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Abstract

TARC (CCL17) and MDC (CCL22) are well-known chemoattractants for Th2 cells. Here, we evaluated the role of both chemo-
kines for cigarette smoke-induced airway inflammation. The expression profiles of MDC, TARC, and their receptor CCR4 were
analyzed in models of acute and chronic cigarette smoke-induced airway inflammation that is characterized by a Thl immune
response. The results were compared to the expression of both chemokines in models of idiopathic pulmonary fibrosis and acute
asthma, which are associated with a Th2 immune response. The expression of MDC and TARC was found to be elevated in all lung
inflammation models. In contrast to the findings in the asthma and lung fibrosis models, the increased expression of MDC and
TARC in the cigarette-smoke model was not associated with an increased infiltration of Th2 cells into smoke-treated lungs. Our
data indicate that instead of Th2 cells, airway epithelial cells expressing CCR4 might be the principal targets for MDC and TARC

released from alveolar macrophages during cigarette smoke-induced airway inflammation.

© 2005 Elsevier Inc. All rights reserved.
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Thymus and activation-regulated chemokine (TARC,
CCL17) is a CC chemokine that is constitutively
expressed in thymus and is inducible in PBMCs, macro-
phages, bronchial epithelial cells, endothelial cells,
dendritic cells, and keratinocytes by activation of these
cells [1-6]. TARC binds to the chemokine receptor
CCR4 [7], which is highly expressed on Th2 cells. In
agreement with these findings, in vitro studies demon-
strate that TARC induces the selective chemotaxis of
lymphocytes of the Th2 phenotype [8]. Monocyte-
derived chemokine (MDC, CCL22) is another CC
chemokine that specifically binds to CCR4 and is
described as a potent chemoattractant for Th2 lympho-
cytes and monocytes [9-11].
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Since CCR4 and CCRS are predominantly expressed
by Th2 cells, TARC and MDC are considered to be key
mediators of Th2 lymphocyte recruitment in allergic dis-
eases like asthma [12-14] or allergic rhinitis [15]. This is
supported by the observation that neutralization of
TARC by a specific antibody results in decreased airway
eosinophilia and decreased number of infiltrating Th2
lymphocytes in a murine allergic asthma model [16].
Likewise, neutralization of MDC with specific antibod-
ies prevented interstitial lung inflammation and reduced
airway hyperreactivity in a model of ovalbumin-induced
lung allergic inflammation [17].

Although the roles of MDC and TARC for type-2
inflammations are well established, initial findings also
implicate a role of MDC and TARC in a Thl immune
response. Recently, elevated levels of MDC and TARC
have been detected in atherosclerotic lesions which are
considered to be mainly associated with a Thl-type
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inflammation [18]. In addition, an increased mucosal
expression of MDC and TARC was observed within
chronic lesions of Crohn’s disease [19], which are charac-
terized by an excessive Thl response. Furthermore,
CCR4 has been shown to play a key role in models of
sepsis [20].

In these studies, we investigated the expression of
MDC and TARC and their common chemokine recep-
tor CCR4 in a model of cigarette smoke-induced acute
and chronic airway inflammation, that is associated with
a type-1 inflammatory response. The expression profile
of MDC, TARC, and CCR4 was compared with other
animal models of idiopathic pulmonary fibrosis and
acute asthma known to be associated with a type-2 im-
mune response. The expression of MDC and TARC was
found to be elevated in all lung inflammation models.
This implied prominent roles of MDC and TARC, not
only for allergic disease like asthma, but also for the
type-1 inflammatory response induced by cigarette
smoke. In sharp contrast to the results obtained from
asthma and fibrosis models, the increased expression
of MDC and TARC in the cigarette smoke-induced lung
inflammation model was not associated with an in-
creased infiltration of Th2 cells into the lungs. Our data
demonstrate that bronchial epithelial cells express
CCR4 and therefore might be principal target cells for
MDC and TARC released from alveolar macrophages
during cigarette smoke-induced inflammation.

Materials and methods

Asthma model. All animal experiments were performed in
accordance with the German Guidelines for Animal Welfare and were
approved by the concerned authorities.

In a model for acute asthma male Brown Norway rats were
sensitized by intraperitoneal injection of alum/ovalbumin (OVA) (1 mg/
kg) on three consecutive days. At days 6 and 7 sensitized rats were
challenged by the inhalation of 1% OVA aerosol. In control experiments
rats inhaled 0.9% NaCl. Rats were sacrificed at day 8. Lungs were
removed, snap frozen in liquid nitrogen, and stored at —80 °C.

Fibrosis model. Male Wistar rats were intratracheally injected with
bleomycin sulfate (10 U/kg body weight) using a catheter through the
nasal passage. Following bleomycin instillation at days 0, 3, 6, 9, 14,
and 21, the rats were killed with a lethal intraperitoneal injection of
Narcoren (Pentobarbital Sodium, Rhone Merieux). Lungs were
removed, snap frozen in liquid nitrogen, and stored at —80 °C.

Cigarette smoke-induced airway inflammation model. Male Spra-
gue-Dawley rats were exposed to 8-16 regular, non-filter cigarettes
(1.2 mg nicotine, 12 mg condensate) a day for 4 days (acute inflam-
mation model). Cigarette smoke was delivered into the cabinet by
passing air at a flow rate of 0.3 ml/s through a burning cigarette in a
chamber. The combustion time of the cigarette was ~3 min. Fresh air
was delivered into the cabinet to remove the smoke. At intervals of
20 min, the smoke of a new cigarette was delivered into the cabinet.

In the long-term cigarette smoke model (chronic inflammation),
rats were exposed for 4 weeks to cigarette smoke according to the
procedure described above.

Bronchoalveolar lavage. Bronchoalveolar lavage (BAL) of the right
lobe of the lung was performed on day 4 of smoke treatment after the
animals had been killed. The lobe was lavaged three times with 2 ml of

ice-cold PBS. The cell number was counted with a Casy cell counter
(Schaerfe System, Reutlingen, Germany). Differential cell count was
undertaken on cytocentrifuged preparations stained with DiffQuik
(Dade Behring, Schwalbach, Germany).

Isolation of T-cells and alveolar macrophages. T-cells were purified
from the BAL by positive selection using magnetic rat Pan-T-cell
microbeads according to the instructions provided by the manufac-
turer (Miltenyi Biotec, Bergisch Gladbach, Germany). An aliquot of
the T-cells was used for the preparation of cytospins. Purity of the cell
population was determined to be greater than 90% by DiffQuick
staining. Cells were lysed in RLT buffer (Qiagen, Hilden, Germany)
and used for RNA preparation.

Alveolar macrophages were isolated by adherence. Briefly, BAL
cells were washed in PBS/0.1% BSA, resuspended in RPMI-1640
medium, seeded into six-well plastic dishes, and cultivated for 30 min
at 37 °C to allow adhesion of macrophages. Non-adherent cells were
removed by washing with medium. Adherent macrophages were used
for RNA preparation.

ELISA. TARC protein levels were determined using a murine
TARC ELISA system (R&D Systems, Wiesbaden, Germany), which
exhibits significant cross-reactivity with rat TARC protein. ELISAs
were performed according to the manufacturer’s instructions.

RNA preparation. RNA extractions from cells were carried out
according to the manufacturer’s instructions using the RNeasy Mini
Kit (Qiagen). Purity and integrity of the extracted RNA was assessed
on an Agilent 2100 bioanalyzer with the RNA 6000 Nano LabChip
reagent set (Agilent Technologies, Palo Alto, CA).

Real-time quantitative RT-PCR. Primers and probes for real-time
RT-PCR areshownin Table 1. The probes used for detection in real-time
PCR were labeled with 6-carboxyfluorescein (FAM) at their 5'-terminal
and quenched with 6-carboxytetramethylrhodamine (TAMRA) on their
3’-terminal. TagMan assays for rat CCRS5, IFN-y, CD3, CD4, GAPDH,
and human CCR4 were obtained from Applied Biosystems.

TagMan PCR assays were performed as one-step RT-PCR using
the EZ-RT-PCR Reagent Kit (Applied Biosystem) and 40 ng of total
RNA. To quantify the results, a calibration curve was used. Serial
dilutions of rat lung or spleen RNA were used as standards and were
run in parallel to the samples. The results were normalized to endog-
enous controls (GAPDH, B-actin or cytokeratin-19).

Immunohistochemistry. Rat lung tissues were fixed in formalin and
embedded in paraffin. Sections (3 uM) were incubated with a primary
goat anti-rat CCR4 antibody (Santa Cruz Biotechnology, Santa Cruz,
CA) and labeling was detected with a biotin-conjugated anti-goat
F(ab), fragment followed by an avidin-biotin peroxidase complex
amplification step. As controls the anti-CCR4 antibody was blocked
by pre-incubation with the peptide encompassing the CCR4 protein
sequence used for immunization.

Formalin-fixed, paraffin-embedded sections of human lung tissue
were obtained from Biochain (Hayward, CA, USA). Human CCR4
protein was detected using a goat polyclonal anti CCR4 antibody
(Abcam, Cambridge, UK). Sections were stained with AEC+ (DAKO,
Carpinteria, CA). In controls a normal goat IgG was used instead of
the CCR4-specific antibody.

Immunofluorescence. Immunofluorescence staining was performed
on human NHBE (primary normal human bronchial epithelial cells)
seeded onto collagen-I-coated chamber slides (BD Bioscience, Hei-
delberg, Germany) and cultivated in completely supplemented BEGM
according to the instructions of the provider (Clonetics, San Diego,
CA). For staining cells were washed with PBS and fixed in 4% para-
formaldehyde. Slides were blocked with 10% rabbit serum in PBS. A
goat polyclonal anti-CCR4 (human) antibody (Abcam, Cambridge,
UK) was used as the primary antibody. To rule out non-specific
staining, a matching isotype negative control was used instead of the
CCR4-specific antibody. Binding of the primary antibody was detected
using an Alexa488-labeled anti-goat antibody (Molecular Probes,
Eugene, OR). Nuclei were stained with propidium iodide. Cells were
imaged using a fluorescence microscope (Leica, Bensheim, Germany).
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Table 1
Primers and probes used for quantitative real-time RT-PCR

Sequence Gene
Forward primer 5’-TGGCTGCCCTGCTTCTG-3’ TARC
Reverse primer 5'-AATGGCCCCCTTGAAGTAGTC-3’ TARC
Probe 5'-CGAGCCACCAATGTAGGCCGAGA-3’ TARC
Forward primer 5'-ACTTCAGACCTCCGATGCA-3’ MDC
Reverse primer 5'-TGTAGTCCTGGCAGCAGATACT-3’ MDC
Probe 5'-TCCCTATGGTGCCAATGTGGAAGA-3’ MDC
Forward primer 5'-CACACATACTGCAAAACCCAGTA-3’ CCR4
Reverse primer 5'-TCCAGGGAGCTGAGGACTT-3’ CCR4
Probe 5'-TCGGTCAACTCGACCACGT-3’ CCR4
Forward primer 5’-CCGTCCCACTGATGGTTT-3’ CCRS8
Reverse primer 5'-GTAAAGTTGGAAGCACTGTAGCA-3’ CCR8
Probe 5'-TTACCAGGTGTCCTCTGAAGACGGC-3' CCRS8
Forward primer 5'-CACTTTGAACCAGGTCACAGAA-3’ IL-4
Reverse primer 5’-CCGTAAGGACGTCTGGTACAA-3’ IL-4
Probe 5'-AAGGGACTCCATGCACCGAGATG-3’ IL-4

Data analysis. All results are shown as means + standard deviation.
Statistical significance was determined using a Student’s 7 test, and p
values <0.05 were considered statistically significant.

Results

Expression of TARC and MDC in rat models of
pulmonary diseases

We analyzed the mRNA expression of TARC and
MDC in the lung tissue of different disease models,
i.e., in an OVA-induced asthma model (Fig. 1A), a ble-
omycin-induced fibrosis model (Fig. 1C) and in a model
of acute and chronic airway inflammation caused by
cigarette smoke (Fig. 1A) using real-time PCR.

In accordance with the well-established Th2 response
in acute asthma, we found a strong increase in both
MDC and TARC mRNA expression in the lung tissue
of the acute OVA-induced asthma model (Fig. 1A). Sim-
ilarly, TARC and MDC mRNA were strongly upregu-
lated in a rat bleomycin-induced fibrosis model (Fig.
1C) through days 3-9 following the bleomycin challenge
with a maximum expression of TARC and MDC at day
6. This is in accordance with previously published data
showing a selective induction of MDC and TARC in
alveolar macrophages in a rat model of radiation pneu-
monitis and in human idiopathic pulmonary fibrosis
[21].

Cigarette smoke-induced inflammation of the airways
and lung parenchyma is widely accepted as the major
cause of COPD. To characterize the role of MDC and
TARC in the acute inflammatory response caused by
cigarette smoke, we analyzed the expression of both che-
mokines in rats exposed to cigarette smoke for 4 days.
The inflammatory component of this model is thought
to be Thl driven and is characterized by an increase in
the recruitment of macrophages and neutrophils into

the lung, goblet cell metaplasia, and mucus hypersecre-
tion (data not shown). Real-time PCR revealed that
the pulmonary inflammation caused by cigarette smoke
was associated with a significantly elevated gene expres-
sion of TARC and MDC in the lungs of rats exposed to
smoke for 4 days (Fig. 1A). In accordance with the ele-
vated TARC mRNA expression, TARC protein levels in
lung homogenates and bronchoalveolar fluid (BALF)
were found to be strongly elevated in the smoke-treated
group (Figs. 2A and C). No elevated TARC serum levels
were detected (Fig. 2D) indicating a local, rather than a
systemic, effect of cigarette smoke exposure on TARC
expression. Since there is no rat MDC ELISA available,
MDC protein levels were not measured.

To determine whether the increased mRNA expres-
sion of TARC and MDC is the result of an acute inflam-
matory response or is also detectable in chronically
inflamed airways, rats were exposed to cigarette smoke
for 4 weeks. This resulted in an increased lung expres-
sion of TARC and MDC mRNA indicating an involve-
ment of MDC and TARC in the chronic inflammation
induced by sustained cigarette smoke exposure (Fig.
1A).

Alveolar macrophages as major source of TARC and
MDC in the lung of cigarette smoke-treated rats

To identify the cell type that is responsible for the cig-
arette smoke-induced increase of TARC and MDC, the
expression of both chemokines was investigated in bron-
choalveolar lavage (BAL)-derived cells and in the bron-
chus from smoke-exposed rats and untreated controls
(Figs. 3A and B). We found a strong cigarette smoke-in-
duced increase in TARC and MDC mRNA expression
in the BAL cells, whereas none of the chemokines
showed an elevated expression in the bronchus of
smoke-treated rats. In accordance with the elevated
mRNA expression, we found highly increased TARC
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Fig. I. mRNA expression of MDC, TARC, CCR4, and CCR8 in rat models of pulmonary inflammation. (A) MDC and TARC and (B) CCR4 and
CCR8 mRNA expression in rat models of acute asthma and cigarette smoke-induced airway inflammation. In the asthma model ovalbumin (OVA)-
sensitized rats were challenged with OVA (gray bars) or NaCl (white bars) for 2d (n = 6 per group). In the acute cigarette smoke-model, rats (n =5
per group) were exposed to cigarette smoke for 4 days (gray bars). In the model of cigarette smoke-induced chronic airway inflammation, rats (n =5
per group) were exposed to smoke for 4 weeks (gray bars). Total RNA was extracted from lungs and mRNA expression of (A) MDC and TARC and
(B) CCR4 and CCR8 was analyzed by quantitative real-time RT-PCR. Expression data were normalized using cytokeratin-19 as the housekeeping
gene. Data are shown as fold changes of mRNA expression relative to the untreated controls (white bars). (C) MDC and TARC and (D) CCR4 and
CCR8 mRNA expression in a rat model of pulmonary fibrosis. Lung fibrosis was induced by intratracheal application of bleomycin. Animals were
sacrificed at the indicated time points after bleomycin challenge (n = 10 per group). mRNA expression of (C) MDC and TARC and (D) CCR4 and
CCRS was analyzed by quantitative real-time RT-PCR. Expression data were normalized using cytokeratin-19 as the housekeeping gene. Data are
shown as fold changes in mRNA expression relative to the untreated control group at day 0; C14, C21: NaCl-treated control day 14, day 21 (n =5
per group). *p <0.05; **p <0.005.

protein levels in the lysates of BAL cells of smoke-treat- ed mRNA expression of CCR4 and the Th2 lymphocyte

ed rats compared to the untreated controls (Fig. 2B). markers CCRS8 and IL-4 (data not shown), indicating an
Since the BAL fluid contains several cell populations, influx of CCR4 and CCRS8-positive IL-4-producing Th2
we isolated macrophages from the BAL to examine cells into the lungs (Fig. 1B). Likewise, the elevated
which cell type is responsible for the enhanced expres- expression of TARC and MDC observed in the fibrosis

sion of TARC and MDC. As shown in Fig. 3C, TARC model was accompanied by the increased mRNA
and MDC mRNA expression was strongly upregulated expression of the Th2 cell markers CCR4 and CCRS

in alveolar macrophages of cigarette smoke-treated in lung tissue of bleomycin-treated rats (Fig. 1D). How-
animals. ever, in sharp contrast to these results, the increased
expression of TARC and MDC in the models of ciga-
Expression of the chemokine receptor CCR4 in animal rette smoke-induced acute and chronic pulmonary
models of pulmonary inflammation inflammation was not associated with an elevated
expression of CCR4 or CCRS8 in the lung tissue
To investigate whether an increased expression of (Fig. 1B).
TARC and MDC correlates with an enhanced expres-
sion of its receptor, we analyzed the expression of No major recruitment of CCR4-positive Th2 cells into
CCR4 in the lungs of the asthma, fibrosis, and cigarette lung tissue of smoke-treated rats
smoke models by real-time PCR.
In the lung of the asthma model, the increased expres- Since increased CCR4 and CCR8 mRNA expression

sion of TARC and MDC was associated with an elevat- in the lungs of smoke-treated rats was not observed,
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Fig. 2. Measurement of TARC protein levels in rat lung by ELISA. Rats (n = 4 per group) were exposed to cigarette smoke for 4 days. Rats were
killed and TARC protein levels of (A) total lung, (B) cells obtained by bronchoalveolar lavage (BAL), (C) cell-free bronchoalveolar lavage fluid
(BALF), and (D) serum were determined by ELISA. Data were normalized by the protein concentration of cell lysates (lung and BAL cells) or total
volume (BALF).
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Fig. 3. mRNA expression of MDC and TARC in rat lung, bronchus, BAL cells, and alveolar macrophages. Rats were exposed to cigarette smoke for
4 days and recruited inflammatory cells were isolated by bronchoalveolar lavage (BAL). Total RNA was prepared from lung and bronchus after
lavage and from the cells obtained by BAL. mRNA expression of (A) MDC and (B) TARC was analyzed by quantitative real-time RT-PCR (n =5
per group). Expression data were normalized using cytokeratin-19 (lung and bronchus) or GAPDH (BAL cells) as housekeeping genes. (C) mRNA
expression of MDC and TARC in rat alveolar macrophages. Rats were exposed to cigarette smoke for 4 days and cells were isolated by
bronchoalveolar lavage. Alveolar macrophages were isolated by adhesion to plastic dishes and used for RNA preparation. mRNA expression of
TARC and MDC was analyzed by quantitative real-time RT-PCR. Expression data were normalized using GAPDH as an endogenous control. Data
are shown as fold changes in mRNA expression relative to the untreated control group. n = 4 (control), n = 6 (4d smoke) in each group. *p < 0.05;
**p <0.005.
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Fig. 4. mRNA expression analysis of total BAL cells and T-cells purified from BAL. Rats were exposed to cigarette smoke for 4 days. (A) Recruited
cells were isolated from lung by bronchoalveolar lavage (BAL) and total cells were used for RNA preparation. mRNA expression of TARC and
MDC was analyzed by quantitative real-time RT-PCR. Expression data were normalized using GAPDH as the housekeeping gene. Data are shown
as fold changes in mRNA expression relative to the untreated control group (n = 6 per group). (B) T-lymphocytes were isolated from pooled BAL
cells by magnetic beads. Total RNA was extracted from T-cells and mRNA expression of CD4, CCR4, CCRS, and IFN-y was analyzed by
quantitative real-time RT-PCR. Data are shown as fold changes in mRNA expression relative to the untreated control group; pool 1: untreated
control (n = 6); pool 2 and pool 3: 4d smoke treated (n = 3 in each pool). *p <0.05.

we investigated the expression of CCR4 and CCRS in
the BAL cells of smoke-exposed rats (Fig. 4A). Surpris-
ingly, a reduced level of CCR4 and CCR8 mRNA
expression in BAL cells of smoke-exposed rats com-
pared to the untreated controls was detected. This is
likely to be due to the strong increase in the total num-
ber of macrophages and neutrophils following smoke
exposure (data not shown), compared to the relative
low number of lymphocytes found in the BAL. This
finding implies that CCR4 or CCRS8-positive cells are
not recruited to lungs of smoke-treated rats.

To further characterize the T-cell population found in
the BAL of smoke-treated and untreated rats, T-lym-
phocytes were isolated from BAL fluid and used for
mRNA expression profiling. The expression analysis of
the isolated T-cells and the T-cell-depleted BAL fraction
(i.e., macrophages and neutrophils) demonstrated that
among the cells found in the lavage, T-lymphocytes dis-
played the highest expression of CCR4, whereas CCR4
expression was hardly detectable in the T-cell-depleted
fraction (data not shown). However, there was no signif-
icant difference in the CCR4 expression of the T-cell
population of smoke-treated and untreated rats (Fig.
4B). This indicates that CCR4-positive T-cells (e.g.,
Th2 cells) are not recruited to the rat lung following
smoke exposure. In contrast, we found an increased
expression of CCRS and IFN-y by the T-cell population
of smoke-treated rats (Fig. 4B) indicating the recruit-
ment of Thl cells rather than Th2 cells to lungs of
smoke-treated rats.

CCR4 expression in the bronchial epithelium
To further address the question of which pulmonary

cells are possible targets for TARC and MDC in the
lung, we examined the expression pattern of CCR4 in

rat lung by immunohistochemistry. There was promi-
nent specific staining of bronchial epithelial cells by an
anti-CCR4 antibody that could be blocked by the corre-
sponding CCR4 immunizing peptide demonstrating the
specificity of the binding (Figs. SA and D). No difference
in CCR4 protein expression was observed between
untreated and smoke-treated rats by immunohistochem-
istry, indicating a constitutive expression of CCR4 in
cells of the rat bronchial epithelium (data not shown).

To analyze whether CCR4 is also expressed by hu-
man lung epithelium, sections of the human bronchus
(Figs. 5B and E) and trachea (Figs. 5C and F) were
stained using an anti-human CCR4 or IgG control anti-
body. These results demonstrated a specific expression
of CCR4 in tracheal and bronchial epithelial cells of
the human lung. CCR4 protein and mRNA expression
was also detected in isolated primary human bronchial
epithelial cells (NHBE) by immunofluorescence (Fig.
6A) and RT-PCR (Fig. 6B).

Discussion

We evaluated the role of MDC and TARC, which are
known chemoattractants for Th2 cells, in a cigarette
smoke-induced airway inflammation model and com-
pared the findings to animal models of asthma and lung
fibrosis. Our results demonstrate that MDC and TARC
are not only involved in Th2-mediated diseases like asth-
ma but also play an important role for the Thl-mediated
immune response like cigarette smoke-induced airway
inflammation. In marked contrast to the findings in
the asthma and lung fibrosis models, the increased
expression of MDC and TARC in the cigarette smoke-
induced airway inflammation model is not associated
with an increased infiltration of Th2 cells into the lungs.
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B

Fig. 5. CCR4 expression in rat and human lung epithelium. (A) CCR4 expression in rat bronchial epithelium was detected in paraffin sections of rat
lungs using a polyclonal anti-CCR4 antibody and DAB staining (brown). (D) No staining of rat bronchial epithelia was observed in the presence of a
CCR4-blocking peptide. In sections of human lung CCR4 was detected in the epithelium of the (B) bronchium and (C) trachea using a polyclonal
anti-human CCR4 antibody and AEC staining (red-brown). No staining of human lung epithelia was observed in the IgG controls (E,F). All sections

were counterstained with hematoxylin (blue).

Fig. 6. CCR4 expression in primary bronchial epithelial cells. (A)
CCR4 expression (green) of cultivated normal human bronchial
epithelial cells (NHBE) was analyzed by immunofluorescence of
paraformaldehyde-fixed cells. Nuclei were stained with propidium
iodide (red). No staining was observed with an isotype control
antibody (data not shown). (B) Detection of CCR4 and B-actin mRNA
expression in NHBE derived from two different donors (1 and 2) by
RT-PCR (lane C, negative control of RT-PCR). mRNA expression of
CCR4 and B-actin was analyzed by quantitative real-time RT-PCR
(not shown) and PCR products were separated on an agarose gel.

Our data indicate that instead of Th2 cells, airway epi-
thelial cells expressing CCR4 might be the principal tar-
gets for MDC and TARC released from alveolar
macrophages during cigarette smoke-induced inflamma-
tion. Therefore, our data suggest a novel role for MDC
and TARC in type-1 inflammations different from Th2
cell recruitment.

Chronic obstructive pulmonary disease (COPD) is a
pulmonary disease closely associated with cigarette
smoking. The disease encompasses chronic bronchitis
and emphysema and is characterized as a chronic type-
1 inflammation involving an increased recruitment of
macrophages and neutrophils into the lungs [22]. We
analyzed the expression of MDC and TARC in an air-
way inflammation model based on the cigarette smoke
exposure of rats for at least 4 days. Exposure to smoke
results in an increased number of neutrophils and mac-
rophages recruited into the lung and leads to goblet cell
metaplasia and mucus hypersecretion. Therefore, the
model displays several features characteristic of COPD.
Our results demonstrate an increased expression of
TARC and MDC in the lungs of smoke-treated animals,
indicating an important role for both chemokines in cig-
arette smoke-induced acute and chronic pulmonary
inflammation. An increased expression of both chemo-
kines was detected in alveolar macrophages obtained
from the smoke-treated animals demonstrating that
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these cells are a major source for the elevated levels of
MDC and TARC. Alternative sources for MDC and
TARC expression in the lung are smooth muscle cells
[17] and bronchial epithelial cells [1,6]. Although we can-
not exclude that these type of cells contribute to the ele-
vated expression of TARC and MDC in the cigarette
smoke model, the observation that the expression of
both chemokines in the bronchus of rats is not elevated
by smoke treatment suggests that these cells have no ma-
jor impact on the elevated MDC and TARC levels
found in smoke-treated lungs.

In accordance with previous published data, we also
detected elevated levels of TARC and MDC expression
in models of asthma [16,17] and pulmonary fibrosis [21]
emphasizing the type-2 character of these inflamma-
tions. However, in contrast to the results obtained from
the models of asthma and lung fibrosis, the increased
expression of MDC and TARC observed in the cigarette
smoke model was not accompanied by an increased
expression of Th2 cell markers CCR4, CCR8 or 1L.-4
in smoke-treated lungs. This was confirmed by the gene
expression analysis of T-cells isolated from smoke-treat-
ed lungs. These results demonstrated an increased
expression of the Thl markers CCRS and IFN-y by
T-lymphocytes isolated from smoke-exposed lungs,
whereas the T-lymphocyte expression of the Th2
markers CCR4 and IL-4 was not changed by smoke
exposure. This clearly indicates an increased recruitment
of Thl, rather than Th2, cells into the smoke-exposed
lung. Likewise, it is assumed that a Thl CD4" and a
CDS8™" T-cell population is involved in the inflammatory
process of COPD in humans [23]. In addition, increased
numbers of IFN-y positive T-cells in the peripheral
blood and lungs were reported in patients with COPD
[24,25].

There are only few reports pointing to a role of MDC
or TARC in type-1 inflammatory diseases. Recently, ele-
vated levels of MDC and TARC have been detected in
atherosclerotic lesions [18] and in inflamed mucosa of
Crohn’s disease patients [19], two diseases known to be
associated with a type-1 inflammation. Although the
precise role of MDC and TARC in the type-1 inflamma-
tory response is not completely understood, the in-
creased expression of both chemokines might reflect
competing programs of Thl and Th2 immune response
within the inflamed tissue.

It has been demonstrated that MDC and TARC can
act as chemoattractants for monocytes [10,17]. In our
model, there is an increase in the number of alveolar
macrophages after smoke treatment, but we could not
detect CCR4 protein expression on alveolar macro-
phages or monocytes by immunohistochemical meth-
ods. However, we cannot exclude that there is an
increased MDC or TARC-induced recruitment of
monocytes into the lung following smoke exposure that
is accompanied with the subsequent downregulation of

CCR4 expression by inflammatory stimuli or during
macrophage differentiation.

Our studies revealed that cells of the bronchial epithe-
lium display a constitutive CCR4 expression indicating
that these cells are major targets for MDC and TARC
in smoke-induced inflammation. The bronchial epitheli-
um plays a key role in the pulmonary inflammation as a
source for many cytokines and chemokines. In addition,
bronchial epithelial cells have been shown to express the
chemokine receptors CCR3 [26], CXCR3 [27], and
CXCR4 [28]. Although the effects of chemokines on
the bronchial epithelium are still not understood, it is
speculated that they are related to modulation of epithe-
lial function including cell migration, activation, prolif-
eration or apoptosis. Similar effects might be mediated
by CCR4. However, further experiments are necessary
to reveal the biological and pathophysiological effects
of MDC and TARC on airway epithelial cells and the
consequences for cigarette smoke-induced inflammatory
airway response.
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