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Molecular and functional analysis of the antigen receptor
of Art v 1–specific helper T lymphocytes
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Background: Ninety-five percent of patients with mugwort
allergy are sensitized to Art v 1, the sole major allergen in
mugwort (Artemisia vulgaris) pollen. Sixty-nine percent of
patients recognizing the single immunodominant T-cell epitope
Art v 125-36 have an HLA-DRB1*01 phenotype.
Objective: We studied cloning and functional expression of a
human ab T-cell receptor (TCR) specific for Art v 125-36.
Methods: TCR chains were RT-PCR amplified from an
Art v 125-36–specific T-cell clone, retrovirally transferred, and
functionally tested in Jurkat T cells or alternatively in
peripheral blood T lymphocytes of nonallergic individuals.
Results: The a-chain of the TCR is composed of TRAV17 and
TRAJ45 segments, and the b-chain uses TRBV18, TRBD1, and
TRBJ2-7. Analyses of 23 other Art v 1–specific T-cell clones did
not reveal preferential usage of the TRAV17, TRBV18, or other
TCR gene families. Efficient TCR transfer into Jurkat T cells
was shown by binding of TCR Vb18–specific mAb and
DRB1*0101/Art v 1 tetramers. Transgenic Jurkat T cells
specifically recognized syngeneic EBV B cells pulsed with
Art v 125-36 peptide and artificial antigen-presenting cells
expressing invariant chain::Art v 1 fusion proteins. Moreover,
transfer of the TCR into peripheral blood lymphocytes
generated T cells that were Art v 1 reactive. Activation of
transgenic T cells by artificial antigen-presenting cells was
strictly dependent on costimulation.
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Conclusion: For the first time, a detailed molecular and
functional analysis of a human allergen-specific TCR is
presented.
(J Allergy Clin Immunol nnnn;nnn:nnn-nnn.)
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T lymphocytes play a central role in the pathogenesis of allergic
diseases. During sensitization, priming of allergen-specific
(CD41) TH2 cells results in the production of TH2 cytokines,
which are responsible for class switching to the e immunoglobu-
lin heavy chain, allowing IgE production by B cells.1 Once
primed, allergen-specific T cells critically contribute to late-phase
reactions and allergic inflammation in target organs (eg, airways
and skin).2 The clonotypic specificity of T cells is brought about
by the T-cell receptor (TCR), which shows dual specificity for the
antigen (allergen) and for self (MHC) determinants.3 Signal trans-
duction by the TCR is conducted by means of noncovalently
associated invariant CD3 subunits.4-6

The antigen specificity of T cells can be transferred to other
T cells by means of TCRab gene transfer.7-9 TCR-transgenic (tg)
model systems have contributed greatly to our understanding of
the immune response to autoantigens and infectious agents10-12

and have shed light on fundamental processes in T-cell develop-
ment.5,13,14 Although TCR gene usage by allergen-specific T
lymphocytes has been studied to a considerable degree in the
past,15-19 no molecular or functional analyses of cloned and
ectopically expressed human allergen-specific TCRs have been
reported thus far. Consequently, biologic model systems based
on human allergen-specific TCRs are still missing.

An ideal human allergen-specific model system would com-
prise an immunodominant epitope, which is presented by a well-
characterized restriction element expressed by the majority of the
individuals affected. These features apply to mugwort pollen
allergy: mugwort (Artemisia vulgaris) is widely spread through-
out the European temperate climate zone, North America, and
parts of Asia and is one of the main causes of hay fever in late
summer and autumn.20 More than 95% of patients with mugwort
allergy are sensitized to Art v 1, the major allergen in mugwort
pollen. Analyzing the T-cell response to Art v 1 by using a panel
of specific T-cell lines and clones revealed that the presentation of
the sole immunodominant epitope (Art v 125-36) is highly associ-
ated with HLA-DRB1*01.21,22 Thus allergy to Art v 1 is charac-
terized by a uniform T-cell response.
1
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Abbreviations used
aAPC: A
rtificial antigen-presenting cell
CLIP: C
lass II–associated invariant chain peptide
FITC: F
luorescein isothiocyanate
HA: In
fluenza hemagglutinin
Ii: In
variant chain
PB: P
eripheral blood
PBL: P
eripheral blood lymphocytes
PE: P
hycoerythrin
SEE: S
taphylococcal enterotoxin E
SI: S
timulation index
TCR: T
-cell receptor
tg: T
ransgenic
WT: W
ild-type
In the present study we addressed the feasibility of engineering
allergen-specific T lymphocytes by means of genetic TCR trans-
fer. The molecular and functional characterization of human
allergen-specific TCRs as critical tools of defined model systems
in which all 3 components of the ‘‘allergen-specific synapse’’ are
well defined (ie, restriction element, immunodominant peptide,
and TCR) will provide important insights into the pathophysiol-
ogy of allergic diseases and their possible future cure.
METHODS

Cell lines and primary cells
For this investigation, 293 cells, 293 OKT3scFv::GPI transfectants, 23 Raji

cells, and Jurkat clone 41-19 expressing an IL-2 enhancer/promoter-driving

luciferase were cultured as previously described.23 Art v 1–specific T-cell

lines, T-cell clones, and immortalized B cells were established from peripheral

blood lymphocytes (PBLs) of individuals with mugwort pollen allergy with a

typical clinical history and positive skin prick test responses to mugwort pol-

len extract, as described.22 The TCR gene usage was determined by means of

RT-PCR with TRAVand TRBV primers (Clonetech, Heidelberg, Germany), as

previously described.22
Cloning and characterization of ab TCRs
mRNA from the Art v 1–specific TH0 cell clone SSR20, which on antigen-

specific stimulation produced 22 pg/mL IL-4 and 75 pg/mL IFN-g, was ampli-

fied with TRAV17 forward 59-CGCGGGAAGCTTGCCACCATGGAAA

CTCTCCTGGGAGTG-39 and TRAC reverse 59-CCCGCGGCGGCCGCT

TTAGCTGGACCACAGCCGC-39 or TRBV18 forward 59-CGCGGG

AAGCTTGCCACCATGGCCAACTCTGCTATGGAC-39 and TRBC re-

verse 59-CCCGCGGCGGCCGCTTTAGAAATCCTTTCTCTTGACCATG-

39, digested with NcoI (bold) and NotI (underlined), and gel purified. DNA

fragments were ligated into the retroviral expression vector pMMP412

(R.C. Mulligan, Childrens Hospital, Boston, Mass) and DNA sequenced

(VBC Genomics, Vienna, Austria).
Cloning of HLA-DR constructs
SSR (EBV-immortalized B cells) mRNA was amplified with HLA-DRA

forward 59-CGCGGGAAGCTTGCCACCATGGCCATAAGTGGAGTCCC-

39 and HLA-DRA reverse 59-CCCGCGGCGGCCGCTTTACAGAGGCCC

CCTGCG-39 or HLA-DRB1*0101 forward 59-CGCGGGAAGCTTGCCAC

CATGGTGTGTCTGAAGCTCCC-3’quo; and HLA-DRB1*0101 reverse 59-

CCCGCGGCGGCCGCTTTAGCTCAGGAATCCTGTTGGCT-39, digested

with HindIII (bold) and NotI (underlined), and gel purified. DNA fragments

were ligated into pEAK12 expression vector (EdgeBio, Gaithersburg, Md)

and DNA sequenced.
Generation of invariant chain constructs
pcDNA1.1/Amp containing an invariant chain (Ii) with a SfuI–Eco47III

cassette instead of class II–associated Ii peptide (CLIP) was kindly provided

by J. vanBergen (Immunohematology and Blood Transfusion, Leiden, The

Netherlands).24 The double-stranded Art v 125-34 oligonucleotides Art v 125-

34 upper 59-CGAAGTGCATCGAGTGGGAGAAGGCCCAGCACCAGGC-

39 and Art v 125-34 lower 59-GCCTGGTGCTGGGCCTTCTCCCACTCG

ATGCACTT-39 were inserted into SfuI/Eco47III-digested pcDNA1.1/Amp-

Ii. CLIP and HA309-317 containing Iis were constructed as previously de-

scribed.24 Length variants of Art v 1 were constructed by means of PCR

with codon optimized Art v 125 as template amplification with the primers

codon optimized Art v 11-109 forward 59-CGCGGGTTCGAAGATGGCCGG

CAGCAAGCTG-3’quo; and codon optimized Art v 11-109 reverse

59-GGGCGCGGGCAGCGCTTGGTGGGTGCTGGGGGG-39; codon opti-

mized Art v 115-50 forward 59-CGCGGGTTCGAAGAGCGGCAAGTGCGA

CAACAAG-39 and codon optimized Art v 115-50 reverse 59-GGGCGCG

GGCAGCGCTTGGCAGAAGCAGCTCTCCTTGCC-39; codon optimized

Art v 120-45 forward 59-CGCGGGTTCGAAGAACAAGAAGTGCGACAA

GAAG-39 and codon optimized Art v 120-45 reverse 59-GGGCGCGGGC

AGCGCTTGCTTGCCGGCCTCCCGCTT-39; and codon optimized Art v

11-57 reverse 59-GGGCGCGGGCAGCGCTTGGCTCTTGCTGCAGTC

GAAGTA-39. After PCR amplification, digestion, and gel purification, the

DNA fragments were ligated into the pcDNA1.1/Amp-Ii expression vector,

followed by DNA sequencing (VBC Genomics).

Transduction of ab TCRs into Jurkat and peripheral

blood T cells
Amphotropic TCRab-delivering retroviruses were produced by means of

transient transfection with standard procedures.26 Briefly, 293 OKT3scFv::GPI

cells were transfected with pMD.gagpol (Moloney murine leukemia virus gag-

pol) pMD-VSV-G (vesicular stomatitis virus protein G; both provided by Dr R.

C. Mulligan),27 pMMP412.TRAV17, and pMMP412.TRBV18. Alternatively,

pMMP412.GFP was used as a control. Jurkat clone 41-19 or peripheral blood

(PB) T cells were transduced with viral supernatant in the presence of 8 mg/mL

polybrene (Sigma, St Louis, Mo). Before transduction, PB T cells were pres-

timulated with anti-CD3/CD28 substituted microbeads (Dynabeads, Dynal

Biotech, Oslo, Norway) and optionally with 300 U/mL IL-2 (Peprotech, Lon-

don, United Kingdom). Jurkat clones were obtained by limiting dilution.

Immunofluorescence analyses
The mAbs CD3–fluorescein isothiocyanate (FITC; UCHT1), pan-

TCRab–phycoerythrin (PE; BMA031), CD2-FITC (TS2.18), CD4-FITC

(VIT4), CD8-PE (VIT8b), and control immunoglobulin FITC and PE were

obtained from ADG (Kaumberg, Austria). TCR Vb8-FITC (56C5) and TCR

Vb18-PE (BA62) were from Immunotech (Marseille, France). HLA class II–

FITC (1/47) and Ii-FITC (5-329) were provided by O. Majdic (Institute of

Immunology, MUV, Vienna, Austria). Surface and intracellular staining, as

well as flow cytometric analyses, were performed as previously described.28

For tetramer staining, Jurkat cells (4 3 105) were incubated with 4 mL of

PE-labeled DRB1*0101/Art v 1 peptide–specific tetramer (Beckman Coulter,

Marseille, France) containing Art v 119-36 (NKKCDKKCIEWEKAQHGA) at

378C in the dark for 2 hours, washed once, and fixed in 200 mL of 0.5% par-

aformaldehyde-PBS at room temperature for 1 hour, followed by immediate

flow cytometric analysis.

Jurkat luciferase activity assays
SSR EBV-immortalized B cells (5 3 104, HLA-DRB1*01011) were pre-

incubated with the peptides (3 3 1025 mol/L) Art v 119-30, Art v 125-36, Art

v 194-105, influenza HA306-318 or medium alone, respectively, for 3 hours.

Subsequently, TCR tg Jurkat cells or wild-type (WT) Jurkat cells (1 3 105)

were added and cocultured with presensitized syngeneic EBV cells or peptide

alone for 6 hours. Alternatively, artificial antigen-presenting cells (aAPCs; 5

3 104) expressing HLA-DR1, CD54, CD80, and Ii constructs served as stim-

ulators. Staphylococcal enterotoxin E (SEE; 0.3 3 1026 mol/L; Toxin Tech-

nologies, Sarasota, Fla) or PHA (5 mg/mL) plus phorbol 12-myristate



FIG 1. Nucleotide and predicted amino acid sequence of the HLA-DRB1*0101–restricted TCR of the Art

v 1–specific T-cell clone SSR20. A, TCR a-chain sequence. B, TCR b-chain sequence. Codon numbering and

nomenclature are according to the international immunogenetics information system.29 Only the 59-ends

of the constant-region sequences are shown. Complementarity-determining regions are boxed.
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FIG 2. Expression pattern of endogenous TCR, Art v 1–specific tg TCR, and accessory molecules on WT, bulk

TCR tg, and TCR tg single-cell clones (nos. 3, 5, and 7) of Jurkat T cells are shown. Binding of specific mAbs

or Art v 1–specific tetramers (HLA-DRB1*0101/Art v 119-36; bold lines) is compared with control antibody

binding (thin lines). Two-parameter dot-plot analysis of Jurkat cells stained with TCR Vb8 and TCR Vb18

mAbs (right panel). Data are representative of 2 independently performed experiments.
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13-acetate (1027 mol/L) served as positive controls. Luciferase activity was

assayed as previously described.28

Generation of aAPCs
In this study, 293 cells (3 3 106) were transiently cotransfected with HLA-

DRA*0101, HLA-DRB1*0101, CD54, CD80, cathepsin S,28 and Ii constructs

or empty control vector in combinations as indicated and used 72 hours after

transfection.

T-cell proliferation assays
TCR tg T cells (5 3 104 per well) were incubated with aAPCs (5 3 104 per

well irradiated with 60 Gy) expressing HLA-DRA*0101, HLA-DRB1*0101,

Ii::Art v 125-34, Ii::HA309-317, CD80, and cathepsin S combined, as indicated in

96-well flat-bottom tissue-culture plates for 3 days. Cells were pulsed with

[methyl-3H] thymidine (1 mCi per well) for another 18 hours and processed

as previously described.23 Medium alone or anti-CD3/CD28 microbeads (5

3 104) served as controls.
RESULTS
Molecular cloning of the ab TCR of an Art v 125-36–

specific, HLA-DRB1*0101–restricted

T-cell clone
The Art v 1–specific CD41 T-cell clone (SSR20) was isolated

from the blood of a subject with mugwort pollen allergy (HLA-
DRB1*0101, *0301; DRB3*0101; DQB1*0201, *0501) shortly
after the mugwort pollen season. The clone specifically reacted
to stimulation with the immunodominant peptide of Art v 1, Art
v 125-36, in an HLA-DRB1*0101–restricted manner.21 The TCR
a- and b-chains of SSR20 were RT-PCR amplified, ligated into
the retroviral expression vector pMMP412, and DNA sequenced.
The functional a-chain gene of SSR20 was formed by the rear-
rangement of a Va gene segment of the TRAV17 gene family
to a TRAJ45 segment (Fig 1, nomenclature according to Lefranc
et al29). The b-chain of SSR20 is derived from a TRBV18-
TRBD1-TRBJ2-7-TRBC2 rearrangement (Fig 1). The junctional
or N-diversification in CDR3s is low for both chains. In the
a-chain 3 nongermline-encoded codons are present, whereas the
2 C-terminal TRAV17 codons have been deleted. CDR3b is com-
posed of germline sequences, except for the addition of a single
arginine. Assessment of 23 T-cell clones of 10 additional subjects
with Art v 1 allergy revealed that 12% of the clones expressed
TRAV17 and 9% of the clones expressed TRBV18, indicating
that Art v 125-36–specific T-cell responses are not confined to
TCRs consisting of the TRAV17 and TRBV18 gene families.
Retroviral transfer and expression of the

Art v 1–specific TCR
In a first instance expression of the cloned TCR was tested by

means of retroviral transduction of Jurkat T cells harboring a
human IL-2 promoter/enhancer controlling luciferase expres-
sion.23 Immunofluorescence staining of bulk transductants re-
vealed stable TCR Vb18 expression in approximately 60% of
cells (Fig 2). Expression levels of CD3, pan-TCRab, and CD4
were comparable in WT and TCR tg Jurkat cells in bulk



FIG 3. The Art v 1–specific TCR in tg Jurkat T cells is functionally active. A,

IL-2 promoter activity of Art v 1 TCR tg or WT Jurkat T cells on coculture

with or without HLA-DRB1*01011 EBV B cells and the indicated peptides

or with medium alone. B, Similar to Fig 3, A, but supplemented with SEE.

Data show mean values 6 SDs of triplicate cultures representative of sev-

eral independently performed experiments.
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transductants, as well as in single-cell clones, whereas, for exam-
ple, CD2 expression levels showed considerable variation (Fig 2).
A similar variability was observed for Vb8 and Vb18 expression
on single-cell clones. Clone 3 showed residual coexpression of
the endogenous Vb8 chain, whereas clones 5 and 7 showed mu-
tual exclusive expression of the tg Vb18 chain (Fig 2), which
might be caused by different levels of overexpression (long termi-
nal repeat–driven or through copy number) of the tg TCR and
competition for the constitutively expressed CD3 complex.
HLA-DRB1*0101/Art v 119-36–specific tetramers bound to
TCR transductants exclusively (Fig 2), indicating that on transfer
the tg TCR retained its capability to specifically interact with the
restriction element/peptide complex against which it had been
selected in vivo.
The allergen-specific TCR is functionally

intact in TCR tg Jurkat T cells
To determine whether Jurkat T cells transduced with the

allergen-specific TCR recognize the HLA-DRB1*0101–re-
stricted immunodominant T-cell epitope Art v 125-36

21,22 also in
functional terms, the TCR transductants (subclone 5) were coincu-
bated with syngeneic EBV B cells that had been pulsed with satu-
rating concentrations of Art v 125-36 or control peptides from Art v
1 (Art v 119-30 or Art v 194-105) or influenza hemagglutinin (HA306-

318). Fig 3, A, shows specific recognition of Art v 125-36 by the TCR
tg Jurkat T cells, as revealed by IL-2 promoter–driven luciferase ac-
tivity. Similar results were obtained with other subclones or the
bulk transductants (not shown). Of note, residual coexpression of
endogenous TCR chains, as observed for clone 3, did not influence
subsequent antigen-specific activation (not shown). EBV B cells
pulsed with control peptides from Art v 1 (Art v 119-30 or Art v
194-105), the DRB1*0101/0401–restricted peptide from influenza
hemagglutinin (HA306-318),

30 or medium alone were unable to
stimulate TCR tg T cells. Cellular activation induced by Art v
125-36 was strictly dependent on the presence of antigen-presenting
cells because no T-cell stimulation was observed on coincubation
of TCR tg Jurkat T cells with peptides in the absence of EBV B
cells (Fig 3, A). The immunodominant Art v 125-36 peptide did
not activate WT Jurkat T cells, which were perfectly able to mount
HLA class II–dependent responses in the presence of SEE (Fig 3,
B). Dose-response determinations revealed that TCR tg Jurkat T
cells required between 7.6 and 33.4 mmol/L (12.4-54.8 mg/mL)
peptide for half-maximal stimulation (not shown).

TCR tg Jurkat T cells recognize Art v 1 borne by

engineered invariant chain
The HLA CLIP occupies the peptide-binding groove during

assembly and transport and becomes exchanged to antigenic
peptides in endosomes/lysosomes.24 Does the allergen-specific
TCR also recognize Art v 1, which was genetically exchanged
against CLIP in Ii expression constructs?

To answer this question, we generated aAPCs by transfecting
human 293 cells with HLA-DRA*0101, HLA-DRB1*0101,
CD80, CD54, and cathepsin S plus Ii constructs harboring
different length variants of a codon-optimized version of the Art
v 1 gene.25 Alternatively, 293 cells were transfected with the
control Ii constructs Ii::HA309-317 or Ii::CLIP. 293 Cells trans-
fected with the Ii::Art v 1 versions, all harboring the minimal Art
v 127-34 epitope,21 were able to stimulate the Art v 1–specific tg
Jurkat T cells similar to the positive control PHA/phorbol 12-
myristate 13-acetate (Fig 4, A). No stimulation was induced by
293 cells transfected with Ii::HA309-317, Ii::CLIP, or control
vector, although these cell types were perfectly able to function-
ally bind SEE (Fig 4, B). However, no SEE-dependent response
was observed in the absence of aAPCs. Fig 4, C, shows that HLA
Class II expression was similar on all aAPC types, whereas Ii ex-
pression levels provided a more heterogeneous picture (Fig 4,
D). Ii::Art v 11-109 fusion protein repeatedly showed the weakest
expression, which also resulted in a weaker stimulatory capacity
of Ii::Art v 11-109–transfected aAPCs.

Significantly, T-cell activation was only moderate in the
absence of costimulation (stimulation index [SI], 3.2 6 0.34);
however, it became clear-cut when costimulatory molecules,
such as CD80, were coexpressed (SI, 44.7 6 8.7; Fig 5). In our
system coexpression of CD80, together with the intercellular
adhesion molecule 1 (CD54), on aAPCs revealed only moderate
additional synergy (SI, 58.1 6 15.2; Fig 5), which might reflect
already maximal stimulation by CD80 alone, making a further
enhancement by CD54 impossible.

Transfer of allergen-specific TCR into

human PBLs
In a next step we tested whether it was possible to generate

human Art v 1–specific T lymphocytes from nonallergic individ-
uals. For that purpose, PBLs from 6 donors (HLA-DRB1*0101
positive or negative) were transduced with the Art v 1–specific
TCR. Transduction efficiencies ranged from 10% to 30%, as
determined by flow cytometry of CD31 TCR Vb181 T cells (Fig
6, A). TCR tg T cells from all donors specifically proliferated on



FIG 4. Art v 1–specific TCR tg Jurkat T cells recognize Ii-encoded allergenic peptides presented by aAPCs. A,

IL-2 promoter activity of TCR tg Jurkat T cells (bulk) cocultured with 293 cells expressing HLA-DRA*0101,

HLA-DRB1*0101, CD80::GPI, CD54::GPI, cathepsin S, and the indicated forms of Ii or controls. Coculture

with Raji B cells, PHA plus phorbol 12-myristate 13-acetate (PMA), or medium served as a control. B, Similar

to Fig 4, A, but supplemented with SEE. Expression levels of HLA-DR1 (C) or Ii (D) in 293 aAPC transfectants

(bold lines) superimposed by negative control staining (thin lines) is also shown.

FIG 5. Efficient stimulation of Art v 1–specific Jurkat T cells requires

costimulation. IL-2 promoter activity of TCR tg Jurkat T cells incubated

with 293 cells cotransfected with DRA*0101, DRB1*0101, Ii::Art v 125-34,

CD54, CD80, green fluorescent protein (GFP), or control plasmid alone or

combined as indicated or phorbol 12-myristate 13-acetate (PMA) plus

PHA. Data show mean values 6 SDs of triplicate cultures representative

of 3 independently performed experiments.
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coincubation with aAPCs expressing Ii::Art v 125-36 but not with
aAPCs expressing Ii::HA309-317. Control-transduced T cells
(green fluorescent protein) of HLA-DRB1*0101–negative donors
showed residual reactivity with HLA-DRB1*0101–expressing
aAPCs, possibly reflecting alloreactivity, which was not observed
with responder T cells from HLA-DRB1*0101–positive donors.
Moreover, stimulation of TCR tg PB T cells was strongly depen-
dent on CD80-mediated costimulation. Within 10 days, up to
1 3 107 Art v 1–specific T cells can be generated from 10 mL
of PB of various donors. This cell number can be further increased
by a factor of approximately 3 by supplementation of TCR tg T
cells with growth factors, such as IL-2. Thus PB T cells from non-
allergic donors can be genetically modified to react with a well-
defined allergen, such as Art v 1.

DISCUSSION
We cloned, sequenced, and transferred the TCR a- and b-chain

genes of a CD41 T-cell clone (SSR20) specific for the immuno-
dominant T-cell epitope of the major mugwort pollen allergen
Art v 1 to human T lymphocytes. The human Jurkat T-cell line,
as well as PB T cells of nonallergic individuals, showed clear-
cut expression of the tg TCR and specifically reacted with Art v
125-36 peptide-pulsed autologous EBV B cells, as well as with
aAPCs expressing Ii::Art v 1 fusion proteins. Significantly, stim-
ulation of TCR tg T cells was dependent on coexpression of cos-
timulatory molecules, such as CD80 or CD86 (not shown) and, to
a much lesser degree, on CD58 (not shown). To our knowledge,
this is the first report describing the successful genetic transfer
of a human allergen-specific TCR into human T lymphocytes.

We here attempted to contribute to a better definition of the
critical molecular players within the ‘‘allergen-specific synapse’’
formed between antigen-presenting cells and T cells. Whereas
immunodominant peptides and corresponding restriction ele-
ments of major allergens have been characterized in detail during
the past 2 decades,31,32 the information on the molecular and
functional definition of human allergen-specific TCRs remained
scarce. The availability of recombinant, allergen-specific TCRs
will allow us to set up biologic model systems in the future in
which all 3 components of the allergen-specific synapse (ie, the
restriction element, the immunodominant peptide, and the corre-
sponding TCR) are defined at a molecular level and are based on a
relevant allergic disease. Currently, allergen-specific T cells have
to be expanded from the blood of patients with clinically well-
defined allergy, a cumbersome task that is only successful shortly
after the pollen season. In addition, the overall cell yields are often
negligible. The transgenic approach allows the generation of high
numbers of allergen-specific T cells in a short period of time, in-
dependent of the allergic status of the donor and the allergy
season. Future studies will have to show whether and how
allergen-specific TCR tg T cells can be polarized to exert defined
effector functions. The steadily growing number of modified/
recombinant allergens33 (allergen [peptide] fragments,34 trimers,35

conjugates,36 shuffled allergens,37 or hybrid molecules38) demands
test systems able to predict their immunologic behavior. Allergen-



FIG 6. TCR tg PB T cells proliferate on challenge with Ii::Art v 125-36–express-

ing aAPCs. A, Expression levels of TCR Vb18 and CD3 on control and tg PB T

cells. Numbers indicate percentage of CD31 TCR Vb181 cells. B, Prolifera-

tion of human PBMCs transduced with Art v 1–specific TCR cocultured

with aAPCs coexpressing the indicated molecules or alternatively with mi-

crobeads coated with CD3 plus CD28 mAbs or with medium alone. Data

show mean values 6 SDs of triplicate cultures corrected by mean values

(2.6 kcpm; range, 0-8.2 kcpm) of green fluorescent protein (GFP)–trans-

duced tg T cells. Data are representative of several independently per-

formed experiments.
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specific tg T cells might represent such a standardizable tool
to, for example, test for retained T-cell reactivity of modified/
recombinant allergens.

In addition, the Ii-based sensitization strategy,24 which we
adapted for allergenic peptides in this report, might prove to be
useful to define by means of recombinant DNA technology–
altered peptide ligands of immunodominant allergens. Conven-
tionally, altered peptide ligands are created by introducing single
amino acid changes into peptide ligands of MHC, generating pep-
tides able to influence autoimmune diseases but also allergies.39-42

The Ii-based allergen (peptide) expression system in combination
with, for example, error-prone PCR approaches,43 might serve as
a novel high-throughput screening approach for such purposes.

Moreover, expressible allergen-specific TCRs might also lay
the groundwork for the generation of valuable in vivo systems in
the future, such as TCR tg ‘‘allergy mice’’ based on a human dis-
ease and based on human immune receptors. Allergy mice will
represent powerful biologic systems to analyze T cell–dependent
(but also T cell–independent) pathways influencing allergic
diseases with the required profoundness in the future.

We thank Dr van Bergen for providing the Ii construct and Dr Majdic for

providing human HLA class II (1/47) and Ii (5-329) mAbs.

Clinical implications: Expressible allergen-specific TCRs might
contribute to a better definition of the ‘‘allergen-specific syn-
apse’’ and thus the processes leading to allergic diseases and
their cure.
REFERENCES

1. Larche M, Akdis CA, Valenta R. Immunological mechanisms of allergen-specific

immunotherapy. Nat Rev Immunol 2006;6:761-71.

2. Akdis M, Akdis CA. Mechanisms of allergen-specific immunotherapy. J Allergy

Clin Immunol 2007;119:780-91.

3. Zinkernagel RM, Doherty PC. Restriction of in vitro T cell-mediated cytotoxicity

in lymphocytic choriomeningitis within a syngeneic or semiallogeneic system.

Nature 1974;248:701-2.

4. Baniyash M. TCR zeta-chain downregulation: curtailing an excessive

inflammatory immune response. Nat Rev Immunol 2004;4:675-87.

5. Wang JH, Reinherz EL. Structural basis of T cell recognition of peptides bound to

MHC molecules. Mol Immunol 2002;38:1039-49.

6. Hayes SM, Shores EW, Love PE. An architectural perspective on signaling by the

pre-, alphabeta and gammadelta T cell receptors. Immunol Rev 2003;191:28-37.

7. Dembic Z, Haas W, Weiss S, McCubrey J, Kiefer H, von Boehmer H, et al. Trans-

fer of specificity by murine alpha and beta T-cell receptor genes. Nature 1986;320:

232-8.

8. Clay TM, Custer MC, Sachs J, Hwu P, Rosenberg SA, Nishimura MI. Efficient

transfer of a tumor antigen-reactive TCR to human peripheral blood lymphocytes

confers anti-tumor reactivity. J Immunol 1999;163:507-13.

9. Heemskerk MH, Hoogeboom M, Hagedoorn R, Kester MG, Willemze R, Falken-

burg JH. Reprogramming of virus-specific T cells into leukemia-reactive T cells

using T cell receptor gene transfer. J Exp Med 2004;199:885-94.

10. Goverman J, Woods A, Larson L, Weiner LP, Hood L, Zaller DM. Transgenic mice

that express a myelin basic protein-specific T cell receptor develop spontaneous

autoimmunity. Cell 1993;72:551-60.

11. Katz JD, Wang B, Haskins K, Benoist C, Mathis D. Following a diabetogenic

T cell from genesis through pathogenesis. Cell 1993;74:1089-100.

12. Ohashi PS, Oehen S, Buerki K, Pircher H, Ohashi CT, Odermatt B, et al. Ablation

of ‘‘tolerance’’ induction of diabetes by virus infection in viral antigen transgenic

mice. Cell 1991;65:305-17.

13. Pircher H, Burki K, Lang R, Hengartner H, Zinkernagel RM. Tolerance induction

in double specific T-cell receptor transgenic mice varies with antigen. Nature 1989;

342:559-61.

14. von Boehmer H. Developmental biology of T cells in T cell-receptor transgenic

mice. Annu Rev Immunol 1990;8:531-56.

15. Beyer K, Hausler T, Kircher M, Nickel R, Wahn U, Renz H. Specific V beta T cell

subsets are associated with cat and birch pollen allergy in humans. J Immunol

1999;162:1186-91.

16. Breiteneder H, Scheiner O, Hajek R, Hulla W, Huttinger R, Fischer G, et al. Diver-

sity of TCRAV and TCRBV sequences used by human T-cell clones specific for a

minimal epitope of Bet v 1, the major birch pollen allergen. Immunogenetics 1995;

42:53-8.

17. Joost van Neerven R, van t’Hof W, Ringrose JH, Jansen HM, Aalberse RC, Wier-

enga EA, et al. T cell epitopes of house dust mite major allergen Der p II. J Immu-

nol 1993;151:2326-35.

18. Kircher MF, Haeusler T, Nickel R, Lamb JR, Renz H, Beyer K. Vbeta18.1(1) and

V(alpha)2.3(1) T-cell subsets are associated with house dust mite allergy in human

subjects. J Allergy Clin Immunol 2002;109:517-23.

19. Wedderburn LR, O’Hehir RE, Hewitt CR, Lamb JR, Owen MJ. In vivo clonal

dominance and limited T-cell receptor usage in human CD41 T-cell

recognition of house dust mite allergens. Proc Natl Acad Sci U S A 1993;90:

8214-8.

20. Himly M, Jahn-Schmid B, Dedic A, Kelemen P, Wopfner N, Altmann F, et al. Art v

1, the major allergen of mugwort pollen, is a modular glycoprotein with a defensin-

like and a hydroxyproline-rich domain. FASEB J 2003;17:106-8.

21. Jahn-Schmid B, Fischer GF, Bohle B, Fae I, Gadermaier G, Dedic A, et al. Antigen

presentation of the immunodominant T-cell epitope of the major mugwort pollen

allergen, Art v 1, is associated with the expression of HLA-DRB1*01. J Allergy

Clin Immunol 2005;115:399-404.



J ALLERGY CLIN IMMUNOL

nnn 2008

8 LEB ET AL

ARTICLE IN PRESS
22. Jahn-Schmid B, Kelemen P, Himly M, Bohle B, Fischer G, Ferreira F, et al. The

T cell response to Art v 1, the major mugwort pollen allergen, is dominated by

one epitope. J Immunol 2002;169:6005-11.

23. Derdak SV, Kueng HJ, Leb VM, Neunkirchner A, Schmetterer KG, Bielek E,

et al. Direct stimulation of T lymphocytes by immunosomes: virus-like particles

decorated with T cell receptor/CD3 ligands plus costimulatory molecules. Proc

Natl Acad Sci U S A 2006;103:13144-9.

24. van Bergen J, Schoenberger SP, Verreck F, Amons R, Offringa R, Koning F. Effi-

cient loading of HLA-DR with a T helper epitope by genetic exchange of CLIP.

Proc Natl Acad Sci U S A 1997;94:7499-502.

25. Bauer R, Himly M, Dedic A, Ferreira F, Thalhamer J, Hartl A. Optimization of codon

usage is required for effective genetic immunization against Art v 1, the major aller-

gen of mugwort pollen. Allergy 2003;58:1003-10.

26. Pear WS, Nolan GP, Scott ML, Baltimore D. Production of high-titer helper-

free retroviruses by transient transfection. Proc Natl Acad Sci U S A 1993;90:

8392-6.

27. Ory DS, Neugeboren BA, Mulligan RC. A stable human-derived packaging cell

line for production of high titer retrovirus/vesicular stomatitis virus G pseudotypes.

Proc Natl Acad Sci U S A 1996;93:11400-6.

28. Nissler K, Kreusch S, Rommerskirch W, Strubel W, Weber E, Wiederanders B.

Sorting of non-glycosylated human procathepsin S in mammalian cells. Biol

Chem 1998;379:219-24.

29. Lefranc MP, Giudicelli V, Kaas Q, Duprat E, Jabado-Michaloud J, Scaviner D,

et al. IMGT, the international ImMunoGeneTics information system. Nucleic

Acids Res 2005;33:D593-7.

30. Lamb JR, Eckels DD, Lake P, Woody JN, Green N. Human T-cell clones recognize

chemically synthesized peptides of influenza haemagglutinin. Nature 1982;300:

66-9.

31. van Neerven RJ, Ebner C, Yssel H, Kapsenberg ML, Lamb JR. T-cell responses to

allergens: epitope-specificity and clinical relevance. Immunol Today 1996;17:

526-32.

32. Bohle B. T-cell epitopes of food allergens. Clin Rev Allergy Immunol 2006;30:

97-108.
33. Valenta R, Niederberger V. Recombinant allergens for immunotherapy. J Allergy

Clin Immunol 2007;119:826-30.

34. Larche M. Update on the current status of peptide immunotherapy. J Allergy Clin

Immunol 2007;119:906-9.

35. Niederberger V, Horak F, Vrtala S, Spitzauer S, Krauth MT, Valent P, et al. Vacci-

nation with genetically engineered allergens prevents progression of allergic

disease. Proc Natl Acad Sci U S A 2004;101(suppl 2):14677-82.

36. Bohle B, Breitwieser A, Zwolfer B, Jahn-Schmid B, Sara M, Sleytr UB, et al. A

novel approach to specific allergy treatment: the recombinant fusion protein of a

bacterial cell surface (S-layer) protein and the major birch pollen allergen Bet v

1 (rSbsC-Bet v 1) combines reduced allergenicity with immunomodulating capac-

ity. J Immunol 2004;172:6642-8.

37. Gafvelin G, Parmley S, Neimert-Andersson T, Blank U, Eriksson TL, van Hage M,

et al. Hypoallergens for allergen-specific immunotherapy by directed molecular

evolution of mite group 2 allergens. J Biol Chem 2007;282:3778-87.

38. Metz-Favre C, Linhart B, Focke-Tejkl M, Purohit A, de Blay F, Valenta R, et al.

Skin test diagnosis of grass pollen allergy with a recombinant hybrid molecule.

J Allergy Clin Immunol 2007;120:315-21.

39. Hsu BL, Evavold BD, Allen PM. Modulation of T cell development by an endog-

enous altered peptide ligand. J Exp Med 1995;181:805-10.

40. Han B, Serra P, Amrani A, Yamanouchi J, Maree AF, Edelstein-Keshet L, et al.

Prevention of diabetes by manipulation of anti-IGRP autoimmunity: high effi-

ciency of a low-affinity peptide. Nat Med 2005;11:645-52.

41. Kappos L, Comi G, Panitch H, Oger J, Antel J, Conlon P, et al. Induction of a non-

encephalitogenic type 2 T helper-cell autoimmune response in multiple sclerosis

after administration of an altered peptide ligand in a placebo-controlled, random-

ized phase II trial. The Altered Peptide Ligand in Relapsing MS Study Group.

Nat Med 2000;6:1176-82.

42. Kinnunen T, Jutila K, Kwok WW, Rytkonen-Nissinen M, Immonen A, Saarelainen

S, et al. Potential of an altered peptide ligand of lipocalin allergen Bos d 2 for

peptide immunotherapy. J Allergy Clin Immunol 2007;119:965-72.

43. Peterson A, Seed B. Genetic analysis of monoclonal antibody and HIV binding

sites on the human lymphocyte antigen CD4. Cell 1988;54:65-72.


	Molecular and functional analysis of the antigen receptor of Art v 1&ndash;specific helper T lymphocytes
	Methods
	Cell lines and primary cells
	Cloning and characterization of alphabeta TCRs
	Cloning of HLA-DR constructs
	Generation of invariant chain constructs
	Transduction of alphabeta TCRs into Jurkat and peripheral blood T cells
	Immunofluorescence analyses
	Jurkat luciferase activity assays
	Generation of aAPCs
	T-cell proliferation assays

	Results
	Molecular cloning of the alphabeta TCR of an Art v 125-36-specific, HLA-DRB1ast0101-restricted T-cell clone
	Retroviral transfer and expression of the Artnbspvnbsp1-specific TCR
	The allergen-specific TCR is functionally intact in TCR tg Jurkat T cells
	TCR tg Jurkat T cells recognize Art v 1 borne by engineered invariant chain
	Transfer of allergen-specific TCR into human PBLs

	Discussion
	References


