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Introduction

Summary

Background The interaction of chemokines with their receptors strongly influences the migration of
leucocytes.

Objective In order to assess the contribution of these molecules to the local recruitment of T cells in
bronchial asthma, we analysed the expression of 14 chemokine receptors on lung-derived T cells.
Methods Chemokine-receptor expression by T cells derived from the peripheral blood, the
bronchoalveolar lavage fluid and the bronchial mucosa was analysed by flow cytometry and
immunohistochemistry. Expression profiles in healthy and mildly asthmatic individuals were
compared, the latter prior and after segmental allergen provocation.

Results Compared with peripheral blood, alveolar T cells expressed significantly more CCR2,
CCR5, CCR6, CXCR3 and CCR4. However, no differences were observed between healthy controls
and unchallenged asthmatics. In patients developing significant inflammatory responses following
specific allergen challenge, a marked increase in the percentage of CCR4" and CCR7", and reduced
numbers of CXCR3-bearing alveolar T cells were detected. Following specific allergen challenge,
chemokine-receptor expression profiles of T cells from the alveolar space and the mucosa or the
submucosa were similar, excluding a particular subcompartmentalization of the chemokine/
chemokine-receptor system.

Conclusion The expression of certain chemokine receptors by lung T cells suggests a contribution to
the physiological recruitment of T cells to the lungs, both in healthy controls and unchallenged mild
asthmatics. However, strong allergen-induced airway responses were associated with a specific
chemokine-receptor profile, suggesting the involvement of certain chemokine receptors in the
pathogenesis of allergic bronchial inflammation.
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Furthermore, the recruitment of T cells is influenced by
the interaction of chemokines with their corresponding G-

T cells initiate and maintain the inflammatory reaction of
allergic asthma [1, 2]. They recruit and activate effector cells,
such as eosinophils, and induce the synthesis of IgE, thus
controlling the development of the early and the late
asthmatic reaction.

The migration of T cells from the blood into lung tissue is
regulated by the interaction of T cell adhesion molecules with
their counterparts on pulmonary endothelial cells [3].
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protein-coupled cell surface receptors [4, 5].

Several studies have demonstrated an increase in inflam-
matory chemokines in asthmatic subjects, suggesting an
involvement of these molecules in the recruitment of
leucocytes in allergen-mediated airway inflammation [6-18].
Only a limited number of studies have analysed the
expression of the chemokine receptors. In atopic asthma,
mRNA for CCR4 was found to be increased after segmental
allergen challenge [17]. Further support for an involvement of
CCR4 and CCRS in the recruitment of T cells into inflamed
lung tissues came from an immunohistochemical study in
bronchial biopsies from either saline or allergen-challenged
asthmatics [18].

We therefore analysed the expression of a panel of 14 che-
mokine receptors, including CCR4, on T cells in the bronchial
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Table 1. Clinical characteristics of patients with asthma

Age Duration of FEV; % IgE Specific IgE Allergen
Patient Sex (years) asthma (years) pred (KU x L™ Allergen (KU x L™ dose (mBu) Medication
1 F 24 14 103 551 D. pt. >100 2650 ICS, B
2 F 25 5 107 221 Birch 18.4 12.9 ICS, B
3 F 44 10 102 139 Birch 18.5 775 B
4* M 30 22 96.5 242 Birch 241 112.5 ICS, B
5% F 23 2 100 264 D. pt. >100 190 ICS, B
6" F 34 15 90 96 Birch 6.2 160 No

*Patients with a strong inflammatory reaction after segmental allergen challenge (see Fig. 4). % pred, percentage of predicted value; mBu, milli biological units; D.
pt., Dermatophagoides pteronyssinus; M, male; F, female; ICS, inhaled corticosteroids; B, Bo-agonists; FEV, forced expiratory volume in 1s.

mucosa and the bronchoalveolar lavage fluid (BALF) of
asthmatic patients before and after segmental allergen
challenge in order to elucidate whether (i) T cells from
healthy individuals exhibit a lung-specific repertoire of chemo-
kine receptors, (ii) whether the chemokine receptor pattern
differs between healthy controls and mild asthmatics,
(iii) whether an allergen challenge causes recruitment of T
cells expressing specific chemokine receptors, and (iv) to
determine in which compartment within the bronchial
mucosa chemokine-receptor-bearing T cells can be localized
after an allergen challenge.

Materials and methods

Subjects

We studied six non-smoking patients with mild intermittent
or mild persistent asthma (further characteristics are listed in
Table 1). Asthma was diagnosed as previously defined [19].
All subjects had a history of recurrent cough, wheeze, sputum
production and reversible bronchoconstriction after allergen
inhalation. Inhaled corticosteroids were withheld at least 7
days prior to allergen challenge. Three healthy subjects served
as controls. None had any evidence of recent or current
respiratory tract infections. All subjects gave informed
consent and the study protocol was approved by the local
Ethics Committee.

Inhaled allergen challenge

All patients underwent an inhaled challenge to determine the
individual dose of allergen that caused a 20% decrease in
forced expiratory volume in 1s (FEV,), as described else-
where [20]. Patients were included in the study if a second
decline in FEV; of >15% from baseline was observed 5-9h
after the inhaled allergen challenge. A tenfold higher dose was
then used for the subsequent segmental allergen challenge.
Inhaled allergen challenge and segmental allergen challenge
were separated by at least 3 weeks.

Segmental allergen challenge, bronchoalveolar lavage and
bronchial biopsies

Bronchoscopy, segmental allergen challenge and BAL were
performed as previously described [21].
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Table 2. Chemokine receptor-specific antibodies used in the study

Chemokine receptor mAb clone Species Isotype Reference
CCR1 2D4 Mouse 1gG1 [48]
CCR2 1D9 Mouse IgG2a [49]
CCR3 7B11 Mouse IgG2a [50]
CCR4 1G1 Mouse 1gG1 [51]
CCR5 2D7 Mouse 1gG2a [52]
CCR6 11A9 Mouse 1gG1 [53]
CCR7 7H12 Mouse 1gG2b [54]
CXCR1 5A12 Mouse 1gG2b [49]
CXCR2 6C6 Mouse 1gG1 [49]
CXCR3 1C6 Mouse 1gG1 [29]
CXCR4 12G5 Mouse IgG2a [55]
CXCR5 BLR1 Rat 1gG2a [56]
CX3CR1 1E5 Mouse 1gG1 (S. Qin,
unpublished
data)

mAb, monoclonal antibodies.

Preparation of peripheral blood mononuclear cells and
bronchoalveolar lavage cells

Mononuclear cells from the peripheral blood and the BAL
were isolated as previously reported [20, 22].

Monoclonal antibodies used in this study

Chemokine-receptor-specific monoclonal antibodies (mAb) used
in this study are listed in Table 2 [23]. The mAb were tested
for their staining properties on tonsillar tissue sections using
immunohistochemistry and in parallel on tonsillar cell suspen-
sions using flow cytometry. The CCR7-specific mAb did not
lead to recognizable signals in tissue sections but functioned well
in flow cytometry. The CCR3-specific mAb was tested in flow
cytometry on purified eosinophils. The CCR3- and the CXCR4-
specific mAb showed non-specific staining with bronchial biopsy
tissue; all other anti-chemokine-receptor mAb gave a consistent
staining pattern on frozen bronchial tissue sections. In addition,
a CD3-specific mAb OKT3 (IgG2a, ATCC) was used. The
mADb 2A11 (mouse IgG1) [24], MOPC-21 (mouse IgGl, Sigma,
St Louis, MO, USA) and 1D10 (rat 1gG2a) [25] served as
isotype controls.

Flow cytometry

Flow cytometry was performed as previously described [25].
After detection of the primary antibody with fluorescein-
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conjugated Igs (Jackson, West Grove, PA, USA) free binding
sites were blocked with mouse y-globulins (Jackson) and cells
incubated with the phycoerythrin-conjugated mAb OKT3.
Cells were analysed on a Becton Dickinson FACS Calibur
flow cytometer (Beckton Dickinson, Franklin Lakes, NJ,
USA) using a 488 nm laser.

Immunohistology

Cryostat sections (8 pm) from bronchial biopsies were stained
using the APAAP technique as previously described [26].
Reagents were purchased from DAKO (Hamburg, Ger-
many). New Fuchsin (Merck, Darmstadt, Germany) was
used as substrate; nuclei were counterstained with haematox-
ylin (Merck). Analysis of serial sections stained with anti-
CD3 antibodies combined with morphological analysis
strongly suggested that the chemokine-receptor-bearing cells
most probably were T cells.

Statistical analysis

Statistical analyses were performed using GraphPad Prism®
version 3.00 for Windows, GraphPad Software (San Diego,
CA, USA) and SPSS® Version 11.0 for Windows, SPSS Inc.
(Chicago, IL, USA).

Results

Chemokine-receptor patterns on T cells from the
pulmonary compartment in healthy individuals

To determine whether lung T cells exhibit a specific chemokine-
receptor pattern, we compared the expression of 14 chemokine
receptors on BAL-derived T cells with the staining pattern of
peripheral blood T cells of three healthy subjects using flow
cytometry. Figure la shows the expression profiles of all
analysed chemokine receptors for one representative subject;
the mean of chemokine-receptor-positive T cells from the three
analysed subjects is summarized in Fig. 1b. Four different
patterns of chemokine-receptor expression were identified on
T lymphocytes: (1) CCR1, CCR3, CCRY9, CXCR1, CXCR2
and CXCRS were only weakly expressed or completely absent
on T cells derived from either compartment; (2) CXCR4 was
identified on the majority of T cells from both compartments;
(3) peripheral blood T cells exhibited a higher surface
expression of CX3CR1 and CCRY7; and (4) alveolar T cells
expressed significantly more CCR2, CCRS5, CCR6 and
CXCR3, and to a lesser degree, also CCR4. The expression
of chemokine receptors on T cells from both compartments
was further characterized as mean intensity fluorescence
(MIF), a parameter for the antigen density on the cell surface.
No significant differences in the density on receptor-positive
T cells from both compartments were observed for CCRS and
CXCR3 (MIF (mean £ SD) of CCR5 on peripheral blood
mononuclear cell (PBMC) 449.7 + 157.8; in BALF 5224 +
70.6; MIF of CXCR3 on PBMC 194.0 £ 14.1; in BALF
179.0 + 47.3). CXCR4 showed a higher density on alveolar
T cells compared with T cells from the peripheral blood (MIF
220.1 +£23.6 vs. 70.4 £+ 6.7), whereas the levels of CCR2,
CCR7, CX3CRI, and to a lesser degree, CCR4 and CCR6
were higher on T cells from the peripheral blood (CCR2:
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Fig. 1. Expression of chemokine receptors on peripheral blood and
alveolar T cells in healthy subjects. (a) The grey profiles represent flow
cytometry staining obtained with isotype controls, and the solid profiles
represent the specific staining obtained with chemokine-specific antibodies.
The percentages of chemokine-receptor-positive CD3™ cells in each
population are indicated in the individual histograms. Representative data
obtained from one healthy subject are shown. (b) Mean of chemokine-
receptor-positive T cells in the peripheral blood (grey bars) and the
bronchoalveolar lavage (BAL) (black bars) of the three analysed subjects.

448.3 £ 99.3 vs. 181.0 £ 25.8; CCRT: 222.4 4 34.0 vs. §89.9 +
9.0; CX3CRI1: 1555+ 17.0 vs. 51.1 £ 4.1; CCR4: 109.9 + 38.5
vs. 75.2 + 6.4; CCR6: 285.7 £ 65.0 vs. 172.9 & 58.4).

Chemokine-receptor expression pattern on peripheral
blood and alveolar T cells in patients with asthma

Alveolar and peripheral blood T cells from six patients with
mild asthma were analysed for chemokine-receptor expres-
sion. In these subjects, a consistent and statistically signifi-
cantly higher expression of CCR2 (P =0.0009), CCRS5
(P= <0.0001), CCR6 (P =0.002) and CXCR3 (P<0.0001)
was observed on BAL-derived T cells as compared with
peripheral blood T cells from the same individuals (Fig. 2).
There was also a trend towards a higher expression of CCR4
(P=0.016) on alveolar T cells. In contrast, CCR7
(P<0.0001) and CX3CR1 (P =0.001) expression was higher
on peripheral blood T cells.
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Fig. 2. Expression of chemokine receptors on peripheral blood and
alveolar T cells in six patients with mild asthma. The percentages of
chemokine-receptor-positive CD3* cells within peripheral blood mono-
nuclear cells and bronchoalveolar cells are indicated on the y-axis.
Respective values obtained in each compartment in one given patient

are connected by a solid line. The mean of the mean intensity fluorescence
of receptor-positive T cells is given in bold letter, and the standard error of
the mean is given in italics. Note the different scaling for CCR4 and
CX3CR1.
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Comparison of chemokine-receptor expression on alveolar
and peripheral blood T cells from healthy individuals and
asthmatic subjects

Analysis of the chemokine-receptor expression on alveolar T
cells from healthy individuals and unchallenged asthmatics
revealed no significant differences, although there was a trend
for a reduced expression of CCR4 and CCR6 in asthmatic
subjects (data not shown). In addition, comparison of
chemokine-receptor expression on peripheral blood T cells
from asthmatic and healthy subjects did not reveal notable
differences (data not shown).

Expression of chemokine receptors on alveolar T cells after
segmental allergen challenge

We investigated whether allergen-induced airway infiltration
is accompanied by a change in chemokine-receptor expression
of local T cells. Therefore, six asthmatic patients underwent
segmental challenge with one of their specific allergens,
followed by BAL of the allergen-challenged segment 42h
later. Chemokine-receptor expression on alveolar T cells was
compared between allergen-exposed segments and saline-
exposed control segments in each patient. The response of the
patients to the allergen differed significantly. Three patients
exhibited only a mild inflammatory response, as judged by a
small influx of eosinophils into the alveolar space (Table 3).
In contrast, the other three patients responded with a strong
influx of eosinophils (Table 3). Allergen exposure did not
significantly change the expression of CCR2, CCRS, CCR6,
CXCR4, and CX3CRI1 on T cells 42h after segmental aller-
gen provocation in any of the patients studied (Fig. 3). In the
three patients with a mild inflammatory response (as judged
by eosinophil infiltration), the expression of the other chemo-
kine receptors also remained unchanged. However, in the
three asthmatics responding with a strong local eosinophilia
(represented by filled circles in Fig. 3), the percentage of
CCR7" and CCR4" T cells increased substantially following
allergen exposure, while there was a significant decrease in the
percentage of CXCR3™ T cells. This observation was confir-
med by a regression analysis of the correlation between the
percentage of chemokine-receptor-positive T cells and eosi-
nophilic inflitration comprising all analysed subjects (Fig. 4).

Localization of chemokine-receptor-bearing T cells in the
bronchial mucosa of asthmatic subjects

In order to determine the localization of chemokine-receptor-

bearing T cells in the bronchial mucosa, biopsies were taken

Table 3. Increase of eosinophils in the bronchoalveolar lavage (BAL) fluid
after allergen challenge

% Eosinophils

Patients Saline challenge Allergen challenge Fold increase
1 51.0 84.3 1.7 x
2 0.8 7.7 9.6 x
3 4.5 14.8 3.3 x
4 1.7 59.0 35 x
5 1.0 72.8 73 x
6 1.5 54.0 36 x
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Fig. 3. Expression of chemokine receptors on bronchoalveolar

T cells after allergen challenge. CD3™ cells were analysed for
chemokine-receptor expression by flow cytometry; the percentage
values of positive cells are indicated. The values obtained for each
individual patient are connected with a line. Patients with only a mild
eosinophilic response to the allergen are represented by open squares
(O), and patients with a strong inflammatory response are
represented by filled circles ( ® ). Note the different scaling for
CX3CR1.

after segmental allergen challenge in four of the patients
participating in the BAL study (patients 1-4, compare Tables
1 and 3), and analysed by immunohistology. In all sections,
CD3" cells were located in intra- and subepithelial infil-
trates (Fig. 5). These T cell infiltrates stained positive for
all chemokine receptors (CCR2, CCR4, CCRS5, CXCR3),
which were also detected on BAL-derived T cells and to
which suitable mAb were available. Chemokine receptors
that were not detected by the flow cytometry studies also
failed to give a positive signal in the immunohisto-
chemistry. Overall, the percentages of positive cells were
approximately in the same order of magnitude as counted by
flow cytometry.
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Fig. 4. Regression analysis of correlation between the percentage
of chemokine-receptor-positive T cells and the degree of
eosinophilic infiltration in the bronchoalveolar lavage. (a) CCR4, (b) CCR7
and (c) CXCRS3. Per cent chemokine-receptor-positive T cells on the y-axis;

per cent eosinophils on the x-axis. Linear regression: straight line; 95%
confidence interval: curved line.

Discussion

The present study is the first to comprehensively analyse
chemokine-receptor expression on T lymphocytes in periph-
eral blood and bronchoalveolar in healthy individuals and in
patients suffering from mild allergic asthma, both at steady
state as well as after allergen challenge.
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Fig. 5. Localization of chemokine-receptor-positive T cells in bronchial
tissue after allergen challenge. Staining of (a) CD3, (b) CCR2, (c) CCR4,
(d) CCRS5, (e) CXCRS3 and (f) isotype control. EP, epithelium; BM, basal
membrane; in each microphotograph an arrow points to one representative
intraepithially located CD3™ and chemokine-receptor-positive cell.

Campbell et al. [27] recently suggested a characteristic
homing pathway of T cells to the lung mediated by the
expression of adhesion molecules and chemokine receptors.
Since understanding of organ-specific cell migration in
healthy individuals is a prerequisite to assess changes in the
disease state, we further studied the pattern of chemokine
receptors by comparing the expression of these molecules on
BAL-derived T cells with those from T lymphocytes in the
peripheral blood. Our data do not support the hypothesis that
isolated up-regulation of CCR1, CCR3, CCR9, CXCRI,
CXCR2, CXCR5, CCR7 and CX3CRI is involved in
the directed migration of T cells into the healthy lung. A
significantly higher percentage of BAL-derived T cells,
however, expresssd CCR2, CCR4, CCRS5, CCR6 and
CXCR3 (Figs la and b). Therefore, these receptors might
play a role in the physiological recruitment of T cells into the
lung. Regarding the lung specificity of chemokine-receptor
expression, it is of interest to compare our data with a number
of other studies carried out in different tissue compartments.
T cells from a variety of inflamed and non-inflamed tissues
were positive for CCR5 and CXCR3 [28, 29]. CCR4 has been
reported on infiltrating lymphocytes in atopic and psoriatic
skin [30-32], whereas CCRG6 is found on a subset of memory
T cells with a postulated homing potential to mucosal sites
and the skin [33]. Little is known about CCR2 expression in
other organs.

However, based on the available data, none of the analysed
chemokine receptors is exclusively expressed in the lung.
Nevertheless, the combined expression of CCR2, CCR4,
CCRS5, CCR6 and CXCR3 at present seems to be character-
istic for T cells in the normal lung.

Binding of chemokines leads to a downmodulation of the
receptors [34-40] and this phenomenon could be responsible
for the decreased levels of CCR2, CCR4, CCR6 in the BAL

© 2005 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 35:26-33

as expressed by the MIF. A recent study also demonstrated
a downmodulation of CCR3 on eosinophils after segmental
allergen challenge [41]. Interestingly, although CCRS and
CXCR3 were expressed on significantly more T cells from the
BAL compared with the peripheral blood, no differences in
the receptor density were observed. CXCR4, expressed by a
high number of T cells from both the peripheral blood and
the BAL, is expressed with a higher density on the latter. The
reason for this phenomenon is unknown.

Our data, which are based on a relatively small patient
population because of the logistic challenge of segmental
allergen provocation, do not provide evidence for an
‘inflammation pattern’ of chemokine-receptor expression on
lung T cells in asthmatics with mild disease at steady state
(data not shown). Interestingly, the pattern of chemokine-
receptor expression on lung and peripheral blood T cells,
respectively, was consistent within this group, and was thus
apparently not influenced by sex, age, the allergen or disease
duration (Fig. 2 and Table 1).

Since allergen exposure has been shown to induce acute
broncho-pulmonary inflammation characterized by an in-
crease in CCR4™ T cells in asthmatic subjects [17, 18], we
addressed the contribution of other chemokine receptors to
the acute allergic reaction. We therefore used segmental
allergen challenge and subsequent flow cytometric analysis of
chemokine-receptor expression to investigate the changes in a
large panel of chemokine receptors in order to appreciate
their possible contribution to allergen-induced inflammation.

In three patients who had a significant inflammatory
response characterized by a 35-70-fold increase in eosinophils
in BAL (Table 3), the percentage of T cells in the BAL
expressing CCR7 and CCR4 was also significantly increased
(Fig. 3). At the same time the percentage of T cells expressing
CXCR3 decreased, whereas the expression of CCR2, CCRS5,
CXCR4, CCR6, and CX3CRI1 remained virtually unchanged.
When correlating the degree of eosinophilia with the per-
centage of chemokine-receptor-positive T cells in the BAL
(Fig. 4) a significant correlation for CCR7 and CXCR3 was
observed. For CCR4 a clear tendency towards a positive
correlation was noticed. To the best of our knowledge, similar
results have not yet been reported. Our observations,
although obtained in a relatively small group of patients,
were very similar among the investigated individuals. In view
of the data obtained from healthy subjects and those from
mild asthmatics exposed to allergen, who did not respond
with a marked inflammatory reaction, the relative and specific
increase in T cells bearing CCR7 and CCR4 combined with a
relative decrease of CXCR3 seems to represent an ‘acute
inflammation pattern’ of chemokine receptors on T cells in
the lung. Since increased concentrations of the thymus and
activation-regulated chemokine, a ligand with a strong
affinity to CCR4, have been measured in BAL fluid after
segmental allergen challenge [42], the data are compatible
with previous suggestions that CCR4 receptor/ligand inter-
action could contribute to the influx of T lymphocytes into
the lung following acute allergen exposure.

In several studies it was suggested that CXCR3 is
associated with the expression of T-helper type 1 (Thl) and
not with Th2 cytokines [43, 44]. The observed decrease of
CXCR3™ T cells after allergen challenge seems to support this
hypothesis. The migration of T cells into secondary lymphatic
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tissue and their proper localization within this microenviron-
ment is mainly controlled by CCR7 and its ligands secondary
lymphoid-tissue chemokine and EBI1-ligand chemokine [45].
After activation of naive T cells, CCR7 is downmodulated
over the course of several days (T. Kallinich, personal
observations). It is therefore tempting to speculate that the
increase of CCR7" T cells after acute allergen challenge
might reflect the rapid recruitment of T cells from the
peripheral blood.

In a murine model of allergen-induced airway inflamma-
tion, it has previously been demonstrated that CCR3/eotaxin
interaction was critically involved in the early recruitment of
Th2 cells to the pulmonary compartment [46]. However, we
could not corroborate these findings since CCR3 expression
on T cells after allergen exposure of asthmatic subjects was
not detected in our study. On the other hand, our findings are
in agreement with a more recent study showing that less then
1% of T cells in bronchial biopsies of human asthmatics
express CCR3 [47]. This discord suggests that CCR3
expression on T cells in murine hyper-reactivity models may
not be representative for human allergen-induced airway
inflammation.

Given the likely importance of locally released chemo-
attractants for the recruitment of T cells to the site of
inflammation, it is of interest that there was no specific tissue
distribution of individual T cell-associated chemokine recep-
tors in the mucosa of mild asthmatics even after allergen
challenge (Fig. 5).

Since our analysis of T cell chemokine-receptor expression
was limited to cells obtained 42h after segmental allergen
challenge, we cannot fully exclude that the observed
distribution might differ at other time points.

From our data, we conclude that the chemokine receptors
CCR2, CCR4, CCRS, CCR6, CXCR3 and CXCR4 might
contribute to the directed migration of T lymphocytes to the
lung. Allergen challenge with a marked increase in broncho-
alveolar eosinophils leads to a selective up-regulation of
CCR4 and CCR7 and a reduction in CXCR3 expressions,
suggesting that these receptors and their respective chemo-
kines might be involved in the local regulation of T cell traffic
42 h after segmental allergen challenge. Further studies will be
needed to clarify whether CCR4 and CCR7 up- and CXCR3
down-regulation as compared with a site-specific release of
certain chemokine profiles determine the local T lymphocyte
repertoire following allergen challenge.
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