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Background: Peptide immunotherapy is a promising

alternative for treating allergic diseases. One way to enhance

the efficacy of peptide immunotherapy is to use altered peptide

ligands (APLs) that contain amino acid substitutions

compared with the natural peptide.

Objective: To evaluate the potential of an APL of

the immunodominant epitope of lipocalin allergen

Bos d 2 for peptide immunotherapy.

Methods: Peripheral blood CD41 T-cell responses of 8 HLA-

DR4–positive subjects to the natural ligand of Bos d 2 (p127-

142) or to an APL (pN135D) were analyzed by MHC class II

tetramer staining after in vitro expansion with the peptides.

Long-term T-cell lines (TCLs) were induced with the peptides,

and the cytokine production, cross-reactivity, and T-cell

receptor Vb subtype expression of the TCLs were analyzed.

Results: CD41 T cells specific for both p127-142 and pN135D

were readily detected in peripheral blood after a single in vitro

stimulation. Whereas the TCLs induced with p127-142 were

TH2/TH0-deviated, those induced with pN135D were TH1/TH0-

deviated and highly cross-reactive with p127-142. Moreover,

the pN135D-induced TCLs appeared to use a broader

repertoire of T-cell receptor Vb subtypes than those

induced with p127-142.

Conclusion: An APL of an immunodominant allergen epitope

was able to induce a novel TH1-deviated T-cell population

cross-reactive with the natural epitope in vitro. This cell
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population could have a therapeutic immunomodulatory

function in vivo through bystander suppression.

Clinical implications: These results support the idea that altered

peptide ligands may be used to enhance the efficacy of peptide

immunotherapy. (J Allergy Clin Immunol nnnn;nnn:nnn-nnn.)

Key words: Allergy, altered peptide ligand, Bos d 2, lipocalin aller-
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CD41 T cells play a key role in both allergic and auto-
immune diseases. For these diseases, antigen-specific
modulation of T-cell response is a promising therapeutic
alternative. Peptide-based immunotherapy involves the
administration of short synthetic peptides containing the
T-cell epitopes of allergens or self-antigens. Several clini-
cal trials have demonstrated the potential of peptide immu-
notherapy in treating allergy.1-5 Recently, 2 clinical trials
have also provided encouraging results for the peptide
treatment of type 1 diabetes6 and rheumatoid arthritis.7

One way to enhance the efficacy of peptide immuno-
therapy is to use altered peptide ligands (APLs). These
peptides contain amino acid substitutions compared with
the natural peptide. They have been shown to induce both
quantitatively and qualitatively distinct signals in the
responding T cell.8 Initial experiments in murine models
have demonstrated the potential of APL immunotherapy
for autoimmune diseases9-11 and allergic asthma.12 Two
clinical trials have assessed the feasibility of APL immu-
notherapy in human beings.13,14 In these trials, an APL
of the immunodominant epitope of myelin basic protein
was administered to patients with multiple sclerosis (MS).
However, the response to the treatment was heterogeneous,
with no clear improvement in clinical outcomes, and both
studies were suspended as a result of adverse reactions,
such as disease exacerbations13 or hypersensitivity reac-
tions.14 The prospect of using APLs in allergen immuno-
therapy has remained largely unexplored.

We have previously identified heteroclitic APLs
for human T-cell clones specific for the immunodominant
epitope of Bos d 2, a lipocalin allergen from cow dander.15,16

These APLs were able to stimulate the T-cell clones at
10-fold to 100-fold lower peptide concentrations than the
natural ligand. Moreover, they exhibited immunomodulatory
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Abbreviations used
APL: Altered peptide ligand

CDR3: Complementarity-determining region 3

CFSE: 5-(And-6)-carboxyfluorescein diacetate

succinimidyl ester

DC: Dendritic cell

EC: Effective concentration

FITC: Fluorescein isothiocyanate

HA: Hemagglutinin

MS: Multiple sclerosis

PE: Phycoerythrin

TCL: T-cell line

TCR: T-cell receptor

SSCP: Single-strand conformational polymorphism

potential on the clones.17 In the current study, we analyzed
in vitro the CD41 T-cell responses of HLA-DR4–positive
subjects to the natural ligand of Bos d 2 (p127-142)
and to one of its heteroclitic peptide analogs, pN135D,
to evaluate the potential of pN135D for peptide-based
immunotherapy.

METHODS

Cells and peptides

PBMCs from 6 patients with cow dust–induced asthma (A-1 to

A-6) with positive skin prick tests to Bos d 215 and from 2 nonatopic

individuals (NA-1 and NA-2) were separated by Ficoll Paque Plus

density gradient centrifugation (Amersham Biosciences, Uppsala,

Sweden). All subjects were genotyped to be positive for HLA-

DRB1 *0401. The study was approved by the Ethics Committee of

the Kuopio University Hospital, and written informed consent was

given by all subjects. The T2.DR4 cell line expressing the DRB1

*0401 allele18 was kindly provided by Dr H. Zarour (Pittsburgh,

Pa). The Bos d 2 peptide p127-142 (ELEKYQQLNSERGVPN) and

its single amino acid variant pN135D (ELEKYQQLDSERGVPN)

were synthesized as described previously.16

MHC class II tetramers

The generation of soluble DRA1 *0101/DRB1 *0401 molecules

and the procedure used for peptide loading have been described ear-

lier.19 The peptides described here were used to load DRB1*0401

molecules to generate DR0401/peptide tetramers. The hemagglutinin

(HA) 306-318 peptide PRYVKQNTLKLAT was used to generate

DR0401/HA306-318 as a control tetramer for staining. The staining

was performed by incubating T cells with 0.5 mg of the phycoerythrin

(PE)-labeled tetramers in 50 mL culture medium for 2 hours at 378C.

Anti-CD4-PE-Cy5 (Immunotech, Marseille, France) and, in some

experiments, anti-Vb13.1–fluorescein isothiocyanate (FITC; Immu-

notech) were added, and the cells were incubated for an additional

20 minutes at 48C. The cells were washed twice and analyzed with

a FACScan flow cytometer (Becton Dickinson, Mountain View,

Calif).

Dendritic cell culture

Mature dendritic cells (DCs) were prepared according to the

procedure of Ponsaerts et al.20 Briefly, PBMCs were incubated for 2

hours in serum-free AIM-V medium (Life Technologies, Paisley,

United Kingdom) in 6-well plates (Corning Inc, Corning, NY).
Nonadherent cells were gently removed by repeated washing, and

the adherent cells were cultured for 2 days in AIM-V supplemented

with 100 ng/mL GM-CSF (Strathmann Biotech, Hannover, Germany).

PolyI:C (Sigma, St Louis, Mo) was added at a concentration of 25

mg/mL 24 hours after starting the culture. The typical purity of the

DC cultures was 60% to 70% according to staining with FITC-

labeled anti-CD14, anti-CD86, and anti-CD83 mAbs (BD

Biosciences, San Jose, Calif). Before use, DCs were pulsed with

the peptides (10 mmol/L) in AIM-V for 4 hours, washed, and resus-

pended in RPMI 1640 supplemented with 2 mmol/L L-glutamine, 20

mmol/L 2-mercaptoethanol, 1 mmol/L sodium pyruvate, nonessential

amino acids, 100 IU/mL penicillin, 100 mg/mL streptomycin, 10

mmol/L HEPES (BioWhittaker, Verviers, Belgium), and 5% inacti-

vated human AB serum (Finnish Red Cross, Helsinki, Finland).

CFSE/tetramer analysis
of the CD41 T-cell response

CD41 T cells were positively selected from PBMCs with immu-

nomagnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany).

The purity of the cells assessed by staining with anti-CD4-FITC

(BD Biosciences) was routinely > 98%. Purified CD41 T cells were

stained with 1 mmol/L 5-(and-6)-carboxyfluorescein diacetate succini-

midyl ester (CFSE; Molecular Probes, Leiden, The Netherlands) in

PBS for 10 minutes at 378C. Staining was stopped by adding 100% hu-

man AB serum and subsequent washing. T cells (1 3 106 per well)

were stimulated with 2 3 105 autologous peptide-pulsed DCs in 48-

well plates (Corning Inc.) in 1 mL complete RPMI 1640 supplemented

with 5 ng/mL IL-7 (Strathmann Biotech). On day 8, fresh medium sup-

plemented with 10 IU/mL IL-2 (Strathmann Biotech) and 5 ng/mL IL-7

was added to the cultures. The T cells were stained with tetramers and

anti-CD4-PE-Cy5 and analyzed by flow cytometry on days 8 and 15.

Long-term CD41 T-cell lines

For the generation of long-term CD41 T-cell lines (TCLs),

1 3 104 peptide-pulsed DCs and 5 3 104 CD41 T cells were seeded

in 96-well U-bottomed plates (30 wells per peptide) in complete

RPMI 1640. After 4 days, IL-2 (10 IU/mL) and IL-7 (5 ng/mL)

were added to the cultures. The cultures were restimulated with fresh

peptide-pulsed DCs every 10 to 11 days. After the second and third

stimulation, half the T cells in each well were split into 2 new daugh-

ter plates and stimulated with g-irradiated (6000 rad) T2.DR4 cells

(1 3 104 per well) pulsed for 4 hours with or without the peptides

(10 mmol/L). After 3 days, [3H]thymidine was added (1 mCi per

well; Amersham Pharmacia Biotech, Little Chalfont, United

Kingdom), and after an additional 16 hours, the cells were harvested

onto glass fiber filters (Wallac, Turku, Finland). Radioactivity was

measured by scintillation counting (Wallac Micro Beta 1450) and

the results expressed as cpm. The stimulation index (cpm in the pres-

ence of a peptide divided by cpm in the absence of a peptide) was de-

termined. Positive wells (stimulation index > 2 and a Dcpm of at least

5000) were transferred to a 24-well plate and expanded with 2 3 106

autologous PBMCs, 10 mmol/L of the peptide, 10 IU/mL IL-2, and 5

ng/mL IL-7. The established TCLs were stimulated in quintuplicates

in 96-well U-bottomed wells with 1 3 104 irradiated T2.DR4 cells

and different concentrations of the peptides for 3 days, and the prolif-

eration was measured as described. The functional T-cell receptor

(TCR) avidity, assessed by effective concentration (EC)50 values—

the peptide concentration needed to induce half-maximal prolifera-

tion—was calculated from the titration curves of individual TCLs.

Supernatants (100 mL per well) were collected from the cultures stim-

ulated with 50 mmol/L of the peptides after 3 days, and the production

of IL-4, IFN-g and IL-10 was measured by using commercial ELISA

kits (DuoSet; R&D Systems, Minneapolis, Minn). The detection

limits for IL-4, IFN-g, and IL-10 were 20, 30, and 30 pg/mL,
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FIG 1. Detection of peptide-specific T cells with MHC class II tetramers and CFSE dye dilution. Tetramer

staining was performed on day 8 (A) and on day 15 (B) after stimulation with peptide-pulsed DCs. Represen-

tative results are shown for subject A-3. The percentages of divided tetramer-positive cells are indicated.

The DR0401/HA306-318 tetramer was used as a control for staining.
respectively. IFN-g/IL-4 ratios were used for the classification of the

TCLs: TH1 (IFN-g/IL-4 ratio > 10 and IFN-g > 100 pg/mL), TH2

(IFN-g/IL-4 ratio < 0.1 and IL-4 > 100 pg/mL), TH0 (ratios in

between). The different Vb subtypes expressed by the TCLs were

analyzed with the IOTest Beta Mark kit (Immunotech, Marseille,

France) as previously described.21 TCR Vb expansions were consid-

ered significant when more than 10% of the cells expressed the par-

ticular Vb subtype and the level of expression was at least 2 times

greater than the expression in PBMC. The TCLs were also stained

with the MHC class II tetramers and anti-CD4-PE-Cy5 together

with anti-Vb13.1-FITC.

TCR RT-PCR/SSCP analysis of Vb13.11 T cells

Total RNA was isolated from the TCLs with the RNAgents total

RNA isolation system (Promega, Madison, Wis). The first-strand

cDNA was synthesized using TCR Cb-specific primer after ampli-

fication with a Vb13-specific primer as described previously.22 The

amplification product was subjected to single-strand conformational

polymorphism (SSCP) analysis.23 Briefly, the sample was diluted

in a denaturing solution containing 95% formamide and 20 mmol/L

EDTA and boiled for 5 minutes. The sample was loaded onto 6%
polyacrylamide Tris-boric acid-EDTA (TBE) gel containing 10%

glycerol. The gel was run at 8 Vcm21 constant voltage for 2.5 hours

in 0.5 3 TBE buffer at room temperature. After electrophoresis, the

gel was silver-stained, and the individual DNA bands of interest were

reamplified with Vb13 and Cb primers using the bandstab tech-

nique.24 The Vb13-Cb fragments were cloned into pCR2.1-TOPO

vectors, and the constructs were transformed into Escherichia coli

by using the TOPO TA Cloning kit (Invitrogen, Carlsbad, Calif).

The nucleotide sequences of the Vb13-Cb clones were confirmed

by DNA sequencing. In some cases, identical sequences were ob-

tained from 2 independent SSCP-derived clones of a specific TCL.

Statistical analysis

Statistical analyses were conducted using GraphPad Prism

(Graphpad Software, San Diego, Calif). The Mann-Whitney U test

was used to analyze the differences between the specific proliferative

and cytokine responses of long-term TCLs. The x2 test for trend was

used to analyze the differences between the p127-142-induced and

pN135D-induced TCLs in the distribution of cytokine phenotypes

and the distribution of avidities for the homologous peptide. P values

of .05 or less were considered significant.
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RESULTS

Expansion of specific CD41 T cells on
stimulation with p127-142 and pN135D

We have previously demonstrated that an allergen
peptide with a single amino acid substitution (pN135D)
was capable of activating a human Bos d 2–specific T-cell
clone F1-9 restricted by DRB1 *0401 at about a 100-fold
lower concentration than the natural peptide p127-142.16

In this study, we wanted to evaluate the potential of
pN135D for peptide immunotherapy by analyzing the
in vitro T-cell responses of 8 DR4-positive subjects to
p127-142 and pN135D. For the analysis, CD41 T cells
isolated by immunomagnetic sorting were stained with
CFSE and stimulated with DCs pulsed with the peptides.
The cells were stained with peptide-loaded DRB1 *0401
tetramers on days 8 and 15.

On day 8, the percentage of divided tetramer-positive
CD41 T cells in the cultures was very low. Distinct
populations of DR0401/p127-142-positive and DR0401/
pN135D-positive T cells could be observed in the pep-
tide-induced cultures of the subject A-3 only (0.12%
and 0.16%, respectively; Fig 1, A). However, after cul-
turing the cells for additional 7 days together with IL-2
and IL-7, DR0401/p127-142–positive and DR0401/
pN135D-positive CD41 T cells were observed in the
p127-142-induced and pN135D-induced cultures from
6 and 5 subjects, respectively. A representative example
is shown for subject A-3 in Fig 1, B. The percentage of
DR0401/p127-142–positive T cells ranged from 0.36%
to 6.69% in the p127-142–induced cultures and that of
DR0401/pN135D-positive T cells from 0.22% to 5.11%
in the pN135D-induced cultures (Table I). The peptide-
induced responses of the nonatopic subjects NA-1 and
NA-2 appeared to be weaker than the responses of most
of the atopic subjects.

Several of the tetramer-positive cultures exhibited
cross-reactivity for the homologous peptide, as shown for

TABLE I. The percentage of divided tetramer-positive

CD41 T cells in peptide-induced cultures on day 15*

Induction with

p127-142 pN135D

Tetramer analysis with DR0401/

Subject p127-132 pN135D p127-132 pN135D

A-1 0.64 0.08 0.52 4.62

A-2 3.01 0.03 0.55 5.11

A-3 3.26 0.52 4.06 3.92

A-4 0.08 0.05 0.07 0.22

A-5 6.69 0.36 1.11 0.49

A-6 0.36 0.01 0.02 0.01

NA-1 0.05 0.03 0.05 0.07

NA-2 0.38 0.05 0.08 0.04

*Background staining with the DR0401/HA306-318 control tetramer

ranged from 0.01% to 0.09% in individual experiments. Positive staining

(>0.10% of CD41 T cells) is indicated in boldface.
subject A-3 (Fig 1, A and B). However, only 2 out of the
6 p127-142-induced cultures that were positively stained
with DR0401/p127-142 were stained with DR0401/
pN135D. In contrast, positive staining with DR0401/
p127-142 was observed in 4 out of the 5 pN135D-induced
T-cell cultures that were positively stained with DR0401/
pN135D (Table I).

Generation of long-term TCLs with
p127-142 and pN135D

Because pN135D was observed to induce T cells cross-
reactive with p127-142, we wanted to analyze this phe-
nomenon in more detail. We generated long-term CD41

TCLs from all subjects with p127-142 and pN135D
(Table II). Eighteen TCLs were induced with each of the
peptides. Interestingly, at least 1 pN135D-specific TCL
was obtained from all 8 subjects, whereas p127-142–
specific TCLs were obtained from only 5 subjects.

The proliferative responses of the p127-142–induced
and pN135D-induced TCLs were of the same magnitude
(Fig 2, A). Moreover, the functional TCR avidity of the
TCLs, estimated by EC50 values (ie, the peptide concen-
tration needed to induce a half-maximal response), was
similar (median EC50 of p127-142–induced TCL, 1.0
mmol/L; pN135D-induced TCL, 1.9 mmol/L; P 5 .38;
Mann-Whitney U test). Of the peptide-specific TCLs,
1 p127-142–specific and 5 pN135D-specific TCLs failed
to stain with the DR0401/p127-142 and DR0401/
pN135D tetramers, respectively (less than 1% tetramer
positive; data not shown), probably because of a low
TCR affinity.17

Cytokine phenotype of the p127-142–induced
and pN135D-induced TCLs

Interestingly, there was a difference in cytokine
production by the TCLs. The pN135D-induced TCLs
produced significantly higher levels of IFN-g than the
p127-142–induced TCLs (Fig 2, B). In contrast, there was
no statistically significant difference in the production
of IL-4 (Fig 2, C) or IL-10 (Fig 2, D). Consequently,
the p127-142–induced TCLs were predominantly of
the TH2/TH0 phenotype, whereas the pN135D-induced
TCLs were of the TH1/TH0 phenotype (Table III;
P 5 .004).

TABLE II. The number of specific TCLs obtained from the

subjects (30 replicate wells per subject were seeded)

Subject p127-142 pN135D

A-1 1 3

A-2 2 2

A-3 4 1

A-4 2 3

A-5 9 5

A-6 — 2

NA-1 — 1

NA-2 — 1

Total 18 18



J ALLERGY CLIN IMMUNOL

VOLUME nnn, NUMBER nn

Kinnunen et al 5

ARTICLE IN PRESS
Cross-reactivity of the p127-142–induced
and pN135D-induced TCLs

Both the p127-142–induced and pN135D-induced
TCLs frequently showed reactivity to the homologous
peptide. Nine of the 18 p127-142-induced TCLs exhibited
a cross-reactive response to pN135D. Importantly, 14 of
the 18 pN135D-induced TCLs recognized p127-142.
Moreover, at least 1 cross-reactive pN135D-induced
TCL was obtained from every subject in the study. Both
p127-142–induced and pN135D-induced TCLs displayed
a spectrum of functional avidities for the homologous
peptide (Table IV), as demonstrated with 3 pN135D-
induced TCLs from subject A-5 (Fig 3). Although most
of the cross-reactive T-cell responses were of lower or
similar avidity than the responses to the peptide used for
inducing the TCLs, 5 pN135D-induced TCLs (from 4
different subjects) recognized p127-142 with a higher
avidity than pN135D (Table IV). In contrast, only 1 p127-
142–induced TCL recognized pN135D with a higher
avidity. In general, the avidity of the pN135D-induced
TCL for p127-142 tended to be higher than that of the

TABLE III. TH cytokine phenotype of the long-term TCLs*

p127-142–induced TCL pN135D-induced TCL

TH2 5 1

TH0 12 9

TH1 1 8

*The phenotypes were based on the IFN-g/IL-4 ratio (TH1, IFN-g/IL-4

ratio > 10 and IFN-g > 100 pg/mL; TH2, IFN-g/IL-4 ratio < 0.1 and IL-4

> 100 pg/mL; TH0, ratios in between). The x2 test for trend was used to

analyze the differences in the distribution of cytokine phenotypes between

the p127-142–induced and pN135D-induced TCLs (P 5 .004).

FIG 2. Proliferative and cytokine responses of p127-142–induced

and pN135D-induced long-term TCLs. A, The proliferative re-

sponses of the TCLs are expressed as Dcpm (mean of stimulated

wells – mean of unstimulated wells). The amounts of IFN-g (B),

IL-4 (C), and IL-10 (D) produced were detected in the supernatants.

The peptide concentration used for stimulation was 50 mmol/L.
p127-142–induced TCL for pN135D (Table IV; P 5

.06). On stimulation with the homologous peptide, the
cytokine phenotype of the TCLs (Table III) remained
unaltered (data not shown).

TCR Vb subtypes used by the p127-142–
induced and pN135D-induced TCLs

The expansion of TCR Vb subtypes in the p127-142–
induced and pN135D-induced long-term TCLs was ana-
lyzed by flow cytometry (see this article’s Fig E1 in the
Online Repository at www.jacionline.org). Interestingly,
an expansion of Vb13.11 T cells was observed in 14
of the 18 p127-142–induced TCLs but only in 4 of the
18 pN135D-induced TCLs. All the pN135D-induced
TCLs with an expansion of Vb13.11 T cells were cross-
reactive with p127-142 (data not shown). Expansion of a
specific Vb subtype other than Vb13.1 was observed in
only 1 to 3 of the p127-142–induced or pN135D-induced
TCLs. The antigen-specificity of the expanded Vb13.11

T-cell populations was confirmed by staining the TCLs
with both the Vb13.1-specific antibody and the
DR0401/peptide tetramers (a representative example is
shown in this article’s Fig E1 in the Online Repository
at www.jacinonline.org).

TABLE IV. Functional avidity of the long-term TCLs

for the homologous peptide*

Avidity of

p127-142–induced

TCL for pN135D

Avidity of

pN135D-induced

TCL for p127-142

Higher 1 5

Similar 3 2

Lower 5 7

None 9 4

*Functional avidity was evaluated by EC50 ratios (EC50 of the homologous

peptide/EC50 of the peptide used in the induction of the TCL). Lower

avidity, EC50 ratio > 10; similar avidity, 0.1 < EC50 ratio < 10; higher

avidity, EC50 ratio < 0.1. The x2 test for trend was used to analyze the

differences in the distribution of functional TCR avidities of the p127-142–

induced and pN135D-induced TCLs for the homologous peptide (P 5 .06).

FIG 3. Different patterns of T-cell cross-reactivity: the homologous

peptide is not recognized (A); the homologous peptide is recog-

nized with a similar avidity (B) or with higher avidity than the pep-

tide used for induction (C). All 3 TCLs were obtained from subject

A-5 on stimulation with the peptide analog pN135D.
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TABLE V. TCR b-chain CDR3 amino acid sequences used by peptide-specific Vb13.11 T cells from p127-142–induced

and pN135D-induced TCLs*

Amino acid sequence

Subject TCL Vb13.1 N-Db-N-Jb Jb CDR3 length

A-2 p127-142 TCL 1 CASS RTGD GQAFF Jb1.1 9

pN135D TCL 1 CAS RFRAQVCPNEWLHF Jb1.2 14

A-3 p127-142 TCL 1 CASS RTSG GLETQYF Jb2.5 11

p127-142 TCL 2 CAS TGRVTMATTF Jb1.2 10

p127-142 TCL 3 CAS RRSTSTDTQYF Jb2.3 11

A-4 p127-142 TCL 1 CASS LQGSRFTLHF Jb1.6 10

p127-142 TCL 2 CASS PRGADTQYF Jb2.3 9

CASS RTGG YGYTF Jb1.2 9

A-5 p127-142 TCL 1 CA TERGGAAGMNTEAFF Jb1.1 15

p127-142 TCL 2 CA AGGGGAQEKLFF Jb1.4 12

p127-142 TCL 3 CASS PQGVNTGELFF Jb2.2 11

p127-142 TCL 4 CASS RAGF LDTEAFF Jb1.1 11

p127-142 TCL 5 CASS RAGF LDTEAFF Jb1.1 11

p127-142 TCL 6 CASS P RTEK QYF Jb2.7 8

p127-142 TCL 7 CASS RVAG VGNEQFF Jb2.1 11

p127-142 TCL 8 CASS RVAG VGNEQFF Jb2.1 11

pN135D TCL 3 CASS QILAGGPDEQFF Jb2.1 12

NA-1 pN135D TCL 1 CASS YST RGPG NTIYF Jb1.3 12

CASS VSKYPDRFRQETQYF Jb2.5 15

NA-2 pN135D TCL 1 CASS RTGF GLETQYF Jb2.5 11

*The RTGG motif, or minor variations of it, are indicated by boxing.
TCR b-chain CDR3 amino acid sequences of
peptide-specific Vb13.11 T cells

The TCLs showing an expansion of peptide-specific
Vb13.11 T cells were subjected to SSCP analysis. In 16 of
the 18 TCLs, a monoclonal SSCP pattern25 was detected,
whereas in 2 TCLs, the SSCP pattern was oligoclonal
(data not shown). The SSCP bands were reamplified di-
rectly from the gels, and their nucleotide sequences were
determined after subcloning. The deduced TCR b-chain
complementarity-determining region 3 (CDR3) amino
acid sequences are shown in Table V. Diverse Jb segments
were used by the TCLs, even intraindividually, and the
CDR3 length varied between 8 and 15 amino acids.
Interestingly, a common amino acid motif, RTGG, or mi-
nor variations of it, was observed in 11 TCLs from 6 differ-
ent subjects (Table V). Moreover, a CDR3 sequence was
shared by p127-142–induced TCLs 4 and 5 from subject
A-5, whereas the TCLs 7 and 8 from the same subject
shared a different sequence (Table V). This finding sug-
gests that at least 2 different p127-142–specific T-cell
clones had expanded in subject A-5 in vivo.

DISCUSSION

In this study, we evaluated the potential of an APL of
the dominant T-cell epitope of lipocalin allergen Bos d
216 for human peptide-based immunotherapy. This APL,
pN135D, was found to be stimulatory for CD41 T cells
in vitro. Interestingly, 14 of the 18 pN135D-induced
TCLs recognized p127-142, 7 of these with a similar or
higher avidity than pN135D. Moreover, the pN135D-
induced TCLs were predominantly of the TH1/TH0
phenotype, in contrast with the TH2/TH0 phenotype of
p127-142–induced TCLs. Furthermore, the pN135D-
induced TCLs appeared to use a broader repertoire of
TCR Vb subtypes than the p127-142–induced TCLs.

Altered TCR-mediated activation by APLs has been
shown to have a potential therapeutic effect—for example,
by promoting immune deviation, antagonism, anergy, or
deletion of specific T cells.17,26-30 Some studies also suggest
that APLs can induce a new cross-reactive T-cell population
able to modulate the immunologic microenvironment con-
taining the pathogenic T cells—for example, by bystander
suppression.9,11,31 This phenomenon has also been demon-
strated in one of the clinical trials of MS.13 In that study, an
in vivo expansion of APL-specific T cells, a large fraction of
which were cross-reactive with the natural myelin basic
protein peptide, was observed in every patient treated
with the APL. Unfortunately, some of these T cells were
not of the desired TH2 phenotype but of the TH1 phenotype,
which presumably led to disease exacerbations in 2 of the
8 subjects in the study.

Our data support the view that bystander suppression
can be a potential mechanism in APL immunotherapy.
Almost all the pN135D-induced TCLs cross-recognized
the natural peptide p127-142. Importantly, the TH1/TH0
cytokine phenotype of these TCLs remained unaltered
on stimulation with p127-142. Furthermore, the differ-
ence in the TCR Vb use by the p127-142–induced and
pN135D-induced TCLs supports the notion that most
of the TCLs induced with the APL were derived from a
different pool of T-cell precursors.
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Hypothetically, the induction of bystander suppres-
sion with an APL in allergen immunotherapy requires 2
steps in vivo. First, immunization with the APL should
create a novel TH1-biased T-cell population cross-reac-
tive with the natural allergen epitope. Subsequently, on
allergen exposure, these T cells would become activated
with the natural peptide and be able to modulate the
TH2-deviated immune response. Another possibility is
that immunization with the APL could result in the induc-
tion of regulatory T cells, a phenomenon previously ob-
served in both conventional allergen immunotherapy32,33

and immunotherapy with natural allergen peptides.34

In the future, immunomodulatory treatments that promote
the induction of regulatory T cells35 might be used in
combination with APL immunotherapy to enhance its
efficacy.

One of the major risks associated with APL immu-
notherapy is the cross-activation of pathogenic memory
T cells.36 In this study, we observed that the peptide ana-
log pN135D was capable of activating a substantial
proportion of the TH2/TH0-deviated p127-142–induced
TCLs. This could lead to disease exacerbation in vivo, as
observed in the clinical trial of MS.13 On the other hand,
transient activation of allergen-specific T cells has been
shown to precede the development of tolerance in vivo
in immunotherapy with natural allergen peptides.37,38

Most of the previous research on APL immunotherapy
has been directed against autoimmune diseases, in partic-
ular MS. Allergic disorders may be a safer alternative for
the clinical trials of APL immunotherapy.39 The efficacy
and safety of immunotherapy with natural peptides have
been evaluated in several clinical trials of allergic dis-
eases,1-5 whereas experience with autoimmune diseases
is more limited.6,7 It is also conceivable that potential
disease exacerbations associated with high APL doses13

are more easily controllable in allergic subjects than in
patients with autoimmune diseases.4

The current study demonstrated that the TCR b-chains
of T cells specific for p127-142 were highly conserved in
DR4-positive subjects. An expansion of p127-142–specific
Vb13.11 T cells was observed in 14 of the 18 p127-142–
induced TCLs but in only 4 of the 18 pN135D-induced
TCLs. Moreover, a common amino acid motif, RTGG, or
minor variations of it, was observed in the TCR b-chain
CDR3 amino acid sequences of 11 different TCLs. These
findings suggest a common structural requirement for the
recognition of p127-142 in the context of DRB1 *0401.
The significance of the highly homogenous TCR repertoire
for the allergenicity of Bos d 2 in DR4-positive subjects
needs to be clarified in further studies. Potentially, the iden-
tification of common TCR structures in the pathogenic
T-cell population could allow the development of TCR-
based therapies, such as TCR-based vaccination.40

The difference in TCR Vb usage by the p127-142–
induced and pN135D-induced TCLs suggests that most of
the pN135D-induced T cells were derived from a different
pool of T-cell precursors than the p127-142–induced T
cells. It is possible that most of the p127-142–induced T
cells originated from the memory T-cell pool, whereas the
pN135D-induced T cells were mainly of naive origin. The
finding that 2 CDR3 sequences were shared by distinct
p127-142–induced TCLs suggests that the p127-142–
specific T cells had previously been expanded in allergic
subject A-5 in vivo.

In conclusion, we have demonstrated in this study that
the CD41 T-cell response of DR4-positive allergic sub-
jects against the immunodominant epitope of Bos d 2
(p127-142) was predominantly TH2/TH0-deviated and
remarkably uniform in TCR Vb usage. In contrast,
the CD41 T-cell response against the peptide analog
pN135D was mostly TH1/TH0-deviated and appeared to
use a broader repertoire of TCR Vb subtypes. Importantly,
pN135D-induced TCLs cross-reactive with the natural
peptide were obtained from all 8 subjects, demonstrating
that it can be possible to induce a novel cross-reactive T-
cell population with an APL in a group of subjects sharing
a similar MHC background. Through bystander suppres-
sion, this cell population can have a therapeutic immuno-
modulatory effect in vivo. Our results support the notion
that, with a careful selection of patients, peptide analogs
may be used to enhance the efficacy of peptide-based aller-
gen immunotherapy.
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