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ABSTRACT: Inflammation of the airways and lung parenchyma plays a major role in the

pathogenesis of chronic obstructive pulmonary disease. In the present study a murine model of

tobacco smoke-induced emphysema was used to investigate the time course of airway and

pulmonary inflammatory response, with a special emphasis on pulmonary dendritic cell (DC)

populations.

Groups of mice were exposed to either cigarette smoke or to control air for up to 24 weeks. In

response to cigarette smoke, inflammatory cells (i.e. neutrophils, macrophages and lymphocytes)

progressively accumulated both in the airways and lung parenchyma of mice. Furthermore, a

clear infiltration of DCs was observed in airways (10-fold increase) and lung parenchyma (1.5-fold

increase) of cigarette-exposed mice at 24 weeks.

Flow cytometric analysis of bronchoalveolar lavage (BAL) DCs of smoke-exposed mice showed

upregulation of major histocompatability complex II molecules and costimulatory molecules CD40

and CD86, compared with BAL DCs of air-exposed mice. Morphometric analysis of lung histology

demonstrated a significant increase in mean linear intercept and alveolar wall destruction after 24

weeks of smoke exposure.

In conclusion, the time course of the changes in inflammatory and dendritic cells in both

bronchoalveolar lavage and the pulmonary compartment of cigarette smoke-exposed mice was

carefully characterised.

KEYWORDS: Chronic obstructive pulmonary disease, cigarette smoke, dendritic cell,

emphysema, macrophage, neutrophil

C
hronic obstructive pulmonary disease
(COPD) is a disease state characterised
by the progressive development of air-

flow limitation that is not fully reversible [1].
Inflammation of the airways and the lungs is
thought to play a major role in the pathogenesis
of COPD [2–5]. The progression of COPD is
strongly associated with infiltration of the small
airway walls by inflammatory cells and the
accumulation of inflammatory mucous exudates
in the lumen [6]. A major risk factor for COPD is
cigarette smoking. However, the molecular and
cellular basis of the cigarette smoke (CS)-induced
inflammation in COPD is still unclear.

The primary host defence mechanisms of the
lungs against exposure to toxic gases and
particles are the innate and adaptive inflamma-
tory immune responses. The innate defence
system of the lung is provided by the epithelial
barrier and the acute inflammatory response
which follows tissue injury, including the recruit-
ment and activation of neutrophils, eosinophils
and macrophages [7]. In contrast, the adaptive
immune response is dependent upon B- and

T-lymphocytes (CD4+ and CD8+), and has a
longstanding memory for previous damage.
Detailed histological analysis of surgically
resected lung tissue from patients with various
clinical stages of COPD has clearly demonstrated
a progressive infiltration of the small airway wall
by both innate and adaptive immune cells.
Interestingly, as COPD progresses, the percen-
tage of airways containing lymphoid follicles
increases, suggesting the involvement of antigen-
presenting cells in the organisation of lympho-
cytes into follicles in patients with severe COPD
[6].

Dendritic cells (DCs) are not only specialised
antigen-presenting cells, they are also critically
located in the airways and the lung parenchyma
at the interface between the inhaled air and the
lung [8]. The DC is a major sensor of danger and
reacts to any disturbance of the mucosal surface
by initiating an innate immune response and
controlling the development of a specific immune
reaction [8–13]. As DCs are able to link innate and
adaptive immunity, and since both components
of the immune system are augmented in the
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airways of patients with COPD, the current authors hypothe-
sised that pulmonary DC numbers would increase due to CS
exposure and that DCs of smoke-exposed mice would show
signs of activation. Therefore, the airway and pulmonary
inflammatory response, and, more specifically, the DC
response to tobacco-smoke exposure in a mouse model of
CS-induced emphysema was studied [14].

METHODS
Animals
Male C57Bl/6 mice, 6–8-week old were purchased from Harlan
(Zeist, The Netherlands). The local Ethics Committee (Ghent,
Belgium) approved all in vivo manipulations.

Experimental design
Mice were exposed to the smoke of five cigarettes (Reference
Cigarette 1R3; University of Kentucky, Lexington, KY, USA) q.i.d.
with 30 min smoke-free intervals. The animals were exposed 5
days per week for up to 24 weeks. The control group was
exposed to air. At days 1, 3, 7 and 14 (n56; short-term smoke
exposure) and at weeks 4, 12 and 24 (n55; long-term) mice were
sacrificed. These experiments were repeated three times.

Tobacco smoke chamber
Mice were exposed to CS, using a smoking apparatus (D.
Kobayashi, Washington University Medical Center, WA, USA)
with the chamber adapted for a group of mice (chamber
volume57,500 cm3). An optimal smoke/air ratio of 1:12 was
obtained [15].

Bronchoalveolar lavage
To perform bronchoalveolar lavage (BAL), animals were
sacrificed and a tracheal cannula was inserted. Three times
via the trachea, 1 mL of Hank’s balanced salt solution (HBSS;
GibcoBRL, Carlsbad, CA, USA), free of ionised calcium and
magnesium but supplemented with 0.05 mM EDTA (Sigma, St
Louis, MO, USA), was instilled and recovered by gentle
manual aspiration. The recovered BAL fluid was centrifuged,
the cell pellet washed twice and finally resuspended in 1 mL of
HBSS. The total cell count was performed in a Bürker chamber
(Novolab, Geraardsbergen, Belgium) and the differential cell
counts were performed on cytocentrifuged preparations
(Cytospin 2; Shandon Ltd, Runcorn, UK) after staining with
May-Grünwald-Giemsa.

Preparation of lung single cell suspensions
Following BAL, the pulmonary and systemic circulation was
rinsed. One lung was used for histology, the other was used for
the preparation of a cell suspension as detailed previously [16].
Briefly, the right lung was thoroughly minced and incubated
for 30 min in digestion medium in a humidified incubator at
37 C̊ and 5% CO2. Organ fragments were resuspended, fresh
digestion medium was added, and incubation was extended
for 15 min. After a final resuspension, samples were centri-
fuged and resuspended in calcium and magnesium-free PBS
containing 10 mM EDTA at room temperature. Finally, the
cells were subjected to red blood cell lysis, washed in
fluorescence-activated cell sorter-EDTA, passed through a
50 mm cell strainer, and kept on ice until labelling. Cell
counting was performed with a Z2 Beckman-Coulter particle
counter (Beckman-Coulter, Ghent, Belgium).

Labelling of BAL cells and lung single cell suspensions for
flow cytometry
Flow cytometric analysis of DCs, macrophages, granulocytes,
T- and B-lymphocytes was defined as detailed previously
[16]. Monoclonal antibodies used to identify mouse DC
populations were biotinylated anti-CD11c and phycoerythrin
(PE)-conjugated anti-IAb. Additional markers used for DC
phenotyping were PE-conjugated CD40, CD86/B7-2, CD80/
B7-1 and CD54/intercellular cell adhesion molecule (ICAM)-1.
Isotype controls were rat immunoglobulin (Ig)-G2a, rat IgG2b

and Armenian hamster IgG. Markers used for mouse T-cell
subpopulations staining were CD4, CD8, CD3 and CD69
(activation marker). Granulocytes were stained with GR1
and B-cells were revealed as CD19 positive. All monoclonal
antibodies were obtained from BD Pharmingen (Becton
Dickinson Pharmingen, Erembodegem, Belgium), except anti-
CD54 (Research Diagnostic Inc., Flanders, NJ, USA) and anti-
CD11c (N418 hybridoma; gift from M. Moser, Brussels Free
University, Belgium).

Flow cytometry data acquisition was performed on a dual-
laser FACS VantageTM flow cytometer running CELLQuestTM

software (Becton Dickinson, Mountain View, CA, USA).
FlowJo software (www.Treestar.com) was used for data
analysis.

Histology and morphometric analysis
After excision of the right lung, the left lung was fixated by
gentle infusion of fixative (4% paraformaldehyde) through the
tracheal cannula by a continuous release pump under pressure
and volume-controlled conditions (12 mL?h-1; 10 min). After
excision, the lung was immersed in fresh fixative for a period
of 4 h. The lung lobe was embedded in paraffin and cut in
3 mm transversal sections. Tissue samples were stained with
haematoxylin and eosin (Klinipath, Geel, Belgium). For each
animal, 10 fields at a magnification of 6200 were captured in a
blinded fashion using a Zeiss KS400 image analyser platform
(Zeiss, Oberkochen, Germany).

Emphysema is a structural disorder characterised by damage
to the lung parenchyma. The destruction of the alveolar walls
will lead to enlargement of the alveolar spaces. The destruction
and the enlargement processes may proceed chronologically or
simultaneously [17, 18]. Therefore, it is recommended to
evaluate both parameters to quantify emphysematous lesions
[19].

Quantification of airspace enlargement was determined after 6
months smoke exposure by mean linear intercept (Lm) [20, 21]
and mean alveolar surface (Am). The measurement of Lm was
performed by means of a 1006100 mm grid passing randomly
through the lung. The total length of each line of the grid
divided by the number of alveolar intercepts gave the average
distance between alveolated surfaces, or the Lm. The same
image was used for the measurement of the Am. An alveolus or
airspace is defined as the space surrounded by the alveolar
wall, which in case of an alveolus opening onto a duct ends at
the mouth of the alveolus. The cross-sectional surface of the
airspace was calculated and divided by the number of alveoli
to obtain Am.

The destruction of alveolar walls was quantified by the
destructive index (DI) [17]. Briefly, a grid with 42 points
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which were at the centre of hairline crosses was superimposed
on the lung field. Structures lying under these points were
classified as normal (N) or destroyed (D) alveolar and/or duct
spaces. Points falling over other structures, such as duct walls,
alveolar walls, etc. did not enter into the calculations. The DI
was calculated from the formula:

DI~D=(DzN)|100 ð1Þ

Morphometric quantification of DC infiltration in lung tissue
was performed using a double immunofluorescent staining
protocol, as detailed previously [22]. DCs, identified as small
elongated dendritic-like major histocompatability complex
(MHC) II+B220- cells, were counted in the tissue area
surrounding the airway epithelium and accompanying
blood vessel(s), as well as the lung parenchyma. To quantify
DC infiltration, 10 airways per mouse were examined.
Results are expressed as cell counts relative to tissue surface
(mm2).

Statistical analysis
Reported values were expressed as mean¡SE of the
mean¡SEM. Cellular composition of BAL, DCs and T-lympho-
cytes in the lungs, alveolar airspace size (Lm, Am) and
alveolar wall destruction (i.e. DI) for different groups were

compared via the Kruskal-Wallis test for multiple comparisons.
When significant differences were observed, pair wise com-
parisons were made using the Mann-Whitney U-test with
Bonferroni corrections. A p-value ,0.05 was considered
significant.

RESULTS
Inflammatory changes in BAL fluid
In order to investigate the effects of smoke exposure on airway
and lung inflammation, the three main pulmonary compart-
ments of air or smoke-exposed mice were studied; the airway
and alveolar lumen (by BAL), the airway wall, and the lung
parenchyma (by histology and immunohistochemistry on lung
tissue sections, and by flow cytometry on cell suspensions of
lung digests). The experiments were performed in triplicate.

Tobacco-exposed mice developed a progressive biphasic
increase in the total number of inflammatory cells in
BAL. After 3 days of smoke exposure, a significant increase
of total BAL cells was observed (p50.008). By the end of
6 months, a 4.5-fold increase of total BAL cells in CS-
exposed mice compared with air-exposed mice was observed
(p,0.001; fig. 1a). This increase was due to an accumulation
of monocytes/macrophages, neutrophils, lymphocytes and
DCs in BAL fluid (figs 1 and 2). The highest relative
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FIGURE 1. Effect of cigarette smoke exposure on total number and cell differentiation in bronchoalveolar lavage (BAL) fluid in mice. a) Total lavage cells;

b) macrophages; c) neutrophils; and d) lymphocytes. $: smoke-exposed mice; &: air-exposed mice. Animals (at days 1, 3, 7 and 14 days, n56; at weeks 4, 12 and 24,

n55) were exposed to five cigarettes per group per exposure, 4 experiments?day-1, 5 days?week-1. *: p,0.05; **: p,0.01 versus air-exposed mice at the corresponding time

point). Experiments were performed in triplicate. Combined data from the three independent experiments are shown.
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increase over time was seen for neutrophils, DCs and
lymphocytes.

Morphological analysis on cytospins revealed a slight,
but significant, increase of the total number of monocytes/
macrophages in BAL after 7 days of smoke exposure (p5

0.01). A marked increase was observed at 6 months
(total number of macrophages at 6 months: smoke5

1289.3¡80.16103 versus air5381.4¡27.76103; p,0.001;
fig 1b). Flow cytometry confirmed the observed increase of
BAL macrophage numbers after smoke exposure (data
not shown).

On cytospins, neutrophils were almost absent from the BAL
of air-exposed animals. Smoke-exposed animals developed
a progressive BAL neutrophilia. The number of neutrophils
was significantly increased after 3 days (p,0.001) and increased
further up to 6 months (total number of neutrophils at 6 months:
smoke5412.2¡24.86103 versus air50.2¡0.16103; p,0.001;
fig 1c). Eosinophil numbers in BAL were small in both

groups and did not change significantly over time (data not
shown).

Smoke-exposed animals developed a progressive increase
of T-lymphocytes in the airways (as enumerated on cyto
centrifuge preparations). The amount of lymphocytes was
significantly increased at 7 days (p50.004) and increased
further up to 6 months (total number of lymphocytes at
6 months: smoke560.3¡10.06103 versus air50.7¡0.26103;
p,0.001; fig 1d).

A few B-lymphocytes in BAL were present in baseline condi-
tions. After 3 days smoke exposure, B-lymphocytes were sig-
nificantly increased compared with air-exposed mice (p50.004;
data not shown).

Increased number of dendritic cells in BAL and lungs
The elevated number of monocytes/macrophages in BAL
following smoke exposure made the current authors curious as
to whether the DCs were originally derived from monocyte
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FIGURE 2. Time course of the effect of cigarette smoke exposure on the absolute number of dendritic cells in a) bronchoalveolar lavage fluid, and b) lung parenchyma of

smoke-exposed mice ($) and air-exposed mice (&). Effect of 24 weeks cigarette smoke exposure on the number of dendritic cells c) surrounding the airway wall, or d)

present in the lung parenchyma in air-exposed mice (h) and smoke-exposed mice (&). Animals (at days 1, 3, 7 and 14 days n56; at weeks 4, 12 and 24 n55) were exposed

to five cigarettes per group per exposure, 4 experiments?day-1, 5 days?week-1. *: p,0.05; **: p,0.01 versus air-exposed mice at corresponding time point. Experiments were

performed in triplicate. Combined data from the three independent experiments are shown.
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precursors in the bone marrow [23], and if playing an
important role in the pulmonary immune responses would
increase.

DCs were identified by flow cytometry using two simulta-
neous immunofluorescent criteria, which were low autofluor-
escence and intermediate-to-high levels of CD11c [24]. Smoke-
exposed mice showed a significant and biphasic increase in
DCs in lavage fluid. After 3 days smoke exposure, DCs in BAL
were already increased (p,0.001). By the end of 6 months, a
10-fold increase of these cells was observed (total number of
BAL DCs at 6 months: smoke5148.5¡8.06103 versus
air515.8¡0.86103; p,0.001; fig 2a).

Also in the lung parenchyma, tobacco smoke induced a slight,
but significant increase in DC numbers after 3 days of exposure
(p50.005). At 6 months, lung parenchymal DC numbers
increased 1.5-fold (total number of lung DCs at 6 months:
smoke5332.6¡35.96104 versus air5214.6¡15.46104; p50.009;
fig 2b).

DCs were also identified by immunohistochemistry based
upon a combination of morphology, MHC II positivity and the
absence of the B-cell marker B220 using a double immuno-
fluorescent staining protocol. CS induced a significant increase
of DCs in the tissue area surrounding both small (0–1000 mm
airway perimeter) and large airways (1000–2000 mm;
fig 2c). Thus, the DC infiltration in the airway wall was not
dependent upon airway size (p50.65). There was also a
significant accumulation of DCs in lung parenchyma in
tobacco exposed animals compared with air-exposed mice
(fig 2d and fig 3).

The activation status of pulmonary DCs in smoke-exposed
mice was assessed by examining cell surface expression of
MHC II and T-cell costimulatory molecules. Both in BAL and in
lung parenchyma, high expression of CD11 (CD11chi) low
autofluorescent DCs of tobacco exposed mice had elevated
levels of MHC II and the costimulatory molecule CD40,

compared with DCs of air-exposed animals. Moreover, smoke
exposure also increased the expression of the costimulatory
molecule CD86 (B7.2) on DCs when present in the BAL
compartment (fig 4).

Inflammatory changes in the lungs
The total number of lung cells did not change significantly
over time (data not shown). Flow cytometric analysis of lung
digests demonstrated increased numbers of macrophages and
CD4+ and CD8+ T-lymphocytes in the smoke-exposed animals
(fig 5).

Pulmonary macrophages were identified by flow cytometry
as CD11c+ high autofluorescent cells. In contrast to low
autofluorescent DCs, these cells have typical macrophage
morphology and were MHC II low to negative [24]. In the
lungs of control mice, the high autofluorescent CD11c+ cells
declined with age, whereas in smoke-exposed mice macro-
phage numbers increased significantly after 12 weeks
(p50.009) compared with control mice. This difference
persisted over time (total number of macrophages at 6 months:
smoke5226.8¡27.46104 versus air575.4¡3.96104; p50.009;
fig 5a).

The progressive accumulation of DCs with high expression of
T-cell costimulatory molecules prompted examination of
the extent, phenotype and activation status of T-cell popula-
tions in smoke-exposed lungs. The lung T-lymphocyte
subsets population did not change significantly after short-
time smoke exposure. In contrast, after 12 weeks the total
number of lymphocytes was significantly increased (p50.009)
and increased further up to 6 months (total number of
CD3+ lymphocytes in the lungs at 6 months: smoke5

414.5¡48.36104 versus air5261.4¡11.56104; p50.014).
Smoke exposure induced a significant increase in both CD4+
and CD8+ T-cells compared with air-exposed mice. Total
number of CD4+ T-lymphocytes in the lungs at 6 months:

a) b)

FIGURE 3. Photomicrographs of a double immunofluorescent staining of lung tissue of a) air-exposed, and b) smoke-exposed mice at 24 weeks. Dendritic cells (white

arrows) were identified based upon a combination of morphology, major histocompatability complex-II positivity (red stain) and the absence of the B-cell marker B220 (green

stain). Blue arrow indicates a B-cell follicle.
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smoke5229.3¡36.26104 versus air5103.7¡6.76104 (p50.014).
Total number of CD8+ T-lymphocytes in the lungs at 6 months:
smoke5157.0¡35.36104 versus air5110.3¡4.26104 (p50.05;
fig 5b and 5c).

In addition, activation of CD3+CD4+ and CD3+CD8+ T-cells
was examined. After 14 days smoke exposure, an increased
number of activated CD4+ and CD8+ T-cells was present in
lung digests. At 24 weeks the early activation marker CD69
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(b, d, f, h, j, l, n, p, r and t) had upregulated levels of major histocompatability complex (MHC) II, CD86 and CD40 in BAL; and upregulated levels of MHC II and CD40 in lung

tissue. - - -: specific marker staining; –––: isotype control staining. The data shown are from one animal and from one experiment, representative of two independent

experiments.
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was expressed in 31.82¡1.37% CD4+ T-cells and 15.53¡1.79%
CD8+ T-cells in the smoke-exposed group, compared with
11.09¡0.36% (p50.014) and 4.65¡0.60% (p50.014), respec-
tively in the air-exposed group (figs 5d and 5e).

Flow cytometric analysis revealed no differences in granulo-
cytes in the lungs between smoke-exposed animals and air-
exposed mice (data not shown).

In the lungs, no differences were observed in the B-cell
population (data not shown).

Histology
Emphysema is a structural disorder characterised by destruc-
tion of the alveolar walls and enlargement of the alveolar
spaces. Destruction of alveolar walls was determined by
measuring the DI and enlargement of alveolar spaces
by quantifying the Lm and the Am. Microscopic analysis
of lung tissue sections revealed a significant degree
of emphysema after 6 months of smoke exposure (fig. 6).
Tobacco smoke clearly induced alveolar wall destruction.
The DI for the air-exposed mice ranged from 0.0–9.8
(mean¡SEM54.2¡0.5), while the DI for the smoke-exposed
animals ranged from 20.2–35.1 (mean¡SEM525.8¡0.7; p,0.001
versus control group). Furthermore, exposure to CS signifi-
cantly induced airspace enlargement. The Lm was 23%
higher in CS-exposed mice compared with air-exposed mice
(Lm at 6 months smoke542.2¡0.20 mm versus air534.3¡

0.21 mm; p,0.001). A significant increase of Am was also
observed in smoke-exposed animals (Am at 6 months: smoke5

783.4¡79.8 mm2 versus air5511.8¡42.41 mm2; p50.015).

DISCUSSION
In the present study, the time course of the changes in the
major inflammatory cells was investigated both in the airways
and the lungs of mice during 6 months of exposure to CS, up
until the development of pulmonary emphysema. In response
to CS, a progressive biphasic infiltration of inflammatory cells,
including DCs, neutrophils, macrophages, T- and B-lympho-
cytes, was observed in the BAL compartment of mice. DCs,
macrophages, and lymphocytes, but not neutrophils, also
accumulated in the lungs following smoke exposure.
Moreover, after 6 months CS exposure, a significant degree
of alveolar destruction developed.

The time course of the different cell types in BAL fluid showed
a relatively earlier influx of DCs, neutrophils and macrophages
compared with lymphocytes. This suggests that chronic
exposure of the airways to CS results in a mixture of acute
and chronic inflammatory changes [3, 6]. The current results
can be explained both by an innate and an adaptive immune
response to CS, since all cell types that were augmented occur
in both types of immune response.

A progressive smoke induced DC recruitment and DC
activation was observed in three main pulmonary compart-
ments. These were the bronchoalveolar lumen, the airway
wall and the lung parenchyma. To pinpoint DCs in BAL and
lung parenchyma, the current authors used a strategy based
on the work by HAVENITH et al. [25], who used the bright
autofluorescence of alveolar macrophages to separate them
efficiently from monocytes and DCs. This DC isolation
procedure was further elaborated and demonstrated that
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FIGURE 5. Effect of cigarette smoke expo-

sure in the lungs of mice as determined by flow

cytometry in a) macrophages, b) CD4+ T-cells,

c) CD8+ T-cells, d) activated CD4+ T-cells, and

e) activated CD8+ T-cells. $: smoke-exposed

mice; &: air-exposed mice. Animals (at days 1, 3,

7 and 14 days, n56; at weeks 4, 12 and 24, n55)

were exposed to five cigarettes per group per

exposure, 4 experiments?day-1, 5 days?week-1. *:

p,0.05; **: p,0.01 versus air-exposed mice at

the corresponding time point. These experiments

were performed in triplicate. The results of one

representative experiment are shown.
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DCs and monocytic DC precursors in BAL and lung
parenchyma were within the CD11c+ gate of the low
autofluorescent cell fraction [24]. The selected cells expressed
high levels of CD11c, CD11b and MHC II and, thus, may be
considered as myeloid DCs and/or their immediate precur-
sors. Plasmacytoid DCs expressing low levels of CD11c and
no CD11b, were found to be very rare in the lungs of mice
exposed either to air or to CS (data not shown). The increase
in DCs, both in the BAL compartment and lung parenchyma,
was confirmed by immunohistology. The smoke induced DCs
were in an activated state as illustrated by an upregulation of
MHC II and T-cell costimulatory molecules, CD40 and CD86.
The current findings are in agreement with CASOLARO et al.
[26], who reported an accumulation of Langerhans cells (LC),
a cell type now known to be a subset of DCs, in BAL fluid of
smokers. SOLER et al. [27] also observed an increase of LC in
smokers’ lungs. Others studies have suggested a relationship
between CS inhalation and lung interstitial granulomas
containing large numbers of LC in pulmonary LC histiocy-
tosis [28]. This LC granulomatosis was correlated with
parenchymal lung destruction. In a short-term experiment
the density of pulmonary LCs was increased in tobacco
smoke-exposed mice and was associated with histopatholo-
gical changes in the lung characteristic of LC granulomatosis
[15]. In contrast to the present study and previous other
studies, a recent report by ROBBINS et al. [29] described a
decrease in pulmonary DC number and activation following
tobacco smoke exposure, impairing the immune response
against adenoviral infection. The reason for these divergent
results is not clear, but this could be due to differences in
the flow cytometric methodology or the intensity of smoke
exposure (low dose 5two cigarettes daily in the study by
ROBBINS et al.; high dose520 cigarettes daily in present
experiments). Future studies are needed to clarify whether
the effects of CS on DCs are dose-dependent.

The elevated number of pulmonary DCs following smoke
exposure suggests a possible role for this cell in the pathogen-
esis of COPD. It is now clear that the DC plays a major role in

the innate immune response and is the most powerful antigen-
presenting cell in the respiratory tract. The DC network within
and under the epithelium of the conducting airways is ideally
positioned to perform a sentinel role against toxic inhalants.
The current authors hypothesised that tobacco smoke, contain-
ing numerous toxic low molecular weight compounds,
activates bronchoalveolar DCs directly. Activated DCs can
secrete a whole range of inflammatory chemokines, inducing
the recruitment and activation of more DCs and other
inflammatory cells [30], such as macrophages, neutrophils,
natural killer cells and lymphocytes. Another mechanism of
smoke induced DC activation could involve stimulation by
heat shock proteins, which are released during cell necrosis
[31]. This is supported by in vitro experiments showing that
tobacco smoke extract causes dose-dependent apoptosis and
necrosis of airway epithelial cells [32].

Proteolytic enzymes are among the numerous mediators
released by inflammatory cells after tobacco smoke exposure.
Neutrophils and especially macrophages, are a rich source of
proteases [33], releasing neutrophil elastase, cathepsins and
matrix metalloproteinases upon activation, which can degrade
extracellular matrix (ECM) components. The resulting ECM
breakdown products (e.g. elastin fragments) have the potential
to attract and activate more inflammatory cells, inducing a
vicious circle. In this mouse model of chronic CS exposure,
neutrophil numbers were increased in the BAL compartment,
but not in the lungs. This is in agreement with the observations
in patients with COPD, where increased numbers of activated
neutrophils were found in sputum and BAL fluid, yet only
relatively small increases were observed in the lung parench-
yma [34]. The marked increase in the numbers of macrophages
in both the BAL and pulmonary compartment of CS-exposed
mice is reminiscent of the vast increase of macrophage
numbers in sputum, BAL fluid and lung parenchyma in
patients with COPD. Macrophages may play a pivotal role in
COPD, since they are activated by CS extract and secrete not
only elastolytic enzymes, but also many inflammatory chemo-
kines (e.g. interleukin-8 and CXCR3-ligands), attracting

a) b)

FIGURE 6. Photomicrographs of haematoxylin and eosin stained lung tissue of a) air-exposed and b) smoke-exposed mice at 24 weeks. Smoke exposure clearly

induced alveolar wall destruction and airspace enlargement in mice.
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neutrophils and CD8+ T-lymphocytes, respectively [33]. An
age-related decrease in the number of macrophages in the
lungs of air-exposed mice was observed. A similar observation
was made by SHIBATA et al. [35], where in lungs of control mice
Mac-3+ cell numbers declined with increasing age.

Contrary to the human inflammatory response to tobacco
smoke, a predominant increase of CD4+ T-cells rather than
CD8+ T-cells was observed [6, 36]. A similar observation was
made by both MESHI et al. [37] and VITALIS et al. [38] in guinea
pigs where the CD4+ T-cell increase was associated with smoke
exposure, whereas the increase in CD8+ T-cells was linked with
the presence of viral infection.

Remarkably, the increase of total cells, DCs and macrophages
in BAL showed a progressive, but biphasic response. A similar
pattern was shown by STEVENSON et al. [39] in a smoke-exposed
rat model. Starting from the fourth week of smoke exposures, a
‘transcriptional shift’ was observed between smoke-exposed
and control animals. Associated with this ‘shift’ were clusters
of up- and downregulated genes, including proteases and pro-
inflammatory targets (e.g. matrix metalloprotienase-12), which
may be involved in the COPD pathogenesis.

In conclusion, it seems likely that all the different inflamma-
tory cells together are responsible for lung injury caused by
cigarette smoke. However, whereas the role of neutrophils and
macrophages in the pathogenesis of chronic obstructive
pulmonary disease has been clearly highlighted, the marked
increase of dendritic cells in the smoke induced lung
inflammation prompts further investigation into the potential
role of these cells in the pathophysiology of chronic obstructive
pulmonary disease. Of course, since this study is primarily
descriptive, this hypothesis has to be explored in further
studies, including functional studies in animal models of
chronic obstructive pulmonary disease.
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