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Rationale: Studies in humans and rodents have indicated a causative
role for CD81 T cells in IgE-mediated allergic inflammation, but their
function is still controversial.
Objectives: To analyze the role of allergen-specific CD81 T cells during
the development of allergic airway inflammation in two parallel but
diverging outcome models.
Methods: We used H2-Kb SIINFEKL (OVA257–264) multimers to analyze
induction, natural distribution, and phenotype of allergen-specific CD81
T cells in a murine C57BL/6 model of ovalbumin (OVA)-induced allergic
airway inflammation using low-dose or high-dose OVA sensitization.
Measurements and Main Results: The low-dose protocol was characterized by a significant induction of total and OVA-specific IgE, eosinophilic airway inflammation, IL-4 levels in bronchoalveolar lavage fluid.
And significant alterations in lung function. The high dose protocol
was characterized by a significant reduction of the allergic phenotype.
Using OVA257–264 H2-Kb multimers, we observed lung and airway
infiltrating OVA-specific CD81 T cells showing an effector/effectormemory phenotype. The high-dose protocol caused significantly
higher infiltration of allergen-specific CD81 cells to the airways and
enhanced their cytotoxicity. Adoptive transfer with CD81 T cells from
transgenic OT-I mice to TAP12/2 or wild-type mice showed their
migration to the lungs and TAP1-dependent proliferation after OVAaerosol exposure. TAP12/2 mice defective in CD81 T cells showed
exacerbated symptoms in the low-dose sensitization model.
Conclusions: Allergen-specific CD81 T cells seem to protect from
allergic inflammation in the lungs. Their number, which is dependent
on the sensitization dose, appears to be a critical predictor for the
severity of the allergic phenotype.
Keywords: cytotoxicity; tolerance; airway inflammation; asthma; immunotherapy
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

Previous studies have indicated a divergent role for specific
CD81 T cells in allergic airway disease. To address this
controversy, opposing priming conditions for CD81 T cells
using high- or low-dose allergen concentrations were
applied.
What This Study Adds to the Field

The recruitment of functionally active allergen-specific
CD81 T cells to the airways, which is dependent on the
allergen sensitization dose, appears to be a critical predictor for the severity of the allergic phenotype in mice.

Atopic allergic conditions such as asthma, allergic rhinoconjunctivitis, or atopic dermatitis are characterized by an increase
in allergen-specific IgE and CD41 T cell responses (1). CD81 T
cells, which provide protective immunity against viral and
bacterial pathogens, are considered to be less important (2, 3).
However, several reports using gene knock-out strategies or
adoptive cell transfer in murine models have pointed out
a crucial role of CD81 T cells in allergic airway inflammation
and in IgE regulation (4–7). Moreover, house dust mite allergen
(Der p 1)-specific CD81 T cells have been identified in patients
with atopic dermatitis, and their presence was correlated to
a favorable clinical course (8). For the development of allergenspecific CD81 T cells, soluble allergens are captured by local
antigen-presenting cells and presented by MHC class I molecules (cross-presentation) (9–11). Major obstacles in fully understanding the functional role of allergen-specific CD81 T cells
in allergic inflammation are the diverging results obtained in
previous studies showing a protective (7, 12–15) or an aggravating role (4, 16–18) or both (5), depending on the experimental conditions. From a therapeutic point of view, evidence has
been provided that IgE-mediated, Th2 cytokine–dominated
allergic diseases can be modulated toward a state of allergen
tolerance through allergen-specific immunotherapy (SIT) (19,
20) or by natural course (21, 22). During SIT, immune modulation toward an IgG4- and IL-10–dominated response is
accomplished by repetitive application of excessive amounts
of allergenic antigen over several years (23, 24). In various
studies, a positive correlation has been demonstrated between
the antigen/allergen dose and the clinical success of SIT (25–27).
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Thus, both the dose–response relationship and the incremental
application of abundant antigen concentrations during SIT
constitute interesting immunological models to analyze the
cross-presentation of external peptides together with the induction of allergen-specific CD81 T cells.
To analyze the natural induction and organ distribution of
allergen-specific CD81 T cells as a function of the applied
exogenous allergen concentration, we used a murine model of
ovalbumin (OVA)-induced allergic sensitization and aerosol
challenge in C57BL/6 mice. This model induces allergen-specific
IgE and IgG1 as well as airway eosinophilia using a low-dose
allergen sensitization protocol. In contrast, using a high-dose
sensitization protocol, a modulation of the allergic phenotype is
achieved (26, 27). An advantage of the murine C57/BL6 model is
the possibility to follow OVA-specific CD81 T cell responses by
using H2Kb-multimers, a highly sensitive tool to detect OVAspecific CD81 T cells (28).
In this study, we used this technique and followed allergenspecific CD81 T cells induced in a dose-dependent manner,
characterized their phenotype and the various homing and effector
organs, and investigated the pathway of cross-presentation that
underlies the induction of CD81 T cells to a soluble antigen. The
obtained results show that the number of allergen-specific CD81 T
cells in the lung, which is dependent on the allergen sensitization
dose, appears to be a critical predictor for the severity of the allergic
airway phenotype in mice. Allergen-specific CD81 T cells follow
a natural course of kinetics similar to viral infections with contraction after primary allergic sensitization and strong expansion
after encountering allergen on airway challenge, thus helping us to
understand their physiological role in IgE-mediated allergy under
natural or immunotherapeutic conditions.
Some of the results of these studies have been previously
reported in the form of an abstract (29, 30).

METHODS
Animals
Female wild-type C57BL/6 and OT-I mice (C57BL/6 background) mice
were obtained from Charles River Laboratories (Wilmington, MA)
and Tap1tm1Arp (TAP12/2) mice (B6.129S2-Tap1tm1Arp/J) from the
Jackson Laboratory (Bar Harbor, ME). All mice were housed in the
pathogen-free animal facility of the Helmholtz Zentrum München
(Germany). The study was conducted under federal guidelines for the
use and care of laboratory animals and was approved by the local
government (Regierung von Oberbayern) and the Animal Care and
Use Committee of the Helmholtz Zentrum München.

Allergen Sensitization and Challenge
Six- to 10-week-old mice were sensitized by intraperitoneal injection of
10 mg (low dose) or 10 mg (high dose) of OVA (Sigma, Steinheim,
Germany) in 2 mg alum (Inject-Alum Pierce, Rockford, IL) on Days 1,
10, and 26 in 200 ml PBS. The LPS content in the used OVA preparation
was 0.07 mg/mg OVA as determined by the limulus amebocyte lysate
assay (Lonza, Walkersville, MD). Mice were challenged six times by
inhalative exposure to OVA aerosol (6% in PBS) for 1 hour using
a Pari-Boy nebulizer (Pari, Starnberg, Germany) as previously described (31) on Days 82 to 83, 85 to 86, and 88 to 89. On Day 90, animals
were killed. Blood and the lung, liver, mediastinal lymph nodes, bone
marrow, spleen, paratracheal lymph nodes, and axillary/inguinal lymph
nodes were collected for further analyses. Control animals were sham
sensitized and challenged with phosphate buffered saline (PBS) only or
with aerosolized OVA (6% in PBS). A modified sensitization and
challenge protocol was used for some experiments in which a lower
degree of airway inflammation was needed to characterize additive
effects (e.g., when using sensitized TAP12/2 mice). To this end, mice
were sensitized by intraperitonal injection of OVA-alum on Days 1 and
7 and challenged three times by exposure to OVA aerosol (1% in PBS)
for 15 minutes on Days 68, 71, and 74.
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In LPS-spiking experiments, LPS (Lonza, Walkersville, MD) from
Escherichia coli strain O55:B5 was used.
The description of the methods used for lung functional test,
bronchoalveolar lavage (BAL), cytokine analysis, isolation of CD81
T cells from lung and liver, adoptive cell transfer, cytotoxicity assay,
lung histological analysis, determination of plasma antibody titers, and
IL concentrations in BAL fluid is provided in the online supplement.

MHC Class I Multimer Staining and Phenotyping of CD81 T
Cell by Flow Cytometry
H2-Kb SIINFEKL multimer were purchased from Immunotech (Beckman Coulter, Villepinte, France). Cells were incubated with H2-Kb
SIINFEKL multimer and surface marker staining. The following mAbs
were used: anti-CD8a (Invitrogen, Karlsruhe, Germany), anti-CD127
(eBioscience, San Diego, CA), anti-CD4, anti-CD3, anti-CD45, antiCD62L, anti-CD25, anti-CD69, anti-CD44, anti-CD154, and anti-Ly6C
(BD Bioscience, San Jose, CA). For counting cells, TrueCount (BD
Bioscience) was used. Data were acquired on a FACSCalibur or LSRII
and were further analyzed with CELLQUEST, FACSDiVa (all BD
Bioiscience), and Flowjo V.7.2.2 (Tree Star, Ashland, OR) software.

Statistical Analysis
Comparisons of groups were performed with a t test, and P values for
significance were set to 0.05. Values for all measurements are expressed
as mean 6 SEM.

RESULTS
Characterization of the Low- and High-Dose Models of
OVA Sensitization

The low-dose sensitization protocol led to an increase in total
and OVA-specific plasma IgE (Figures 1A and 1C) and OVAspecific IgG1 (Figure 1B), large numbers of lung infiltrating
cells as demonstrated in BAL and lung histology (Figures 1D
and 1F), and induction of substantial eosinophilia in BAL of
challenged animals representing up to 88% (mean, 62.7 6
4.1%) of all infiltrating cells (Figure 1E). This low OVA-antigen
dose model was further used to analyze the role of allergenspecific CD81 T cells under conditions that favor allergenspecific IgE induction and IgE-mediated allergic airway
inflammation. In contrast to the low-dose model, we also used
10 mg OVA/alum to sensitize mice in an otherwise identical
immunization and challenge setup. The high-dose compared
with low-dose condition led to reduced total cellular infiltration
in BAL and lung tissue (Figures 1D and 1F) and lower
eosinophilia in BAL (Figure 1E) (mean, 30.4 6 3.3%) an to
a moderate elevation of total and OVA-specific IgE levels
(Figures 1A and 1C) together with a stronger induction of
OVA-specific IgG1 levels (Figure 1B). We compared these two
protocols in their capacity to induce IL-4 and IL-13 in BAL (see
Figure E1 in the online supplement). We correlated both
cytokine levels with airway eosinophilia (Figure 1G for IL-4).
Our findings demonstrated a positive correlation with more IL4 and airway eosinophilia in the low-dose model (10 mg OVA)
as compared with the high-dose model (10 mg OVA), with
a clear distinction between the two groups (see correlations
separated by group in Fig. E2). Results of lung functional tests
comparing the two models are described below (Table 1).
Detection and Phenotype of Allergen-Specific CD81 H2-Kb
SIINFEKL1 T Cells

We used H2-Kb SIINFEKL-multimers to follow allergenspecific CD81 T cells in the low-dose and the high-dose OVA
models. We identified a clear difference in the total number of
CD31 and CD41 T cells, whereas the total cell number of
CD81 T cells showed no difference. Although we found no
differences in the amount of total CD8 T cells between the low-
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2C). The significantly decreased cell number of CD41 T cells in
the high-dose OVA model was corroborated by a lower degree
of intracellular activation marker staining with CD154 in CD41
T cells (32) in the lungs (Figure 2B). Staining of BAL CD4 T
cells for Foxp31 CD251 revealed a higher number of Foxp31
regulatory T cells in the low-dose protocol (Fig. E4).
We found allergen-specific CD81 H2-Kb SIINFEKL1 T cells
also in peripheral blood, although to a lesser degree than in BAL,
and in lungs 24 hours after the last aerosol-challenge, whereas no
allergen-specific CD81 H2-Kb SIINFEKL1 T cells were found in
control mice exposed to OVA-aerosol challenge (Figure 3A). We
characterized the phenotype of the allergen-specific CD81 T cells
infiltrating lung tissue. These experiments revealed that in the
low-dose and the high-dose OVA models, MHC multimerpositive cells stained CD62L2, CD251/2, CD441, CD1271/2,
CD691, and Ly6C1/2 and identified the majority of cells corresponding to an activated effector type of CD81 T cells (33–37).
Figure 3B gives an example of the typical staining pattern
obtained with these phenotypic markers in mice sensitized
according to the high-dose OVA model.
To exclude the possibility that the observed increased induction of allergen-specific CD81 H2-Kb SIINFEKL1 T cells in
the high-dose protocol was associated with a higher degree of LPS
contamination within the OVA preparations, LPS contents were
measured, and the amount of OVA used in the low-dose protocol
was spiked with an LPS dose found in the high-dose protocol. We
observed no significant differences between the low-dose and the
‘‘low dose 1 additional LPS’’ protocols (Figure E5).
In Vivo Cytotoxicity of Allergen-specific CD81 H2-Kb
SIINFEKL1 T Cells

Figure 1. Comparative analysis of control mice with mice sensitized
using the low-dose ovalbumin (OVA) protocol (10 mg OVA) or the
high-dose protocol (10 mg OVA). Control mice were sensitized with
phosphate-buffered saline (PBS) and challenged with aerosolized OVA.
Sensitized mice received OVA intraperitoneally on Days 1, 10, and 26
and were challenged with OVA aerosol on Days 82 to 83, 85 to 86, and
88 to 89. Specimens were analyzed 24 hours after the last challenge (Day
90). (A) Plasma total IgE. (B) OVA-specific IgG1. (C ) OVA-specific IgE. (D)
Analysis of bronchoalveolar lavage (BAL) total cell number. (D) Analysis
relative number of eosinophils. (F) Histological score of the area of lung
inflammation. (G) The values of bronchoalveolar lavage (BAL) eosinophilia were correlated to IL-4 production in BAL fluid. AM 5 alveolar
macrophage; Eos 5 eosinophils; Ly 5 lymphocyte; PMN 5 polymorphonuclear granulocyte (neutrophils). *P , 0.05; **P , 0.01; ***P ,
0.001; #P , 0.01 compared with other groups (n > 5 per group).

and high-dose protocols in BAL, the activation of the CD8a1
T cells shown by the expression of CD62L1 was significantly
higher in the high-dose protocol (Figure E3). The amount of
CD8a1, H2-Kb SIINFEKL-multimer1 T cells was clearly
higher in the high-dose OVA protocol, which was even more
pronounced when CD8a1 H2-Kb SIINFEKL-multimers were
costained with the activation marker CD62L (Figures 2A and

The functional in vivo cytotoxic potential of the induced
allergen-specific CD81 T cells was tested using SIINFEKLloaded target cells, which were labeled with high concentrations
of carboxyfluorescein succinimidyl ester (CFSE) and an otherwise identical SIINFEKL-negative target cell population, which
was labeled with low concentrations of CFSE. Adoptive transfer
of the CFSE-labeled cells into OVA-sensitized recipient mice
allowed us to quantify the cytotoxic activity of allergen-specific
CD81 T cells by determining the loss of SIINFEKL-positive
target cells labeled with high concentrations of CFSE dye
(Figure 4A). This experiment clearly showed an in vivo cytotoxic potential of induced OVA-specific CD81 T cells with
a time-dependent mean in vivo killing of 46% (range, 40–50%)
at 15 hours and 69% (range, 57–80%) at 48 hours in the lowdose protocol (10 mg OVA) and 62% (range, 51–72%) at
15 hours and 86% (range, 71–93%) at 48 hours in the highdose protocol (10 mg OVA) (Figure 4B). At all time points,
OVA-specific CD81 T cells induced in the high-dose model
displayed a higher cytotoxic capacity as compared with cells
induced in the low-dose allergy model. We cannot state if the
higher cytotoxic potential is due to the increased number of
SIINFEKL-specific CD8-T cells or due to an increased killing
potential of these cells.
Kinetics of Allergen-specific CD81 T Cells

To analyze the kinetics of allergen-specific CD81 T cell, we
focused on the high-dose OVA sensitization model. H2-Kb
SIINFEKL multimer staining of allergen-specific CD81 T cells
in PBMCs showed a moderate increase in blood over time,
ranging from 0.05% to a peak of 0.4% MHC multimer-positive
CD81 T cells among all CD81 T cells, with a clear maximum
during allergen rechallenge (up to 0.8%), followed by a reduction of allergen-specific CD81 T cells immediately after the
final OVA-aerosol exposure. Control animals did not show any
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TABLE 1. LUNG FUNCTION TESTS*
TAP12/2
(10 mg OVA)

C57BL/6
(10 mg OVA)

1,186
253.8
0.64
0.75
63.0
40.8
9.6

1,118
242.4
0.76
0.83
56.9
36.3
9.6

Control
TLC, ml
VD, ml
R, cm H2O/ml/s
sR, cm H2O/s
C, ml/cm H2O
CDyn, ml/cm H2O
DLCO, mmol/min/hPa

1,322
253.2
0.56
0.73
62.1
43.1
13.0

6
6
6
6
6
6
6

147
9.0
0.07
0.08
9.0
6.0
1.9

6 170
610.3
6 0.13
6 0.10
6 9.5
6 8.6
6 2.0**

6
6
6
6
6
6
6

168†
15.5
0.23†
0.20
9.4
7.5
2.1x

C57BL/6
(10 mg OVA)
1,228
258.4
0.56
0.69
63.1
41.9
11.2

6
6
6
6
6
6
6

97
9.2‡
0.08‡
0.09
3.2
3.9
0.9†

Definition of abbreviations: C 5 quasi-static compliance of the respiratory system; OVA 5 ovalbumin; CDyn 5 dynamic
compliances at a breathing rate of 130/min; R 5 respiratory system resistance; sR 5 specific resistance.
* Lung function tests in intubated/mechanically ventilated animals performed 24 hours after the last OVA challenge in
nonsensitized (control), OVA-sensitized TAP12/2, and in OVA-sensitized wild-type C57BL/6 mice with low or high allergen doses
(10 mg and 10 mg OVA, respectively). Data are expressed as mean 6 SD; n 5 5–8 per group.
†
P , 0.05 vs. control;
‡
P , 0.05 vs. 10 mg OVA, and
x
P < 0.01 vs. control.

presence of MHC multimer-positive cells at all time points
(Figure 5A). The analysis in lung tissue revealed a dramatic
increase of MHC multimer-positive, CD62L2 CD81 T cells at
the time of the last rechallenge with OVA-aerosol (Figure 5B).
The number of allergen-specific CD81 T cells rapidly dropped
thereafter but remained stable between 3 and 5% over several
weeks, suggesting an organ-specific memory pool of allergenspecific CD81 T cells (Figure 5B).
Next, we screened for the cytokine phenotype of lung
infiltrating allergen-specific CD81 T cells. This analysis revealed
a clear production of IFN-g by SIINFEKL-stimulated CD81 T
cells but no production of IL-4 (Figure 5C), IL-10, IL-5, or IL13 (data not shown).
Organ Distribution of Allergen-specific CD81 T Cells

Blood and lung/BAL analyses showed high expansion of MHC
multimer-positive CD81 T cells in the lung and in the BAL
cells but showed low numbers within the peripheral blood
(Figure 3A, 5A, 5B, and 5D). In addition to the effector organ
lung and the peripheral blood, we analyzed the distribution of
allergen-specific CD81 H2-Kb SIINFEKL1 T cells in several
lymphatic organs and the liver to gain information on sites of
proliferation and/or activation of these cells. We found high
numbers of activated (CD62L2) CD81 H2-Kb SIINFEKL1 T
cells in lungs and BAL but also in the liver (up to 10%),
whereas bone marrow, spleen, paratracheal, and axillary and
inguinal lymph nodes showed percentages below 2% of
allergen-specific CD81 T cells (Figure 5D). The lymphatic
sites with the highest number of CD81 H2-Kb SIINFEKL1 T
cells were the mediastinal lymph nodes (2.6%). Mediastinal

lymph nodes also harbored the highest proportion of CD62L1
H2-Kb SIINFEKL1 CD81 T cells (28%), whereas in all other
tissues, only a minority of H2-Kb SIINFEKL1 CD81 T cells
was CD62L1 (Figure 5D).
Recruitment and In Situ Proliferation of Allergen-specific
CD81 T Cells

Based on the evidence obtained so far that in the course of
sensitization and rechallenge allergen-specific CD81 T cells
are found in increasing numbers in the lungs and BAL cells,
we wanted to know whether this increase was due to an
enhanced recruitment of this cell type (which had been proliferating, e.g., in lymph nodes) or if there was proliferation of
CD81 T cells residing in the lungs after allergen exposure.
Therefore, purified CD81 T cells from OT-I mice were labeled
with CFSE and transferred into naive C57/BL6 mice before
these chimeras were challenged by OVA aerosol exposure.
This experiment showed that before allergen challenge there
was a population of OT-I cells that had migrated to the lungs,
most probably due to random migration (Figure 6A). After
aerosol challenge, the cells rapidly started proliferating so that
after the third challenge the majority of cells had undergone
several divisions in lung tissue (Figure 6B). In contrast, no OTI cells were detectable in BAL of control mice, whereas after
OVA-aerosol challenge large numbers of proliferating OT-I
cells were found in BAL (Figures 6A and 6B). The result of
this experiment suggests that recruitment into the effector
organ and proliferation together with transbronchial migration
upon antigen encounter occur.

Figure 2. Differential cell distribution in the
low- and high–dose ovalbumin (OVA) models
in bronchoalveolar lavage (BAL) and lung. Mice
were sensitized intraperitoneally with OVA on
Days 1, 10, and 26 and challenged with OVA
aerosol on Days 82 to 83, 85 to 86, and 88
to 89 (SA mice). (A) Detection and counting
of CD31, CD41, CD81, and CD81 H2-Kb
SIINFEKL-specific T cells (Tet1) in BAL after the
final OVA-aerosol challenge. Number of cells is calculated from 1 ml of BAL fluid. (B) Intracellular staining of CD154 in CD41 T cells from lung after
the final OVA-aerosol challenge. (C ) Percentages of CD81 H2-Kb SIINFEKL1 CD62L2 T cells among total CD81 T cells after the final OVA-aerosol
challenge. Open bars, 10 mg OVA (low-dose protocol); hatched bars, 10 mg OVA (high-dose protocol). Control 5 mice sensitized with phosphate
buffered saline and challenged with aerosolized OVA. Naive 5 untreated mice. SA 5 mice sensitized and challenged with OVA. *P , 0.05, **P ,
0.01, ***P , 0.001, and #P , 0.01 compared with other groups.
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Figure 3. Detection and phenotype of CD81 H2-Kb SIINFEKL-specific T
cells. Mice were sensitized intraperitoneally with 10 mg ovalbumin
(OVA) on Days 1, 10, and 26 and challenged with OVA aerosol on Days
82 to 83, 85 to 86, and 88 to 89. (A) Percentages of CD81 H2-Kb
SIINFEKL1 T cells among total CD81 T cells after the final OVA-aerosol
challenge in lungs of control animals (sensitized with phosphate
buffered saline followed by OVA-aerosol challenge) or of animals that
received OVA sensitization and subsequent OVA-aerosol challenge
(SA). CD81 H2-Kb SIINFEKL1 T cells where analyzed in blood (SAblood), bronchoalveolar lavage (BAL) (SA-BAL), and lung tissue (SAlungs). (B) Animals that received OVA sensitization and subsequent
OVA-aerosol challenge and their phenotypic surface marker expression
of lung CD81 H2-Kb SIINFEKL1 T cells 24 hours after the final OVAaerosol challenge. The percentage of cells in each quadrant was
calculated by gating CD81 H2-Kb SIINFEKL1 T cells.

Allergen-specific CD81 T Cells in the Lungs Are Induced by
a TAP-dependent Pathway

To test whether cross-presentation plays a role in allergenspecific CD81 T-cell proliferation after OVA-aerosol exposure,
we used TAP12/2 mice on the C57BL/6 background, which are
deficient in the proper translocation of antigen-derived peptides
onto empty MHC-I molecules residing in the endoplasmic
reticulum. In an identical set-up as in the proliferation experiments (Figures 6A and 6B), CFSE-labeled OT-I cells (z3 3
106 enriched CD81 cells) were transferred into TAP12/2 mice,
and animals were challenged with OVA-aerosol. OT-I CD81 T
cells migrated into the lungs of TAP12/2 mice (Figure 6C) but
were not capable of proliferating upon OVA-aerosol challenge
in contrast to wild-type C57BL/6 mice (Figure 6B).
Allergen-specific CD81 T Cells and the Degree of the
Pulmonary Inflammatory Response

Because several reports that relied on the depletion of CD81 T
cells in the murine model have shown contradictory roles for
CD81 T cells in IgE-mediated allergy (5, 14, 15, 38), we
evaluated the natural course of the low-dose and the high-dose
OVA models for allergic sensitization with multiple correlations comparing the generation of CD81 H2-Kb SIINFEKL1 T
cells with markers of activation and airway inflammation. In
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Figure 4. Dependency of the induction of cytotoxicity on the antigen
dose used in the sensitization phase. Mice were sensitized intraperitoneally with ovalbumin (OVA) on Days 1, 10, and 26 and challenged
with OVA aerosol on Days 82 to 83, 85 to 86, and 88 to 89 (SA-mice).
Cytotoxic potential was demonstrated by in vivo lysis of highly
carboxyfluorescein succinimidyl ester (CFSE)-labeled SIINFEKL-loaded
splenocytes in comparison to unloaded low CFSE-labeled splenocytes.
(A) Representative experiment of one control and an SA mouse after
48 hours. (B) Time and dose dependency of the in vivo cytotoxic
potential of allergen-specific CD81 H2-Kb SIINFEKL1 T cells using
splenocytes differentially labeled with CFSE, either SIINFEKL loaded
or unloaded. Cytotoxicity was recorded by FACS analysis after 0, 15,
and 48 hours. Black dots indicate individual animals sensitized with
high-dose OVA (10 mg); open triangles indicate animals sensitized
with low-dose OVA (10 mg). The line represents the mean of each
group. *P , 0.05.

BAL and in cells infiltrating the lungs, more than 90% of the
CD81 H2-Kb SIINFEKL1 T cells showed the phenotype of
activated cells as defined by loss of CD62L (see Figures 3B and
4D). Consequently, we observed a positive correlation of
activated CD81 T cells (as defined by the loss of CD62L
expression) and CD81 H2-Kb SIINFEKL1 T cells with allergen
dose. Higher numbers of CD81 H2-Kb SIINFEKL1 T cells
were induced by the high-dose protocol (closed dots) as
compared with the low-dose group (open triangles) (Figure
7A). The proportion of CD81 H2-Kb SIINFEKL1 T cells
detected in BAL was inversely correlated to the degree of
airway eosinophilia, whereby the two dosage groups could be
clearly distinguished (Figure 7B). Along the same line, the total
number of inflammatory cells detected in BAL after OVAaerosol challenge was negatively correlated with the proportion
of infiltrating CD81 H2-Kb SIINFEKL1 T cells (Figure 7C)
(see correlations separated by group in Fig. E6). Thus, the more
allergen-specific and activated CD81 H2-Kb SIINFEKL1 T
cells infiltrate the lung, the less eosinophilia and total cell
infiltration is found in BAL. This analysis resulted in a clearcut distinction of the two groups receiving the low-dose or the
high-dose OVA sensitization protocol.
TAP1-deficient Mice Show an Enhanced Allergic Phenotype

To evaluate a mouse model with defective cross presentation
pathway and a consequent lack of induction of OVA-specific
CD81 T cells, we included TAP12/2 mice in the low-dose
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Figure 5. Kinetics, organ distribution, and intracellular cytokine phenotype of CD81 H2-Kb SIINFEKL1 T cells in blood and lungs from mice
sensitized with high-dose ovalbumin (OVA) (10 mg). OVA-specific
CD81 T cells expand and contract after intraperitoneal application of
OVA-alum and after OVA-aerosol challenge as visualized by H2-Kb
MHC multimer staining. (A) Percentages of CD81 H2-Kb SIINFEKL1
CD62L2 T cells among total CD81 T cells in peripheral blood at
different time points. Arrows indicate time points of intraperitoneal
sensitization and time points of OVA-aerosol challenge (Days 82–83,
85–86, and 88–89). Closed diamonds represent the group of mice
sensitized intraperitoneally with OVA-alum (mean values 6 SD; n 5 5).
Open circles represent the control group of mice injected with phosphate buffered saline (PBS) (n 5 5). (B) Percentages of CD81 H2-Kb
SIINFEKL1 CD62L2 T cells among total CD81 T cells in lungs at
different time points after OVA-aerosol challenge. Arrows indicate time
points of OVA-aerosol challenge (Days 82–83, 85–86, and 88–89)
(mean values 6 SD; n 5 3). (C ) Intracellular cytokine profile (IFN-g and
IL-4) of lung CD81 T cells from a representative mouse sensitized
intraperitoneal with 10 mg OVA followed by OVA-aerosol challenge.
Cells were collected 24 hours after the last airway challenge and
restimulated in vitro with 1 mg/ml SIINFEKL peptide for 6 hours. (D)
Organ distribution in a representative mouse sensitized intraperitoneally with 10 mg OVA followed by OVA-aerosol challenge. CD81 H2-Kb
SIINFEKL1 T cells were enumerated in lungs, bronchoalveolar lavage
(BAL), liver, blood, mediastinal lymph node (MLN), bone marrow
(BM), spleen, paratracheal lymph node (PTLN), and axillary/inguinal
lymph node (AILN) 24 hours after the last airway challenge. The filled
(black) part of the columns represents the CD62L2 fraction of total
CD81 H2-Kb SIINFEKL1 T cells. C 5 control mouse; S 5 OVA-sensitized
mouse; SA 5 OVA-sensitized and airway-challenged mouse.

animals (low dose vs. control,*P , 0.05; low dose vs. high dose,
, 0.05; Table 1). The R value for TAP12/2 was in between
the values for control mice and low-dose–challenged mice but
was not significantly different from either of the groups. Specific
resistance assessed to correct for the observed differences in
TLC between control and low-dose mice did not significantly
differ between groups but, similarly to R, was found to be
highest in low-dose–sensitized mice. No significant difference in
static and dynamic compliance was evaluated in any of the
groups. A notable reduction in DLCO was detected in sensitized
(10 mg and 10 mg OVA) and TAP12/2 mice compared with
control (**P < 0.01 control versus 10 mg OVA and TAP12/2,
and *P , 0.05 vs. 10 mg OVA; Table 1).
#P

allergen sensitization and challenge model. This model avoids
the known limitation of additionally depleting CD81 dendritic
cells as is the case when using anti-CD8 antibody (7). Using this
approach, TAP12/2 mice compared with wild-type BL6 mice
showed significantly higher total numbers of inflammatory cells
infiltrating the airways together with increased levels of total
IgE after allergen challenge, suggesting a beneficial role of
allergen-specific CD81 T cells in the control of allergic IgE
responses and airway inflammation (Figures 8A and 8B).
TAP12/2 mice showed a comparable high degree of eosinophilia in the airways (z 72%) as compared with wild-type BL6
mice in the low-dose OVA protocol (Figure 8C) while compensating for the lack of CD81 T cells by higher numbers of
infiltrating CD41 T cells and NK1.11 cells (data not shown).
Lung Function Tests

Lung function tests performed 24 hours after the last OVA
challenge showed significantly increased respiratory system
resistance (R) in low-dose–sensitized animals compared with
control nonsensitized animals and with high-dose–sensitized

DISCUSSION
We have analyzed the natural course of antigen dose–dependent
induction and memory formation of allergen-specific CD81 T
cells in a murine model of IgE-mediated allergic sensitization and
airway inflammation upon allergen rechallenge. Allergen-specific CD81 T cells were recruited to and specifically activated in
the lungs of sensitized animals after allergen-aerosol challenge,
a process that was dependent on a functional TAP complex. Due
to the experimental setting we used, we cannot rule out the
possibility that cells might have also divided in the neighboring
lymph nodes and then remigrated to the lungs.
Our study provides new perspectives to the complex question
as to whether allergen-specific CD81 T cells are of beneficial or of
detrimental effect on allergen-specific IgE regulation and
on allergic airway inflammation by investigating antigen dose–
dependent induction of CD81 H2-Kb SIINFEKL1 T cells in the
natural course of allergic sensitization and allergen-aerosol
challenge. We found an allergen dose–dependent induction and
infiltration of activated CD81 H2-Kb SIINFEKL1 T cells to the
lungs, which predominantly were of the effector phenotype.
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Figure 6. Two groups of C57BL/6 mice and a group of transgenic
TAP12/2 mice (n 5 3) were adoptively transferred intravenously with
carboxyfluorescein succinimidyl ester (CFSE)-labeled OT-I cells (z3 3
106 purified CD81 T cells) 1 day after aerosol challenge was performed.
One C57BL/6 group and the TAP12/2 group were subsequently
exposed to OVA-aerosol challenge; the other C57BL/6 group was
exposed to phosphate buffered saline-aerosol challenge (control).
Twenty-four hours after the last challenge, animals were killed, and
cells from lungs (A–C, upper panel) and bronchoalveolar lavage (BAL)
(A–C, lower panel) were harvested. (A) C57BL/6 mice transferred with
CFSE-labeled OT-I cells challenged with phosphate buffered saline. (B)
C57BL/6 mice transferred with CFSE-labeled OT-I cells and exposed for
1 hour on three consecutive days with OVA-aerosol (6%, w/v). (C )
TAP12/2 mice transferred with CFSE-labeled OT-I cells and exposed for
1 hour on three consecutive days with OVA-aerosol (6%, w/v).

One of the most important findings of our study was the
dependency of CD81 H2-Kb SIINFEKL1 T-cell induction and
activation on the OVA-allergen dose used for allergic sensitization and the inverse correlation of these allergen-specific
CD81 T cells with the observed allergic phenotype (Figures 2
and 7). When a low allergen dose of 10 mg OVA together with
alum adjuvant was injected intraperitoneally for allergic sensitization, high titers of total and allergen-specific IgE and substantial pulmonary eosinophilia after OVA-aerosol challenge
were reproducibly obtained. Lung function testing revealed an
increased airway resistance and a decreased gas exchanging
capacity 24 hours after the last challenge compared with control
as a consequence of airway and peripheral lung inflammation.
This model can therefore be considered as an experimental
equivalent of IgE-mediated allergic airway inflammation. In
contrast, when a high allergen dose of 10 mg OVA together
with alum adjuvant was injected, significantly lower titers of
total and allergen-specific IgE and significantly reduced airway
eosinophilia after OVA-aerosol challenge and only minor
alterations in lung function were observed. Compared with
the situation in humans, this model most probably represents
the situation seen in allergen-specific immunotherapy. The
high-dose model, which showed an obvious protective deviation
from the Th2 phenotype of the low-dose model (see Figure 1G),
was characterized by the induction of significantly higher
numbers of activated CD81 H2-Kb SIINFEKL1 T cells in the
effector organ lung and the allergen-exposed airways.
The high number of allergen-specific CD8 cells seems to
compensate for a lower number of activated CD4 T cells in our
model and might therefore be a good marker of protection from
type I allergy. Previously, others had demonstrated that IgE
induction and allergic inflammation could be modulated by
different sensitizing allergen doses (26, 27). However, the Th2
modulating effect of applying higher allergen doses has not
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Figure 7. Correlation analysis of all data derived
from independent experiments in the high-dose
ovalbumin (OVA) model
(closed circles) and the
low-dose OVA model
(open triangles) of allergic
sensitization. Mice were
sensitized intraperitoneally with 10 mg (low
dose) or 10 mg (high
dose) OVA on Days 1,
10, and 26 and challenged with OVA aerosol
on Days 82 to 83, 85 to
86, and 88 to 89. (A)
Correlation analysis of
the percentage of activated CD81 T cells
(CD62L2) and the percentage of CD81 H2-Kb
SIINFEKL1 T cells in lung
tissue 24 hours after the
final OVA-aerosol challenge (total n 5 44). (B)
Correlation analysis of the
percentage of eosinophils
and the percentage of
CD81 H2-Kb SIINFEKL1
T cells in bronchoalveolar
lavage (BAL) 24 hours after
the final OVA-aerosol challenge (total n 5 68). (C)
Correlation analysis of the
total number of BAL cells
and the percentage of CD81 H2-Kb SIINFEKL1 T cells 24 hours after the final
OVA-aerosol challenge (total n 5 64).

been linked to the induction of allergen specific CD81 T cells.
We have also looked for regulatory T cells as identified by the
FoxP3 and CD25high phenotypes. The numbers of these Tregs
were higher in the BAL of mice undergoing the low-dose
protocol with the stronger allergic phenotype. Therefore, it
seems unlikely that Treg cells had a major impact on the
attenuated outcome in the high-dose protocol.
The phenotypic profile of allergen-specific CD81 T cells
induced under both dosage regimens showed no differences
with the expression markers tested in this study. However, he
numbers of induced allergen-specific CD81 T cells and the
degree of in vivo cytotoxicity were significantly higher with the
high-dose OVA model as compared with the low-dose model.
The expressed phenotype of these allergen-specific CD8 cells
after aerosol challenge closely resembled activated effector
CD81 T cells with up-regulation of CD69 as early T-cell
activation marker, reduced expression of the IL-7 receptor
CD127, and almost complete down-regulation of CD62L and
high expression of CD44 (33–37). Only mediastinal lymph
nodes harbored a larger proportion of CD81 T cells expressing
CD62L, indicative of central memory formation (34). The
pattern, kinetics, and distribution of CD81 T-cell activation,
expansion, and retraction in the course of allergic sensitization
and airway inflammation strongly resembles the patterns known
for viral defense that have been firmly established in infection
and vaccination protocols (28, 39) in which a pool of central
memory CD81 T cells persists weeks to months after infection
and enters partially in the pool of effector (memory) CD81
T cells after repetitive antigen encounters (37, 40).
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Figure 8. Comparison of airway inflammation and IgE induction using
TAP12/2 and wild-type C57BL/6 mice in the low-dose model of allergic
sensitization and aerosol challenge. Control mice were not sensitized
but received ovalbumin (OVA) aerosol challenge. Mice were analyzed
after allergen challenge with OVA aerosol. Shown is the degree of
allergic airway inflammation as delineated by (A) the total number of
infiltrating cells and (C ) eosinophilia in bronchoalveolar lavage (BAL) as
well as (B) the levels of total plasma IgE after allergen challenge. The
differences between groups were not statistically significant. Mice were
sensitized intraperitoneally with 10 mg OVA on Days 1 and 7 and
challenged with OVA aerosol (15 minutes 1% w/v) on Days 68, 71, and
74. Specimens were analyzed 24 hours after the last challenge (n 5 5–8
mice per group; *P , 0.05).

In both dosage models, apart from the effector organ lungs
where antigen is encountered directly by CD81 T cells after
OVA-aerosol allergen challenge, significant numbers of CD81
H2-Kb SIINFEKL1 T cells were found in the liver after
allergen challenge (Figure 5D). This implies that a significant
proportion of activated CD81 T cells, after regressing from the
lungs, are preferentially retained in the liver as an ultimate site
for activated CD81 effector T-cell migration. We cannot
explain the physiological relevance of high numbers of CD81
H2-Kb SIINFEKL1 T cells within liver tissue after allergen
challenge. One contributing factor could be the route of allergic
sensitization through intraperitoneal injection of OVA allergen.
Furthermore, the clearance of CD81 H2-Kb SIINFEKL1
T cells from the lungs through draining lymphatics could lead
to the recruitment of allergen-specific CD81 T cells into the
liver, as has been described in other models of infection or
inflammation (41–43).
Why are these allergen-specific CD81 T cells induced in such
significant numbers by an extracellular antigen in the memory
phase after OVA-aerosol challenge? Various recent publications have defined the phenomenon of cross-presentation. This
type of antigen processing describes the association of soluble,
extracellular antigens and their respective immunogenic peptides to MHC-I molecules, and it is dependent on intracellular
membrane fusion processes, which allows the passage of soluble
antigen peptides into the endoplasmic reticulum where adequate peptides can be loaded onto MHC-I molecules (44). In
contrast to these recent data, not all groups working in the field
have agreed to the phenomenon of cross-presentation as a physiological pathway (45). We tried to address this question in our
murine model of allergic inflammation by using adoptive transfer
of OT-I cells with TAP12/2 mice in the memory response to
soluble OVA-aerosol challenge. Although strong activation of
adoptively transferred CD81 H2-Kb SIINFEKL1 T cells (OT-I
cells) occurred in the lungs of control wild-type C57BL/6 mice
after OVA-aerosol challenge in lung tissue and in BAL fluid, no
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activation of OT-I cells was seen in TAP12/2 mice after allergen
exposure. This demonstrates the existence of a cross-priming
pathway in the OVA allergy model that is operative in vivo and is
TAP dependent.
Because OVA preparations are commonly contaminated
with LPS and because LPS and its compounds are known to
influence allergic reactions (46, 47) we included spiking experiments in our study to rule out the possibility that the amount of
LPS in the OVA preparation and not the amount of OVA itself
was responsible for CD8 induction. This experiment revealed
that LPS itself had only a minor effect on the induction of
SIINFEKL-specific CD8-T cells. Thus, LPS seems not to be
responsible for the observed cross-presentation.
The role of CD81 T cells in rodent models of IgE-mediated
allergy has been discussed in previous publications. Although
some reports suggested a beneficial role of allergen-specific
CD81 T cells by increasing IL-12 production in respiratory
dendritic cells through direct interaction (6, 12) or by IFN-g
(48), others identified a detrimental role of allergen-specific
CD81 T cells for the severity of IgE-mediated allergy and
airway inflammation by virtue of their ability to produce IL-13
and thereby aggravate allergic symptoms (4, 17, 49). Our results
argue in favor of a protective role of allergen-specific CD81 T
cells because their numbers inversely correlated to phenotype
markers of IgE-mediated allergy and airway inflammation, such
as plasma IgE, airway eosinophilia, and IL-4 levels in BAL
fluid. Moreover, using TAP12/2 mice in the low-dose model, we
found higher degrees of cell infiltration and increased production of IgE as compared with wild-type mice undergoing the
same protocol. Furthermore, in lung function tests, 10 mg OVA
TAP12/2 mice showed similar but lower values of R and
specific resistance compared with 10 mg OVA wild-type mice,
which did not reach statistical significance when compared with
control mice; on the other hand, they showed a notable reduction in DLCO compared with control mice, most likely due to
peripheral pulmonary inflammation. The TAP12/2 mouse is
thereby probably better suited than CD8a2/2 or anti-CD8
antibody–treated mice because the repertoire of dendritic cells
expressing CD8a is intact in this model. Furthermore, the
TAP12/2 model targets the induction of OVA-specific CD81
T cells by way of defective cross presentation of exogenous
antigen (50). Our results are in agreement with previous
findings using the depletion of CD81 T cells in models of
allergic airway inflammation (7, 51).
In summary, our study shows the antigen dose-dependent
induction of effector CD81 T cells with specificity for the
soluble antigen OVA in different sensitization protocols using
high- or low-dose OVA concentrations. These cells follow
a natural course of kinetics similar to intracellular infections
with the characteristics of CD81 T-cell reduction after primary
allergic sensitization and strong expansion after encountering
allergen on rechallenge. These allergen-specific CD81 T cells
are induced in a dose-dependent manner by cross-priming, and
their further expansion on allergen encounter depends on a functional TAP-1 complex. In line, in TAP12/2 mice, IgE responses
and symptoms of allergic inflammatory airway reactions are
enhanced. The number of allergen specific CD81 T cells appears
to be a critical predictor for the severity of the allergic phenotype
in this murine model. Allergen-specific CD81 T cells showing
a similar phenotype with high production of IFN-g have also been
found in humans. Similar to our murine allergy model, the
presence of allergen-specific CD81 T cells in patients was
correlated to a less severe expression of allergic disease (52).
Thus, it is reasonable to speculate that CD81 T cells could play
a role in acquiring and/or maintaining a state of clinical tolerance
toward an allergenic stimulus in IgE-mediated allergic diseases.
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