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ABSTRACT: Chronic obstructive pulmonary disease (COPD) is characterised by a local

pulmonary inflammatory response to respiratory pollutants and by systemic inflammation.

Tumour necrosis factor (TNF)-a has been implicated in systemic effects of COPD and operates by

binding the p55 (R1) and p75 (R2) TNF-a receptors.

To investigate the contribution of each TNF-a receptor in the pathogenesis of COPD, the

present study examined the effects of chronic air or cigarette smoke (CS) exposure in TNF-a R1

knockout (KO) mice, TNF-a R2 KO mice and wild type (WT) mice.

CS was found to significantly increase theprotein levels of soluble TNF-a R1 (by four-fold) and TNF-

a R2 (by 10-fold) in the bronchoalveolar lavage of WT mice. After 3 months, CS induced a prominent

pulmonary inflammatory cell influx in WT and TNF-a R1 KO mice. In TNF-a R2 KO mice, CS-induced

pulmonary inflammation was clearly attenuated. After 6 months, no emphysema was observed in CS-

exposed TNF-a R2 KO mice in contrast to WT and TNF-a R1 KO mice. CS-exposed WT and TNF-a R1

KO mice failed to gain weight, whereas the body mass of TNF-a R2 KO mice was not affected.

These current findings suggest that both tumour necrosis factor-a receptors contribute to the

pathogenesis of chronic obstructive pulmonary disease, but tumour necrosis factor-a receptor-2

is the most active receptor in the development of inflammation, emphysema and systemic weight

loss in this murine model of chronic obstructive pulmonary disease.

KEYWORDS: Chronic obstructive pulmonary disease, cigarette smoking, emphysema, inflamma-

tion, tumour necrosis factor-a receptors, weight loss

C
hronic obstructive pulmonary disease
(COPD) is a leading cause of chronic
morbidity and mortality worldwide and

its prevalence is still increasing [1, 2]. COPD is a
disease state characterised by airflow limitation
that is not fully reversible. This airflow limitation
is progressive and is associated with an abnormal
inflammatory response of the lungs to noxious
agents, such as cigarette smoke (CS). Inflam-
matory processes damage the lungs and lead to
destruction of lung parenchyma (emphysema),
an important structural abnormality present in
COPD patients [3]. COPD is also associated with
systemic effects, such as skeletal muscle dysfunc-
tion, weight loss (cachexia) and systemic inflam-
mation, including abnormal concentrations of
circulating cytokines and activation of inflamma-
tory cells [4, 5].

Tumour necrosis factor (TNF)-a, a powerful pro-
inflammatory cytokine primarily produced by
activated macrophages, is a key mediator of

inflammation in both early and late events of
the inflammatory cascade. TNF-a is also referred
to as cachectin, a catabolic hormone [6], and has
been implicated in the pathogenesis of a variety
of lung diseases [7–11]. Increased TNF-a levels
have been measured in sputum [12], broncho-
alveolar lavage (BAL) [13] and in serum [14] of
smokers. In contrast, in vitro studies report that
smoke suppresses TNF-a production by lavaged
or cultured alveolar macrophages and peripheral
blood monocytes of humans and animals [15, 16].
Chronic systemic inflammation involving cyto-
kines, such as interleukin-1 and TNF-a, may be
associated with cachexia, commonly seen in
severe COPD patients [17].

TNF-a operates by binding to two structurally
related, but functionally distinct, cell surface
receptors, p55 (type 1, CD120a: R1) and p75 (type
2, CD120b: R2) TNF-a receptors. Both receptors
are expressed on most cell types and function
by recruitment of adaptor proteins [18]. Both
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receptors can be proteolytically cleaved and released as soluble
forms that are capable of binding TNF-a. The R1 appears to be
responsible for activating the majority of inflammatory
responses, host defences and cytotoxicity. The role of R2 is
less understood; in addition to an accessory role, there is
evidence that it modulates TNF-a-mediated inflammation and
activates cell death [19–22]. The actual involvement of TNF-a
receptors in COPD pathogenesis remains vague. Studies
demonstrated increased levels of soluble TNF-a receptors in
sputum and serum of COPD patients [14, 23]. Using TNF-a
receptor double knockout (KO) mice, it has recently been
demonstrated that TNF-a and its receptors are central to acute
CS-induced inflammation and connective tissue breakdown
[7]. When TNF-a receptor double KO mice were exposed
chronically to smoke for 6 months, the ensuing airspace
enlargement was reduced by 70% compared with wild type
(WT) animals [24]. LUCEY et al. [25] observed a decreased
elastase-induced emphysema in TNF-a receptor-deficient
mice. However, it is not known which TNF-a receptor is
either required or sufficient to induce the CS-elicited influx of
inflammatory cells and pulmonary emphysema. To examine
which type of TNF-a receptor is involved in the patho-
genesis of COPD, mice lacking either R1 (referred to as TNF-a
R1 KO) or R2 (referred to as TNF-a R2 KO) were used in a
chronic model of CS-induced pulmonary inflammation and
emphysema [26].

METHODS

Animals
Mice deficient for the TNF-a R1 (B6.129-Tnfrsf1atm1Mak) and
mice deficient for the TNF-a R2 (B6.129-Tnfrsf1btm1Mwm) were
obtained from The Jackson Laboratory (Bar Harbor, ME, USA).
WT mice, used as controls, were C57Bl/6 mice as suggested by
The Jackson Laboratory. The local Ethics Committee for animal
experimentation of Ghent University (Ghent, Belgium)
approved all in vivo manipulations.

Experimental design
Three independent experiments were performed. Mice were
exposed to air or CS for 3 months (first experiment, n56 per
group), 6 months (second experiment, n56 per group) or 4.5
months (third experiment, n58 per group).

Smoke exposure
Mice were exposed to CS as described previously [26]. In brief,
groups of six or eight mice (aged 8 weeks) were exposed to the
tobacco smoke of five cigarettes (Reference Cigarette
2R4F without filter; University of Kentucky, Lexington, KY,
USA) four times a day with 30-min smoke-free intervals, 5
days?week-1. The smoke/air ratio used in this study was 1:6.
The control group was exposed to air. Carboxyhaemoglobin
levels in serum of smoke-exposed mice were 8.3¡1.4 versus
1.0¡0.2% in air-exposed mice (n57).

Body mass
The mice were weighed 24 h after the last smoke exposure in
the 3- and 6-month experiments; this was referred to as the
final body weight. In the third experiment (4.5-month experi-
ment), the body mass of the mice was measured weekly
throughout the study period.

Bronchoalveolar lavage
The mice were killed 24 h after the last smoke exposure with
an overdose of pentobarbital (Sanofi, Libourne, France) and a
tracheal cannula was inserted. Hank’s balanced salt solution
(HBSS; 1 mL), free of ionised calcium and magnesium, but
supplemented with 0.05 mM sodium EDTA, was instilled four
times via the tracheal cannula and recovered by gentle manual
aspiration. The four BAL fractions were centrifuged, the cell
pellet was washed twice and finally resuspended in 1 mL of
HBSS. A total cell count was performed in a Bürcker chamber
and the differential cell counts (on a minimum of 400 cells), to
enumerate neutrophils, macrophages and lymphocytes, were
performed on cytocentrifuged preparations using standard
morphological criteria after May–Grünwald–Giemsa staining.
Flow cytometric analysis of the BAL cells was also performed
to enumerate dendritic cells. The supernatants of the first BAL
fraction (1 mL) were frozen at -20uC for later analysis of
cytokines and soluble TNF-a receptors.

Preparation of lung single-cell suspensions
Following BAL, the pulmonary and systemic circulation was
rinsed. The left lung was used for histology and the right lung
for the preparation of a cell suspension, as detailed previously
[26, 27]. Briefly, the lung was thoroughly minced, digested,
subjected to red blood cell lysis, 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
Cells were pre-incubated with Fc-receptor blocking antibody
(anti-CD16/CD32, clone 2.4G2) to reduce nonspecific binding.
Monoclonal antibodies used to identify mouse dendritic cells
(DCs) populations were: biotinylated anti-CD11c (N418) and
phycoerythrin-conjugated anti-IAb (AF6-120.1), followed by
streptavidine-allophycocyanine (SAv-APC). Mouse T-cell
populations were characterised with the following monoclonal
antibodies: fluorescein isothiocyanate (FITC)-conjugated anti-
CD4 (L3T4), FITC-conjugated anti-CD8 (Ly-2), and biotiny-
lated anti-CD3 (145-2C11). The additional marker used for
activation was anti-CD69 (H1.2F3). Biotinylated anti-CD3 was
revealed by incubation with SAv-APC. All antibodies were
obtained from BD Pharmingen (Erembodegem, Belgium),
except anti-CD11c (N418 hybridoma, a gift from M. Moser,
Free University of Brussels, Belgium).

Cell suspensions were incubated with 7-amino-actinomycin (7-
AAD; BD Pharmingen) for the exclusion of dead cells. All
labelling reactions were performed on ice in fluorescence-
activated cell sorter (FACS)-EDTA buffer.

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 (Ashland, OR, USA) was used for data
analysis.

Histology
After excision of the right lung for preparation of single-cell
suspensions, the left lung was fixated by a gentle infusion of
fixative (4% paraformaldehyde) through the tracheal cannula
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by a continuous-release pump under pressure-controlled
conditions [26]. After excision, the left lung was immersed in
fresh fixative for 2 h. The lung lobe was embedded in paraffin
and cut in 3-mm transversal sections. Lung tissue samples were
stained with haematoxylin and eosin and examined by light
microscopy for histological sections.

Quantification of emphysema
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 destructive index (DI) and enlargement of
alveolar spaces by quantifying the mean linear intercept (Lm),
as described previously [26, 28].

Quantification of airspace enlargement was determined after 3,
4.5 and 6 months’ smoke exposure by measuring the mean Lm,
using image analysis software. Only sections without cutting
artefacts, compression or hilar structures (airway or blood
vessel with a diameter .50 mm) were used in the analysis. The
Lm was measured by placing a 1006100 mm grid over each
field. The total length of each line of the grid divided by the
number of alveolar intercepts gives the average distance
between alveolated surfaces, or the Lm [28].

The destruction of alveolar walls was quantified by the DI [29].
A grid with 42 points that 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
following formula:

DI~D=(DzN)|100 ð1Þ

For each animal, 10 fields at a magnification of 6200 were
captured in a blinded fashion using a Zeiss KS400 image
analyser platform (KS400; Zeiss, Oberkochen, Germany).

Apoptosis
To evaluate apoptosis of type II epithelial cells in lung tissue after
6 months of CS exposure, lung sections obtained from formalin-
fixed, paraffin-embedded lung lobes were subjected to an
immunohistological terminal deoxynucleotidyltransferase-
mediated deoxyuridine triphosphate nick-end labelling
(TUNEL)/prosurfactant protein C (proSPC) double-staining.
At first, TUNEL staining was performed with the ApopTag1

Plus Peroxidase In Situ Apoptosis Detection Kit (Chemicon
International, Temecula, CA, USA) following the manufac-
turer’s protocol. In a second step, sections were stained
overnight with anti-proSPC (Chemicon International) after
Boehringer blocking (with triton), followed by goat-antirabbit
biotin (both obtained from DakoCytomation, Heverlee,
Belgium). Slides were then incubated with streptavidin
alkaline phosphatase (DakoCytomation) and coloured with
Vector blue (Vector Laboratories, Inc., Burlingame, CA,
USA). Apoptotic type II epithelial cells were identified by
their condensed and intensively brown cell nuclei (TUNEL
positive) and deep blue-coloured granules in their cytoplasm
(proSPC positive). Double-positive cells were counted on 10
random lung fields, captured at a 6400 magnification, using

a Zeiss KS400 image analyser platform, and results were
expressed as cell counts relative to image surface (mm2).

ELISA protein measurements
At 6 months, soluble TNF-a R1 and TNF-a R2 protein levels
were determined in BAL using a commercially available ELISA
kit (R&D Systems Europe, Abingdon, UK).

Semiquantitative RT-PCR analysis
In the third experiment (4.5 months’ CS exposure), total lung
RNA was extracted using the RNeasy Midi kit (Qiagen,
Hilden, Germany), with an additional DNAse step. Reverse
transcription was performed at 48uC for 30 min, followed by a
12-min incubation at 95uC for denaturation of RNA-DNA
heteroduplexes, and a DNA-amplification with 50 cycles. RT-
PCR was performed starting from 10 ng of total RNA, using an
ABI PRISM 7700 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA). Expression of matrix
metalloproteinase (MMP)-12 mRNA relative to hypoxanthine
guanine phophoribosyl transferase mRNA, was analysed with
the Assays-on-DemandTM Gene Expression Products (Applied
Biosystems).

Statistical analysis
Reported values are expressed as mean¡SEM. Statistical
analysis was performed using nonparametric tests (Kruskall–
Wallis, Mann–Whitney U-test), and p-values ,0.05 were
considered as significant.

RESULTS

Inflammatory changes in BAL fluid
At 3 and 6 months, the CS-exposed WT, TNF-a R1 KO and
TNFa R2 KO mice developed, in comparison with air-exposed
mice, an inflammatory cell influx in the BAL fluid (BALF).
Increased amounts of DCs, macrophages, neutrophils and
lymphocytes were recovered by BAL in CS-exposed, TNFa R2
KO and WT mice, compared with air-exposed littermates
(p,0.05 for all cell types; fig. 1). However, the CS-induced
increase in total cells, DCs, macrophages, neutrophils and
lymphocytes was significantly attenuated in TNFa R2 KO mice
compared with WT mice at 3 months (p,0.05 for all cell types).
In BALF of TNF-a R1 KO mice, DCs and neutrophil numbers
tended to be lower in contrast to WT mice after a 3-month
exposure to CS. After longer exposure time (6 months), the
increase in DCs and neutrophils in the CS-exposed TNF-a R2
KO mice was still smaller than in the smoke-exposed WT and
TNF-a R1 KO mice, but this difference did not reach statistical
significance (p50.056 for DCs and p50.095 for neutrophils in
BALF of TNF-a R2 KO versus WT mice exposed to CS for 6
months; fig. 1a and c). No differences were observed between
the macrophage and lymphocyte numbers found in the BALFs
taken from TNFa R2 KO and WT mice exposed to CS for 6
months (fig. 1b and d). Eosinophil numbers in BAL were small
in all groups and did not change significantly upon exposure
to CS (data not shown).

Inflammatory changes in the lungs
CS induced a significant increase in DC numbers and both total
and activated CD4+ and CD8+ T-lymphocytes in lung tissue
after 3 and 6 months compared with air-exposed mice (p,0.05
for all cell types; fig. 2).
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CS induced a similar increase in DCs in TNF-a R1 KO, TNF-a
R2 KO and WT mice at both time points. In the lungs, no
differences in the number of CD4+ and CD8+ lymphocytes
were observed between CS-exposed TNF-a R KO mice and WT
mice. However, the expression of the activation marker CD69
on CD4+ and CD8+ T-cells tended to be lower in CS- and air-
exposed TNF-a R2 KO mice compared with WT mice (fig. 2).

CS induces pulmonary emphysema in WT and TNF-a R1 KO
mice in contrast with TNF-a R2 KO mice
The DI was measured to evaluate the destruction of alveolar
walls and the Lm was calculated to examine the enlargement of
alveolar spaces.

Exposure to CS significantly and progressively induced
airspace enlargement in WT and TNF-a R1 KO mice after 3
and 6 months. In contrast, airspace enlargement was not
observed in TNF-a R2 KO mice, since Lm did not change
significantly in TNF-a R2 KO mice upon being exposed to CS
(p50.7; table 1; fig. 3).

CS clearly induced alveolar wall destruction (as shown by an
increase of the DI) by 44.8 and 33.1% in the WT and TNF-a R1

KO mice, respectively (table 1). However, no alveolar wall
destruction was induced in TNFa R2 KO mice upon exposure
to CS (p50.4; table 1).

Apoptosis in lungs of CS-exposed TNF-a R2 KO mice
compared with WT mice
It has been demonstrated that alveolar wall apoptosis can
cause emphysema in mice [30]. Since the current authors
observed a significant protection against emphysema in TNF-a
R2 KO mice exposed to CS, the apoptosis of type II alveolar
epithelial cells was evaluated using TUNEL/proSPC double
staining (figs. 4 and 5). CS exposure induced a clear increase of
apoptotic type II epithelial cells in lung tissue of WT mice
compared with air-exposed littermates (p,0.05). The CS-
induced increase in the number of apoptotic type II pneumo-
cytes attenuated in TNF-a R1 KO mice. Moreover, no
differences in the number of apoptotic type II pneumocytes
were observed in air and CS exposed TNF-a R2 KO mice.
TUNEL/proSPC double-stained lung tissue sections from WT,
TNF-a R1 KO and TNF-a R2 KO mice are demonstrated in
figure 4.
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FIGURE 1. Effect of exposure to cigarette smoke (CS; &) and air (h) during a 3- or 6-month period on a) dendritic cells, b) macrophages, c) neutrophils and d)

lymphocytes in bronchoalveolar lavage fluid (absolute numbers) in wild type (WT) mice, tumour necrosis factor (TNF)-a receptor p55 (R1) knockout (KO) mice and TNF-a

receptor p75 (R2) KO mice. Results are expressed as mean¡SEM. *: p,0.05 for CS-exposed mice versus air-exposed mice at the corresponding time point; **: p,0.01 for

CS-exposed mice versus air-exposed mice at the corresponding time point; #: p,0.05 for TNF-a R2 KO mice versus WT mice at the corresponding time point.
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CS exposure increases soluble TNF-a R1 and TNF-a R2 in
the BALF of mice
Since COPD patients have elevated levels of both soluble TNF-
a receptors in sputum and serum [23], the current authors were

interested in the protein levels of TNF-a R1 and TNF-a R2 in
the airways and lungs in this murine model of COPD. The
basal protein levels of soluble TNF-a R2 (sTNF-a R2) were six
times higher than the levels of sTNF-a R1 in the BALF of WT
mice. CS exposure induced an increase of the protein levels of
sTNF-a R1 and sTNF-a R2 in the BALF of WT animals at 6
months. Interestingly, the relative increase of sTNF-a R2 is
higher (10-fold) compared with sTNF-a R1 (four-fold, fig. 6).

CS exposure increases MMP-12 mRNA in the lungs of mice
In order to elucidate the possible mechanisms by which
pulmonary emphysema develops in CS-exposed mice, mRNA
levels of MMP-12 were measured in the lungs of air- and CS-
exposed mice by RT-PCR. Exposure to CS for 4.5 months
increased the lung mRNA expression of MMP-12 in WT, TNF-a
R1 KO and TNF-a R2 KO mice compared with air-exposed
littermates (fig. 7).

Lack of weight gain in CS-exposed WT and TNF-a R1 KO
mice in contrast with TNF-a R2 KO mice
After 3, 4.5 and 6 months of CS exposure, a significant failure
to gain weight was observed in WT and TNF-a R1 KO mice
(table 2). In contrast, a similar increase in body weight was
observed in air- and CS- exposed TNF-a R2 KO mice. A
significant negative correlation was observed between body
weight and mean linear intercept (r5 -0.468, p,0.01). Due to
the intriguing lack of weight gain, a third experiment was
performed, in which WT, TNF-a R1 KO and TNF-a R2 KO
mice were exposed to CS for 4.5 months. In order to study the
kinetics of body weight, the body weight of the mice was
examined on a weekly basis. WT, TNF-a R1 KO and TNF-a R2
KO mice clearly gained weight during 4.5 months of air
exposure. Significantly smaller increases in weight were
observed in CS-exposed WT and TNF-a R1 KO animals versus
air-exposed littermates. In contrast, CS-exposed TNF-a R2 KO
mice had similar increases in weight as air-exposed TNF-a R2
KO mice (fig. 8). Both adipose tissue and skeletal muscle may
be involved in weight gain or loss. To further investigate if
muscle wasting (atrophy) could contribute to the observed
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FIGURE 2. Effect of exposure to cigarette smoke (CS; &) and air (h) exposure

during a 3- or 6-month period on a) dendritic cell, b) activated CD4+ T-cell and c)

CD8+ T-cell populations in the lungs of wild type (WT) mice, tumour necrosis factor

(TNF)-a receptor p55 (R1) knock out (KO) mice and TNF-a receptor p75 (R2) KO

mice, as determined by flow cytometry. Results are expressed as mean¡SEM.

*: p,0.05 for CS-exposed mice versus air-exposed mice at the corresponding time

point; **: p,0.01 for CS-exposed mice versus air-exposed mice at the corresponding

time point; #: p50.09 ": p50.056 for specific KO mice versus WT mice at the

corresponding time point.

TABLE 1 Quantification of emphysema by mean linear
intercept and destructive index upon exposure to
cigarette smoke (CS) and air

Mean linear intercept mm Destructive index

3 months 6 months 6 months

Air CS Air CS Air CS

WT 39.1¡0.3 41.0¡0.2* 38.1¡0.5 43.1¡0.2* 24.1¡0.9 34.9¡0.7*

TNF-a

R1 KO

39.1¡0.1 41.6¡0.1* 38.0¡0.1 42.5¡0.4* 23.9¡0.2 31.8¡0.8*

TNF-a

R2 KO

38.3¡0.2 38.6¡0.2# 38.5¡0.2 38.1¡0.2# 27.2¡0.6 27.6¡0.3#

Data are presented as mean¡SEM. WT: wild type; TNF-a R1 KO: tumour

necrosis factor-a receptor p55 knockout mice; TNF-a R2 KO: tumour necrosis

factor-a receptor p75 knockout mice. *: p,0.05 versus air-exposed mice;
#: p,0.05 versus WT and R1 KO mice.
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failure to gain weight, the weight of several muscles of the
hind limb was evaluated. The weight of the gastrocnemius was
similar in air-exposed and CS-exposed TNF-a R2 KO mice,
while significant loss of muscle mass was observed in CS-
exposed WT and TNF-a R1 KO mice compared with their air-
exposed littermates (data not shown).

DISCUSSION
In this murine model of COPD [26], the current authors
demonstrated that both soluble TNF-a receptors are induced in
the BALF of WT mice upon exposure to CS and that the
relative increase of sTNF-a R2 is higher compared with sTNF-a
R1. CS exposure caused airway and lung inflammation in

a) b)

c) d)

e) f)

FIGURE 3. Photomicrographs of haematoxylin and eosin-stained lung tissue of: wild type mice exposed to air (a) and to cigarette smoke (CS; b); tumour necrosis factor

(TNF)-a receptor p55 (R1) knockout (KO) mice exposed to air (c) and CS (d); and TNF-a receptor p75 (R2) KO mice exposed to air (e) and CS (f) for 6 months.
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TNF-a R1 KO, TNF-a R2 KO and WT mice. However, in TNF-a
R2 KO mice, the CS-induced influx of DCs, neutrophils,
macrophages and lymphocytes in BALF was clearly attenu-
ated, as well as the smoke-induced infiltration of activated T-
lymphocytes in lungs after 3 months. Most importantly, no
emphysema was observed in CS-exposed TNF-a R2 KO mice
compared with WT and TNF-a R1 KO mice. Finally, the
increase of body weight in CS-exposed WT and TNF-a R1 KO
mice was small in contrast with the increase of body weight in
TNF-a R2 KO animals. The current data indicate that both
TNF-a receptors are involved in CS-induced inflammation and
the development of emphysema, but TNF-a R2 is the most
active receptor.

Multiple studies of lung specimens, bronchial biopsies and
BALF of patients with COPD have demonstrated that the

FIGURE 4. Apoptotic type II alveolar epithelial cells, detected by terminal

deoxynucleotidyltransferase-mediated deoxyuridine triphosphate nick-end labelling

(TUNEL)/ prosurfactant protein C (proSPC) double staining, in the lungs of: wild

type mice exposed to air (a) and cigarette smoke (CS; b), tumour necrosis factor

(TNF)-a receptor p55 knockout (KO) mice exposed to air (c) and CS (d), and TNF-a

receptor p75 KO mice exposed to air (e) and CS (f) for 6 months. Apoptotic type II

pneumocytes were identified by their condensed and intensively brown cell nuclei

(TUNEL positive) and deep blue-coloured granules in their cytoplasm (proSPC

positive, as indicated by arrows).
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FIGURE 5. Effect of cigarette smoke (CS) exposure for 6 months on apoptotic

type II alveolar epithelial cells of wild type (WT), tumour necrosis factor (TNF)-a

receptor p55 (R1) knockout (KO) and TNF-a receptor p75 (R2) KO mice. TUNEL:

terminal deoxynucleotidyltransferase-mediated deoxyuridine triphosphate nick-end

labelling; proSPC: prosurfactant protein C. h: air-exposed mice; &: CS-exposed

mice. *: p,0.05.
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FIGURE 6. Effect of cigarette smoke (CS) exposure for 6 months on the

protein levels of a) soluble tumour necrosis factor (sTNF)-a receptor p55 (R1) and b)

sTNF-a receptor p75 (R2) in bronchoalveolar lavage fluid of wild type (WT), TNF-a

R1 knockout (KO) and TNF-a R2 KO mice. h: air-exposed mice; &: CS-exposed

mice; –––: mean. *: p,0.05.
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chronic pulmonary inflammation in COPD is characterised by
the increased numbers of inflammatory cells of both the innate
immune system (macrophages and neutrophils), as well as the
acquired immune system (B- and T-lymphocytes) [31, 32]. The
present study demonstrated CS-induced inflammation in the
airways and lungs of WT, TNF-a R1 KO and TNF-a R2 KO
animals, indicating that both TNF-a receptors are involved in
the TNF-a-mediated recruitment of inflammatory cells [7, 24].
However, the very high levels of sTNF-a R2 in BALF of CS-
exposed WT animals and the attenuated pulmonary inflam-
mation in CS-exposed TNF-a R2 KO mice suggest that the
TNF-a R2 is the most active receptor in the TNF-a-mediated
local inflammatory response in mice upon exposure to CS.
Whereas most of the biological effects induced by TNF-a have
been attributed to TNF-a R1, TNF-a R2 has been reported to
stimulate TNF-a-induced T-cell proliferation [33]. The present
observations of a reduced activation of T-lymphocytes in the

lungs of mice lacking TNF-a R2 and the high lymphocyte
numbers in BALF of TNF-a R1 KO mice, expressing
exclusively the TNF-a R2, further underline the importance
of the R2 receptor in T-cell proliferation.

Furthermore, the current authors demonstrated an impaired
accumulation of DCs, antigen-presenting cells originating from
monocyte precursors in the bone marrow [34, 35], in the
airways of CS-exposed TNF-a R2 KO mice, but not in TNF-a
R1 KO mice, emphasising the importance of TNF-a R2 in TNF-
a-mediated DC accumulation. A similar observation was made
by WANG et al. [36], who observed a reduced Langerhans cell
(antigen-presenting cell in the skin, belonging to the DC
family) migration in mice lacking TNF-a R2. TNF-a strongly
stimulates DC migration and maturation [37]. Interestingly,
TNF-a R2 is now being recognised as the major TNF-a receptor
type expressed by monocytes (precursors of DC) [38] and this
could explain the reduced influx of DCs in TNFa R2 KO mice
exposed to CS.
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FIGURE 7. Matrix metalloproteinase (MMP)-12 mRNA expression in lung

tissue of wild type (WT), tumour necrosis factor (TNF)-a receptor p55 (R1) knockout

(KO) and TNF-a receptor p75 (R2) KO mice after 4.5 months of cigarette smoke (&)

and air (h) exposure. RT-PCR results are expressed as a ratio of MMP-12 mRNA

with hypoxanthine guanine phosphoribosyl transferase (hprt) mRNA. Data are

presented as mean¡SEM. n58 mice per group. *: p,0.05.
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FIGURE 8. Effect of cigarette smoke (CS) exposure for 4.5 months on body

mass of wild type (WT), tumour necrosis factor (TNF)-a receptor p55 (R1) knockout

(KO) and TNF-a receptor p75 (R2) KO mice. a) Body mass kinetics. #: air-exposed

WT; $: CS-exposed WT; h: air-exposed TNF-a R1 KO; &: CS-exposed TNF-a R1

KO; n: air-exposed TNF-a R2 KO; m: CS-exposed TNF-a R2 KO. b) Percentage

body mass increase: relative increase in body mass after 4.5 months’ exposure to

air or CS compared with baseline body mass at the start of the experiment, i.e. at 8

weeks of age. h: air-exposed mice; &: CS-exposed mice. *: p,0.05; **: p,0.01.

TABLE 2 Final body mass after 3-, 4.5- or 6-month
exposure to air or cigarette smoke (CS) by the
different types of mice

Months

3 4.5 6

Air CS Air CS Air CS

WT 31.3¡0.3 27.9¡0.8* 32.3¡0.6 26.1¡0.4* 35.1¡0.4 28.9¡0.6*

TNF-a

R1 KO

30.1¡1.0 26.9¡0.6* 31.7¡0.5 27.1¡0.4* 36.9¡2.3 29.9¡0.3*

TNF-a

R2 KO

31.5¡0.7 30.0¡1.0 32.8¡0.9 30.0¡0.6 33.9¡1.9 32.5¡0.3

Data are presented as mean¡SEM. WT: wild type; TNF-a R1 KO: tumour

necrosis factor-a receptor p55 knockout mice; TNF-a R2 KO: : tumour necrosis

factor-a receptor p75 knockout mice. *: p,0.05 versus air-exposed mice.
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Emphysema is an important structural disorder in COPD
patients, characterised by destruction of the alveolar walls,
leading to the enlargement of airspaces. At 6 months, CS
exposure induced emphysema, as evidenced by an increase in
DI of 44.8% in WT mice, 33.1% in TNF-a R1 KO mice and only
1.8% in TNF-a R2 KO mice. These data indicate that both
receptors may contribute to emphysema, but the contribution
of TNF-a R2 is the most prominent. Several mechanisms might
explain why TNF-a R2 KO mice appear to be protected against
pulmonary emphysema after chronic CS exposure. First,
inflammatory cells might contribute to the development of
pulmonary emphysema, since they have the capacity to secrete
many elastolytic enzymes, such as neutrophil elastase (by
neutrophils) and MMP-12 (by macrophages and DCs) [31, 39,
40]. As discussed above, inflammatory cells in the airways of
CS-exposed TNF-a R2 KO animals were attenuated compared
with CS-exposed WT mice and this may result in decreased
amounts of proteolytic enzymes, thereby dampening any
ensuing lung tissue destruction. However, the CS-induced
expression of MMP-12 lung mRNA was similar in WT and
TNF-a R2 KO mice, indicating that inflammation, accompan-
ied by the release of proteolytic enzymes, can only partially
explain the protection of the TNF-a R2 KO mice against
emphysema. Secondly, it has been demonstrated that alveolar
wall apoptosis can cause emphysematous changes in mice as
well as in humans [30, 41]. Although there are several receptor-
mediated pathways of apoptosis, CS and oxidative stress
might engage apoptosis of alveolar epithelial cells by death
receptor pathways, including TNF-a receptor signalling [42].
Exposure to CS significantly increased the number of apoptotic
type II pneumocytes in WT mice, whereas the number of
apoptotic type II alveolar epithelial cells was only slightly
increased in TNF-a R1 KO mice and not affected at all in TNF-a
R2 KO mice. These results further underline the importance of
both TNF-a receptors in apoptosis. Moreover, the findings in
this murine model of COPD suggest a TNF-a R2-mediated
alveolar wall apoptosis, which may cause emphysema. Finally,
besides chronic inflammation and apoptosis, other mechan-
isms, such as oxidative stress that occurs when reactive oxygen
species (ROS) are produced in excess of antioxidantia, may
play important roles in the development of emphysema. CS
itself contains high concentrations of ROS, resulting in
amplification and activation of the inflammatory cells, which
also generate ROS leading to a vicious circle. Interestingly, a
recent study demonstrated that oxidative stress also regulates
apoptosis and this was independent of TNF-a R1 [43].

Although COPD is characterised by chronic inflammation of
the small airways, it is becoming clear that patients with COPD
also have systemic manifestations that are not reflected by
pulmonary function tests. Indeed, COPD can have many
diverse extrapulmonary effects, including osteoporosis, skel-
etal muscle wasting, nutritional abnormalities and weight loss
(cachexia) [44]. Moreover, the body mass index (BMI) appears
to be an independent risk factor of death in patients with
COPD, since there is an inverse relationship between BMI and
survival [45, 46]. The pathogenesis of weight loss in COPD is
incompletely understood, but several studies report a clear
correlation between weight loss and elevated TNF-a (cachec-
tin) levels in serum of patients with severe COPD [14]. TNF-a
R2 may be involved in the failure of weight gain in CS-exposed

mice, since the current authors observed similar increases in
weight in air- and CS- exposed TNF-a R2 KO mice, while a
failure of weight gain was observed in WT and TNF-a R1 KO
mice exposed to smoke. It is obvious that the smaller increases
in weight in WT and TNF-a R1 KO mice were already visible in
the first few weeks, while no emphysema has been observed
following exposure to CS for 1 month (current authors’
observations and [47]). In contrast to humans where weight
loss, which occurrs in a subgroup of patients who develop
severe COPD and emphysema, is a late phenomenon related to
systemic effects of the disease, the early alterations of body
weight in this mouse model of COPD seem to be due to an
acute effect of cigarette smoking. Several components of CS, in
particular nicotine, may be responsible for the lack of weight
gain in smoking mice [48]. Both skeletal muscle and adipose
tissue may be involved in weight loss of COPD patients and it
has been suggested that loss of skeletal muscle mass is the
main cause, whereas loss of fat mass contributes to a lesser
extent [49]. The current authors observed a similar weight of
the gastrocnemius in air- and CS- exposed TNF-a R2 KO mice,
while significant loss of muscle mass was observed in CS-
exposed WT and TNF-a R1 KO mice compared with their air-
exposed littermates (data not shown). These findings suggest
that the failure to gain weight is related to muscle wasting
(atrophy) in the mice exposed to CS. Further investigations are
needed to elucidate how the TNF-a receptors are involved in
muscle wasting of mice exposed to CS.

In conclusion, the present authors confirm the importance of
tumour necrosis factor-a in the pathogenesis of chronic
obstructive pulmonary disease. In addition, the current
findings in this murine model of chronic obstructive pulmon-
ary disease suggests that both tumour necrosis factor-a
receptors are involved in long-term cigarette smoke-induced
pulmonary inflammation and emphysema. Interestingly, the
contribution of tumour necrosis factor-a receptor p75 is the
most prominent. Moreover, the systemic effects of chronic
obstructive pulmonary disease, such as a failure to gain
weight, might also be mediated by tumour necrosis factor-a
receptor p75 signalling.
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