
Assessment of Bet v 1-Specific CD4� T Cell Responses in
Allergic and Nonallergic Individuals Using MHC Class II
Peptide Tetramers1

Laurence Van Overtvelt,2* Erik Wambre,2* Bernard Maillère,† Eric von Hofe,� Anne Louise,‡

Anne Marie Balazuc,‡ Barbara Bohle,# Didier Ebo,** Christophe Leboulaire,§ Gilles Garcia,¶

and Philippe Moingeon3*

In this study, we used HLA-DRB1*0101, DRB1*0401, and DRB1*1501 peptide tetramers combined with cytokine surface capture
assays to characterize CD4� T cell responses against the immunodominant T cell epitope (peptide 141–155) from the major birch
pollen allergen Bet v 1, in both healthy and allergic individuals. We could detect Bet v 1-specific T cells in the PBMC of 20 birch
pollen allergic patients, but also in 9 of 9 healthy individuals tested. Analysis at a single-cell level revealed that allergen-specific
CD4� T cells from healthy individuals secrete IFN-� and IL-10 in response to the allergen, whereas cells from allergic patients
are bona fide Th2 cells (producing mostly IL-5, some IL-10, but no IFN-�), as corroborated by patterns of cytokines produced by
T cell clones. A fraction of Bet v 1-specific cells isolated from healthy, but not allergic, individuals also expresses CTLA-4,
glucocorticoid-induced TNF receptor, and Foxp 3, indicating that they represent regulatory T cells. In this model of seasonal
exposure to allergen, we also demonstrate the tremendous dynamics of T cell responses in both allergic and nonallergic individuals
during the peak pollen season, with an expansion of Bet v 1-specific precursors from 10�6 to 10�3 among circulating CD4� T
lymphocytes. Allergy vaccines should be designed to recapitulate such naturally protective Th1/regulatory T cell responses ob-
served in healthy individuals. The Journal of Immunology, 2008, 180: 4514–4522.

T ype I allergy is caused by an inappropriate Th2 response
to allergens from the environment (1–3), leading to anti-
gen-specific IgE production as well as recruitment and

activation of proinflammatory cells (e.g., eosinophils and mast
cells) in mucosal target organs (4–6). In contrast, under similar
exposure conditions, tolerance to allergens is maintained in non-
allergic individuals, possibly as a consequence of various nonex-
clusive mechanisms involving either 1) immune ignorance of
nonpathogenic antigens, 2) anergy or deletion of allergen-reactive
T cells, or 3) the induction of a protective allergen-specific CD4�

T cell response. Specifically, a potential role of IL-10-producing T
cells has been suggested in the induction and maintenance of pe-
ripheral tolerance to allergens, either in the context of natural re-
sponses in healthy individuals, or as a consequence of successful
immunotherapy protocols (7–13). Understanding the nature of
such CD4� T cells responses in healthy individuals is critical to
improve current allergy vaccines, with the assumption that natural

responses are protective against allergic inflammation, and thus
that allergen-specific immunotherapy should recapitulate such im-
mune responses (14). MHC class II peptide tetramer technology
has been recently used succesfully in the field of allergy to char-
acterize allergen-specific CD4� T cell responses (15–17). Soluble
multimeric tetramers comprise fluorescently labeled recombinant
MHC class II molecules, each bound to a high-affinity T cell
epitope (18–21). Altogether, MHC class II peptide tetramers con-
stitute high-avidity reagents allowing the detection of epitope-spe-
cific CD4� T lymphocytes.

Birch (Betula verucosa) pollen is causing one of the most com-
mon tree pollen allergies in Europe and North America. More than
95% of birch pollen (BP)4 allergic patients exhibit IgEs against the
major allergen Bet v 1, and up to 60% of these patients react solely
to Bet v 1 (22, 23). To analyze in detail T cell responses to Bet v
1, we developed MHC class II peptide tetramers as a means to
detect CD4� T lymphocytes specific for the Bet v 1141–155 im-
munodominant epitope following in vitro stimulation with Bet
v 1141–155-Ii (invariant chain)-Key/epitope hybrid peptides (24).
Using this approach, we demonstrate that specific T cells can be
detected in PBMC of both allergic and nonallergic individuals,
albeit with dramatically different patterns of T cell polarization.

Materials and Methods
Patients and HLA-DR typing

Citrated peripheral blood was obtained from BP or house dust mite (HDM)
allergic patients recruited at Hôpital Béclère (Clamart, France), University
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of Antwerp (Antwerpen, Belgium), and Vienna Hospital (Vienna, Austria).
Blood samples from healthy donors with no history of atopy were obtained
from Etablissement Français du Sang (Rungis, France). BP and HDM al-
lergic patients were selected based on their clinical record, a positive skin
prick test, as well as a positive in vitro basophil activation test (data not
shown) performed with recombinant Bet v 1 (rBet v 1), produced in Esch-
erichia coli (25). For HLA-DR typing, genomic DNA was extracted from
blood samples using an Easy-DNA Kit (Invitrogen). Typing was performed
by the PCR-sequence specific primers method using Dynal AllSet� and
CombiSet� SSP family kits (Invitrogen) (26). Informed consent was ob-
tained from all participants in the study. The latter was approved by the
Comité Consultatif pour la Protection des Patients dans la Recherche Bio-
médicale (CCPPRB, Hôpital, Béclère).

Bioinformatic analysis and HLA-DR/DP peptide in vitro binding
assays

Immunodominant Bet v 1 epitopes restricted to HLA-DRB1 or HLA-DPB1
molecules were initially preselected by bioinformatic analyses performed
using T-epitope and ProPred (http://www.imtech.res.in/raghava/propred)
algorithms. Peptides spanning the whole Bet v 1 sequence and preserving
putative anchor motifs were synthesized by NeoMPS with a purity grade
�75% confirmed by HPLC. Human HLA-DR and HLA-DP molecules
were purified from human EBV-transformed B cell lines homozygous for
common human MHC class II molecules, as described elsewhere (27, 28),
and dilutions were prepared in 10 mM phosphate, 150 mM NaCl, 1 mM
n-dodecyl �-D-maltoside, 10 mM citrate, and 0.003% thimerosal buffer.
Biotinylated reporter peptides were incubated in the presence of serial di-
lutions of each Bet v 1 peptide tested and appropriate purified MHC class
II molecules. Specifically, the flu hemagglutinin HA306–318 peptide was
used as a reporter peptide for binding to both the HLA-DRB1*0101 and
HLA-DRB1*0401 molecules (using a 10 nM and 30 nM concentration,
respectively). Two peptides from melanoma-associated Ag-3 (i.e.,
MAGE 3152–166 and MAGE 3213–236) were used as reporter peptides for
binding to either the HLA-DRB1*1501 (at a 10 nM concentration) or
HLA-DRB1*0301 molecule (at a 200 nM concentration). The Oxy271–287

peptide was used as a reporter for binding to the HLA-DPB1*0401 mol-
ecule at a 10 nM concentration. After a 24-h incubation at 37°C (except for
binding to HLA-DRB1*1501, which required a 72-h incubation) with the
biotinylated reporter and Bet v 1 peptides, peptide-MHC class II complexes
were added to 96-well plates coated with the L243 Ab directed to a mono-
morphic determinant of MHC class II molecules, and incubated for 2 h at
room temperature. Bound biotinylated peptides were detected after adding
a streptavidin-alkaline phosphatase conjugate (Amersham) and 4-methyl
umbelliferyl phosphate as a substrate (Sigma-Aldrich) (28). Emitted fluo-
rescence was measured at 450 nm upon excitation at 365 nM on a Fluoro-
lite 1000 fluorometer (Dynex). Data were expressed as peptide concentra-
tions inhibiting 50% binding of biotinylated reporter peptides (IC50) (28).

In vitro expansion of Bet v 1-specific T cells

PBMC were isolated from peripheral blood by centrifugation over Ficoll-
Paque PLUS (Amersham Biosciences), washed three times in PBS (Cam-
brex), and resuspended in complete RPMI 1640 medium (Invitrogen) sup-
plemented with 10% heat-inactivated human AB serum (Sigma-Aldrich), 2
mM L-glutamine, 20 �g/ml gentamicin, 100 U/ml penicillin, 0.1 mg/ml
streptomycin, 50 �M 2-ME, and 1% nonessential amino acids (all from
Invitrogen). A Bet v 1141–155-Ii-Key conjugate peptide mix was used as a
restimulation reagent in most experiments. This conjugate peptide mix
comprises complete or truncated versions of the Bet v 1141–155 peptide
conjugated with a polymethylene linker to the Ii-Key moiety of the MHC
class II-associated invariant chain (24).

Freshly isolated PBMC (5 � 106/ml) were stimulated in 12-well plates
with either the conjugate peptide mix (10 �g/ml), Bet v 1141–155 peptide
(10 �g/ml), or purified rBet v 1 (50 �g/ml) in 2 ml complete RPMI 1640
medium. After 5 days at 37°C, 10 U/ml IL-2 (Roche) was added to cell
cultures every 3 days. On day 14, cells were restimulated with Ag-pulsed
autologous PBMC plus IL-2. In selected experiments, this stimulation pro-
cedure was repeated twice.

Staining with MHC class II peptide tetramers

HLA-DRB1*0101, DRB1*1501, and DRB1*0401 iTAg peptide tetramers
used in this study were made by Beckman Coulter. Briefly, the �-chain and
�-chain of HLA-DRB1 molecules were produced as a fusion to biotin in a
baculovirus expression system as described elsewhere (29). Tetramers
made using streptavidin were complexed with either Bet v 1141–155 (ETLL
RAVESYLLAHS) or the CLIP (LPKPPKPVSKMRMATPLLMQALPM)

as a negative control. All tetramers were conjugated to PE and obtained at
a 100 �g/ml concentration.

For tetramer staining, 106 cells were incubated with 10 �g/ml MHC
class II peptide tetramers for 2 h at 37°C in PBS buffer (i.e., PBS � 1%
FCS or PBS � 1% BSA). After washing in cold PBS, Abs (i.e., FITC-
labeled anti-CD4, PE-Texas red (ECD)-labeled anti-CD14, phycoerythrin-
cyanine 7 (PC7)-labeled anti-CD3, all from Beckman Coulter) and Via-
Probe reagent (BD Biosciences) were added for 20 min in the dark at 4°C.
Cells were stained with corresponding isotype-matched Ab as controls.
After washing, samples were analyzed using a FC500 flow cytometer
(Beckman Coulter), after excluding dead cells and CD14� monocytes. In
selected experiments, cells were further incubated with Abs directed
against various surface markers (i.e., CD62L, CD45 RO, CCR7, CXCR3,
CCR4, and CCR5 from BD Biosciences; CD25 and CD69 from Beckman
Coulter; CTLA-4 and glucocorticoid-induced TNF receptor (GITR) from
R&D Systems) or corresponding isotype-matched Ab before FACS anal-
ysis. For Foxp 3 intracellular staining, tetramer� T cells were fixed and
permeabilized with Fix/Perm buffer (eBioscience, San Diego, CA), washed
with a permeabilization buffer (eBioscience), and stained in 200 �l per-
meabilization buffer with FITC-conjugated anti-Foxp3 (clone PCH101,
eBioscience) or corresponding isotype-matched mAbs. After 30 min at
4°C, cells were washed and immediately analyzed by flow cytometry.

Cytokine surface capture assays

Cells were stained with 5 �g/ml MHC class II Bet v 1141–155 tetramer at
37°C in PBS buffer for 30 min. Cells (2.5 � 106) were subsequently
washed and stimulated in RPMI 1640 complete medium with 2.5 � 105

autologous PBMC pulsed with Bet v 1141–155. After 3 h at 37°C, cells were
harvested and labeled in ice-cold RPMI 1640 medium with 50 �g/ml of
either anti-IFN-�/CD45, anti-IL-5/CD45, or anti-IL-10/CD45 Ab-Ab con-
jugates (Miltenyi Biotec) for 10 min at 4°C. Cells were resuspended in
complete culture medium and incubated 45 min at 37°C to allow cytokine
secretion. Cells were then washed, resuspended in ice-cold buffer contain-
ing 0.5% BSA and 5 mM EDTA, and stained with PC7-labeled anti-CD4,
ECD-labeled anti-CD14, ViaProbe reagent, and either FITC-labeled anti-
IFN-� or APC-labeled anti-IL-10 or anti-IL-5 mAbs. After 30 min at 4°C,
cells were washed and immediately analyzed by flow cytometry.

PCR analysis of purified MHC class II Bet v 1141–155

tetramer�CD4� T cells

Bet v 1141–155 tetramer positive and negative CD4� T cells were sorted
from cultures obtained from both BP allergic and nonallergic individuals,
using a MoFlo (Dako). Total RNA was extracted from the various cell
populations with RNeasy Kit (Qiagen), and cDNAs were synthesized using
a TaqMan Reverse Transcription Reagent kit (Applied Biosystems) ac-
cording to the manufacturer’s instruction. Messenger RNA expression was
evaluated by quantitative PCR on a 7300 Real-Time PCR System (Applied
Biosystems) using predesigned TaqMan Gene Expression reagents ac-
cording to the manufacturer’s instructions (Applied Biosystems). To
assess T cell polarization, the following genes were monitored: T-bet
(Hs00203436), GATA-3 (Hs00231122), Foxp3 (Hs00203958), CTLA-4
(Hs00175480), GITR (Hs00188346), IFN-� (Hs00174143), IL-4
(Hs00174122), IL-13 (Hs00174379), and IL-10 (Hs00174086). Data were
obtained after normalizing the target gene amplification value with an en-
dogenous control (�-actin). The relative amount of target genes in each
sample was assessed in comparison with tetramer�CD4� T cells from the
same donor.

Generation of T cell clones (TCC)

Bet v 1-specific TCC were generated as described (30). Each TCC was
mapped for epitope recognition using a panel of 50 synthetic 12-mer pep-
tides representing the entire amino acid sequence of Bet v 1 (30). Cytokine
secretion was determined in culture supernatants harvested 48 h after stim-
ulation of the TCC with 5 �g/ml Bet v 1 and autologous irradiated PBMC,
using an ELISA with Endogen Matched Ab Pairs (Endogen) according to
the manufacturer’s instructions. Limits of detection were: IL-4, 9 pg/ml;
IFN-�, 9.5 pg/ml; IL-10, 4.7 pg/ml) (31). TCC were assigned to Th subsets
as follows: Th2, ratio IL-4/IFN-� of �5; Th1, ratio IFN-�/IL-4 of �5; and
Th0, ratio IFN-�/IL-4 between 0.2 and 5.

Statistical analyses

Data were analyzed for statistical significance using a Student’s t test. A p
value �0.05 was considered to be statistically significant.
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Results
Design of MHC class II peptide tetramers

To design MHC class II peptide tetramers to assess CD4� T cell
responses against the Bet v 1 major allergen from BP, we first
identified T cell epitopes within Bet v 1 exhibiting a high-affinity
binding for HLA-DRB1 or HLA-DPB1 molecules. To this end, a
bioinformatic search for HLA class II anchoring motifs within the
Bet v 1 sequence was performed using both T-epitope and ProPred
algorithms. From this information, a set of overlapping peptides
encompassing the entire Bet v 1 sequence was synthesized. In vitro
binding experiments were conducted using purified MHC class II
molecules corresponding to four common HLA-DRB1 alleles (i.e.,
HLA-DRB1*0101, DRB1*0301, DRB1*0401, DRB1*1501) cov-
ering altogether up to 50% of the Caucasian population. Binding to
the HLA-DPB1*0401 molecule (expressed in 76% of the Cauca-
sian population) was also tested in parallel. MHC class II mole-
cules were purified from homozygous EBV-transformed cell lines,
and competitive binding assays were conducted to evaluate rela-
tive binding affinities of Bet v 1 peptides in comparison with
known labeled reporter peptides. High-affinity Bet v 1 peptides
were defined as the ones with an affinity �1000 nM for MHC class
II molecules (27, 28). As shown in Table I, the Bet v 1141–155

peptide binds efficiently to three HLA-DRB1 molecules (i.e.,
DRB1*0101, DRB1*0401, DRB1*1501) with an IC50 concentra-
tion between 1 and 78 nM. Two peptides (Bet v 19–22 and Bet v
1111–125) also demonstrated a good binding affinity for the
DRB1*0101 and DRB1*1501 alleles, whereas Bet v 12–16 binds
significantly to HLA-DR1*0101 and HLA-DR1*0401. Only pep-
tides with a low or intermediate affinity for HLA-DRB1*0301 and
HLA-DP1*0401 were identified (Table I). Based on these data, the
Bet v 1141–155 peptide was selected to engineer tetramers with each
of the HLA-DRB1*0101, HLA-DRB1*0401 and HLA-
DRB1*1501 molecules. This Bet v 1 epitope has been shown to be
recognized by T cells from both allergic and healthy individuals, thus
confirming that it represents an immunodominant T cell epitope
(30–32).

Detection of MHC class II Bet v 1141–155 tetramer�CD4�

T cells in allergic and nonallergic individuals

PBMC were isolated from individuals PCR-typed for DRB1*0101,
DRB1*1501, or DRB1*0401 expression. In most circumstances, the
frequency of circulating Bet v 1141–155 peptide-specific CD4� T cells
is too low to be detected without in vitro stimulation. Thus, PBMC
were stimulated with a conjugate peptide mix comprising both com-

plete and serially truncated versions of the Bet v 1141–155 peptide
coupled with a polymethylene linker to the Ii-Key peptide. The latter
interacts with an allosteric site on HLA class II molecules, thereby
facilitating peptide exchange and binding (18). We confirmed that this
conjugate peptide mix is substantially more potent than the Bet v
1141–155 peptide alone or rBet v 1 in expanding Bet v 1-specific CD4�

T cells from peripheral blood (33). Under such in vitro stimulation
conditions, we could routinely detect MHC class II Bet v 1141–155

tetramer�CD4� T cells in allergic patients within 1–4 wk of culture
(Fig. 1 and Table II). Interestingly, using this method, we could also

Table I. Binding capacities of Bet v 1 peptides to immunopurified HLA-DR and HLA-DP moleculesa

Peptides Sequences

HLA-DRB1 Alleles
HLA-DPB1 Allele

04010101 0401 1501 0301

P2–16 VFNYETETTSVIPAA 155 447 — — 4,215
P9–22 TTSVIPAARLFKAFI 283 5,244 214 572 �10,000
P27–41 DNLFPKVAPQAISSV 2,345 — 20,000 — �10,000
P63–77 PFKYVKDRVDEVDHT 3,000 17,748 23,452 — �10,000
P77–91 TNFKYNYSVIEGGPI 91 1,470 65,000 — 1,366
P99–113 SNEIKIVATPDGGSI 2,646 3,464 650 — �10,000
P111–125 GSILKISNKYHTKGD 145 1,597 280 2,164 �10,000
P141–155 ETLLRAVESYLLAHS 1 78 2 1,058 1,461
HA306–318 2 38
MAGE3152–166 30
MAGE3213–236 383
Oxy271–287 5

a IC50 values (means) are expressed in nanomolars and have been evaluated from at least two to three independent exper-
iments. Each binding experiment was conducted using reporter peptides such as HA306–318, MAGE3152–166, MAGE3213–236, or
Oxy271–287 as described in Materials and Methods. IC50 values �1,000 nM are in bold type; —, IC50 values �100,000 nM.

FIGURE 1. Detection of MHC class II Bet v 1141–155 tetramer�CD4� T
cells. Freshly isolated PBMC from BP allergic, HDM allergic, or nonal-
lergic individuals, all expressing the DRB1*1501 haplotype, were stimu-
lated with a Bet v 1141–155-Ii-Key peptide mix (10 �g/ml) for 21 days. Cells
were then assessed by flow cytometry with either the Bet v 1141–155 tet-
ramer or the CLIP tetramer as a negative control. For flow cytometry anal-
ysis, lymphocytes were gated by forward and sideways light scattering.
Viable CD3� T cells were selected based on both CD3 expression and
absence of staining with ViaProbe and an anti-CD14 Ab.
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detect Bet v 1141–155-specific CD4� T cells in all healthy individuals
tested, as well as in patients allergic to HDM but not BP, with either
a HLA-DRB*0101, DRB*0401 or DRB*1501 background (Fig. 1
and Table II).

The Bet v 1141–155 class II tetramer reactivity observed in the pre-
vious experiments is clearly specific, because 1) only background
staining (�0.3%) is usually detected with corresponding MHC class
II tetramers made with the irrelevant CLIP peptide (Fig. 1 and Table
II), and 2) only CD4�, but not CD4�, cells are labeled with Bet v
1141–155 tetramers (Fig. 1). Also, no staining is observed with CD4�

T lymphocytes from a BP allergic patient expressing a nonrelevant
HLA class II haplotype, nor with Der p 1-specific T cells expanded
from a HDM allergic HLA-DRB1*0101 patient (data not shown). As
shown in Table II, Bet v 1-specific CD4� T cells had usually to be
stimulated for longer periods (i.e., 2–3 wk) with the Bet v 1141–155-
Ii-Key conjugate peptide mix to be detectable in healthy individuals in
comparison to BP allergic patients.

Single-cell phenotypic and functional characterization of MHC
class II Bet v 1141–155 tetramer�CD4� T cells in allergic and
nonallergic individuals

Using multiple color labeling and FACS analysis, the surface phe-
notype of tetramer�CD4� T cells was assessed in both allergic and

nonallergic individuals. As shown in Fig. 2A, MHC class II Bet v
1141–155 tetramer�CD4� T cells from BP allergic patients are
CD25�, CD69�, CD45 RO�, CXCR3�, and CCR5�. These cells
are also CD62L� and CCR7�, suggesting an effector memory phe-
notype. Interestingly, MHC class II Bet v 1141–155 tetramer�CD4�

T cells from healthy individuals are also activated (CD25�,
CD69�, CD45 RO�), but they rather exhibit a central memory
profile (CD62L�CCR7�). They also express CXCR3, a chemo-
kine receptor that has been reported to enhance allergen-specific
IFN-� production (34). Furthermore, Bet v 1141–155 - specific T
cells in nonallergic individuals express CTLA-4� (which may pro-
vide regulatory signals during an immune response) (35), and a
fraction of them (i.e., 8–10%) exhibit high levels of GITR. Al-
though both samples contain Foxp3low cells (likely representing
activated T cells), Foxp3bright cells are only detected within tet-
ramer� T cells from healthy (n � 4, mean � SEM: 25.3 � 2.1%),
but not BP allergic individuals (n � 4, 1.0 � 0.2%) ( p � 0.01).
Such Foxp3brightCD4� T cells exhibit a high avidity for MHC
class II Bet v 1141–155 tetramers (Fig. 2B).

The cytokine profile of MHC class II Bet v 1141–155

tetramer�CD4� T cells was subsequently determined using a cy-
tokine surface capture assay. To prevent TCR down-regulation
during tetramer peptide labeling, tetramer staining was performed

Table II. Detection of MHC class II Bet v 1141–155 tetramer�CD4� T cells in allergic and nonallergic individualsa

Status of
Donors

Identification
of Donors HLA-DRB1

MHC Class II
Tetramer�CD4� T cells (%) Month of

Blood
Collection

No. of Days
of In Vitro
StimulationCLIP Bet v 1141–145

BP allergic BP1 1501 0.1 0.5 April 0
BP1 1501 0.1 3.8 April 21
BP1 1501 0.1 1.8 November 24
BP1 1501 0.1 2.1 December 21
BP2 1501 0.2 1.1 July 21
BP3 1501 0.1 2.3 July 21
BP4 1501 0.1 2.1 March 21
BP5 1501 0 0.9 May 15
BP6 1501 0 3.1 May 15
BP7 1501 0.1 1.1 March 14
BP8 1501 0.1 2.1 March 21
BP9 0401 0.2 1.1 November 32
BP10 0401 0.1 1.4 November 30
BP11 0401 0.1 0.7 June 21
BP12 0401 0.1 0.6 July 21
BP14 0401 0.1 0.3 July 17
BP14 0401 0.1 2.1 May 15
BP15 0101 0.1 0.3 July 11
BP16 0101 0.1 13.7 June 30
BP17 0101 0 2.9 June 21
BP18 0101 0.1 1.2 July 23
BP19 0101 0 0.8 November 21
BP20 0101 0.1 14.9 March 18

Nonallergic H1 1501 0.1 1.8 May 28
H1 1501 0 0.3 April 0
H1 1501 0.1 1.2 January 18
H2 1501 0.2 1.8 September 32
H3 1501 0 2.1 March 27
H5 0401 0.1 2.4 February 30
H6 0101 0.1 1.9 January 27
H7 0101 0 0.9 March 30
H8 0101 0.1 1.5 March 30
H9 0101 0.1 1.0 October 27

HDM allergic HDM1 1501 0.3 0.9 July 21
HDM2 1501 0.1 0.9 July 18
HDM3 0401 0.1 0.7 November 21
HDM4 0101 0.1 2.1 March 45
HDM4 0101 0.1 0.7 July 21
HDM5 0101 0.2 1.3 October 21

a Blood samples were obtained from individuals in Austria, Belgium, and France. The numbers of days of in vitro stimulation with the conjugate
peptide mix needed to detect Bet v 1141–155 tetramer�CD4� T cells are shown.
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under suboptimal conditions (i.e., at room temperature for 30 min,
using a 5 �g/ml tetramer concentration). Under these conditions,
the vast majority (i.e., �90%) of CD4� T cells producing cyto-

kines following allergen stimulation are found in the Bet v 1141–155

tetramer� cell population, thereby further confirming the specific-
ity of tetramer staining. As shown in Fig. 3A, we found that most
MHC class II Bet v 1141–155 tetramer� cells from BP allergic patients
(n � 7) produce IL-5 (mean � SEM percentages of tetramer� cells
producing this cytokine: 30.3 � 2.7%), and to a lower extent IL-10
(3.9 � 0.8%) or IFN-� (6.5 � 1.5%). This pattern is representative of
a Th2 response known to occur in allergic patients. Importantly, these
results are in agreement with data obtained with a panel of TCC gen-
erated from PBMC of BP allergic patients and tested for their capacity
to produce IL-4, IL-10, or IFN-� (Table III). The latter results also
confirm that a similar pattern of cytokines is produced by T cells
directed to various T cell epitopes within Bet v 1.

In contrast, Bet v 1-specific CD4� T cells from healthy indi-
viduals (n � 4) secrete mostly IFN-� (mean � SEM: 39.7 � 2.7%,
p � 0.01 vs allergics), little IL-5 (10.9 � 4.6%, p � 0.02 vs
allergics), and, in some donors, they also produce IL-10 (11.5 �
1.7%, p � 0.07 vs allergics) in response to allergen stimulation

FIGURE 2. Phenotypic analysis of MHC class II Bet v1141–155

tetramer�CD4� T cells. A, Expression of cell-surface molecules by flow cy-
tometry analysis. Freshly isolated PBMC from BP allergic (n � 7) or nonal-
lergic (n � 4) individuals were stimulated with a Bet v 1141–155-Ii-Key peptide
mix (10 �g/ml) for at least 10 days. Cells were then stained with appropriate
Bet v 1141–155 tetramers and with a combination of Abs directed against the
indicated surface markers. Results are expressed as mean percentages of MHC
class II Bet v 1141–155 tetramer�CD4� T cells expressing the various surface
markers. Error bars represent SEM. Statistical significance was determined
using the Student t test (�, p � 0.05). B, Analysis of Foxp3 expression by
intracellular staining. Cells obtained from four BP allergic (left panels) or four
nonallergic individuals (right panels) were stained with Bet v 1141–155 tetramer
or the CLIP tetramer as a negative control and then with a FITC-conjugated
anti-Foxp3 Ab or an isotype control after mild permeabilization. Percentages of
Foxp3bright cells within Bet v 1141–155 tetramer� cells are indicated in bold type.

FIGURE 3. Cytokine production by MHC class II Bet v 1141–155

tetramer�CD4� T cells. A, Freshly isolated PBMCs from BP allergic,
HDM allergic, or nonallergic individuals were stimulated with a Bet v
1141–155-Ii-Key conjugate peptide mix (10 �g/ml) for at least 10 days. Cells
were subsequently stained with MHC class II Bet v 1141–155 tetramer, stim-
ulated with autologous PBMC pulsed with Bet v 1141–155 for 3 h at 37°C.
Cells were then stained with either anti-IFN-�/CD45, anti-IL-5/CD45, or
anti-IL-10/CD45 Ab-Ab conjugates, and incubated in complete culture me-
dium for 45 min at 37°C to allow cytokine secretion. Cells were washed
and stained with PC7-labeled anti-CD4, ECD-labeled anti-CD14, ViaProbe
reagent, and either FITC-labeled anti-IFN-� or APC-labeled anti-IL-10 or
anti-IL-5 Ab. After 30 min at 4°C, cells were washed and immediately
analyzed by flow cytometry. Results are expressed as percentages of MHC
class II Bet v 1141–155 tetramer�CD4� T cells producing a given cytokine
after Bet v 1141–155-Ii-Key conjugate peptide mix restimulation. B, Patterns
of cytokine production are maintained over time. PBMC isolated during
(April) or outside (December) the pollen season from BP allergic (BP1) or
non allergic (H1) individuals were stimulated with a Bet v 1141–155-Ii-Key
peptide mix (10 �g/ml) for at least 10 days. Cells were subsequently
stained as described above and analyzed by flow cytometry. Results are
expressed as percentages of MHC class II Bet v 1141–155 tetramer�CD4�

T cells producing a given cytokine after Bet v 1141–155-Ii-Key conjugate
peptide mix restimulation.
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(Fig. 3A). Interestingly, a comparable pattern of cytokine produc-
tion was observed in Bet v 1141–155-specific CD4� T cells obtained
from HDM allergic patients unsensitized to BP (n � 3, mean �
SEM: 30.9 � 2.9% and 9.1 � 2.1% for IFN-� and IL-5, respec-
tively, with p � 0.005 and p � 0.01 when compared with BP
allergic individuals). Little IL-10 production (3.3 � 1.5%) was
found in the latter patient population after Bet v 1141–155-Ii-Key
peptide stimulation. No significant differences in patterns of cyto-
kines produced by Bet v 1-specific T cells obtained within or out-
side the pollen season were observed in both allergic and nonal-
lergic individuals, even if usually fewer tetramer� T cells produce

FIGURE 4. Mutually exclusive secretion of IL-10 or IFN-� by MHC
class II Bet v 1141–155 tetramer�CD4� T cells. Freshly isolated PBMC
from BP allergic (upper panels) or nonallergic (lower panels) individuals,
both expressing the DRB1*1501 haplotype, were stimulated with a Bet v
1141–155-Ii-Key conjugate peptide mix (10 �g/ml) for 12–17 days. Cells
were subsequently stained as described in Fig. 3 and analyzed by flow
cytometry. FACS plots are gated on MHC class II Bet v 1141–155

tetramer�CD4� T cells, and percentages of Bet v 1141–155 tetramer�CD4�

T cells expressing the respective cytokine are indicated in each plot.

FIGURE 5. Analysis of patterns of T cell differentiation in sorted MHC
class II Bet v 1141–155 tetramer�CD4� T cells. A, Cell sorting of MHC class
II Bet v 1141–155 tetramer�CD4� T cells was performed using PBMC from
BP allergic and nonallergic individuals using a MoFlo. Reanalysis of sorted
cells (right panel) confirmed that purity was �99%. B, Patterns of gene
expression in sorted Bet v 1141–155 tetramer�CD4� T cells from allergic
and nonallergic individuals. Gene expression was analyzed by quantitative
PCR as described in the Materials and Methods. Data are expressed as
relative amounts of mRNA in sorted Bet v 1141–155 tetramer�CD4� T cells
in comparison with sorted Bet v 1141–155 tetramer�CD4� T cells from the
same donor. Data are normalized to amounts of �-actin. Data shown are
representative of experiments conducted on samples obtained from two BP
allergic and two non-BP allergic donors.

Table III. Characterization of Bet v 1-specific T cell clones form BP allergic patientsa

Bet v
1-Reactive TCC

Bet v
1 Epitope (aa) Th Subsets

Cytokine Profile

IL-4 (pg/ml) IFN-� (pg/ml) IL-10 (pg/ml)

RR 9 4–18 Th2 334 �9.5 261
WD 36 4–18 Th2 176 15 9.1
WF 2 112–123 Th2 630 120 260
RR 48 139–150 Th2 826 100 14
SD 334 139–156 Th2 434 �9.5 263
HPR 111 142–153 Th1 26 2910 112
WD 14 142–153 Th0 0 �9.5 63
HPR 77 142–156 Th2 856 100 �4.7
HPR 17 142–156 Th2 464 30 32
HPR 31 142–156 Th2 502 �9.5 567
HPR 49 142–156 Th2 220 �9.5 67
SUG 1 145–159 Th0 528 235 84.7

a Bet v 1-specific TCC isolated from six different BP allergic individuals and specific for different Bet v 1 epitopes were
stimulated with 5 �g/ml rBet v 1 and autologous irradiated PBMC. The cytokine profile was determined in culture supernatants
by ELISA. TCC were assigned to T helper subsets subsets as follows: Th2, ratio IL-4/IFN-� � 5; Th1, ratio IFN-�/IL-4 � 5;
and Th0, ratio IFN-�/IL-4 between 0.2 and 5.
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cytokines in wintertime following Bet v 1141–155-Ii-Key peptide
stimulation (Fig. 3B). As shown in Fig. 4, triple labeling reveals
that IL-10 and IFN-� are clearly produced by distinct cell subsets
among MHC class II Bet v 1141–155 tetramer�CD4� T cells de-
tected in healthy individuals.

Collectively, these results are consistent with the presence of
both Th1 (IFN-��) and regulatory T cells (IL-10�, CTLA-4�,
GITR�, Foxp3bright) within Bet v 1141–155-specific CD4� T cells
in healthy individuals. These results were further confirmed on
sorted (99% pure) MHC class II Bet v 1141–155 tetramer�CD4� T
cells obtained from BP and HDM allergic patients, respectively
(Fig. 5A). RNA was extracted from tetramer�CD4� T cells,
cDNAs were reverse transcribed, and patterns of T cell differen-
tiation were assessed by quantitative PCR. This analysis revealed

either a clear Th2 (IL4�, IL13�, IL10�) or Th1/regulatory T
(Treg) cell profile (IFN-��, CTLA-4�, GITR�) for BP allergic or
nonallergic individuals, respectively (Fig. 5B).

Frequency of Bet v 1141–155-specific T cells in peripheral blood
of allergic and nonallergic individuals

Whereas in vitro stimulation is usually required to detect Bet v
1-specific T cells, we were able to detect MHC class II Bet v
1141–155 tetramer� T cells without any ex vivo expansion from the
blood of both an allergic and a nonallergic individual with an
HLA-DRB1*1501 background, at the peak exposure during the BP
season (i.e., late April–early May) (cf. Table II and Fig. 6A). Bet
v 1141–155-specific T cells represented 0.5 and 0.3% CD4� T cells
in those blood samples, respectively.

The frequency of Bet v 1-specific T cells was further estimated
outside of the pollen season on the basis of cell divisions required
during in vitro stimulation to expand tetramer�CD4� T cells to a
level where they could be detected. We estimate that stimulation
with the Bet v 1141–155-Ii-Key conjugate peptide mix leads to the
doubling of allergen-specific CD4� T cells every 24 h during the
10 initial days of the culture. Based on those assumptions as well
as the number of days required to expand Bet v 1-specific CD4�

T cells, we estimate the frequency of Bet v 1-specific cells to be
in the range of 10�6 to 10�5 circulating CD4� T cells outside
birch pollen seasonal exposure, for both allergic and nonallergic
individuals. These data establish the dramatic (2–3 log) expan-
sion of allergen-specific T cells during the pollen season,
which, interestingly, occurs in both allergic and nonsensitized
individuals (Fig. 6B).

Discussion
A deficit in immune tolerance is considered to cause allergy to
otherwise harmless allergens in predisposed individuals. Sug-
gested mechanisms involved in maintaining peripheral tolerance to
allergens include 1) anergy or deletion of allergen-specific T cells,
for example, as a consequence of a low level of costimulation
beyond TCR engagement, following the interaction of immature
dendritic cells (DCs) with naive T cells; and 2) induction of either
Th1, CD25� Foxp3�, or IL-10-producing Tr1 regulatory T lym-
phocytes inhibiting both allergen-specific Th2 responses and ef-
fector mechanisms associated with allergic inflammation (36–44).
Th1 CD4� T cells are classically stimulated when high doses of
antigen are presented by IL-12-producing DCs (45). Induction of
regulatory T cells rather occurs as a consequence of Ag presenta-
tion in the presence of cytokines such as IL-10 and TGF-�, or
following engagement of ICOS, CTLA-4, or PD-1 receptors with
their cognate ligands, during T cell–DC interaction (38, 46, 47).

To better understand cellular mechanisms associated with aller-
gen tolerance in healthy individuals, we developed MHC class II
peptide tetramers to assess CD4� T cell responses to the BP major
allergen Bet v 1. The immunodominant Bet v 1141–155 epitope was
found to bind with a very high (1–78 nM) affinity to three common
HLA-DRB1 class II haplotypes (DRB1*0101, DRB1*0401,
DRB1*1501). This observation is in agreement with other studies
demonstrating that Bet v 1141–155 is a major epitope recognized by
T cells from both allergic and healthy individuals (30–32, 48, 49).
Using such MHC class II peptide tetramers, we were able to detect
circulating Bet v 1-specific T cells in all blood samples tested. We
consistently found fewer Bet v 1-specific T cells in healthy vs BP
allergic individuals, and therefore longer in vitro stimulation pro-
tocols were required to assess T cell responses in the former pop-
ulation. MHC class II peptide tetramer staining was clearly spe-
cific, identifying bona fide Bet v 1-specific T cells, because only

FIGURE 6. Frequency of MHC class II Bet v 1141–155 tetramer�CD4�

T cells. A, Freshly isolated PBMC from DRB1*1501 BP allergic or non-
allergic individuals at the peak of the pollen season were directly assessed
(without any ex vivo stimulation) by flow cytometry with either Bet v
1141–155 tetramer or CLIP tetramer as a control. All other samples were
processed after in vitro Ag stimulation as described in the Materials and
Methods. For flow cytometry analysis, live lymphocytes were gated by
forward and sideways light scattering, and CD14� cells monocytes were
excluded. B, Using CFSE-labeled cells, in vitro stimulation with Bet v
1141–155-Ii-Key conjugate peptide mix was estimated to induce CD4� T
cell proliferation every 24 h during the 10 initial days in culture. Based on
those assumptions and the number of days required to stimulate Bet v
1-specific CD4� T cells to allow tetramer detection, an estimate of Bet v
1-specific T cell frequencies is provided in relation to sampling time and
birch pollen exposure.
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CD4�, but not CD8�, T cells were stained. Also, following stim-
ulation with the allergen, most (i.e., �90%) T cells secreting cy-
tokines are MHC class II Bet v 1141–155 tetramer�. Our results are
in agreement with several studies demonstrating that healthy indi-
viduals can mount allergen-specific T cell responses (49–52). In
contrast, a recent study suggested that MHC class II peptide tet-
ramers could detect T cell responses to the Lol p 1 grass pollen
allergen in allergic but not in healthy individuals (15). Whereas it
cannot be excluded that distinct seasonal allergens may elicit dif-
ferent types of immune responses, we can also possibly explain
this discrepancy by the fact that we used in our study a potent in
vitro stimulation protocol to expand rare allergen-specific T cell
progenitors, relying on a Bet v 1141–155-Ii-Key conjugate peptide
mix. This stimulation protocol takes advantage of the capacity of
the Ii-Key/epitope hybrid to facilitate peptide exchange and direct
binding to MHC class II molecules, as a consequence of an inter-
action between the Ii-Key moiety and an allosteric site on the
MHC class II molecule (24). In our case, the Bet v 1141–155-Ii-Key
peptide preparation is �10-fold more potent in expanding Bet v
1-specific progenitors than is the Bet v 1141–155 peptide alone or
the purified recombinant protein (33). One drawback of long-term
in vitro stimulation protocols is that they could lead to the selective
expansion of T cell subsets. We think this to be very unlikely in the
present study, given that the phenotype and cytokine secretion pro-
file of T cells obtained both outside or during the peak pollen
season (i.e., after long- or short-term stimulation, respectively)
were identical, thus suggesting that stimulation conditions used in
the present study did not skew T cell populations.

Surface phenotyping of MHC class II Bet v 1141–155

tetramer�CD4� T cells reveals that such cells are effector memory
T cells (CD45 RO�, CD62L�, CCR7�) in BP allergic patients,
whereas they are rather central memory T cells (CD62L�,
CCR7�) in nonallergic individuals. Interestingly, only in healthy,
but not in allergic individuals was a fraction of tetramer�CD4� T
cells found to be CTLA-4�, GITRbright, and Foxp3bright, with the
later molecules being considered as markers associated with reg-
ulatory T cells (53–55). MHC class II Bet v 1141–155

tetramer�CD4� T cells were further assessed at a single-cell level
for the cytokines they produce after allergen restimulation. Bet v
1-specific T cells isolated from BP allergic patients secrete, as
expected, mostly IL-5 and IL-10, but not IFN-�. These data are
consistent with other studies (15, 32, 50, 56), as well as with our
analysis identifying predominantly Th2 clones in the peripheral
blood of allergic patients (Table III). In contrast, Bet v 1141–155

tetramer�CD4� T cells detected in healthy individuals are mainly
IFN-�-producing Th1 cells and likely IL-10-producing Treg cells.
These dominant patterns were further confirmed by quantitative
PCR analysis in 99% pure MHC class II Bet v 1141–155

tetramer�CD4� T cells obtained by cell sorting from BP and
HDM allergic patients, respectively. These data also confirm the
allergen specificity of Th2 responses observed in allergic patients.
Interestingly, IL10-producing T cells are distinct from the ones
secreting IFN-�, as shown by multiple cytokine capture in MHC
class II Bet v 1141–155 tetramer�CD4� T cells. Altogether, these
data are consistent with a mixed Th1/Treg cell response to aller-
gens in healthy individuals, in agreement with several studies con-
ducted under various exposure conditions to seasonal or perennial
allergens such as Bet v 1 or Der p 1, respectively (12, 30, 50, 51).
The magnitude of the Th1 vs Treg cell response to Bet v 1 ob-
served in the present study was unexpected, but it supports a pre-
dominant role of immune deviation toward IFN-� production to
establish allergen-specific tolerance, as proposed recently by oth-
ers (57).

One interesting feature of the BP allergy model is the seasonal
exposure to the major Bet v 1 allergen, allowing investigation of
the dynamics of allergen-specific responses. We observed a pro-
gressive expansion of Bet v 1-specific T cells starting from Feb-
ruary, likely due to exposure to Bet v 1 cross-reactive allergens
from hazel or alder. During the peak birch pollen exposure (April–
May), we could detect MHC class II Bet v 1141–155

tetramer�CD4� T cells ex vivo (i.e., without any in vitro expan-
sion) from the blood of both healthy or BP allergic individuals,
with measured frequencies in the range of 0.3–0.5% circulating
CD4� T cells. We consistently observed that in vitro stimulation
was required outside the pollen season to detect tetramer� T cells
in blood samples. Based on cell proliferation characteristics as-
sessed in CFSE-labeled cells stimulated with the Bet v 1141–155-
Ii-Key conjugate peptide mix, we estimate that Bet v 1-specific T
cells are present at much lower frequencies (i.e., between 10�6 and
10�5 circulating CD4� T cells) during wintertime. Thus, Bet v
1-specific cells undergo a dramatic expansion, from 10�6 to 10�3

CD4� T cells during the pollen season, whereas the pattern of
cytokines produced remains the same throughout the year, for both
BP allergic and nonallergic individuals.

Collectively, our results demonstrate that tolerance to the Bet v
1 seasonal allergen in healthy individuals is associated with the
presence and expansion of allergen-specific CD4� T lymphocytes.
In contrast to BP allergic patients, those likely “protective” T cells
comprise Th1- and likely IL-10-producing regulatory T cells. This
observation has a significant implication in allergy vaccine design,
in that strategies to induce IFN-� and IL-10 production by naive T
cells (e.g., using specific immunization schemes, mucosal routes,
Th1/Treg cell adjuvants) appear valid to pursue in future immu-
notherapy protocols.

Acknowledgment
We thank Martine Pinheiro for excellent secretarial assistance.

Disclosures
Several coauthors (L.V.O., E.W., E.v.H., C.L., and P.M.) are employees in
biopharmaceutical companies.

References
1. El Biaze, M., S. Boniface, V. Koscher, E. Mamessier, P. Dupuy, F. Milhe,

M. Ramadour, D. Vervloet, and A. Magnan. 2003. T cell activation, from atopy
to asthma: more a paradox than a paradigm. Allergy 58: 844–853.

2. Schleimer, R. P., C. P. Derse, B. Friedman, S. Gillis, M. Plaut,
L. M. Lichtenstein, and D. W. MacGlashan, Jr. 1989. Regulation of human ba-
sophil mediator release by cytokines: I. Interaction with antiinflammatory ste-
roids. J. Immunol. 143: 1310–1317.

3. Walker, C., J. C. Virchow, Jr., P. L. Bruijnzeel, and K. Blaser. 1991. T cell
subsets and their soluble products regulate eosinophilia in allergic and nonallergic
asthma. J. Immunol. 146: 1829–1835.

4. Hakansson, L., C. Heinrich, S. Rak, and P. Venge. 1997. Priming of eosinophil
adhesion in patients with birch pollen allergy during pollen season: effect of
immunotherapy. J. Allergy Clin. Immunol. 99: 551–562.

5. Hakansson, L., C. Heinrich, S. Rak, and P. Venge. 1998. Activation of B-lym-
phocytes during pollen season: effect of immunotherapy. Clin. Exp. Allergy 28:
791–798.

6. Till, S., R. Dickason, D. Huston, M. Humbert, D. Robinson, M. Larche,
S. Durham, A. B. Kay, and C. Corrigan. 1997. IL-5 secretion by allergen-stim-
ulated CD4� T cells in primary culture: relationship to expression of allergic
disease. J. Allergy Clin. Immunol. 99: 563–569.

7. Bohle, B., T. Kinaciyan, M. Gerstmayr, A. Radakovics, B. Jahn-Schmid, and
C. Ebner. 2007. Sublingual immunotherapy induces IL-10-producing T regula-
tory cells, allergen-specific T-cell tolerance, and immune deviation.
J. Allergy Clin. Immunol. 120: 707–713.

8. Ciprandi, G., D. Fenoglio, I. Cirillo, A. Vizzaccaro, A. Ferrera, M. A. Tosca, and
F. Puppo. 2005. Induction of interleukin 10 by sublingual immunotherapy for
house dust mites: a preliminary report. Ann. Allergy Asthma Immunol. 95: 38–44.

9. Ciprandi, G., D. Fenoglio, I. Cirillo, M. A. Tosca, R. M. La, A. Licari,
A. Marseglia, S. Barberi, and G. L. Marseglia. 2007. Sublingual immunotherapy:
an update on immunologic and functional effects. Allergy Asthma Proc. 28:
40–43.

10. Cosmi, L., V. Santarlasci, R. Angeli, F. Liotta, L. Maggi, F. Frosali, O. Rossi,
P. Falagiani, G. Riva, S. Romagnani, et al. 2006. Sublingual immunotherapy with

4521The Journal of Immunology

 by guest on M
arch 18, 2020

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


Dermatophagoides monomeric allergoid down-regulates allergen-specific immu-
noglobulin E and increases both interferon-�- and interleukin-10-production.
Clin. Exp. Allergy 36: 261–272.

11. Francis, J. N., S. J. Till, and S. R. Durham. 2003. Induction of IL-
10�CD4�CD25� T cells by grass pollen immunotherapy. J. Allergy Clin. Im-
munol. 111: 1255–1261.

12. Jutel, M., M. Akdis, F. Budak, C. Aebischer-Casaulta, M. Wrzyszcz, K. Blaser,
and C. A. Akdis. 2003. IL-10 and TGF-� cooperate in the regulatory T cell
response to mucosal allergens in normal immunity and specific immunotherapy.
Eur. J. Immunol. 33: 1205–1214.

13. Larche, M., C. A. Akdis, and R. Valenta. 2006. Immunological mechanisms of
allergen-specific immunotherapy. Nat. Rev. Immunol. 6: 761–771.

14. Moingeon, P., T. Batard, R. Fadel, F. Frati, J. Sieber, and L. Van Overtvelt. 2006.
Immune mechanisms of allergen-specific sublingual immunotherapy. Allergy 61:
151–165.

15. Macaubas, C., J. Wahlstrom, A. P. Galvao da Silva, T. G. Forsthuber,
G. Sonderstrup, W. W. Kwok, R. H. DeKruyff, and D. T. Umetsu. 2006. Aller-
gen-specific MHC class II tetramer� cells are detectable in allergic, but not in
nonallergic, individuals. J. Immunol. 176: 5069–5077.

16. Bateman, E. A., M. R. Ardern-Jones, and G. S. Ogg. 2006. Persistent central
memory phenotype of circulating Fel d 1 peptide/DRB1*0101 tetramer-binding
CD4� T cells. J. Allergy Clin. Immunol. 118: 1350–1356.

17. Kinnunen, T., K. Jutila, W. W. Kwok, M. Rytkönen-Nissinen, A. Immonen,
S. Saarelainen, A. Närvänen, A. Taivainen, and T. Virtanen. 2007. Potential of an
altered peptide ligand of lipocalin allergen Bos d 2 for peptide immunotherapy.
J. Allergy Clin. Immunol. 119: 965–972.

18. Bakker, A. H., and T. N. Schumacher. 2005. MHC multimer technology: current
status and future prospects. Curr. Opin. Immunol. 17: 428–433.

19. McMichael, A. J., and A. Kelleher. 1999. The arrival of HLA class II tetramers.
J. Clin. Invest. 104: 1669–1670.

20. Scriba, T. J., M. Purbhoo, C. L. Day, N. Robinson, S. Fidler, J. Fox, J. N. Weber,
P. Klenerman, A. K. Sewell, and R. E. Phillips. 2005. Ultrasensitive detection and
phenotyping of CD4� T cells with optimized HLA class II tetramer staining.
J. Immunol. 175: 6334–6343.

21. Yang, J., E. A. James, L. Huston, N. A. Danke, A. W. Liu, and W. W. Kwok.
2006. Multiplex mapping of CD4 T cell epitopes using class II tetramers. Clin.
Immunol. 120: 21–32.

22. Akkerdaas, J. H., R. R. van, M. Aalbers, S. O. Stapel, and R. C. Aalberse. 1995.
Multiplicity of cross-reactive epitopes on Bet v I as detected with monoclonal
antibodies and human IgE. Allergy 50: 215–220.

23. Swoboda, I., A. Jilek, F. Ferreira, E. Engel, K. Hoffmann-Sommergruber,
O. Scheiner, D. Kraft, H. Breiteneder, E. Pittenauer, and E. Schmid. 1995. Iso-
forms of Bet v 1, the major birch pollen allergen, analyzed by liquid chroma-
tography, mass spectrometry, and cDNA cloning. J. Biol. Chem. 270: 2607–2613.

24. Kallinteris, N. L., X. Lu, C. E. Blackwell, E. von Hofe, R. E. Humphreys, and
M. Xu. 2006. Ii-Key/MHC class II epitope hybrids: a strategy that enhances
MHC class II epitope loading to create more potent peptide vaccines. Expert
Opin. Biol. Ther. 6: 1311–1321.

25. Batard, T., A. Didierlaurent, H. Chabre, N. Mothes, L. Bussieres, B. Bohle,
M. N. Couret, T. Ball, P. Lemoine, T. M. Focks, et al. 2005. Characterization of
wild-type recombinant Bet v 1a as a candidate vaccine against birch pollen al-
lergy. Int. Arch. Allergy Immunol. 136: 239–249.

26. Zetterquist, H., and O. Olerup. 1992. Identification of the HLA-DRB1*04,
-DRB1*07, and -DRB1*09 alleles by PCR amplification with sequence-specific
primers (PCR-SSP) in 2 hours. Hum. Immunol. 34: 64–74.

27. Castelli, F. A., C. Buhot, A. Sanson, H. Zarour, S. Pouvelle-Moratille, C. Nonn,
H. Gahery-Segard, J. G. Guillet, A. Menez, B. Georges, and B. Maillere. 2002.
HLA-DP4, the most frequent HLA II molecule, defines a new supertype of pep-
tide-binding specificity. J. Immunol. 169: 6928–6934.

28. Texier, C., S. Pouvelle, M. Busson, M. Herve, D. Charron, A. Menez, and
B. Maillere. 2000. HLA-DR restricted peptide candidates for bee venom immu-
notherapy. J. Immunol. 164: 3177–3184.

29. Fourneau, J. M., H. Cohen, and P. M. van Endert. 2004. A chaperone-assisted
high yield system for the production of HLA-DR4 tetramers in insect cells. J. Im-
munol. Methods 285: 253–264.

30. Ebner, C., S. Schenk, N. Najafian, U. Siemann, R. Steiner, G. W. Fischer,
K. Hoffmann, Z. Szepfalusi, O. Scheiner, and D. Kraft. 1995. Nonallergic indi-
viduals recognize the same T cell epitopes of Bet v 1, the major birch pollen
allergen, as atopic patients. J. Immunol. 154: 1932–1940.

31. Jahn-Schmid, B., A. Radakovics, D. Luttkopf, S. Scheurer, S. Vieths, C. Ebner,
and B. Bohle. 2005. Bet v 1142–156 is the dominant T-cell epitope of the major
birch pollen allergen and important for cross-reactivity with Bet v 1-related food
allergens. J. Allergy Clin. Immunol. 116: 213–219.

32. Ebner, C., S. Schenk, Z. Szepfalusi, K. Hoffmann, F. Ferreira, M. Willheim,
O. Scheiner, and D. Kraft. 1993. Multiple T cell specificities for Bet v I, the major
birch pollen allergen, within single individuals: studies using specific T cell
clones and overlapping peptides. Eur. J. Immunol. 23: 1523–1527.

33. Wambre, E., L. Van Overtvelt, B. Maillière, R. Humphreys, E. Von Hofe,
L. Ferhat, D. Ebo, and P. Moingeon. 2008. Single cell assessment of allergen-
specific T cell responses with MHC-class II peptide tetramers: methodological
aspects. Int. Arch. Allergy Immunol. 146: 99–112.

34. Campbell, J. D., V. Gangur, F. E. Simons, and K. T. HayGlass. 2004. Allergic
humans are hyporesponsive to a CXCR3 ligand-mediated Th1 immunity-promot-
ing loop. FASEB J. 18: 329–331

35. Samoilova, E. B., J. L. Horton, H. Zhang, S. J Khoury, H. L. Weiner and Y. Chen.
1998. CTLA-4 is required for the induction of high dose oral tolerance. Int.
Immunol. 10: 491–498.

36. Ahern, D. J., and D. S. Robinson. 2005. Regulatory T cells as a target for in-
duction of immune tolerance in allergy. Curr. Opin. Allergy Clin. Immunol. 5:
531–536.

37. Akdis, C. A., K. Blaser, and M. Akdis. 2006. Mechanisms of allergen-specific
immunotherapy. Chem. Immunol. Allergy 91: 195–203.

38. Cools, N., P. Ponsaerts, V. Van Tendeloo, and Z. N. Berneman. 2007. Balancing
between immunity and tolerance: an interplay between dendritic cells, regulatory
T cells, and effector T cells. J. Leukocyte Biol. 82: 1365–1374.

39. Romagnani, S. 2006. Regulatory T cells: which role in the pathogenesis and
treatment of allergic disorders? Allergy 61: 3–14.

40. Stock, P., R. H. DeKruyff, and D. T. Umetsu. 2006. Inhibition of the allergic
response by regulatory T cells. Curr. Opin. Allergy Clin. Immunol. 6: 12–16.

41. Taylor, A., J. Verhagen, K. Blaser, M. Akdis, and C. A. Akdis. 2006. Mecha-
nisms of immune suppression by interleukin-10 and transforming growth fac-
tor-�: the role of T regulatory cells. Immunology 117: 433–442.

42. Umetsu, D. T., and R. H. DeKruyff. 2006. The regulation of allergy and asthma.
Immunol. Rev. 212: 238–255.

43. van Oosterhout, A. J., and N. Bloksma. 2005. Regulatory T-lymphocytes in
asthma. Eur. Respir. J. 26: 918–932.

44. Verhagen, J., A. Taylor, K. Blaser, M. Akdis, and C. A. Akdis. 2005. T regulatory
cells in allergen-specific immunotherapy. Int. Rev. Immunol. 24: 533–548.

45. Hosken, N. A., K. Shibuya, A. W. Heath, K. M. Murphy, and A. O’Garra. 1995.
The effect of antigen dose on CD4� T helper cell phenotype development in a T
cell receptor-alpha beta-transgenic model. J. Exp. Med. 182: 1579–1584.

46. Sakaguchi, S., and F. Powrie. 2007. Emerging challenges in regulatory T cell
function and biology. Science 317: 627–629.

47. Yamazaki, S., A. J. Bonito, R. Spisek, M. Dhodapkar, K. Inaba, and
R. M. Steinman. 2007. Dendritic cells are specialized accessory cells along with
TGF-� for the differentiation of Foxp3�CD4� regulatory T cells from peripheral
Foxp3� precursors. Blood 110: 4293–4302.

48. Dormann, D., E. Montermann, L. Klimek, B. Weber, C. Ebner, R. Valenta,
D. Kraft, and A. B. Reske-Kunz. 1997. Heterogeneity in the polyclonal T cell
response to birch pollen allergens. Int. Arch. Allergy Immunol. 114: 272–277.

49. Ebner, C., U. Siemann, N. Najafian, O. Scheiner, and D. Kraft. 1995. Charac-
terization of allergen (Bet v 1)-specific T cell lines and clones from non-allergic
individuals. Int. Arch. Allergy Immunol. 107: 183–185.

50. Akdis, M., J. Verhagen, A. Taylor, F. Karamloo, C. Karagiannidis, R. Crameri,
S. Thunberg, G. Deniz, R. Valenta, H. Fiebig, et al. 2004. Immune responses in
healthy and allergic individuals are characterized by a fine balance between al-
lergen-specific T regulatory 1 and T helper 2 cells. J. Exp. Med. 199: 1567–1575.

51. Bullens, D. M., A. De Swerdt, E. Dilissen, A. Kasran, R. A. Kroczek, P. Cadot,
P. Casaer, and J. L. Ceuppens. 2005. House dust mite-specific T cells in healthy
non-atopic children. Clin. Exp. Allergy 35: 1535–1541.

52. Rimaniol, A. C., G. Garcia, S. J. Till, F. Capel, G. Gras, K. Balabanian, D. Emilie,
and M. Humbert. 2003. Evaluation of CD4� T cells proliferating to grass pollen
in seasonal allergic subjects by flow cytometry. Clin. Exp. Immunol. 132: 76–80.

53. Bacchetta, R., E. Gambineri, and M. G. Roncarolo. 2007. Role of regulatory T
cells and FOXP3 in human diseases. J. Allergy Clin. Immunol. 120: 227–235.

54. Nocentini, G., S. Ronchetti, S. Cuzzocrea, and C. Riccardi. 2007. GITR/GITRL:
more than an effector T cell co-stimulatory system. Eur. J. Immunol. 37:
1165–1169.

55. Yi, H., Y. Zhen, L. Jiang, J. Zheng, and Y. Zhao. 2006. The phenotypic char-
acterization of naturally occurring regulatory CD4�CD25� T cells. Cell. Mol.
Immunol. 3: 189–195.

56. Scott-Taylor, T. H., J. B. Hourihane, J. Harper, and S. Strobel. 2005. Patterns of
food allergen-specific cytokine production by T lymphocytes of children with
multiple allergies. Clin. Exp. Allergy 35: 1473–1480.

57. Romagnani, S. 2007. Coming back to a missing immune deviation as the main
explanatory mechanism for the hygiene hypothesis. J. Allergy Clin. Immunol.
119: 1511–1513.

4522 Bet v 1-SPECIFIC CD4� T CELL RESPONSES

 by guest on M
arch 18, 2020

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/



