T cell clones were
generated from patients with birch pollen allergy and healthy volunteers by in vitro vaccination of PBMC using Bet v 1 synthetic
peptides. Several CD4� T cell clones were induced by using 2 synthetic peptides (Bet v 1141–156 and Bet v 151–68). Peptide-reactive
CD4� T cells recognized recombinant Bet v 1 protein, indicating that these peptides are produced by the MHC class II Ag
processing pathway. Peptide Bet v 1141–156 appears to be a highly MHC promiscuous epitope since T cell responses restricted by
numerous MHC class II molecules (DR4, DR9, DR11, DR15, and DR53) were observed. Two of these clones functioned as typical
Treg cells (expressed CD25, GITR, and Foxp3 and suppressed the proliferation and IL-2 secretion of other CD4� T cells). Notably,
the suppressive activity of these Treg cells required cell-cell contact and was not mediated through soluble IL-10 or TGF-�. The
identified promiscuous MHC class II epitope capable of inducing suppressive Treg responses may have important implication for
the development of peptide-based Ag-specific immunotherapy to birch pollen allergy. The Journal of Immunology, 2007, 178:
1189–1198.

B irch pollen allergy is one of the most prevalent allergic
diseases in northern Europe, North America, and north-
ern Japan. The protein Bet v 1 is the major birch pollen

allergen and is recognized by specific IgE Abs in 90% of patients
with birch pollen allergy. In many patients with allergic diseases,
therapy with antihistamines and antileukotrienes may alleviate
their symptoms but these medications are not always effective and
tend to cause unwanted secondary effects. In contrast, allergen-
specific immunotherapy using therapeutic vaccines, including nat-
ural Ags, recombinant proteins, and peptides, appears to be a more
effective way of controlling allergic diseases (1–3). The mecha-
nism of allergen-specific immunotherapy in normalizing the aller-
gic responses to allergens is not all that clear. Most believe that
specific immunotherapy involves the modulation of allergen-spe-
cific CD4� T cell responses, such as Th2 to Th1 polarization
and/or the deletion (or induction of anergy) of effector T cells (3,
4). There is concern that administration of the intact natural Ag

(protein allergen) may cause unwanted side effects in some pa-
tients because allergen-IgE immune complexes formed on mast
cells and basophils would induce the release of biological media-
tors such as histamine and leukotrienes. Therefore, the use of syn-
thetic peptides corresponding to MHC class II-restricted T cell
epitopes not containing conformational Ab epitopes for allergens
could be an effective way to avoid IgE-mediated cell activation (3).
Indeed, for cat and bee venom allergies, clinical studies with ther-
apeutic peptide vaccination have already been done and were
shown to reduce sensitivity to allergens (5–13). Moreover, it is
clear that desirable peptides for therapeutic vaccines should be
promiscuous T cell epitopes, which would be recognized by CD4�

T cells in the context of more than one MHC class II allele, al-
lowing broad population coverage (3). Thus, the identification of
therapeutically effective promiscuous MHC class II restricted T
cell epitopes for Bet v 1 would be very useful to develop effective
peptide-based Ag-specific immunotherapy for birch pollen allergy.

Recent studies suggest that the induction of CD4� regulatory T
(Treg)4 cells might also be associated with the suppression of al-
lergic responses in allergy patients treated with specific immuno-
therapy (4, 14). CD4� Treg cells can either be naturally occurring
Treg cells, which originate in the thymus, and Ag-induced Treg
cells, which are induced by certain conditions of Ag stimulation
and/or cytokine stimulation from periphery (15, 16). It has been
reported that Ag-induced Treg cells might consist of several types
such as T regulatory-1, Th1-like, Th2-like, and Th3 cells, which
produce IL-10, IFN-�, IL-4, and TGF-�, respectively (17–21).

*Department of Otolaryngology-Head and Neck Surgery, Asahikawa Medical Col-
lege, Asahikawa, Japan; †Department of Pathology, Asahikawa Medical College,
Asahikawa, Japan; and ‡H. Lee Moffitt Cancer Center and Research Institute, Uni-
versity of South Florida, Tampa, FL 33612

Received for publication June 7, 2006. Accepted for publication October 30, 2006.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 This study was supported by a grant from the Akiyama Foundation (to H.K.) and by
National Institutes of Health Grants R01CA80782 and R01CA103921 (to E.C.).
2 T.N. and H.K. contributed equally to this work.
3 Address correspondence and reprint requests to Dr. Toshihiro Nagato, Department
of Otolaryngology-Head and Neck Surgery, Asahikawa Medical College, Mi-
dorigaoka-Higashi 2-1-1-1, Asahikawa 078-8510, Japan; E-mail address: rijun@
asahikawa-med.ac.jp or Dr. Masatoshi Tateno, Department of Pathology, Asahikawa
Medical College, Midorigaoka-Higashi 2-1-1-1, Asahikawa 078-8510, Japan; E-mail
address: tateno-m@asahikawa-med.ac.jp

4 Abbreviations used in this paper: Treg, regulatory T; GITR, glucocorticoid-induced
TNFR; Foxp3, Forkhead Box P3; RAST, radioallergosorbent test; L cell, mouse fi-
broblasts cell line; r-Bet v 1, recombinant Bet v 1; DC, dendritic cell; �2-M, �2-
microglobulin; PADRE, pan DR epitope.

Copyright © 2007 by The American Association of Immunologists, Inc. 0022-1767/07/$2.00

The Journal of Immunology

www.jimmunol.org



These Treg cells express several characteristic markers such as
CD25, glucocorticoid-induced TNF receptor (GITR), and the
Forkhead Box P3 (Foxp3) transcription factor (22–28). Although
Foxp3 may be a relatively specific intracellular marker compared
with other cell surface molecules, a definitive maker for Treg cells
has not been found yet. The most important factor to decide the
character of Treg cells is their ability to inhibit the function of
effector T cells. It has been somewhat controversial whether Treg
inhibition of effector T cells requires cell-cell contact or is medi-
ated via soluble mediators, such as IL-10 and TGF-� (29). In ad-
dition, little is known about Ag-specificity of Treg cells, especially
in allergic diseases. Thus, we believe that the examination for the
phenotypes, cytokine profiles, and suppressive activities of Ag-
specific CD4� T cells generated by in vitro peptide stimulation
would be important to clarify the association between induction of
allergen-specific Treg cells and allergen-specific immunotherapy.

In the present study, we report that two synthetic peptides of Bet
v 1 stimulated CD4� T cell responses in patients with birch pollen
nasal allergy and in healthy volunteers. One of these peptides (Bet
v 1141–156) behaved as a highly MHC class II promiscuous epitope
since it was able to elicit T cell responses restricted by multiple
MHC class II alleles (HLA-DR4, DR9, DR11, DR15, and DR53).
Most importantly, Bet v 1 peptide-reactive Treg cells as well as
helper T cells were generated in the same peptide-reactive CD4�

T cell cultures and these Treg cells were capable of suppressing the
proliferation of effector helper T cells. This inhibitory activity re-
quired cell-cell contact and did not appear to be mediated by IL-10
or TGF-�. These results might open the door for the development
of peptide-based Ag-specific immunotherapy for birch pollen al-
lergy and give us important clues to clarify the mechanisms of this
therapy.

Materials and Methods
Subjects

Three patients with birch pollen nasal allergy (P1, P2, and P3) and two
healthy volunteers (H1 and H2) were studied. Type I allergy to birch pollen
was confirmed by clinical symptoms, eosinophilic cells in the nasal dis-
charge, positive skin test, and positive radioallergosorbent tests (RAST).
RAST against birch was conducted by SRL, and the titer obtained by
RAST is listed in Table I. We considered positive RAST if the amount of
IgE Ab was �0.70 UA/ml. HLA typing was conducted using a standard
method at the Japanese Red Cross Blood Center.

Cell lines

Mouse fibroblasts cell lines (L cells) transfected and expressing individual
human MHC class II molecules were provided by Dr. R. W. Karr (Idera
Pharmaceuticals, Cambridge, MA) and Dr. T. Sasazuki (Tokyo, Japan).
The mouse cytotoxic T lymphocyte line CTLL-2, which proliferates in a
dose-dependent manner with mouse IL-2 and IL-4 but proliferates only to
human IL-2 or IL-15, was cultured in RPMI 1640 medium supplemented
with 10% FBS and 10 IU/ml recombinant human IL-2.

Peptides and recombinant protein

Potential HLA-DR-restricted CD4� T cell epitopes were selected from the
amino acid sequence of the Bet v 1 protein using SYFPEITHI: database for
MHC ligands and peptide motifs (30). The predicted peptide epitopes were
synthesized by solid phase organic chemistry and purified by HPLC. The
purity (�80%) and identity of peptides were assessed by HPLC and mass
spectrometry, respectively. Recombinant Bet v 1 (r-Bet v 1) protein was
purchased from BIOMAY.

Measurement of serum IgE reactive to Bet v 1 peptides and
protein

ELISA was used to quantify serum levels of IgE reactive to the Bet v 1
peptides and protein as described previously (31). Briefly, immobilization
of the peptides and r-Bet v 1 protein to 96-well ELISA plates (Nalge Nunc
International) using disuccinimidyl suberate (Pierce) was performed ac-
cording to the manufacturer’s instructions. The plate of immobilized pep-

tides and r-Bet v 1 protein (2 �g/well) was blocked with Block Ace (Yukiji-
rushi), and washed with PBS-Tween (PBS containing 0.05% Tween 20).
Then, 100 �l/well of serum samples diluted with Block Ace was added to the
plate. The plate was washed with PBS-Tween after incubating for 2 h at 37°C
and additional incubated for 2 h at 37°C with 100 �l of 1/1000-diluted rabbit
anti-human IgE-conjugated HRP (DakoCytomation). After another washing,
the substrate solution (BD Pharmingen) was added, and the reaction was ter-
minated by added the stop solution (2 N H2SO4). The OD of each well was
determined by using a microplate reader set to 450 nm.

In vitro induction of Ag-reactive CD4� T cell clones with
synthetic peptides

The procedure selected for the generation of Bet v 1-reactive CD4� T cell
clones using peptide-stimulated PBMC has been described in detail (32–
36). Briefly, dendritic cells (DC) were produced in tissue culture from
purified CD14� monocytes (using Ab-coated magnetic microbeads from
Miltenyi Biotec) that were cultured for 7 days at 37°C in a humidified CO2

(5%) incubator in the presence of 50 ng/ml GM-CSF and 1000 IU/ml IL-4.
Peptide-pulsed DC (1 �g/ml for 2 h at room temperature) were irradiated
(4200 rad) and cocultured with autologous purified CD4� T cells (using
Ab-coated magnetic microbeads from Miltenyi Biotec) in 96-well culture
plates. One week later, the CD4� T cells were restimulated with peptide-
pulsed irradiated autologous PBMC (3 �g/ml) and 2 days later, recombi-
nant human IL-2 was added at a final concentration of 10 IU/ml. One week
later, the T cells were tested for Ag reactivity using a cytokine-release
assay as described below. Those cultures exhibiting a significant response
of cytokine-release to peptides (at least 2.5-fold over background) were
expanded in 24- or 48-well plates by weekly restimulation with peptides
and irradiated autologous PBMC. T cell lines were cloned by limiting
dilution and used for further characterization. Complete culture medium for
all procedures consisted of AIM-V medium (Invitrogen Life Technologies)
supplemented with 3% human male AB serum. All blood samples were
obtained after the appropriate informed consent.

Measurement of Ag-reactive responses with CD4� T cell clones

CD4� T cells (3 � 104/well) were mixed with irradiated APC in the pres-
ence of various concentrations of Ags (peptides and r-Bet v 1 protein) in
96-well culture plates. APC consisted of either autologous PBMC (1 �
105/well) or HLA-DR-expressing L-cells (3 � 104/well). Culture superna-
tants were collected after 48 h for measuring Ag-induced lymphokine
(IFN-�, IL-4, or IL-10) production by the CD4� T cell clones using com-
mercially available ELISA kits (BD Pharmingen). To show Ag specificity
and MHC restriction, blocking of the Ag-induced response was assessed by
adding anti-HLA-DR mAb L243 (IgG2a, prepared from supernatants of the
hybridoma HB-55 obtained from the American Type Culture Collection),
anti-HLA-DQ mAb SPVL3 (IgG2a, Beckman Coulter), anti-HLA class II
(DR, DQ, and DP) mAb TU39 (IgG2a; BD Pharmingen), or anti-HLA-A,
HLA-B, and HLA-C mAb W6/32 (IgG2a; American Type Culture Collec-
tion) at 10 �g/ml throughout the 48-h incubation period. All assessments
of ELISA were conducted at least in triplicate and results correspond to the
mean values with the SD of the mean.

RT-PCR analysis

Total RNA was extracted from CD4� T cell clones using the SV Total
RNA Isolation system (Promega, Madison, WI). The RNA was reverse-
transcribed for 60 min at 37°C using Moloney murine leukemia virus re-
verse transcriptase (GeneHunter) with oligo(dT) primers (Applied Biosys-
tems), according to the manufacturer’s protocols. The following primers
were used for Foxp3 (sense, 5�-CCCCTTGCCCCACTTACA-3�; antisense,
5�-CTTCTCCTTCTCCAGCACCA-3�) and �2-microglobulin (�2-M; sense,
5�-TGTCTTTCAGCAAGGACTGG-3�;antisense,5�-CCAGATTAACCACA
ACCATG-3�) (Sigma Genosis Japan). Hot start PCR was performed in a
10-�l reaction mixture containing 4.95 �l of H2O, 1 �l of 10� PCR buffer
(containing 15 mM MgCl2), 1 �l of 2 mM dNTP mixture, 1 �l of 5 �M sense
primer, 1 �l of 5 �M antisense primer, 0.05 �l of 5 U/ml AmpliTaq Gold
DNA polymerase (Applied Biosystems), and 1 �l of 100 ng/�l cDNA. The
reaction was conducted as follows: initial denaturation at 94°C for 10 min;
followed by 30 (�2-M) or 37 cycles (Foxp3) of 1 min at 94°C, 1 min at 57°C
(�2-M) or 58°C (Foxp3), and 1 min at 72°C; and a final elongation step of 5
min at 72°C. The PCR products were separated by electrophoresis on 1%
agarose gels and visualized by ethidium bromide staining.

Flow cytometric analysis

T cell clones were maintained in the culture medium containing a low
recombinant human IL-2 (50 IU/ml) for at least 10 days before flow cy-
tometric analysis. Then, they were washed in cold PBS, centrifuged, and
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resuspended in an appropriate volume of FACS staining buffer (PBS con-
taining 0.1% NaN3 and 2% FBS). Cells were incubated with Abs for 60
min in the dark at 4°C, and excess Abs were removed by washing the cells
twice in cold staining buffer. The following Abs were used: PE-conjugated
anti-CD4, PE-conjugated anti-CD25 (both from BD Pharmingen), and PE-
conjugated anti-GITR (R&D Systems). For Foxp3 intracellular staining,
the Cytofix/Cytoperm kit (BD Pharmingen) was used according to the
manufacturer’s protocols, and PE-conjugated anti-Foxp3 Ab was pur-
chased from eBioscience. FACS and data analysis were conducted using
the BD Biosciences FACScan and accompanying CellQuest software, ac-
cording to the manufacturer’s protocols.

Proliferation assays

Helper T cell clones (1 � 105) were cultured for 66 h in 96-well round-
bottom plates containing 5 � 104 CD3-depleted APC, 0.5 �g/ml anti-CD3
mAb, and different numbers of Treg or helper T cell clones, and during the
final 18 h, each well was pulsed with 0.5 �Ci/well [3H]thymidine (Amer-
sham Biosciences). The radioactivity incorporated into DNA, which cor-
relates with cell proliferation, was measured in a liquid scintillation counter
after harvesting the cell cultures onto glass fiber filters. For some experi-
ment, Abs against IL-10, TGF-�1, 2, 3, or isotype controls (all from R&D
Systems) were added in the assay at a final concentration of 10 �g/ml. All
experiments were conducted in triplicate, and results corresponded to the
mean cpm with the SD.

Transwell experiments were conducted in 24-well plates with pore size
0.4-�m cell culture inserts (BD Biosciences). Helper T cell clones (5 �
105) were cultured in the outer wells of 24-well plates in medium contain-
ing 0.5 �g/ml anti-CD3 mAb and 1 � 106 CD3-depleted APC. Equal
numbers of Treg cell clones were added into the inner wells in the same
medium containing 0.5 �g/ml anti-CD3 mAb and 1 � 106 CD3-depleted
APC. After 48 h culture, the cells in the outer wells were harvested and
transferred to 96-well round-bottom plates. [3H]Thymidine (0.5 �Ci/well)
was added, and the cells were cultured for an additional 18 h before
being harvested for measuring the radioactivity with a liquid scintillation
counter.

CTLL-2 cell proliferation assays

Helper T cell clones (1 � 105) and Treg cell clones (1 � 105) were cultured
in 96-well round-bottom plates containing 1 � 105 irradiated autologous
PBMC with 3 �g/ml peptides, 10 �g/ml r-Bet v 1 protein, and/or 0.5 �g/ml
anti-CD3 mAb. Supernatants were harvested 12 h later, and IL-2 contents
were measured by the proliferation of CTLL-2 cells. Supernatants (50 �l)
was added to CTLL-2 cells (1 � 104) in 96-well round-bottom plates. After
24 h culture, [3H]thymidine (0.5 �Ci/well) was added, and the cells were
cultured for an additional 18 h before being harvested for measuring the
radioactivity with a liquid scintillation counter.

Results
Prediction of Th or Treg peptide epitopes for Bet v 1

For the present studies, we selected two peptides from the Bet v 1
sequence (Bet v 1141–156, GETLLRAVESYLLAHS and Bet v 151–68,
PGTIKKISFPEGFPFKYV), based on an analysis using a com-
puter-based algorithm that predicts the capacity of peptide se-

quences to bind to MHC molecules (30). However, before deter-
mining whether these peptides would be able to induce CD4� T
cell responses, we examined the reactivity of the peptides against
antisera obtained from patients with birch pollen nasal allergy. The
rationale for this assessment was that we wished to avoid using
peptides reacting with anti-Bet v 1 IgE Abs as therapeutics against
allergies due to the possibility of generating immune complexes
that could potentially produce toxic effects. Sera from patients with
allergy to Bet v 1 contained IgE Abs that reacted with r-Bet v 1
protein but not with peptides Bet v 1141–156 and Bet v 151–68 (data
not shown). These results indicate that peptides Bet v 1141–156 and
Bet v 151–68 do not appear to contain epitopes recognized by Bet
v 1-specific IgE Abs and that potentially they could induce helper
T cell or Treg responses.

Generation of peptide Bet v 1141–156-reactive CD4� T cell
clones

Purified CD4� T cells derived from three patients with birch
pollen nasal allergy (P1, P2, and P3) and 2 healthy volunteers
(H1 and H2) were stimulated in primary cell cultures using
peptide Bet v 1141–156-pulsed autologous DC as APC (as de-
scribed in Materials and Methods), and restimulated for three
weekly cycles with the peptide and freshly prepared irradiated
autologous PBMC as APC. Seven days after the last stimula-
tion, the T cell cultures were tested for their ability to produce
cytokines (IFN-�, IL-4, or IL-10) upon stimulation with the
peptide and APC. Those cultures that exhibited at least a 2.5-
fold increase production of any one of the cytokines to Ag
compared with in the absence of the peptide (data not shown)
were expanded and cloned by limiting dilution for further stud-
ies. For peptide Bet v 1141–156, we obtained 3 CD4� T cell
clones from patient 1 (P1-7F, 11B, and 11D), two T cell clones
from patient 2 (P2-D5 and H11), two T cell clones from patient
3 (P3-4 and 2A), one T cell clone from healthy volunteer 1
(H1-3), and one T cell clone from healthy volunteer 2 (H2-6H).
Table I contains information pertaining some of the character-
istics of these T cell clones and the individuals (patients and
healthy volunteers), where these clones were derived from.

The T cell clones were first examined for their cytokine (IFN-�,
IL-4, and IL-10) production profiles. As shown in Table I, most of
CD4� T cell clones from patients and healthy volunteers produced
IFN-� as the result of antigenic stimulation. Six of the nine T cell
clones produced IL-4. Two of the nine T cell clones (P1-7F and
H2-6H) predominantly produced IL-10 compared with other T cell
clones. Most of the clones, with the exception of three (P1-11B,

Table I. MHC class II-restricted T cell responses to Bet v 1 peptides

Patients (P) and
Healthy (H)
Volunteers

Amount of IgE
Ab (UA/ml)

MHC Class
II

Bet v 1-Reactive
T Cell Clone Bet v 1 Epitope

Restriction
Molecule Cytokine Profile Phenotype

P1 4.7 DR4/15 P1–7F Bet v 1141–156 DR15 IL-4, IL-10 CD4�CD25highFoxp3�

P1-11B Bet v 1141–156 DR4 IFN-� CD4�CD25lowFoxp3�

P1-11D Bet v 1141–156 DR4/53 IFN-�, IL-4 CD4�CD25lowFoxp3�

P1-G1 Bet v 151–68 DR53 IFN-�, IL-10 CD4�CD25highFoxp3�

P1-A7 Bet v 151–68 DP IL-4 CD4�CD25lowFoxp3�

P2 6.8 DR4/11 P2-D5 Bet v 1141–156 DR11 IFN-�, IL-4 CD4�CD25lowFoxp3�

P2-H11 Bet v 1141–156 DR11 IFN-�, IL-4 CD4�CD25lowFoxp3�

P3 13.3 DR9/14 P3-4 Bet v 1141–156 DR9 IL-4 NEa

P3-2A Bet v 1141–156 DR9 IFN-�, IL-4 CD4�CD25lowFoxp3�

H1 �0.34 DR4/9 H1-3 Bet v 1141–156 DR53 IFN-� NE
H2 �0.34 DR9/14 H2-6H Bet v 1141–156 DR9 IFN-�, IL-10 NE

a NE, Not examined.
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P3-4, and H1-3), produced more than one of the lymphokines
(Table I).

Next, we examined the response to Ag of CD4� T cell clones
by peptide titration curves using autologous PBMC as APC.
The results in Fig. 1 show representative titration curves for a
representative cytokine (IFN-�, IL-4, or IL-10) produced by the

clones. The results revealed that Ag-mediated responses of the
T cell clones occurred in a dose-dependent manner. Further-
more, the peptide concentration required to obtain half of the
maximal response was in most of cases below 1 �g/ml, indi-
cating that these clones had relatively high avidity for peptide
Bet v 1141–156.

FIGURE 1. Peptide dose-response curves were done to estimate the avidity of CD4� T cell clones for peptide Bet v 1141–156 using autologous PBMC
as APC. These T cell clones were cocultured with autologous PBMC pulsed with peptide Bet v 1141–156 for 48 h. Supernatants were harvested to measure
the secretion of IFN-�, IL-4, and IL-10 using ELISA kits. No significant response was observed in the absence of peptide (data not shown). Values shown
are triplicate determinations; error bars, SD.

FIGURE 2. Specificity and MHC class II restriction analysis of peptide Bet v 1141–156-reactive CD4� T cell clones. T cell clones were isolated from
an HLA-DR4/15 birch pollen allergic patient (P1-7F, 11B, and 11D), from an HLA-DR4/11 patient (P2-D5 and H11), from an HLA-DR9/14 patient (P3-4
and 2A), from an HLA-DR4/9 healthy volunteer (H1-3), and from an HLA-DR9/14 healthy volunteer (H2-6H) as described in Materials and Methods.
Responses of T cell clones cocultured with autologous PBMC pulsed with peptide Bet v 1141–156 or r-Bet v 1 protein were inhibited by anti-HLA-DR mAb
L243 but not by anti-HLA class I mAb W6/32 (both at used 10 �g/ml; top portion of each panel). When mouse fibroblasts cell lines (L cells) transfected
with HLA-DR genes were used as APC (bottom portion of each panel), P1-7F, P1-11B, P1-11D, P2-D5, P2-H11, P3-4, P3-2A, H1-3, and H2-6H cells
recognized the peptide in the context of HLA-DR15, DR4, DR4/53, DR11, DR11, DR9, DR9, DR53, and DR9, respectively. Values shown are triplicate
determinations; error bars, SD.
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Specificity and MHC class II restriction pattern of peptide Bet v
1141–156-reactive CD4� T cell clones

The nine Bet v 1141–156-reactive T cell clones were analyzed in
more detail for their Ag specificity and MHC class II restriction
pattern. First we assessed whether the epitope represented by pep-
tide Bet v 1141–156 could be produced by APC from protein Ag
through the natural MHC class II Ag processing pathway. Thus,
we tested the reactivity of the T cell clones against autologous
APC that were fed r-Bet v 1 protein as a source of Ag. In all cases,
the peptide-induced T cell clones were capable of recognizing the
protein Ag presented by the APC (Fig. 2), indicating that epitope
Bet v 1141–156 is generated through Ag processing mechanisms.
Moreover, the peptide and protein-induced response of all T cell
clones was blocked by anti-HLA-DR mAb (L243) but not by anti-
HLA class I mAb (W6/32), indicating that these T cells recognized
Ag in the context of MHC class II molecules (Fig. 2).

Because the L243 mAb does not react with either HLA-DQ or
HLA-DP, we assumed that HLA-DR molecules functioned as the
MHC class II-restricting elements. To confirm this and to more
specifically determine which DR alleles were responsible for pep-
tide presentation, several L-cell fibroblast lines transfected with
and expressing individual HLA-DR alleles were used as APC. The
results in Fig. 2 show that five different HLA-DR alleles (HLA-
DR4, -DR9, -DR11, -DR15, and -DR53) could present peptide Bet
v 1141–156 to the T cell clones (see Table I for summary of results).
However, each clone, with the exception of P1-11D cells, prefer-

entially recognized the peptide in the context of one DR allele.
These results indicate that the T cell epitope represented by peptide
Bet v 1141–156 is highly promiscuous with respect to its MHC class
II restriction pattern.

Generation, Ag specificity, MHC class II restriction, and
cytokine profile of Bet v 151–68-reactive T cell clones

Following the same approach as described above, we were only
able to generate 2 peptide Bet v 151–68-reactive CD4� T cell
clones (P1-G1 and P1-A7) from patient 1 (Fig. 3). While clone
P1-G1 produced IFN-� and IL-10 upon antigenic stimulation (Fig.
3A), clone P1-A7 secreted mostly IL-4 and little IFN-� and IL-10
(Fig. 3B and Table I) as a result of activation with Ag and APC.
Peptide titration curves revealed that Ag-mediated responses of
these T cell clones occurred in a dose-dependent manner and that
these T cell clones have relatively high avidities for the epitope Bet
v 151–68. The two peptide Bet v 151–68-reactive T cell clones re-
sponded to autologous PBMC pulsed with r-Bet v 1 protein, indi-
cating that peptide Bet v 151–68 is also a naturally processed
epitope. With respect to MHC class II restriction, as shown in Fig.
3A, only the L cells expressing HLA-DR53 were capable of pre-
senting peptide Bet v 151–68 to P1-G1 cells. Furthermore, both
peptide and protein-induced responses of this clone were inhibited
by anti-HLA-DR mAb. On the other hand, clone P1-A7 was only
inhibited by a broadly reactive anti-HLA class II (DR, DQ, and
DP) mAb but not by more specific anti-HLA-DR or -DQ mAb

FIGURE 3. Ag specificity, MHC class II restriction, and cytokine profile of peptide Bet v 151–68-reactive CD4� T cell clones. Two T cell clones (P1-G1
and P1-A7) were selected from an HLA-DR4/15 birch pollen allergic patient (patient 1) as described in Materials and Methods. A, upper left panel, Peptide
dose-response curve was done to estimate the avidity of P1-G1 cells for peptide Bet v 151–68 using autologous PBMC as APC. Upper right panel, Response
of P1-G1 cells cocultured with autologous PBMC pulsed with peptide Bet v 151–68 or r-Bet v 1 protein was inhibited by anti-HLA-DR mAb L243 but not
by anti-HLA class I mAb W6/32 (both at used 10 �g/ml). Bottom right panel, When mouse fibroblasts cell lines (L cells) transfected with HLA-DR genes
were used as APC, P1-G1 cells recognized the peptide in the context of HLA-DR53 allele. Bottom left panel, Cytokine profile of P1-G1 cells cocultured
with autologous PBMC pulsed with peptide Bet v 151–68 for 48 h analyzed by ELISA. B, upper panel, Peptide dose-response curve was done to estimate
the avidity of P1-A7 cells for peptide Bet v 151–68 using autologous PBMC as APC. Bottom panel, Response of P1-A7 cells cocultured with autologous
PBMC pulsed with peptide Bet v 151–68 or r-Bet v 1 protein was inhibited by anti-HLA class II (DR, DQ and DP) mAb TU39 but not by anti-HLA-DR
mAb L243, anti-HLA-DQ mAb SPVL3, or anti-HLA class I mAb W6/32 (all at used 10 �g/ml).
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(Fig. 3B), suggesting that P1-A7 cells recognize Ag in the context of
an HLA-DP molecule. However, at present we do not know the spe-
cific HLA-DP allele that restricts the response to Ag by clone P1-A7.

Phenotypic analysis of Bet v 1 peptide-reactive T cell clones

We observed that clones P1-7F, P1-G1, and H2-6H appeared to
produce higher levels of IL-10 as compared with the other T cell
clones (Table I), suggesting that these clones might represent Treg
cells (14, 27). To test this hypothesis, we assessed the expression
of Foxp3 (a transcription factor preferentially expressed by Treg
cells) on these clones by RT-PCR and flow cytometric analysis.
However, because H2-6H cells ceased to grow in tissue culture, we
were not able to assess whether this cell clone expressed Foxp3. As
shown in Fig. 4A, expression of Foxp3 mRNA was detected in
P1-7F and P1-G1 cells, but not in several of the other T cell clones.
Furthermore, in flow cytometric analysis, P1-7F and P1-G1 cells
expressed a significantly higher level of intracellular Foxp3 com-
pared with P1-11D cells.

Next, we examined the cell surface phenotypes of 4 T cell
clones (which were selected as being representative) by flow cy-
tometric analysis (Fig. 4B). As expected, all T cell clones were
positive for CD4, but the expression of CD25 and GITR was signif-
icantly higher in the Foxp3 positive clones (P1-7F and P1-G1) as
compared with the 2 Foxp3 negative clones (P1-11D and P1-A7).

Suppressive activity of Bet v 1 peptide-reactive T cell clones

The results presented above raised the possibility that T cell
clones, P1-7F and P1-G1, might function as Treg cells, capable of
inhibiting the effector function of other T lymphocytes. Thus, we
examined the capacity of these T cell clones to suppress the pro-
liferative responses of other Bet v 1 peptide-reactive CD4� T cell
clones. For these experiments, we cocultured Foxp3-negative “re-

sponder” T cells (P1-11D or P1-A7) with the putative Foxp3-pos-
itive Treg clones (P1-7F or P1-G1) in medium containing autolo-
gous T cell-depleted APC and anti-CD3 mAb (to stimulate T cell
proliferation). As shown in Fig. 5, P1-7F and P1-G1 (both Foxp3
positive) cells suppressed the proliferation of P1-11D cells in a
dose-dependent manner. In contrast, P1-11B cells (a Foxp3-neg-
ative clone, data not shown) enhanced the proliferation of the re-
sponder P1-11D cells. Similarly, when we cocultured P1-A7 “re-
sponder” cells (Foxp3 negative) with P1-G1 “Treg” cells (Foxp3
positive), the proliferation of responder cells was inhibited in a
dose-dependent manner (data not shown). It should be noted that
Treg clones P1-7F and P1-G1 cells were anergic for the stimula-
tion of anti-CD3 mAb (i.e., they failed to proliferate by them-
selves: 0:1 condition in Fig. 5). These results indicate that P1-7F
and P1-G1 cells can be functionally and phenotypically considered
as Treg cells.

Bet v 1-reactive Treg clones require cell-cell contact to exert
their suppressive activity

We next examined how the Treg cell clones suppress the prolif-
eration of helper T cell clones. The mechanism of suppression by
Treg cells remains somewhat controversial with respect to whether
it is mediated via cell-cell contact or soluble mediators, such as
IL-10 and TGF-� (29). Thus, we first examined whether anti-IL-10
or anti-TGF-� Abs would be able to block the suppressive activity
of the Treg cells. As shown in Fig. 6A, neither anti-IL-10 nor
anti-TGF-� could block the suppressive effects of the P1-7F Treg
cell clone on the proliferative response of the P1-11D helper T cell
clone. Similarly, both Abs did not block the suppressive activity of
the P1-G1 Treg cell clone on the proliferative response of P1-A7
helper T cell clone.

FIGURE 4. Phenotypic analysis of Bet v 1 peptide-
reactive CD4� T cell clones. A, Expression of Foxp3 by
RT-PCR and intracellular staining. Total RNA extracted
from T cell clones was reverse transcribed and analyzed
by PCR for the expression of Foxp3. P1-7F and P1-G1
cells were positive for Foxp3 mRNA, but other T cell
clones were negative. As an internal control, �2-M
cDNA was coamplified in each sample. For intracellular
staining, cells were stained with PE-conjugated mAbs to
Foxp3 (thick lines). Filled histograms, cells stained with
isotype control Abs. P1-7F and P1-G1 cells expressed a
significantly higher level of intracellular Foxp3 com-
pared with P1-11D cells. B, Expression of cell surface
molecules by flow cytometric analysis. Cells were
stained with PE-conjugated mAbs to CD4, CD25, and
GITR molecules (thick lines). Filled histograms, cells
stained with isotype control Abs. Expression levels for
CD25 and GITR was higher on the Foxp3 positive T
cell clones as compared with the negative ones.
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To examine whether the Treg cell clones required cell-cell con-
tact to exert their suppressive activity, we performed Transwell
experiments. Helper T cell clones were cultured in the outer wells

in medium containing anti-CD3 mAb and T cell-depleted APC.
Treg cell clones were added into the inner wells in the same me-
dium containing anti-CD3 mAb and T cell-depleted APC. As a
positive or negative control, we included a condition where both
Treg and helper T cells were together in the outer well or only
medium containing anti-CD3 mAb and T cell-depleted APC were
added into the inner wells. As shown in Fig. 6B, neither P1-7F nor
P1-G1 were able to suppress the proliferation of helper T cell
clones when cocultured separately in a Transwell system. How-
ever, suppression occurred when both responder and Treg cells
were situated together in the outer wells of the Transwell system.
These results indicate that Bet v 1 peptide-reactive Treg cell clones
generated in this study require cell-cell contact to exert their sup-
pressive activity.

Bet v 1 Treg cells inhibit IL-2 secretion by helper T cells and
require ligand-specific activation for their suppressive activities

Although Ag-induced Treg cells require Ag exposure to acquire
their suppressive activities, it has been reported that in some cases
their inhibitory effects can be mediated in an Ag independent manner
(29). Therefore, we examined whether our Bet v 1 peptide-reactive
Treg cell clones required the presence of their own Ag to sup-
press the function of other Ag-reactive helper T cell clones. To
perform these experiments, we generated a helper T cell clone
reactive with the Pan DR Epitope (PADRE) peptide (37) (P1-
PADRE-C11) from patient 1. First, we cocultured the P1-PADRE-
C11 helper T cells with either the P1-7F or P1-G1 Treg cells in
medium containing autologous T cell-depleted APC and anti-CD3
mAb. As shown in Fig. 7A, P1-7F and P1-G1 cells suppressed the
proliferation of the P1-PADRE-C11 T cells in a dose-dependent
manner, indicating that Bet v 1 peptide-reactive Treg cell clones
could also suppress the proliferation of other Ag-reactive helper T
cell clones.

We next tested whether Bet v 1-reactive Treg cell clones re-
quired ligand-specific activation to exhibit their suppressive activ-
ity against PADRE-reactive T cells. P1-7F and P1-PADRE-C11
cells were cultured with irradiated autologous PBMC pulsed with
various peptide combinations. In these experiments, anti-CD3
mAb was used as a positive control to activate the P1-7F cells,
while peptide Bet v 169–83 was used as an irrelevant antigenic
peptide (negative control). Suppressive activity of P1-7F cells in
these experiments was assessed by the inhibition of Ag mediated
IL-2 production by the P1-PADRE-C11 Th cells since it is known
that Treg cells typically suppress the proliferation of helper T cells
by inhibiting IL-2 secretion (27, 28, 38, 39). P1-7F cells inhibited

FIGURE 5. Functional analysis of Bet v 1 peptide-reactive Treg cell clones. Helper T cell clones (1 � 105) were cultured with CD3-depleted APC (5 �
104), anti-CD3 mAb (0.5 �g/ml), and different numbers of Treg or helper T cell clones for 66 h. The proliferation of helper T cell clones was measured
by the direct incorporation of [3H]thymidine added during the final 18 h. Bet v 1 peptide-reactive Treg cell clone, P1-7F and P1-G1, suppressed the
proliferation of P1-11D cells in a dose-dependent manner. By contrast, P1-11B cells enhanced the proliferation of P1-11D cells. P1-7F and P1-G1 cells
were anergic for the stimulation of anti-CD3 mAb. Values shown are triplicate determinations; error bars, SD.

FIGURE 6. Bet v 1 peptide-reactive Treg cell clones require cell-cell con-
tact to exert their suppressive activity. A, Helper T cell clones (1 � 105) were
cultured with CD3-depleted APC (5 � 104), anti-CD3 mAb (0.5 �g/ml), and
Treg cell clones (1 � 105) in the presence of anti-IL-10 (�IL-10) or anti-
TGF-� (�TGF-�) mAb (both at 10 �g/ml). Neither anti-IL-10 nor anti-TGF-�
mAb could block the suppressive effects of Treg cell clones (P1-7F and P1-
G1) on helper T cell clones (P1-11D and P1-A7). Mouse IgG2B and IgG1
served as isotype controls for anti-IL-10 and anti-TGF-� mAb, respectively.
Values shown are triplicate determinations; error bars, SD. B, Transwell ex-
periments were conducted in 24-well plates with pore size 0.4-�m cell culture
inserts. Helper T cell clones (5 � 105) and Treg cell clones (5 � 105) were
cultured in the outer wells and in the inner wells, respectively, with me-
dium containing anti-CD3 mAb (0.5 �g/ml) and CD3-depleted APC
(1 � 106). Treg cell clones (P1-7F and P1-G1) could not suppress the
proliferation of helper T cell clones (P1-11D and P1-A7) when cocul-
tured separately in a Transwell system. Assessments were conducted in
three independent experiments. Columns, mean; error bars, SD.
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IL-2 secretion from P1-PADRE-C11 cells in the presence of pep-
tide Bet v 1141–156, or r-Bet v 1 protein as well as with anti-CD3
mAb (Fig. 7B, left panel). However, P1-7F cells could not inhibit
IL-2 secretion from P1-PADRE-C11 cells in the presence of pep-
tide PADRE alone or with the irrelevant peptide Bet v 169–83.
Similar results were obtained with the P1-G1 Treg clone (Fig. 7B,
right panel). These results demonstrate that Bet v 1 peptide-reac-
tive Treg cell clones, P1-7F and P1-G1, require ligand-specific
activation to exert their suppressive activity.

Discussion
Allergen-specific immunotherapy using therapeutic vaccines is an
efficient treatment for allergic diseases including birch pollen al-
lergy because it can affect the course of the disease and alleviate
the symptoms. However, using the natural Ags in this therapy can
cause severe reactions, including anaphylaxis. Therefore, peptide-
based vaccines, such as defined T cell epitopes (but not B cell
epitopes binding to Ag-specific IgE on mast cells or basophils),
would be safe and useful in this type of therapy. In a previous
study, we described some T cell epitopes of Bet v 1 and found that
peptide Bet v 117–24 was recognized by Bet v 1-reactive T cells in
the context of the HLA-DQ1 molecule (40). It is thought that de-
sirable peptides for therapeutic vaccines should include promiscu-
ous T cell epitopes, which can be recognized by CD4� T cells in
the context of more than one MHC class II allele, to offer a broad
population coverage (3).

In this study, we first selected potential HLA-DR-restricted
CD4� T cell epitopes from the amino acid sequence of the Bet v
1 protein using a computer-based peptide/MHC binding algorithm
(30) to identify potential promiscuous epitopes for this Ag. Two of
the highest-ranking potentially promiscuous sequences that were
identified by this analysis were Bet v 1141–156 and Bet v 151–68

(data not shown). Bet v 1-specific IgE Abs in patients were not
able to react to these two peptides, suggesting that two peptides do
not contain epitopes recognized by Bet v 1-specific IgE Abs (data
not shown). Interestingly, Bet v 1141–156 is quite similar to the
sequence that was reported previously by Ebner and his colleagues
(41–43) that contains immunodominant T cell epitopes. These au-
thors reported that the segment of Bet v 1 encompassing resi-
dues 145–158 contained T cell epitopes restricted by HLA-DR7

and DR15 (42). We also could elicit 9 different peptide Bet v
1141–156-reactive CD4� T cell clones and define the restriction of
MHC molecules. The recognition of peptide Bet v 1141–156 by
these CD4� T cell clones was restricted by HLA-DR4, DR9,
DR11, DR15, or DR53 (Table I and Fig. 2). Our results and the
data reported by Ebner et al. (42) clearly show that Bet v 1141–156

includes a promiscuous epitope that can be presented to specific T
cells by multiple HLA-DR molecules. In addition, we revealed that
the recognition of peptide Bet v 151–68 by CD4� T cells was re-
stricted by HLA-DR53 and DP alleles. Bet v 1141–156 and Bet v
151–68-reactive CD4� T cell clones responded autologous PBMC
pulsed with r-Bet v 1 protein, demonstrating that these T cell
epitopes are naturally processed by APC via the exogenous MHC
class II pathway.

The production of IFN-� and IL-4 by Bet v 1 peptide-reactive
CD4� T cell clones revealed various patterns (Table I). Our results
are in accordance with previous findings by Ebner et al. (44) and
Sparholt et al. (45). However, Bet v 1 peptide-reactive CD4� T
cell clones generated from healthy volunteers produced low levels
of IL-4, as compared with T cell clones generated from patients
(Table I). To some extent these results were to be expected since
Ag-specific IgE synthesis in type I allergic patients is regulated by
IL-4, which is produced by Ag-specific CD4� T cells. Similar
findings have been reported by Ebner’s group (43).

It has been observed that allergen-specific immunotherapy of
allergic rhinitis and asthma results in increased numbers of IL-
10-producing cells in peripheral blood (4, 14), suggesting that
Treg cells may play an important role in this therapy. Accord-
ingly, we investigated whether some of the Bet v 1 peptide-
reactive T cell clones produced IL-10 and found that 3 clones
(P1-7F, P1-G1, and H2-6H) secreted higher levels of IL-10 as
compared with other CD4� T cell clones (Table I). Moreover,
our results indicate that 2 of these clones had other phenotypic
characteristics of Treg cells: Foxp3�, CD25high, and GITR�

(Fig. 4). More importantly, we were able to demonstrate that
these T cell clones suppressed the proliferation of other helper
T cell clones (Fig. 5) and that suppressor function required
cell-cell contact and was not merely mediated via soluble IL-10
and TGF-� (Fig. 6). Our results also indicate that Bet v 1-re-
active Treg clones required TCR stimulation to suppress the

FIGURE 7. Bet v 1 peptide-reactive Treg cell clones
mediate suppression of IL-2 production by helper T cell
clones and require ligand-specific activation to exert their
suppressive activity. A, Bet v 1 peptide-reactive Treg cell
clones (P1-7F and P1-G1) suppressed the proliferation of
PADRE peptide-reactive CD4� T cell clone (P1-PADRE-
C11) in a dose-dependent manner. The culture conditions
were identical to those in Fig. 5. B, Helper T cell clone
(P1-PADRE-C11, 1 � 105) and Treg cell clones (P1-7F or
P1-G1, 1 � 105) were cultured with irradiated autologous
PBMC (1 � 105) in the presence of PADRE peptide and
anti-CD3 (�CD3) mAb, Bet v 1 peptides, or r-Bet v 1
protein. Supernatants of cell cultures were harvested 12 h
later, and IL-2 contents were measured by the proliferation
of CTLL-2 cells. IL-2 secretion from P1-PADRE-C11
cells stimulated by PADRE peptide was suppressed by
P1–7F or P1-G1 cells in the presence of Bet v 1 peptides
(peptide Bet v 1141–156 or Bet v 151–68, respectively) or
r-Bet v 1 protein as well as anti-CD3 mAb used as a pos-
itive control. Peptide Bet v 169–83 was used as a negative
for the activation of Treg cell clones. Values shown are
triplicate determinations; error bars, SD.
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activity of responder T cells (Fig. 7). Recently, Voo et al. (28)
reported that EBV-encoded nuclear Ag 1 peptide-reactive Treg
cells required cell-cell contact or an unidentified soluble factor
(not IL-10 nor TGF-�) to exert their suppressive activity.

In our study, Bet v 1 Treg cells did not require IL-10 to suppress
the proliferation of effector T cells in vitro though they secreted
IL-10. However, there is a possibility that IL-10 produced by this
type of Treg cells could have an important role in vivo. Allergic
diseases are associated with high serum levels of allergen-specific
IgE while normal response to allergens in healthy individuals is
characterized by IgG Abs, especially of IgG4 class (46), which
will compete with IgE Abs for binding to the allergen (47, 48).
Several studies show that there are increases in the levels of serum
allergen-specific IgG4 following allergen-specific immunotherapy
(14, 49). Because IL-10 enhances IgG4 production (48–50), IL-10
producing Bet v 1-reactive Treg cells could increase the levels of
allergen-specific IgG4 Ab levels as the result of peptide-based im-
munotherapy. Although naturally occurring Treg cells require cell-
cell contact to exert their suppressive activity in vitro, some studies
have shown that these Treg cells can also exert a suppressive effect
through induction of IL-10 and/or TGF-� in vivo (48, 51–53).
Thus, it is possible that Bet v 1-reactive Treg cells such as the ones
we have described here could be capable of suppressing the pro-
liferation of effector T cells through the IL-10 production in vivo.
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