
Immunotherapeutic potential of the immunodominant T-cell epitope
of lipocalin allergen Bos d 2 and its analogues

Introduction

Lipocalins are proteins that are present in humans,1 so it

is noteworthy that almost all important respiratory aller-

gens from mammals belong to this protein family.2

Although the cellular immune response to lipocalin aller-

gens has not yet been fully characterized, it seems that in

general it is weak.3–7 This is surprising, as humans mount

a strong immunoglobulin E (IgE) response against these

allergens.3,8,9 We have proposed that the presence of

endogenous lipocalins might be a factor contributing to

the T helper type 2 (Th2) deviation of the immune

response against exogenous lipocalin allergens.10

In an attempt to unravel the factors involved in the

allergenic capacity of lipocalin allergens, we observed that

the spleen cell response of BALB/c mice was directed to a

single immunodominant epitope in Bos d 2, a bovine

lipocalin allergen.4 We had observed earlier that the

peptide (p127–142) of the allergen that contained the epi-

tope also contained an epitope recognized by T cells from

individuals with cow dust asthma.3 Furthermore, the

human T-cell response against the immunodominant epi-

tope was Th2-deviated.3 This finding is consistent with

our results with BALB/c mice, as their spleen cell response

was interleukin (IL)-4-biased upon in vitro stimulation

with the peptide.4 Detailed studies with human T-cell

clones later showed that the immunodominant epitope of

Bos d 2 was a suboptimal ligand.11 This is perhaps not

surprising, as several studies have suggested that subopti-

mal stimulation through the T-cell receptor (TCR) can

favour Th2-deviated immune responses.12–14

Conventional allergen immunotherapy, in which

increasing subcutaneous doses of allergen extract are

administered, is an efficient method of treating

allergy.15,16 An alternative to conventional immunother-

apy is to administer allergen peptides containing T-cell
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Summary

Lipocalin allergens, which contain most of the important animal-derived

respiratory sensitizers, induce T helper type 2 (Th2) deviation, but the

reasons for this are not clear. To explore the prospects for peptide-based

allergen immunotherapy and to elucidate the characteristics of the

immunodominant epitope of Bos d 2, BALB/c mice were immunized with

a peptide containing the epitope, peptides containing its analogues, pep-

tides from the corresponding regions of other lipocalin proteins, and pep-

tides with a homologous sequence. We observed that murine spleen

cells recognized the immunodominant epitope of Bos d 2, p127–142, in

almost the same way as human Bos d 2-specific T cells did. Enzyme-linked

immunosorbent spot-forming cell assay (ELISPOT) analyses showed that

p127–142 and a corresponding peptide from horse Equ c 1 induced a Th2-

deviated cellular response, whereas a homologous bacterial peptide from

Spiroplasma citri induced a Th0-type response. Interestingly, the spleen cell

response to the bacterial peptide and p127–142 was cross-reactive, that is,

able to induce reciprocally the proliferation and cytokine production of

primed spleen cells in vitro. More importantly, the peptides were able to

skew the phenotype of T cells primed with the other peptide. Our results

suggest that modified peptides can be useful in allergen immunotherapy.

Keywords: allergen peptide; cross-reactivity; immunotherapy; priming;

Th2 deviation
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epitopes. Peptide treatment decreases the risk of anaphy-

laxis and circumvents new sensitizations associated with

allergen extracts.17–19 Recent clinical trials have shown

that peptide-based allergen immunotherapy has potential

for treating allergy.19,20

It is still not clear why inert inhaled antigens induce

Th2 deviation of the immune response and allergy. The

primary purpose of this study was therefore to elucidate

the immune characteristics of the dominant T-cell epi-

tope of Bos d 2 in BALB/c mice. Another purpose of

the study was to explore the prospects for peptide-based

allergen immunotherapy. We report here that recogni-

tion of the immunodominant epitope in p127–142 of

Bos d 2 by BALB/c mouse spleen cells closely resembled

recognition of the immunodominant epitope by human

Bos d 2-specific T cells. In particular, p127–142 was able

to prime cells for a Th2-biased cellular response,

whereas a homologous peptide from Spiroplasma citri

favoured a more balanced response. Interestingly, p127–

142 and the peptide from S. citri were able to prime

spleen cells reciprocally for proliferation and to modify

cytokine production of cells primed with the other pep-

tide. Our results suggest that the phenotype of Th2-

primed splenic T cells can be modulated by modified

allergen peptides.

Materials and methods

Immunization of mice

Female BALB/c, C57BL/6, and CBA mice (8 weeks old)

were obtained from Taconic M & B A/S (Ry, Denmark).

The mice were maintained under pathogen-free condi-

tions throughout the study. Three to five mice in each

group were injected once subcutaneously (s.c.) at the base

of the tail with peptides (0�005 lmol) in complete Fre-

und’s adjuvant (CFA; Sigma, St Louis, MO; F-5881).

Control mice were treated with phosphate-buffered saline

(PBS) or CFA. Experiments were performed in accor-

dance with the European Convention for the Protection

of Vertebrate Animals used for Experimental and Other

Scientific Purposes (Strasbourg 18 March 1986, adopted

in Finland 31 May 1990). The study was approved by the

Animal Care and Use Committee of the University of

Kuopio.

Synthetic peptides

The Bos d 2 peptide p127–142 (ELEKYQQLNSERGVPN),

its 16-mer analogues, truncated derivatives, and other pep-

tides described below were synthesized using a PerSeptive

900 Plus automated peptide synthesizer (Millipore, Bed-

ford, MA) with a Fmoc (N-[9-fluorenyl]methoxycarbonyl)

strategy. The peptides were purified by high-performance

liquid chromatography (HPLC) and confirmed by mass

spectrometry. The peptides were dissolved in sterile PBS,

filtered through a 0�2-lm filter, and handled aseptically

throughout. Single amino acid substitutions (conservative

and non-conservative, including 16 alanine and 18 other

amino acid substitutions) in the peptide analogues were

introduced in all positions. The sequences for the peptides

SP1–SP9 homologous to p127–142 (SP; database search

peptide) were obtained from the Swiss-Prot protein

sequence database (http://www.expasy.ch/sprot or http://

www.expasy.ch/cgi-bin/list?allergen.txt) using the program

FINDPATTERNS (Accelrys Ltd, San Diego, CA), whereas the

sequences for the peptides SP10–SP20 corresponding to

p127–142 were obtained by sequence homology alignments

with lipocalin allergens (from dog Can f 1 and Can f 2,

horse Equ c 1, cow Bos d 5, cockroach Bla g 4, mouse Mus

m 1, and rat Rat n 1), mouse non-allergen lipocalins and

human lipocalins from the same database using the pro-

gram BESTFIT (Accelrys Ltd), as described previously.11

Proliferation assays

The spleens were removed from the mice 10 days after

immunization and prepared as a single-cell suspension.

The culture medium was Dulbecco’s modified Eagle’s

minimal essential medium (DMEM; BioWhittaker,

Walkersville, MD) supplemented with 2 mM L-glutamine

(Gibco, Grand Island, NY), 50 lM 2-mercaptoethanol

(2-ME), 1 mM sodium pyruvate (BioWhittaker), 10 mM

HEPES (BioWhittaker), 100 IU/ml penicillin (Orion,

Espoo, Finland), 100 lg/ml streptomycin (Sigma), and

10% inactivated fetal calf serum (Biological Industries,

Beit Haemek, Israel). Proliferation tests were performed

as described previously.4 In brief, 2 · 105 cells/well were

incubated in triplicate in 96-well round-bottomed

microtitre plates (Corning, Acton, MA) with antigens at

0�5–50 lM for 3 days in a humidified 5% CO2 incubator

at 37� and pulsed for 16 hr with 0�5 lCi/well [3H]thy-

midine (Amersham, Little Chalfont, UK). The radio-

nuclide uptake was measured by scintillation counting

and the results expressed as a stimulation index [SI; the

ratio of mean counts per minute (c.p.m.) in cultures

with stimulant to mean c.p.m. in cultures without

stimulant].

Determination of restriction by major histocompatibility
complex (MHC)

CD4-positive T cells were separated from the spleen cell

suspension by the SpinSepTM Cell Enrichment Method

(StemCell Technologies, Vancouver, Canada) according

to the protocol of the manufacturer. The purity of

CD4+ T cells determined by flow cytometry was > 95%

after two purification cycles (data not shown). The

CD4+ cells (1 · 105 cells/well) were cultured in tripli-

cate in 96-well round-bottomed microtitre plates with
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c-irradiated (6000 rad) I-Ad- or I-Ed-transfected fibroblasts

[LA(d) and LE(d)]20 as feeder cells (0�5 · 105 cells/well).

The p127–142 concentration ranged from 0�5 to 50 lM.

The proliferative response was measured as described

above.

Binding of peptides to I-Ad or I-Ed

The competitive MHC II–peptide binding assay was

performed as previously described.21 Briefly, the purified

I-Ad molecules were incubated with serial dilutions of

competitor peptides and the biotinylated MYO 106–118

peptide while the I-Ed molecules were incubated with

serial dilutions of competitor peptides and the biotiny-

lated HA 306–318 peptide. The samples were incubated

for 24 or 72 hr for I-Ad or I-Ed, respectively. After neu-

tralization the samples were incubated for 2 hr at room

temperature on plates coated with 10 lg/ml MKD6

[monoclonal antibody (mAb) for I-Ad] and 14.4.4S

(for I-Ed). The bound biotinylated peptide was dete-

cted using a streptavidin-alkaline-phosphatase conjugate

(Amersham) and 4-methylumbelliferyl phosphate sub-

strate (Sigma). Emitted fluorescence was measured at

450 nm upon excitation at 365 nm. Maximal binding

was determined by incubating the biotinylated peptide

with the MHC II molecule in the absence of a competi-

tor. The results were expressed as the peptide concentra-

tion that prevented binding of 50% of the labelled

peptide (IC50).

Enzyme-linked immunosorbent spot-forming cell assay
(ELISPOT)

The ELISPOT analyses of cytokine production by spleen

cells were performed as described previously.5 Briefly,

ELISPOT plates (Cellular Technology Ltd, Cleveland,

OH) were coated with anti-mouse IL-4 or interferon

(IFN)-c monoclonal antibodies (Pharmingen, San Diego,

CA) at 4 lg/ml in PBS overnight at 4�. The medium

used was HL-1 (BioWhittaker) supplemented with 2 mM

L-glutamine, 100 IU/ml penicillin and 100 lg/ml strepto-

mycin. Spleen cells at a density of 106 cells/well (0�2 ml)

were then added in duplicate in plates with peptides at

concentrations ranging from 0�5 to 50 lM. After incuba-

tion of the cells for 24 hr (IFN-c) or 48 hr (IL-4) in a

humidified 5% CO2 incubator at 37�, biotinylated

monoclonal antibodies to IL-4 or IFN-c (Pharmingen)

were added to the plates at 4 lg/ml. Incubation was

overnight at 4�. Next, a streptavidin-horseradish peroxi-

dase (HRP) conjugate (diluted 1 : 2000; Dako A/S,

Glostrup, Denmark) was added and the plates were

incubated for 2 hr at room temperature. The colour

reaction was allowed to develop at room temperature

for 1 hr using a solution containing 800 ll of 3-amino-

9-ethyl carbazole [Sigma; 100 mg dissolved in 10 ml of

N-N-dimethylformamide (Merck, Darmstadt, Germany)],

24 ml of 0�1 M sodium acetate, pH 5�0, and 12 ll of

30% H2O2 (Riedel-de Haën, Seelze, Germany). The spots

were counted under a stereomicroscope.

Results

The anatomy of the immunodominant epitope
of Bos d 2

To examine the recognition of the immunodominant T-cell

epitope of Bos d 2, the BALB/c mice were immunized with

peptide p127–142 containing the epitope. The proliferative

responses of spleen cells from primed mice upon in vitro

stimulation with the alanine-substituted analogues of

p127–142 are shown in Fig. 1. The central part of p127–142

was observed to be important for the recognition of the

peptide. The residues Q132, Q133, N135, E137 and R138

tolerated notably fewer substitutions by alanine (Fig. 1) or

other amino acids, classified as conservative or semiconser-

vative22 (data not shown), suggesting their importance for

T-cell recognition. The probable MHC anchor amino acids,

Y131, L134, S136 and G139 (see below), were less sensitive

to substitution as their replacement with conservative

amino acids did not abrogate the response.

To determine more precisely the epitope core of the

peptide p127–142, the spleen cell responses of p127–142-

primed BALB/c mice were examined with truncated ana-

logues of the peptide (Fig. 2). It was observed that the

responsiveness to the analogues was very sensitive to the

deletion of the terminal amino acids of the peptide, as

removing four amino acids from the N-terminus (includ-

ing K130) or four from the C-terminus (including G139)

strongly reduced the response. When an analogue trun-

cated at both ends by three amino acids (K130–G139)

was used for stimulation, the response was at the back-

ground level. These results, together with the MHC bind-

ing analyses (see below), suggest that the critical amino
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Figure 1. Proliferative responses of spleen cells from BALB/c mice

primed with p127–142 of Bos d 2 upon stimulation with its alanine-

substituted analogues. The results are presented as mean counts per

minute (c.p.m.) (± standard error of the mean) for four independent

experiments. The peptide concentrations were 15 lm (solid bars)

and 1�5 lm (open bars). The medium background has been sub-

tracted (< 1400 c.p.m. in all tests).
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acids for recognition by T cells from BALB/c mice are

between K130 and G139.

The MHC molecule restricting the response to p127–

142 was determined with purified spleen T cells and I-Ad-

or I-Ed-transfected fibroblasts as antigen-presenting cells.

As shown in Fig. 3, I-Ad-transfected fibroblasts had a

superior capacity to present the peptide to T cells. To

confirm this finding, the binding of p127–142 and its

analogues to I-Ad and I-Ed was measured. I-Ed had no

capacity to bind p127–142 at all (data not shown), while

I-Ad bound the peptide (Table 1). The results obtained

with the peptide analogues of p127–142 indicate that

Y131 is the MHC anchor amino acid at position 1

(Table 1). The amino acids of p127–142 at positions 1

and 4 are in accordance with the motif reported for I-Ad

(Database Syfpeithi; http://www.syfpeithi.de/).

Crossreactivity of p127–142-recognizing spleen cells

To examine the potential cross-reactivity of p127–142-

recognizing T cells, the spleen cells of p127–142-primed

BALB/c mice were stimulated in vitro with p127–142,

database search peptides SP1–SP9 or lipocalin peptides

SP10–SP20 at 50 lM. In repeated experiments, only SP3

(Bacillus subtilis; VLELIQQLNRERGITF) and SP7 (S. citri;

HVIEVQQINSERSWFF) were able to give rise to a prolif-

erative response, but at a low level (SI 2�4 ± 0�3 and

2�1 ± 0�2, respectively) in comparison with p127–142

(11�8 ± 2�5).

When the mice were primed with SP peptides, it was

observed that most of them were not immunogenic:

only SP4 (human 5-HT-2C; PRGTMQAINNERKASK),

SP5 (human nestin; VRLELQQLQAERGGLL), and SP7

(HVIEVQQINSERSWFF) from non-lipocalin peptides and

lipocalin peptide SP12 (horse Equ c 1; IKEEFVKIVQKR-

GIVK) elicited a response upon in vitro stimulation at

50 lM (SI > 2; at least three independent experiments;

Figs 4, 5d and 5g, and data not shown). Of these pep-

tides, only SP7 induced a response comparable with that

obtained with p127–142 (Figs 4 and 5d).
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Figure 3. Proliferative responses of purified spleen T cells

(1 · 105 cells/well) from BALB/c mice with I-Ad or I-Ed-transfected

fibroblasts as feeder cells [LA(d) and LE(d), respectively;

0�5 · 105 cells/well] upon stimulation with p127–142. The results are

presented as mean counts per minute (c.p.m.) ± standard error of

the mean for three independent experiments.
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Figure 2. Proliferative responses of spleen cells from BALB/c mice

primed with p127–142 upon stimulation with the truncated ana-

logues of the peptide. The results are expressed as mean percentages

(± standard error of the mean) of the response to p127–142 for three

independent experiments. The peptide concentration was 15 lm. The

proliferative response to p127–142 was > 2100 counts per minute

(c.p.m.) and the background was < 885 c.p.m. in all tests.

Table 1. Binding of p127–142 and its analogues with notably

reduced binding capacity to I-Ad

Peptide IC50 ratio IC50

P127-142 1�0 3�5 ± 7�07 · 10)6

1�0 8�5 ± 2�12 · 10)6a

Y131F 2�6 9�0 ± 0�0 · 10)6

L134A 5�3 4�5 ± 0�71 · 10)5

L134D > 28 > 1�0 ± 0�0 · 10)4

S136Y > 28 > 1�0 ± 0�0 · 10)4

G139Y 11�4 4�0 ± 0�0 · 10)5

The binding of 34 analogues was measured. Analogues other than

those shown in the table did not exhibit a notable reduction

(IC50 < 2�5) in their binding (data not shown). IC50 values are expres-

sed in nm (mean ± standard error of the mean) for two independent

experiments. IC50 ratios are presented in comparison with p127–142.
aThe control IC50 value for alanine mutants.

IC50, the peptide concentration that prevented binding of 50% of the

labelled peptide.

S
tim

ul
at

io
n 

in
de

x

17
15
13
11
9
7
5
3
1
p127–142 SP2

Peptide used for priming
SP5 SP7 SP10 SP12

p127–142
Stimulation

SP2

SP3

SP5

SP7

SP10

SP12
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searches upon in vitro stimulation. The peptide concentration was
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background proliferation in wells without a stimulant was < 950

counts per minute in all experiments.
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Stimulation of the cells of SP7-primed mice in vitro

with p127–142 induced a strong cross-reactive response

(Figs 4 and 5d). In general, however, priming with the

immunogenic SP peptides (SP4, SP5, SP7 and SP12) did

not generate distinct cross-reactive T-cell responses

(SI > 4; Fig. 4 and data not shown) upon stimulation

with the other SP peptides or p127–142. Furthermore,

p127–142 was able to induce low-level proliferation of

spleen cells of unprimed (Fig. 6) and SP-primed mice

(Figs 4 and 5g, and data not shown) (excluding SP9-

primed mice) (SI range 2�2–3�2) at the highest stimula-

tion dose used (50 lM). Importantly, the phenomenon

was observed with two independently synthesized lots of

p127–142 (data not shown) and was not seen with other

peptides (e.g. SP12 in Fig. 5a, and data not shown).

Considering that the capacity of p127–142 to induce

the low-level proliferation of spleen cells from unprimed

BALB/c mice (at a high peptide concentration) was

related to the mouse strain, three strains were examined

more in detail. As previously observed, the spleen cells

from PBS-treated BALB/c mice proliferated dose-depen-

dently upon stimulation with the peptide in vitro (Fig. 6).

Interestingly, the cells of C57BL/6 mice immunized with

p127–142 specifically recognized p127–142, although this

strain was previously observed to be a non-responder

to recombinant Bos d 2.4 Moreover, the spleen cells of

PBS-treated C57BL/6 mice reacted to the peptide. One of

the strains, CBA, previously found to be a non-responder

to Bos d 2,4 did not mount a spleen cell response to

p127–142. Furthermore, the response of PBS-treated CBA

mice was also at the background level. A control peptide,

SP10, found to be non-immunogenic in BALB/c mice

(data not shown), did not elicit responses in any of the

three mouse strains upon in vitro stimulation (Fig. 6).
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Figure 5. Proliferative responses and cytokine

production of spleen cells from BALB/c mice

primed with p127–142, SP7 or SP12 upon in

vitro stimulation. The cytokine production

analysed using the enzyme-linked immunosor-

bent spot-forming cell assay (ELISPOT) is

expressed as mean spot number/106 spleen

cells [± standard error of the mean (SEM)]

and the proliferation as mean counts per min-

ute (c.p.m.) (± SEM) for at least four indepen-

dent experiments. In each experiment, three to

five mice per peptide group were primed. The

spot numbers in the unstimulated cultures

remained < 4 spots/106 spleen cells in all

experiments (data not shown).
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for C57BL/6 mice and < 3300 c.p.m. for CBA mice in all experi-

ments.
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Peptide-induced production of IFN-c and IL-4
by spleen cells

To analyse the capacity of the peptides to modulate the

Th1–Th2 balance of the immune response, the IFN-c and

IL-4 secretion induced by SP7 and SP12 was compared

with that induced by p127–142 (Fig. 5). SP7 induced the

distinctive cross-reactive proliferative response of spleen

cells of BALB/c mice primed with p127–142, whereas

SP12 had weak immunogenicity (Figs 4 and 5g).

ELISPOT analyses revealed that the responses induced

by p127–142 and SP12 resembled each other in that they

were IL-4-dominant (Figs 5b and h). This is of interest as

there was a distinct difference in their capacity to induce

lymphocyte proliferation (Figs 5a and g). In contrast,

SP7, which was able to elicit the strongest proliferative

response of spleen cells (Fig. 5d), gave rise to a Th0-type

response (Fig. 5e). The ratio of IL-4/IFN-c, at a concen-

tration of 5 lM, for example, was 3�1 ± 0�4 with p127–

142, while it was 1�9 ± 0�6 with SP7 (Figs 5b and e).

The peptides p127–142 and SP7 could prime spleen

cells reciprocally for cytokine production (Figs 5c and f).

Moreover, in vitro stimulation with the peptides appeared

to be able to modify the cytokine responses of the primed

spleen cells. For example, when the spleen cells from mice

immunized with p127–142 were stimulated with SP7, the

outcome of the response (Fig. 5c) resembled that gener-

ated when both priming and in vitro stimulation were

performed with SP7 (Fig. 5e). Accordingly, the stimula-

tion of spleen cells from SP7-primed mice with p127–142

resulted in a cytokine response (Fig. 5f) resembling the

response generated when cells from mice were both

primed and in vitro stimulated with p127–142 (Fig. 5b).

The IL-4-deviating capacity of p127–142 was most obvi-

ous at lower peptide concentrations, independently of the

priming peptide (Figs 5b and f).

Discussion

To explore the prospects for peptide-based allergen

immunotherapy, we have characterized here in BALB/c

mice the immunodominant epitope of Bos d 2 and the

corresponding areas in other lipocalins. We have previ-

ously shown that BALB/c mice recognize one immuno-

dominant epitope in the lipocalin allergen Bos d 2.4 The

epitope is identical to that recognized by human Bos d

2-specific T cells in that it co-localizes in p127–142 of the

allergen.3 Furthermore, the deletion of four amino acids

from the ends of the peptide resulted in the abrogation

or a strong reduction of the response with both a human

T-cell clone11 and the spleen cells of BALB/c mice

(Fig. 2). It is also noteworthy that the critical amino acids

for the recognition by the T cells of BALB/c mice (Fig. 1

and data not shown) and the human T-cell clone11

co-localized closely.

We have observed previously with human T cells that

Bos d 2 contains a limited number of epitopes.3 As

human T cells recognize a determinant in the correspond-

ing area in two other lipocalin allergens, rat Rat n 16 and

dog Can f 1,23 we wished to examine whether BALB/c

mice would recognize this area in lipocalins in general.

This turned out not to be the case, as only one peptide,

SP12 from horse Equ c 1, out of 11 lipocalin peptides

was immunogenic in BALB/c mice. In contrast, four non-

lipocalin peptides out of nine peptides homologous to

p127–142 elicited a cellular response. While several fac-

tors, including antigen processing and the T-cell reper-

toire, can account for the weak immunogenicity of the

lipocalin peptides, it seems that the phenomenon reflects

the poor stimulatory capacity of lipocalins, as observed

with Bos d 2,3,4 Rat n 1,6 Can f 124 and Equ c 1.7

Our previous study suggested that the allergenic capac-

ity of Bos d 2 is associated with the response to its

immunodominant epitope.4 The present results support

this view, as the spleen cell response to p127–142 was

IL-4-dominated while the response to SP7 was balanced

(Figs 5b and e). Out of the three peptides studied in

more detail, SP7 exhibited the strongest effect in terms of

proliferation in vitro (Figs 5a, d and g). In contrast, SP12,

a peptide from a lipocalin allergen, Equ c 1, induced the

weakest proliferative response of the three peptides

(Fig. 5g) and elicited an IL-4-biased response (Fig. 5h)

similar to that induced by p127–142. These results are

in accordance with findings that suggest that weak stimu-

lation through the TCR,13,14 low antigen dose25–27 or low

affinity of the TCR–MHC interaction,28 favours a Th2-

biased outcome of the cellular immune response.

We did not consider the question of whether the lower

stimulatory potential of p127–142 compared with SP7 is

primarily dependent on T-cell recognition or MHC bind-

ing. However, if we assume that the core of the epitope in

SP7 is in the middle of the peptide, as it is in p127–142

(Figs 1 and 2), and the cellular response against it is I-Ad-

restricted, as it is with p127–142, it appears that MHC

binding contributes to the weaker response to p127–142,

because only the probable MHC anchor amino acids at

positions P1 and P4 differ between the cores of the two

peptides. We cannot rule out the possibility, however, that

the response to SP7 is restricted by I-Ed, as the peptide

contains two binding motifs for the allele (Database

Syfpeithi; http://www.syfpeithi.de/). Similarly, the response

against SP12 (Equ c 1) can be restricted by both alleles.

Nevertheless, our previous results provide evidence that

weak stimulation through the TCR can be one factor

determining the allergenic capacity of a protein.10,11

BALB/c mice did not exhibit T-cell cross-reactivity

between the lipocalin-derived peptides corresponding to

p127–142 of Bos d 2. This is not surprising, as the pep-

tide sequences differed considerably (Table 4 in Kinnunen

et al.11). In contrast, when BALB/c mice were primed
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with p127–142 and the spleen cells were then stimulated

in vitro with two non-lipocalin-derived peptides (SP3

and SP7) homologous to p127–142, low proliferative

responses were produced repeatedly. This can probably be

ascribed to the complete identity of the probable TCR

contact amino acids in the core region of the peptides.

Our findings regarding T-cell cross-reactivity between

p127–142 and SP7 (Figs 5a–f) are of special interest as it

was obvious that the peptides could reciprocally prime

for spleen cell proliferation and cytokine production. This

suggests that a determinant from a protein not related to

the allergen could prime cells for a Th2-biased response

to the allergenic determinant (Fig. 5f). As discussed

above, the requirement for the priming was probably the

considerable homology between the peptides. It can be

speculated that such homologies can be encountered ran-

domly or they may be related to the common biological

background of the proteins. It seems that in autoimmune

diseases, such as in type 1 diabetes or multiple sclerosis,

T cells cross-react with several homologous peptides of

infectious pathogens.15,29,30

Our findings also suggest that the allergen-specific T-cell

response may be modulated by a cross-reactive peptide

that is more stimulatory than the natural peptide. We pre-

viously observed that with human T-cell clones the altered

peptide ligands of the immunodominant epitope of Bos d

2 (p127–142) favoured Th1-biased cytokine responses.11

In a murine asthma model, the Th1-skewing peptide ana-

logue of a dominant allergen epitope was observed to

modulate favourably the polarized Th2 response in vitro

and in vivo.13 Recently, we reported that an altered aller-

gen peptide was able to induce novel Th1-biased T-cell

populations from human peripheral blood mononuclear

cells in vitro.31 As the T-cell populations also recognized

the native peptide, it can be speculated that altered aller-

gen peptides could modify the Th2-dominated response

upon allergen encounter in vivo, for example, through

bystander suppression.31 In autoimmune diseases, such as

multiple sclerosis and type 1 diabetes, the altered peptide

ligands have been shown to induce a new Th2-deviated

cell population in vitro and in vivo, which dampens the

pathogenic Th1 responses by modulating the cytokine

environment.32,33 Therefore, if it is possible in general to

find altered analogue peptides for allergen-specific T cells,

it may prove feasible to use these peptides as an alternative

to conventional allergen immunotherapy.31,34,35 In human

autoimmune diseases, trials with Th2-skewing altered pep-

tide ligands have already been performed.36–38

In addition to cross-reactivity with SP7, we found that

p127–142 was able to induce proliferation of spleen cells

of unprimed BALB/c mice in vitro (Fig. 6). The phenom-

enon was observed repeatedly with two independently

synthesized lots of peptide but not with other peptides.

No signs of contaminants, for example endotoxins, were

detected previously in human T-cells studies or in mass

spectrometric analysis of the peptides. As the phenome-

non was also observed with the spleen cells of C57BL/6

mice, it is reasonable to assume that it is characteristic

for p127–142 in these two mouse strains. It is possible

that the property is related to the immunodominance of

the epitope it contains. This view is supported by a previ-

ous observation that the T cells of unprimed SJL mice

exhibited proliferation with the peptide 139–151 of mye-

lin proteolipid protein (PLP),39 an immunodominant epi-

tope of the autoantigen in experimental autoimmune

encephalomyelitis.40–42 The immunodominance of PLP

139–151 appeared to be attributable to the presence of

expanded numbers of T cells reactive to the epitope in

the peripheral repertoire of the unimmunized SJL

mice.39,43 Similarly, cells of healthy individuals have been

observed to recognize an epitope (amino acids 61–79) of

myelin basic protein (MBP) which is immunodominant

for multiple sclerosis patients.44 Escape from central toler-

ance, combined with peripheral expansion by cross-reac-

tive antigen(s), is thought to be responsible for the high

frequency of PLP 139–151-reactive T cells in SJL mice.39

On the basis of the present data, however, it is not possi-

ble to conclude whether an analogous mechanism would

account for the proliferation of naive spleen cells of

BALB/c mice upon stimulation with p127–142.

To summarize, our results show that recognition of

the immunodominant epitope of Bos d 2 by BALB/c

mice exhibits similarities to recognition by a human

Bos d 2-specific T-cell clone. Interestingly, the spleen

cells primed with p127–142 cross-reacted with a bacte-

rial (S. citri) peptide, and the peptides were reciprocally

able to induce proliferation and cytokine production

in vitro. On the one hand, this finding suggests the pos-

sibility that priming for a Th2 response against an aller-

gen can be induced by an antigen unrelated to the

allergen or by a homologue of an allergen. On the other

hand, our results suggest that modified allergen pep-

tides, which are more stimulatory than natural peptides,

can skew the phenotype of primed T cells. The use of

such peptides may open up new possibilities for allergen

immunotherapy.
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