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Summary
Background Current studies on mechanisms underlying allergen-induced pulmonary inflammation

and asthma are hampered by the lack of appropriate physiological in vivo models that reflect the

natural route of allergen exposure and sensitization.

Objective To generate and phenotype a transgenic mouse strain expressing the T cell receptor

(TCR) specific for an immunodominant domain of the major inhalant allergen Dermatophagoides

pteronyssinus species of house dust mite (Der p 1), for the development of an in vivo model of allergic

asthma.

Methods Der p 1 transgenic mice were generated using TCR-ab derived from a CD41 T cell

hybridoma reactive with Der p 1 residues p 110–131. The frequency and functional activity of

peripheral T cells were determined and parameters of airway inflammation assessed following

allergen challenge of the airways with Der p 1.

Results CD41 T cells are functionally active, exhibiting dose-dependent proliferation and IL-4

production on primary stimulation with Der p 1 or Der p 1, p 110–131 in vitro, independent of in vivo

antigen priming. On sensitization of the airways with allergen, in the absence of systemic priming or

the application of adjuvants, the TCR transgenic mice develop airway inflammation characterized by

a marked lymphocytic and eosinophilic infiltrate with goblet cell hyperplasia and enhanced mucin

production.

Conclusion The Der p 1 TCR transgenic mice provide a model for investigating the

pathophysiological mechanisms of pulmonary inflammation following sensitization by exposure of

the airways to allergen and for investigating the mode of action and efficacy of novel immuno-

therapeutics.
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Introduction

Allergic asthma is a complex inflammatory disease of the lung
characterized by airway eosinophilia, increased airway hyper-
responsiveness (AHR), mucus hypersecretion and elevated
serum IgE levels [1]. Allergen reactive CD41 T-helper type 2
(Th2) cells, which express the cytokines IL-4, IL-5, IL-9 and
IL-13, are central in initiating and maintaining allergic
responses in pre-disposed individuals [2]. Studies using mice
deficient in single or multiple cytokine genes have demon-
strated that although IL-5, IL-9 and IL-13 contribute towards
the magnitude of the response, IL-4 is essential for initial
activation of Th2 effector functions and the switch to IgE

production [3]. The activation of CD41 T cells involves
ligation of the T cell receptor (TCR) by processed antigen
presented in association with major histocompatability
(MHC) class II molecules expressed on professional antigen-
presenting cells.
The TCR-ab heterodimer confers antigen specificity

through the use of different a and b chain variable (V),
diversity (D) and joining (J) gene segments that undergo
somatic rearrangement during thymocyte development [4].
Analysis of T cell responses to defined peptide–MHC class II
complexes suggests that particular Va and Vb region gene
segments confer antigen specificity irrespective of the MHC
class II haplotype [5], possibly because of the insertion or
deletion of nucleotides in the complementary determining
region 3 junctional region [6]. Many chronic T cell-mediated
inflammatory diseases characterized by the existence of
dominant effector T cell epitopes within the antigen [7] are
associated with restricted TCR-ab chain usage [8, 9].
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Allergic asthma is characterized by episodes of acute
CD41Th2-mediated inflammation induced on repeated ex-
posure of the airways to allergen. At the population level of a
single allergenic protein, the number of T cell epitopes
recognized is diverse, reflecting the range of human leucocyte
antigen (HLA) restriction specificities [10]. In spite of this,
there is evidence of dominant antigenic regions within the
major allergens, as well as cross-reactivity between allergens
[11]. This is determined at the level of T cell recognition, by
the selection of a limited TCR Va and Vb repertoire. Clinical
studies have revealed a disproportionate increase in expres-
sion of certain Va and Vb subsets in individuals allergic to
allergens present in birch pollen, cat dander, or house dust
mite (HDM) [12–14]. Furthermore, analysis of the TCR
sequence of HDM reactive T cell clones and peripheral blood
T lymphocytes demonstrated sequence identity, suggestive of
clonal expansion of a limited number of dominant CD41 T
cell clones in vivo because of chronic allergen exposure [15].
Similarly, in murine models of allergic disease, the introduc-
tion of specific disease-associated Vb T cell subsets was
sufficient to confer and maintain an IgE phenotype in non-
sensitized mice [16].
The HDM species Dermatophagoides pteronyssinus is a

source of indoor inhalant allergens and a major cause of
allergic asthma. The major group I allergen (Der p 1) has
been cloned, sequenced and immunodominant T cell epitopes
defined [17]. One such region, located within residues 110–
131, is immunodominant for Der p 1 reactive T cells isolated
from atopic individuals as well as high responder strains of
mice, expressing the H-2b haplotype [18]. We have recently
cloned and sequenced the TCR Vab domain derived from a
murine T cell hybridoma reactive with Der p 1, p 110–131 and
used the cDNA to generate a Der p 1 transgenic strain.
A limitation of murine in vivo models of allergic asthma is

the low frequency of allergen reactive effector CD41 T cells in
the periphery. The induction of an asthmatic phenotype
depends on the prior systemic sensitization with allergen
adsorbed to adjuvants such as alum, which non-specifically
drive Th2 responses, and thus do not represent physiological
sensitization. As a consequence, the opportunity to perform
objective mechanistic studies may be limited.
Here, we report that mice expressing a Der p 1, p 110–131

specific Va3.2 and Vb14 TCR as a transgene rapidly develop
an allergic asthmatic phenotype characterized by pulmonary
eosinophilia and localized expansion of specific T cells,
following exposure of the airways to Der p 1. In the absence
of localized allergen challenge, mice exhibit normal lung
physiology. The induction of this phenotype does not depend
on prior systemic sensitization with allergen, thereby avoiding
the use of adjuvants. These transgenic mice may, therefore,
provide a suitable model for defining pathophysiological
mechanisms of pulmonary inflammation and assessing the
mode of action and efficacy of new therapeutic agents.

Materials and methods

Animals

Mice transgenic for the TCR Va3.2 Vb14 were generated
at the Babraham Institute by DNA microinjection into

fertilized mouse eggs (C57BL/6J � CBA/CA). Mice positive
for the transgene were backcrossed for five generations onto
inbred C57BL/6 mice (Charles River or Harlan, UK). Animal
care and experimental procedures were conduced in
accordance with the animal ethics regulations of the Home
Office, UK.

Reagents

Der p 1 was affinity purified from spent mite medium using
McAb 4C1 (Indoor Biotechnologies Ltd, Cardiff, UK). The
synthetic peptide Der p 1; p 110–131 [18] was synthesized with
a free carboxyl terminus and HPLC purified (Advanced
Biotechnology Centre, Imperial College, London, London).

Preparation of DNA constructs for microinjection

The TCR-a3.2/b14 transgene was derived from the Der p 1, p
110–131 reactive CD41 T cell hybridoma 1AD2. Complete
TCR-ab chain nucleotide sequences were obtained by
sequencing the cDNA. mRNA from 1AD2 was reverse
transcribed (OligoTex direct mRNA extraction kit; Qiagen,
Crowley, UK) with MMLV reverse transcriptase and oligo
dT primers (Gibco BRL, Life Technologies, Paisley, UK) and
cDNA amplified by PCR using Advantage high-fidelity DNA
polymerase (BD Biosciences, Clontech, Palo Alto, CA, USA)
b and primers specific for TCR-a/TCR-b 50/30 sequences for
the variable and constant regions of TCR Va3.2, Vb14 (Fig.
1b). The EcoRI and XbaI restricted TCR-a and TCR-b DNA
sequences (derived as PCR products) were run on 1.2% (w/v)
agarose gels, and appropriate bands were excised, cleaned
(QIAquick spin columns: Qiagen), ligated into the 8 kb
pTexIIIa vector and transformed into E. coli XL1-Blue
(Stratagene, La Jolla, CA, USA). The p-Bluescript KS1

(Stratagene)-derived pTexIIIa vector (Fig. 1a) incorporated a
human CD2 cassette (transcription initiation site, first intron
of the human CD2 gene and 2 polyadenylation sites in the 30

untranslated region of the gene: a kind gift of Dr D. Kioussis,
NIMR, Mill Hill, London, UK). Ampicillin-resistant clones
were screened by restriction digests and DNA sequencing.
Plasmids containing TCR-a and TCR-b inserts were purified
and cut withNotI to generate full-length TCR constructs each
with an upstream human CD2 promotor and 30 poly-A
sequences. The linearized 6 kb constructs were subjected to
agarose gel elctrophoresis, extracted, cleaned (QIAquick
columns: Qiagen), concentrated and diluted for microinjec-
tion in Ultra-pure grade low salt buffer (5mM Tris-HCl, pH
7.4, 0.1mM EDTA). Founders and offspring generated by
backcrossing onto C57/BL6J were screened for transgene
expression by PCR (MJ Research Peltier thermal cyclers,
Cambridge Scientific Products, Cambridge, MA, USA: PTC-
200) using genomic DNA (Qiagen DNeasy kit): hot-start
94 1C for 2min, amplification (94 1C, 30 s; 63 1C, 30 s; 72 1C,
30 s) for a total of 25 cycles, followed by 72 1C for 7min. PCR
products were visualized on 2% (w/v) agarose gels after
electrophoresis.

Induction of pulmonary inflammatory responses to allergen

Anaesthetized (Avertin 2,2,2,-tribomoethanol 0.1mg/g) mice
were challenged twice at a 5-day interval by intratracheal
instillation of Der p 1 (20mg in 50mL saline; endotoxin free:
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Gibco BRL, Life Technologies) into the airways. Control
mice received saline alone. Previous intratracheal instillation
of Evans blue dye has shown that using this method, allergen
is dispersed throughout the lung. After 24 h, mice were killed
and parameters of lung inflammation assessed. Blood samples
were centrifuged at 2000 g, and sera were collected and stored
at � 70 1C for antibody levels.

Isolation and culture of lymphocytes for proliferation
assays and cytokine production

Single-cell suspensions were prepared from spleen or pooled
tracheal lymph nodes draining the airways, and red blood cell
lysis was performed. Cells were cultured at 1 � 105/well in 96-
well tissue culture plates (Costar, Corning, NY, USA) in a
final volume of 0.2mL RPMI 1640 medium supplemented
with 5% fetal calf serum (FCS; Gibco, Paisley, UK), 50mM 2-
mercaptoethanol, 2mM L-glutamine and 10U penicillin/
streptomycin (Gibco). Cells were stimulated in triplicate with
either Der p 1, or peptide: Der p 1; p 110–131 (0.1–100mg/
mL). As controls, cells were cultured in media alone, with an
irrelevant antigen, HA (haemaglutinin), or as a polyclonal
stimulus in wells coated with 5mg/mL anti-CD3 and anti-
CD28 (145 2C11 and 37.51; Pharmingen, San Diego, CA,
USA). After 48 h supernatants were collected, stored at –
70 1C and plates pulsed with 1mCi/well of [3H TdR]. Labelled
cells were harvested after a further 18 h in culture and [3H
TdR] uptake determined using a beta scintillation counter.
Supernatants were assayed in duplicate for the presence of IL-
4, using ELISA. Antibodies were purchased and used
according to the instructions of the manufacturer (DuoSet
mouse ELISA; R&D Systems, Oxford, UK). Sensitivity of
IL-4415.6 pg/mL.

Flow cytometric analysis

CD41 T cells expressing the transgenes TCR Va3.2/Vb14 were
identified by flow cytometric analysis. Briefly, splenocytes
resuspended in PBS/1% bovine serum albumin (BSA) were
stained at 4 1C with allophycocyanin or FITC-conjugated
hamster anti-mouse CD3e� (145-2C11), anti-B220 (CD45R)-
phycoerythrin (PE), anti-CD4 (LYT4)-FITC (RM4-5), or anti-
CD8 (Ly-2)-PE (53-6.7) to determine cell ratio. The percentage
of CD41 T cells expressing the transgenes was determined
using anti-mouse Vb14 TCR (clone 14-2) followed by PE-
conjugated mouse anti-rat IgM (clone G53-238). Stained cells
were washed, fixed in 0.4% formalin in PBS and flow
cytometric analysis performed on the Becton Dickinson
(Oxford, UK) FACSCalibur. Antibodies, including isotype
matched controls, were purchased from BD Pharmingen.

Characterization of the cellular infiltrate in the airways

To obtain bronchoalveolar lavage (BAL) fluid, trachea were
exposed, cannulated using a 27-gauge silicon tubing and lungs
gently lavaged by instillation of 500mL of cold PBS. The
volume of BAL recovered, total cell numbers and cellular
composition of samples were determined. Samples were
microfuged (700 g, 5min, 4 1C), re-suspended in PBS/10%
BSA and 1 � 105 cells spun onto poly (L-lysine)-coated
slides by cytocentrifugation (3min at 300 g; Cytospin 5,
Thermo Shandon Inc., Pittsburgh, PA, USA). Slides were

air dried, fixed in methanol and stained with Diff/Quick using
standard procedures. Differential cell counts were performed
in duplicate on coded slides, with at least 300 cells counted
per slide.

Histological and immunohistochemical analysis of lung
tissue

Lungs were excised, inflated under constant pressure and
fixed in 4% formalin in PBS prior to embedding in paraffin.
Sections (3–4mm) were assessed for general morphology and
cellular infiltrate using haematoxylin and eosin. Mucous-
producing goblet cells were identified using periodic acid-
Schiff/alcian blue to detect neutral and acid mucins.
For immunohistochemical analysis, paraffin sections were

de-waxed, re-hydrated and microwave treated with Vector
antigen retrieval solution. Endogenous peroxidase was
blocked with H2O2, after which sections were washed in
PBS and pre-incubated with normal goat serum (Sigma
Aldrich, Poole, UK; 1 : 5 dilution in PBS) to block non-
specific binding and primary antibody (hamster anti-mouse
CD3e (145-2C11) or rat anti-mouse B220 CD45R; RA3-6B2:
BD Pharmingen) added. Slides were incubated at 4 1C
overnight, washed in PBS, biotinylated secondary antibodies
(goat anti-hamster (1 : 150 dilution in PBS; Vector Labora-
tories, Inc., Burlinghame, CA, USA)) or polyclonal goat anti-
rat added (BD Biosciences, Pharmingen) and incubated at
room temperature for 30min. As a control, parallel sections
were stained with secondary antibody alone. Sections were
washed and bound antibody visualized using avidin–biotin–
peroxidase complex (R.T.U. Vectastain ABC-HRP reagent;
Vector Laboratories) and 3,30 diaminobenzidine tetra-hydro-
chloride chromogenic substrate (brown colouration). Sections
were counterstained blue with haematoxylin, washed, dehy-
drated, mounted in Pertex and examined by light microscopy
(Leica DMR TCS SP2, Leica Microsystems A/S, Herlev,
Denmark). All slides were coded and viewed by more than
one investigator.

Extraction and measurement of eosinophils numbers in
lung tissue

Lungs were weighted and homogenized in Hanks balanced
salt solution (HBSS; Gibco) containing 10mM HEPES (pH
7.4). Following red blood cell lysis, cells were re-homogenized
in HBSS containing 0.5% hexadeclytrimethylammonium
bromide (HTAB; pH 7.4) and freeze thawed in liquid
nitrogen. Levels of eosinophil peroxidase in lung homoge-
nates were determined using the O-phenylenediamine sub-
strate (Sigma; OPD 1.5mM, H2O2 6.6mM; pH 8). The
reaction was stopped using H2SO4 (4M) and plates read in a
MRX microplate reader at 490. Data were analysed using
Revelation software.

Results

T cell receptor Va3.2 Vb14 transgenic mice derived CD41

T cells exhibit functional activity and specificity for their
cognate antigen Der p 1; p 110–131

We have previously demonstrated specificity of the murine T
cell hybridoma 1AD2 from which the TCR Va3.2 Vb14
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transgene was derived, for the immunodominant epitope
of Der p 1; p 110–131 (N. Kristensen’s thesis, unpublished
data). For the purpose of this study, Va3.2 Vb14 TCR
transgenic mice were backcrossed onto the high-responder
C57 BL/6J (H-2b) background. Transgenic mice, generated
by backcrossing onto C57/BL6J, were selected on the
basis of transgene expression, as determined by RT-PCR
using primers specific for Va3.2 and Vb14 (Fig. 1c).
Flow cytometric analysis of TCR Vb14 surface antigen
expression demonstrated increased frequencies (between 2%
and 12%) in secondary lymphoid tissues obtained from TCR
transgenic mice, of CD41 T cells expressing the TCR Va3.2
and Vb14 gene products (12%; Fig. 1d), in transgenic
offspring as compared with FLI or TCR transgene negative
littermate controls (2%). Ratios of CD4 :CD8 T cells in
the periphery of transgenic mice were within the normal
range (Fig. 1d).
Using mice expressing the TCR Va3.2 Vb14 transgene

(Figs 1c and d) or as a control wild-type C57 BL/6,
we investigated T cell proliferative responses on in vitro
stimulation with either intact Der p 1 protein or the peptide
covering residues, Der p 1; p 110–131. As shown in Fig. 2,
spleen (a, b) or lymph node (c, d)-derived cells obtained
from unchallenged mice expressing the TCR Va3.2 Vb14
transgene exhibited dose-dependent responses on stimula-
tion with either Der p 1 (a, c) or peptide Der p 1; p 110–131
(b, d). Responses were greatly enhanced on prior challenge
of the airways with Der p 1. Optimal responses to the
cognate antigenic epitope Der p 1; p 110–131 were obtained
at 10-fold lower concentrations than Der p 1, possibly
reflecting the increased frequency of T cells expressing
the TCR transgene reactive with the immunodo-
minant epitope of Der p 1. In contrast, wild-type H-2b

mice, when challenged by instillation of Der p 1 into
the airways in the absence of prior sensitization with
Der p 1 adsorbed to adjuvant, showed negligible responses
on in vitro stimulation with either Der p 1 or the antigenic
peptide.
Differences in the extent of proliferation observed be-

tween spleen- and tracheal lymph node-derived cells,
obtained from saline as compared with Der p 1 challenged
transgenic mice, may reflect the existence of functio-
nally active mature CD41 T cells expressing TCR Va3.2
Vb14 in the peripheral circulation prior to allergen challenge.
This would result in a strong primary and recall systemic
T cell response on in vitro stimulation of splenocytes in
both saline- and Der p 1-challenged mice. The failure
of lymphocytes obtained from lymph nodes draining
the airways to exhibit marked proliferative responses on
stimulation with Der p 1 may reflect a localized tolero-
genic milieu in the airway mucosa. Mucosal tolerance has
been shown to arise as a consequence of low-level exposure
of the airways to environmental allergen [19]. Challenge
of the airways with a relatively high dose of Der p 1
allergen could conceivably break tolerance, resulting in
localized priming and clonal expansion of T cells express-
ing the TCR transgene in the lymph nodes draining the
airway mucosa. This would be reflected as increased
proliferation in response to stimulation with the cognate
antigen, as observed here, following challenge of the airways
with Der p 1.

Der p 1; p 110–131 reactive CD41 T cells isolated from
transgenic mice exhibit a T-helper type 2 phenotype with
elevated levels of interleukin-4 production in response to
primary antigen stimulation

To define the phenotype of mice transgenic for the Der p 1-
specific TCR, we measured levels of IL-4 production by
splenocytes isolated from groups of age-matched, wild-type
or TCR transgenic mice. Data presented in Fig. 3 revealed
that within secondary lymphoid organs, such as the spleen,
CD41 T cells are the primary source of IL-4 produced on
antigenic stimulation with either allergen or a synthetic
peptide covering an immunodominant T cell epitope with Der
p 1. The data suggest that CD41 T cells obtained from naı̈ve
transgenic mice (TCR1/1 saline) produced increased levels
of IL-4 following primary stimulation in vitro with Der p 1 or
peptide; p 110–131, as compared with allergen-challenged,
wild-type (TCR� /� Der p 1) controls. Levels of IL-4

TCR-α FP 5′-AGAATTCAGCCATGCTCCTGG-3′

EcoRI Kozak TCR Vα3.2

TCR-α RP 5′-GCTCTAGATCAACTGGACCACAGCCTC-3′

XbaI Stop TCR Cα

TCR-β FP 5′-GCGAATTCAACTATGCTGTACTCTCTCC-3′

EcoRI Kozak TCR Vβ14

TCR-β RP 5′-GCTCTAGATCAGGAATTTTTTTTCTTG-3′

XbaI Stop TCR Cβ2

NotI

NotI

Amp
hCD2 promotor

pTexlila TCR-α/β

p-Bluescript KS−backbone

TCR-α/β

PolyA
EcoRI

Xbal

(a)

(b)

Fig. 1. The plasmid pTexIIIa vector used to generate the DNA constructs
(a). Transgene expression as determined by RT-PCR using primers
specific for TCR Va3.2, TCR Vb14 (b). PCR products were visualized on a
2% agarose gel after electrophoresis (cDNA ladder (lane 1), cDNA
constructs used, as positive control; 0.9 kb b chain and 0.8 kb a chain (lane
2), C57 BL/6J wild-type-derived cDNA as negative control (lane 3), cDNA
derived from transgenic offspring (lanes 4–10)). Genomic expression of
TCR Va3.2 TCR Vb14 cDNA transcrips (lanes 4, 9 and 10: c). Flow
cytometric analysis demonstrating cell surface expression of the TCR Vb14
transgene by CD41-gated T lymphocytes, using anti-mouse Vb14 TCR
McAb and phycoerythrin (PE)-conjugated secondary antibody. Data
presented for (TCR� /� ) and transgenic (TCR1/1) mice (d). Ratio of
CD4, CD8 and CD31 T lymphocytes in secondary lymphoid organs, as
determined using PE-conjugated McAb (d). Representative data presented
(n 5 4). Analysis performed on the Becton Dickinson FACSCalibur. TCR, T
cell receptor.
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production in vitro, on stimulation of splenocytes with Der p
1 or peptide Der p 1; p 110–131, were further increased on
prior exposure of the airways to allergen (TCR1/1 Der p 1).
In contrast, CD41 T cells isolated from Der p 1-challenged,
wild-type C57 BL/6J (� /� ) mice failed to produce
detectable levels of IL-4 (415pg/mL) on stimulation.
Production of X2000pg/mL IL-4 on stimulation by plate
bound anti-CD3 and CD28 confirmed cell viability (data not
shown).

T cell receptor transgenic mice develop pulmonary
inflammatory responses characterized by marked
recruitment of lymphocytes into the airways following
challenge with Der p 1

The extent of pulmonary inflammation induced in transgenic
mice on exposure of the airways to allergen in the absence of
prior systemic sensitization is shown in Fig. 3b. Histological
and immunohistochemical analysis was performed on lungs
obtained from transgenic mice or similarly treated C57 BL/6J
controls. In the absence of allergen challenge, TCR-ab

transgenic mice exhibited normal lung structure (1/1 saline).
On secondary exposure of the airways to allergen, transgenic
mice developed a marked inflammatory infiltrate consisting of
mononuclear cells, principally lymphocytes and multinu-
cleated granulocytic cells. Immunohistological analysis of
parallel sections of lung tissue revealed that the cellular
infiltrate was predominantly perivascular and peribronchial,
with cells located primarily around blood vessels and alveoli
but also migrating through the lung parenchyma to the
central bronchi (1/1 Der p 1). Similarly treated wild-type
C57 BL/6J mice failed to develop airway inflammatory
responses in the absence of prior systemic priming with
allergen [18]. To quantify the extent of eosinophil infiltration
into the lung tissue, eosinophil peroxidase levels were
analysed as described previously [18]. Transgenic mice
generally exhibited a 50% increase in levels of eosinophil
peroxidase, following allergen challenge (TCR-ab1/1 tg:
1.283 � 0.4 OD 490nm) as compared with wild type [C57
BL/6� /� 0.80 � 0.08 OD 490nm (P5 0.342)], which is
indicative of an increase in tissue eosinophilia. To further
elucidate the cellular infiltrate in allergen-challenged trans-

(c)

(d)

Fig. 1. Continued.
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genics as compared with wild type, we performed differential
analysis of cytospins on BAL fluid. As shown in Fig. 3c,
although increases in lymphocytes (TCR (1/1) Der p 1:
17.1 � 5.9%, TCR (� /� ) Der p 1: 12 � 5.8, P5 0.273) as
well as polymorphonuclear granulocytes (38%) were ob-
served in TCR-ab transgenic mice following secondary
challenge of the airways with Der p 1, these values were not
significant, reflecting an early response to allergen challenge.
The granulocytic infiltrate was composed of eosinophils
(TCR (1/1) Der p 1: 23 � 9%, TCR (� /� ) Der p 1:
7.4 � 4, P5 0.144) as well as neutrophils (TCR (1/1) Der p
1: 15 � 8.7%, TCR (� /� ) Der p 1: 5.9 � 3.5, P5 0.405).
The cellular composition of BAL fluid obtained from
similarly challenged wild-type or naı̈ve transgenic mice
consisted principally of alveolar macrophages and monocytes
(data not shown; 87%).
To further characterize the cellular infiltrate, immunohis-

tochemical analysis was performed on parallel sections of
lung tissue (Fig. 4). The mononuclear infiltrate in TCR-ab
transgenic mice consisted predominantly of CD31 T cells and
to a lesser extent B2201 B cells. Notably, the percentage of
mature CD31 T cells (40%) and B2201 B cells as well as the
ratio of CD41 (23%) to CD81 (9–16%) T cells in secondary
lymphoid organs of Der p 1 TCR-ab transgenic mice was
within the normal range, as determined by flow cytometry
(see data in Fig. 1d). The marked CD31 T cell infiltrate in the
lungs of transgenic mice but not wild-type animals may,

therefore, reflect the increased frequency of p 110–131
reactive CD41 T cells arising because of localized priming
and expansion of in the draining tracheal lymph nodes and
subsequent recruitment into the airways following re-chal-
lenge with allergen.

Transgenic mice develop goblet cell hyperplasia and
exhibit increased mucin production following allergen
challenge of the airways

One of the major problems in asthma is excessive mucus
production and the resulting airway obstruction. Mice
transgenic for the Der p 1 TCR-ab developed increased
goblet cell hyperplasia, metaplasia and mucin production
following challenge of the airways with Der p 1 as compared
with saline alone, even in the absence of prior systemic
sensitization. As a principal constituent of mucus, the
detection of mucin in goblet cells, which accompany the ob-
served structural changes in the epithelium, are suggestive of
increased levels of mucous production in the airways (Fig. 5).

Discussion

There are a number of existing murine models of allergic
asthma, all of which have provided a wealth of information
on the mechanisms underlying disease pathophysiology (e.g.
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Fig. 2. Dose-dependent responses on primary and recall stimulation of T cells isolated from secondary lymphoid organs of Va3.2 Vb14 TCR transgenic
mice on stimulation with Der p 1 or the immunodominant peptide Der p 1; p 110–131. Proliferative responses of splenocytes (a, b) or draining lymph node (c,
d)-derived cells, obtained from TCR transgenic (1/1) or wild-type C57 BL/6J (� /� ) mice following challenge of the airways with Der p 1 or saline. Data are
representative of three experiments and results presented as mean � SEM for triplicates. TCR, T cell receptor.
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[20, 21]). However, one of their major limitations is the failure
of animals to develop asthma in response to inhaled allergen,
without prior systemic sensitization. This may reflect species-
dependent anatomical and physiological differences in the
respiratory system. As allergic asthmatics are sensitized to
inhalant allergens via the airway mucosa, we were prompted
to develop a more physiological model, that would reflect the
natural route of allergen exposure [22].
In allergic asthma, CD41 Th2 cells are believed to initiate

and perpetuate disease, and their levels are increased in the
airways of asthmatics [2]. Numerous studies have demon-

strated that without systemic priming and expansion of the
existing antigen specific T cell population, mucosal delivery of
soluble antigen in the absence of an immunostimulatory
stimulus results in systemic tolerance [18, 23]. To circumvent
this phenomenon, we have generated a transgenic strain, in
which between 2% and 12% of peripheral CD41 T cells
express the Va3.2 and Vb14 TCR specific for the immuno-
dominant epitope of the major HDM allergen; Der p 1;
residues p 110–131. The frequency of allergen reactive CD41

T cells in the peripheral blood of atopic individuals is in the
range of 0.001–0.6% with marked increases during the pollen
season [24], as reflected in the frequency in expression of
selective TCR Vb elements [14].
Unimmunized transgenic mice exhibit normal lung physiol-

ogy and architecture, but rapidly develop an allergic asthmatic
phenotype on exposure of the airways to Der p 1. This is
characterized by the recruitment of inflammatory cells, goblet
cell metaplasia and increased mucin production, resulting
eventually in phenotypic changes to the airway epithelium.
The mixed granulocytic infiltrate consisting predominantly of
eosinophils, and to a lesser extent neutrophils, is indicative of
the early inflammatory response. The induction of pulmonary
inflammation in Der p 1 transgenic mice does not depend on
prior systemic sensitization with non-specific immune-mod-
ulating adjuvants, presumably reflecting the high frequency of
effector CD41 T cells expressing the specific TCR-ab. In
conventional models of allergic asthma, the requirement for
systemic priming prior to allergen challenge may serve to
expand the pool of antigen-specific T cells.
CD41 T cells isolated from naive TCR-ab transgenic

mice, on stimulation with specific antigen produced signifi-
cant levels of IL-4. Signalling by IL-4, which promotes
survival through induction of Bcl-2 expression [25], coupled
with low-grade environmental exposure to and presenta-
tion of Der p 1-derived antigens in association with MHC
class II molecules may be critical for survival of resting
naı̈ve T cells in the periphery. Furthermore, the production
of IL-4 on antigenic challenge of T cells expressing the
TCR transgene may account for the rapid recruitment
of lymphocytes and inflammatory cells, including eosino-
phils, and the failure to induce tolerance on mucosal exposure
to soluble antigen. IL-4 is thought to play a fundamental
role in the pathogenesis of allergic asthma, causing the
differentiation of Th2 effector cells from naı̈ve CD41 T cell
precursors and the induction of IgE isotype switching in
B cells [3, 26]. In the airways, signalling through the common
IL-4Ra chain by IL-4 as well as IL-13 induces upregulation
of VCAM-1 on endothelial cells lining the blood vessels,
resulting in enhanced recruitment of effector cells [27],
and induction of MUC5AC gene expression and increased
mucin production by airway epithelial cells [28]. The
pronounced goblet cell hyperplasia in transgenic mice
following exposure to allergen is most likely associated
with elevated levels of Th2 cytokines, including IL-4,
produced by antigen specific CD41 Th2 cells which have
migrated into the lungs on re-exposure to allergen following
antigen-specific priming in the tracheal lymph nodes draining
the airways. In addition to IL-4, which is critical for the
induction of a Th2 phenotype, elevated levels of IL-5, IL-9
and IL-13 also contribute to the magnitude of the inflamma-
tory response [3].
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Fig. 3. Mice expressing the Va3.2 Vb14 TCR transgene develop a
T-helper type-2-mediated inflammatory infiltrate on exposure of the airways
to Der p 1 allergen. Levels of IL-4 production by lymphocytes obtained from
TCR transgenic or wild-type mice on in vitro stimulation with Der p 1 or
residues Der p 1: p 110–131. Levels of IL-4o15 pg/mL were designated as
non-detectable (nd) (a). Data as expressed for a representative experi-
ment, mean � SEM (n 5 4). Histological examination of lung sections
demonstrating general morphology, as determined by haematoxylin and
eosin staining, using tissue derived from mice expressing the Va3.2 Vb14
TCR transgene (1/1), obtained 24 h after challenge of the airways with
saline or Der p 1 (b: magnification � 20 lens). Cellular infiltrate in
bronchoalveolar lavage fluid obtained from the airways of transgenic or
wild-type mice determined 24 h after challenge with Der p 1, by differential
staining (c). TCR, T cell receptor.
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We were unable to detect significant increases in specific
IgE in sera ([18] for methodology) obtained from mice 5 days
after primary challenge of the airways with allergen,
presumably reflecting the kinetics of plasma cell differentia-
tion, rather than a lack of CD41 T cell helper activity [29].
The use of TCR transgenic mice as model systems to study

diseases characterized by selective TCR repertoire usage is
not novel. Previous studies have demonstrated that mice
heterozygous for the D011.10 ovalbumin (OVA) TCR
transgene, expressed by 40% of peripheral T cells, developed
AHR in response to spasmogenic stimuli on exposure to
aerosolized OVA, despite the lack of prior systemic sensitiza-
tion. Nevertheless, mice failed to develop eosinophilia and
goblet cell hyperplasia and levels of IL-4 produced on
antigenic challenge were only marginally increased, indicative
of a failure to induce Th2-type immunity [30]. Although

associated with asthma, AHR is a prominent feature of a
variety of pulmonary disease states, ensuing from changes
induced in airway physiology. AHR in asthma is primarily
associated with tissue damage caused by the release
of inflammatory mediators, but can occur independently
of the presence of eosinophils [31]. In patients, sensitization
to OVA occurs through the gut mucosa rather than the
airways. Others have stipulated that the presence of high
levels of endotoxin contaminants may be responsible for the
induction of AHR in the absence of eosinphilia [32], as
observed by Wilder et al. [30]. We similarly cannot exclude
the possibility that low levels of endotoxins in allergen
extracts may be responsible for the induction of Th2-
mediated airway inflammation [32]. Allergens themselves
exhibit enzymatic activity, which may contribute to the
pathophysiology of airway inflammation [33]. The transgenic

Fig. 4. Va3.2 Vb14 TCR (1/1) transgenic mice exhibit increased recruitment of lymphocytes into the lungs following challenge with Der p 1.
Immunohistochemical examination of representative lung sections obtained from either groups of mice expressing the TCR Vab transgene (1/1), 24 h after
challenge of the airways with Der p 1 (a, d, g) or saline (b, e) or wild-type C57 BL/6J (� /� ) mice challenged with Der p 1 (c, f). Parallel sections stained with
anti-CD3e (a–c), anti-B220 (d–f) or secondary antibody alone (g). TCR, T cell receptor.

Fig. 5. Allergen-dependent increases in goblet cell hyperplasia and mucin production at sites of cellular recruitment. Histological examination of lung
sections obtained from (1/1) transgenic mice challenged with saline (a) or Der p 1 allergen (b), demonstrating increased goblet cell hyperplasia, metaplasia
and mucin production, as determined by PAS alcian blue. Magnification � 20 lens, � 6.3 projector Zeiss Axioshop (representative section) (Zeiss
Microscopes, Münich, Germany).
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strain generated here expressed TCR transgenes reactive with
Der p 1, a cysteine protease which can disrupt the epithelial
architecture of the airways thereby facilitating entry into the
mucosa and potentiating development of asthma. Enzymatic
cleavage of the IL-2R a subunit may further pre-dispose
towards the expansion of CD41 T cells expressing a Th2
phenotype [34].
Here, we demonstrate that the Der p 1 transgenic strain, on

exposure of the airways to allergen, develops characteristic
features of allergic asthma including goblet cell hyperplasia
and increased eosinophil recruitment, although levels of the
latter were not significant. The induction of these responses
was not dependent on prior systemic sensitization. Eosino-
phils are known to play a central role in disease pathology,
including the induction of AHR (not assessed in this strain).
Studies have consistently observed a correlation between
increased levels of eosinophils in bronchial biopsies obtained
from allergic patients, disease severity and AHR [35]. In
addition to the CD41 Th2 cell-derived cytokines, notably IL-
4 and IL-13, inflammatory mediators released by eosinophils
are directly responsible for tissue damage and changes in lung
pathology and are therefore likely to induce increased AHR
in this strain [36, 37]. Genetic differences between inbreed
strains of mice could influence susceptibility to inflammation
and AHR on allergen exposure and, consequently, differences
between the models used (e.g. [38]). A detailed study
demonstrated that among different strains, C57BL/6 mice
were less susceptible to induction of TH2-mediated airway
inflammation and eosinophilia on allergen challenge in the
absence of prior systemic sensitization with OVA adsorbed to
alum [39]. Here, the ability to induce airway eosinophilia in
the absence of prior systemic sensitization in Der p 1 TCR
transgenic on the C57BL/6 background suggests that an
increase in the frequency of allergen reactive CD41 T cells
expressing a TH2 phenotype may be sufficient to override the
tolerogenic microenvironment in the airway mucosa. IL-10 is
known to play a role in the induction and maintenance of a
tolerogenic phenotype [40]. Analysis of IL-10 and IL-4 ratios
in the airways and draining lymph nodes of transgenic and
wild-type mice following allergen exposure may give some
insight into the underlying mechanisms of mucosal tolerance
induction, and suggests that the Der p 1 TCR transgenic
mouse described here may provide a useful model system for
investigating mucosal tolerance to inhalant allergens.
Allergic asthma is a polygenic trait with multiple genetic

loci controlling the asthmatic phenotype. The genetic hetero-
geneity of the atopic population responsive to HDM allergens
suggests that HLA class II restriction specificity is not a major
determining factor. Several distinct epitopes have been
identified as the target of both human and murine CD41

Th cell immunity to Der p 1. Here, we report that the
response generated against a single immunodominant epitope
of Der p 1 in mice expressing the specific TCR-ab is sufficient
to induce an asthmatic phenotype on challenge of the
airways. Analysis of TCR gene usage by murine and human
effector CD41 T cells suggested limited diversity, despite the
heterogeneity in both antigen and HLA restriction specifi-
cities. Data obtained from sequencing TCR domain derived
from a panel of human Der p 1 reactive T cell clones
demonstrated the existence of a limited number of long-lived
T cell clones in vivo. This finding suggests that a limited

number of CD41 T cells reactive with dominant epitopes may
be responsible for maintaining the allergic response on
chronic exposure to allergen [15]. If this is the case, it may
account for the success of allergen-based immunotherapy and
would support the use of limited peptide epitopes rather than
the whole allergen as a means of down-regulating effector
responses, thereby reducing the risk of triggering anaphylactic
reactions in response to IgE receptor crosslinking by
conformational epitopes on the allergen.
Our studies indicate that the Der p 1 TCR-ab transgenic

mice will provide a useful model for defining both the
mechanisms underlying the pathophysiology of allergic
disease and the immunological basis of mucosal tolerance
and immunoregulation. In addition, the TCR-ab transgenic
could provide a physiological model for the design and testing
of novel immunotherapeutic strategies for modulating
responses to a clinically relevant inhalant allergen.
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