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Summary
Chronic obstructive pulmonary disease
(COPD) is one of the leading causes of death in
the developed world and associated with a high
individual and socioeconomic burden. Despite
emerging preventive efforts and ongoing clinical
trials, the frequency and mortality of COPD are
expected to continue to rise over the next
decades.
COPD is defined as an irreversible expiratory
airflow limitation, which is caused by various degrees of the following two main features: First,
small airway disease (SAD), which includes airway
inflammation and remodelling, and second, emphysema, which is characterised by airspace enlargement. The major risk factor for COPD is
cigarette smoke exposure; however, the molecular
mechanisms linking smoke to different COPD
features on the cellular level remain elusive.
The transforming growth factor (TGF)-β superfamily constitutes more than 40 members,
which are essential during organ development, a
process often recapitulated in chronic diseases.
Emerging interest in the role of TGF-β in the
pathogenesis of COPD has recently evolved, par-

ticularly since genetic studies have demonstrated
an association of gene polymorphisms of the
TGF-β superfamily with COPD. In addition, increased expression of TGF-β1 in COPD lungs
and primary cells, such as epithelial cells,
macrophages, or fibroblasts isolated from COPD
specimens, was reported, suggesting an impact of
TGF-β signalling on the development and progression of COPD. Thus, targeted interventions
of TGF-β signalling may represent a suitable
therapeutic option in COPD.
In this review, we will summarise the current
understanding of the impact of TGF-β in COPD
pathogenesis. The review is separated into five
chapters: 1) an introduction to COPD, 2) an introduction to TGF-β signalling, 3) a summary of
TGF-β gene polymorphisms in COPD, 4) a summary of TGF-β signalling in small airway disease,
and 5) a summary of TGF-β signalling in emphysema.
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COPD is the fourth leading cause of death in
the developed world, with continuously rising
prevalence and mortality [1]. COPD is expected
to surpass stroke as the third leading cause of
death in the next years and is associated with an
increasing socioeconomic burden [1, 2]. COPD is
characterised by irreversible expiratory airflow
limitation due to a range of pathological changes
in the lung, as well as extrapulmonary effects [3,
4]. The most important risk factor for COPD is
cigarette smoking. Other risk factors include occupational exposures, such as coal dust or air pol-

Abbreviations
BAL

Bronchoalveolar lavage

BODE Body mass index, airflow obstruction, dyspnoea,
exercise capacity index
COPD Chronic obstructive pulmonary disease
GOLD Global Initiative for Chronic Obstructive Lung Disease
LTBP

Latent transforming growth factor-beta binding protein

NETT National Emphysema Treatment Trial
SAD

Small airway disease

SNP

Single nucleotide polymorphism

TGF-β Transforming growth factor-beta

S W I S S M E D W K LY 2 0 0 9 ; 1 3 9 ( 3 9 – 4 0 ) : 5 5 4 – 5 6 3 · w w w . s m w . c h

lution, as well as airway hyperresponsiveness,
asthma, or genetic predisposition [5–9].
Different pulmonary features contribute to
the progressive airflow limitation in COPD,
which are small airways disease (SAD) and emphysema. SAD, also termed obstructive bronchiolitis, includes airway inflammation with increased mucous production, airway wall remodelling, and peribronchiolar fibrosis [10–12]. Emphysema is defined as destruction of the alveolar
architecture due to distal airspace enlargement [4,
13]. The degree of airflow limitation can be easily
assessed by spirometry [14–16]. The severity of
COPD is spirometrically classified according to
the Global Initiative for Chronic Obstructive
Lung Disease (GOLD) criteria using the ratio of
FEV1 / FVC (table 1) [4]. A second grading system includes the body mass index (B), airflow obstruction (O), dyspnoea (D), and exercise tolerance (E) (BODE) [17, 18].
Importantly, COPD has recently been recognised as a systemic disease with the following
manifestations: cardiovascular disease, diabetes,
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cancer, skeletal muscle dysfunction, or weight loss
[7, 19–22]. These are proposed to result from the
systemic effects of smoking and ongoing systemic
inflammation [23, 24]. Systemic inflammation in
COPD has been clearly demonstrated in past
years, assessed by increased oxidative stress [25,
26], activated inflammatory cells [27–30] or increased cytokine levels in the systemic circulation
[23, 31–33]. In light of these findings, it was recently proposed to include the term “chronic systemic inflammatory syndrome” to the diagnosis
of COPD [34].
Optimal therapeutic management of patients
suffering from COPD requires a multidisciplinary approach. Smoking cessation, pharmacological therapy with bronchodilators and glucocorticoids, long term oxygen therapy, pulmonary rehabilitation, and surgery are the corner stones of
COPD management, making COPD a preventable and treatable disease [4, 35, 36]. Nevertheless,
most therapeutic approaches exhibit only a limited impact on the progression and mortality of
this devastating disease [37].

Table 1

Stage

GOLD classification.

Stage I: mild

FEV1/FVC <0.70

FEV1 ≥80% predicted

Stage II: moderate

FEV1/FVC <0.70

50% ≤FEV1 <80% predicted

Stage III: severe

FEV1/FVC <0.70

30% ≤FEV1 <50% predicted

Stage IV: very severe

FEV1/FVC <0.70

FEV1 <30% predicted or FEV1 <50% predicted
plus chronic respiratory failure*

Lung function (post-bronchodilator FEV1)

* Respiratory failure: arterial partial pressure of oxygen (PaO2) <8.0 kPa (60 mm Hg) with or without
arterial partial pressure of CO2 (PaCO2) >6.7 kPa (50 mm Hg) while breathing air at sea level

Transforming growth factor-β
β signalling
The transforming growth factor (TGF)-β superfamily is critically involved in embryonic development, organogenesis, and tissue homeostasis
[38, 39]. TGF-β superfamily members act as multifunctional regulators of cell growth and differentiation. The TGF-β superfamily consists of
more than 40 members, these include activins, inhibins, bone morphogenetic proteins (BMP),
growth and differentiation factors, and TGF-βs
themselves. Three different TGF-β isoforms have
been characterised thus far: TGF-β1, TGF-β2,
and TGF-β3. All three isoforms are expressed in
the lung and exert distinct roles in lung development [40, 41]. In this respect, it is most likely that
all isoforms are also involved in chronic lung disease however, due to limited availability of appropriate tools, most studies have thus far focused on
TGF-β1. TGF-β1 is ubiquitously expressed and
secreted by several cell types, such as endothelial,
epithelial, and smooth muscle cells, as well as fibroblasts and most cells of the immune system.
TGF-β isoforms are synthesised intracellularly
in non-covalent association with the latency associated peptide (LAP). This complex is secreted

upon covalent linking to the latent TGF-β binding proteins (LTBP), thus providing a TGF-β
reservoir in the extracellular matrix [42]. For active signalling, TGF-β needs to dissociate from
the complex, a process which is highly regulated
and controlled by different mechanisms [43, 44]
(fig. 1). Several proteases, such as plasmin, thrombin, or matrix metalloproteinases, have been described to lead to a release of active TGF-β by degrading LAP. Furthermore, the extracellular matrix protein thrombospondin 1 has been reported
to activate TGF-β by inducing conformational
changes of LAP. In addition to soluble proteins,
integrins have been identified to play an important role in TGF-β activation [43, 44]. Integrins
are transmembrane proteins and bind to a specific
binding motif of the LAP (RGD sequence, integrin binding motif). In detail, it has been demonstrated that the avβ6 integrin is able to bind to the
complex, directly presenting active TGF-β to
TGF-β receptors [44]. Active TGF-β ligands bind
to the type II TGF-β receptor, which initiates the
formation of a heteromeric complex with type I
TGF-β receptors [activin-like kinase 1 or 5], sub-
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Figure 1
The TGF-β
β signalling pathway. TGF-β isoforms are secreted in a complex with the
latency associated peptide (LAP) and the latent TGF-β binding proteins (LTBP). TGF-β
activation is controlled by proteases e.g, thrombospondin 1 or integrins. Active TGF-β
ligands bind to TGF-β receptors, initiating the recruitment and phosphorylation of
SMAD2/3. The bone morphogenic protein (BMP) family of the TGF-β superfamily bind
to BMP receptors (BMPR), thereby activating SMAD 1/5/8. SMAD-independent pathways, such as mitogen-activated protein kinase (MAPK) pathway may interact with
classical TGF-β signalling. An example is shown, whereby the MAPK pathway activates
AP-1, which modulates (SMAD-induced) transcriptional activity (see text for further
details).

sequently leading to transphosphorylation of the
type I receptor by the constitutively active kinase
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of the type II receptor. Phosphorylation of the
type I receptor results in recruitment of specific
intracellular signals mediators, called Smad proteins (fig. 1) [39, 45]. The receptor-regulated
Smad2 or Smad3, in combination with the coSmad Smad4, positively regulate TGF-β-induced
effects, while the inhibitory Smads (Smad6 and
Smad7) negatively regulate TGF-β signalling.
Smad2 and Smad3 have been shown to be phosphorylated by the type I receptor, followed by
complex formation with Smad4 and, finally,
nuclear translocation and regulation of gene
transcription [46].
The bone morphogenic protein (BMP) family of the TGF-β superfamily exhibits similar
characteristics. BMP proteins bind to a heteromeric receptor complex of BMP receptors
(BMPR), thereby initiating intracellular signalling. BMPR activation leads to activation of
Smads 1, 5, and possibly 8 [47]. Furthermore, it
has to be pointed out that TGF-β may also signal
via Smad-independent pathways. A crosstalk between the mitogen-activated protein kinase
(MAPK) pathways and the TGF-β pathway may
potentiate, synergise, or even antagonise the
canonical TGF-β-Smad pathway [48] (fig. 1).
The purpose of this review is to summarise
the current knowledge of the impact of TGF-β
signalling on the development and progression of
COPD. We focused on the TGF-β signalling
pathway for the following reasons: first, recent
epidemiological studies have identified TGF-β
genes as a promising candidate genes in COPD,
and second, increased expression of TGF-β superfamily members, as well as active TGF-β signalling has been demonstrated in animal models
of COPD as well as in samples of COPD patients,
as outlined in detail in the following chapters.

β gene polymorphisms in COPD
Transforming growth factor-β
The genetic susceptibility to COPD was first
proposed almost 100 years ago [49]. Patients with
emphysema were reported to more likely have
parents with emphysema compared with unaffected individuals. In addition, only a minor proportion of heavy smokers develop severe airflow
obstruction, which further underlines the hereditary contribution on the development of COPD
[3, 50]. Smokers who develop COPD seem to be
genetically more susceptible to the deleterious effects of cigarette smoke than smokers who do not
develop COPD. Further evidence for a hereditary
contribution is α-1 antitrypsin deficiency, which is
a well-characterised genetic disease inherited in
an autosomal recessive pattern [51]. The α-1 antitrypsin acts as a serine protease inhibitor and
represents the major inhibitor of neutrophil elastase in the lung. Deficiency of this protein leads to

the development of emphysema at an early age
[51, 52].
In the last decade, two major strategies have
been used to identify gene mutations or polymorphisms contributing to the development of
COPD. The first approach, genome-wide linkage
analysis, involved unbiased scanning of the entire
human genome for disease-causing genes. In a
second approach, specific individual genes (“candidate genes”) were directly investigated for their
involvement in COPD. The genes selected for the
second approach were chosen because of recently
identified functional contributions that may play a
role in COPD pathogenesis. Multiple COPD
candidate gene associations were recently reported and, among others, TGF-β1 has been
identified as a promising candidate gene related to
COPD [6, 53] (table 2).
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Table 2

SNP ID

Locus

TGF-β1 gene single
nucleotide polymorphisms in COPD.

rs1800469

promotor C/T Celedon et al.

SNP significant association
Su et al.

rs2241712

exon1

COPD (case-control study)

Van Diemen et al. COPD (case-control study)

COPD (case-control study)

Yoon et al.

COPD (case-control study)

Yoon et al.

COPD (case-control study)

Lung function in emphysema patients

Hersh et al.

Dyspnoe, BODE index

Hersh et al.
rs1982073

no association

Ito et al.
promotor A/G Celedon et al.
T/C Wu et al.
Celedon et al.
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COPD (family based study)
Dyspnoe, BODE index
COPD (case-control study)

Van Diemen et al. COPD (case-control study)

COPD (case-control study)

Yoon et al.

COPD (case-control study)

Ito et al.

Lung function in emphysema patients

Hersh et al.

Dyspnoe, BODE index

rs2241718

3´UTR

C/T Celedon et al.

COPD (family based study)

Ito et al.

Emphysema vs smokers

rs6957

3´UTR

A/G Celedon et al.

COPD (family based study)

Ito et al.

Emphysema vs smokers

rs1982072

promotor A/T

Ito et al.

Emphysema vs smokers

rs2241716

intron2

G/A

rs4803455

intron2

A/C

Van Diemen et al. COPD (case-control study)

The first association of a TGF-β1 genotype
with increased susceptibility to COPD was reported in 2004 [54]. The single nucleotide polymorphism (SNP) T+869C (Leu10Pro) was found
to occur more frequently in control subjects than
in individuals with COPD. The SNP T+869C
(Leu10Pro) indicates that a single transition of
the nucleotide T to C at position 869 results in an
amino acid exchange from leucine to proline in
codon 10 of the first exon of the TGF-β1 gene
(reference SNP ID (rs)1982073). The proline allele at codon 10 has been shown to be associated
with higher serum TGF-β1 levels, and increased
TGF-β1 mRNA in peripheral blood mononuclear cells, which altogether suggested that TGFβ1 protected against the development of COPD.
In this study, the authors proposed that TGF-β1
signalling may prevent emphysema development
by inhibiting matrix metalloprotease (MMP)-mediated elastin degradation or promoting elastin
synthesis of elastin [54–56].
Subsequently, Celedon et al. reported a significant linkage between the TGF-β1 gene locus
on chromosome 19q and lung function, particularly FEV1, in former and current smokers in a
family-based study (Boston Early-Onset COPD
cohort) [57]. In these families, an association between three SNPs in or near the TGF-β1 gene
locus (rs2241712, rs2241718 and rs6957) with low
FEV1 was found. Notably, no association was
found with SNP rs1982073, which has been initially reported by Wu et al. [54]. In a case-control
study group in the same report, however, the association of SNP rs1982073 with COPD was
confirmed. In addition, the T-allele of SNP
rs1800469, which as been associated with phenotypes related to asthma, was inversely associated
with COPD in the case-control study group [57,
58]. The association of SNP rs1800469 with
COPD was further confirmed in a subsequent
Chinese COPD cohort. Here, the frequency of
the T-allele of SNP rs1800469 was significantly

higher in control subjects than in the COPD patients, along with an increased TGF-β1 production and higher circulating concentrations of
TGF-β1 [59]. This further supports a protective
role of TGF-β1 in COPD.
The above mentioned SNPs (rs2241712,
rs1800469 and rs1982073), however, were not associated with COPD in Koreans, underlining that
ethnic diversity has to be considered in COPD
susceptibility [60]. Furthermore, in a Dutch
COPD study, the SNPs rs1800469 and rs1982073
were not associated with COPD, while rs6957
was confirmed [61]. In 304 white participants in
the NETT Genetics Ancillary Study, the association of gene polymorphisms with functional
measurements, such as exercise tolerance and
symptom severity, was analysed [62]. The three
previously reported SNPs (rs1982073, rs1800469,
rs2241712) were associated with severe dyspnoea
and with an increased BODE index. In a Japanese
population, eight different TGF-β1 SNPs were
analysed in COPD patients with CT-documented
emphysema [63]. None of them was significantly
associated with emphysema; however, the frequency of one significant haplotype of all eight
SNPs was significantly higher in emphysema patients. In addition, two previously reported SNPs
(rs1800469 and rs1982073) were associated with
FEV1 in patients with emphysema [63].
Importantly, other members of the TGF-β
superfamily have also been reported to be associated with COPD. In the NETT Genetics Ancillary Study, latent TGF-β binding protein (LTBP)
4 gene SNPs were significantly associated with an
increase in exercise capacity [62].
Most recently, another TGF-β superfamily
member was identified in a genome-wide linkage
analysis study. An SNP in the type III TGF-β receptor (betaglycan) was found to be associated
with lung function in a family-based study. In a
case-control cohort, this SNP was associated with
low FEV1 and CT-documented emphysema [64].
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In summary, TGF-β1 clearly represents a
suitable candidate gene of COPD pathogenesis,
as polymorphisms in genes of TGF-β superfamily
members have been identified in different COPD
populations. At this point-in-time, however, the
results are, at least in part, inconsistent (table 2).
This may be due to several reasons: firstly, the frequency of an allele can vary in different ethnic
populations and different results can arise if the
background of the cases and controls differs; secondly, the aetiology of COPD is complex and
multiple genetic and environmental factors con-
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tribute to the disease, which may have been overlooked in the previous studies. Third, the heterogeneity and individual severity of COPD features,
and their complex diagnosis, may led to different
results. The later studies already considered this
heterogeneity of COPD and sought to differentiate between pathological and functional features
of COPD. In conclusion, further studies are
clearly needed, to elucidate the distinct role of genetic alterations of TGF-β superfamily members
in different COPD subtypes in detail.

TGF-β
β signalling in small airway disease
By definition, small airways exhibit a diameter
of ≤2 mm, which includes airways from the fourth
to the fourteenth generation of branching. The
term “small airway disease (SAD)”, also called obstructive bronchiolitis, includes 1) airway inflammation, as evidenced by occlusion of the airways,
inflammatory cell influx, and increased mucus
production, and 2) increased airway wall thickness
due to tissue remodelling and peribronchiolar
fibrosis [4, 11, 12, 65]. In general, TGF-β is
known to be a potent inducer of a) extracellular
matrix target genes, such as collagens, in fibroblasts and b) fibroblast proliferation and activation,
both key events in the fibrogenic process [66].
In the last decade, TGF-β has emerged as an important contributor to SAD due to the following
observations:
Several studies have reported an increased expression of TGF-β1 in the airway epithelium of
smokers, as well as in patients with chronic bronchitis or COPD [67–70]. TGF-β1 expression in
epithelial cells from patients with chronic bronchitis correlated with basal membrane thickness and
the number of peribronchiolar fibroblasts [68, 69].
Additionally, decreased expression of the inhibitory
Smad proteins 6 and 7 in bronchial biopsies of
COPD patients have been reported, further suggesting increased TGF-β signalling in COPD [71].
Increased TGF-β1, as well as type I and type II
TGF-β receptor, expression in the bronchiolar and
alveolar epithelium of COPD patients was correlated with the number of macrophages, and, notably, with clinical features, such as lung function
[72]. This was further supported by increased
TGF-β1 expression in airway epithelial cells from
COPD patients and smokers, which correlated
with peripheral airway obstruction and the burden
of cigarette smoking [70]. Enhanced TGF-β signalling was further confirmed by microarray studies. Here, genes involved in extracellular matrix
turnover, as well as TGF-β itself were found to be
up-regulated in COPD patients [73–75].
Kenyon and colleagues reported that intratracheal administration of recombinant TGF-β1
to mice resulted in increased airway wall collagen,
along with increased type I and III collagen gene

expression as well as total collagen content in distal airways in vivo, further supporting the idea that
TGF-β1 signalling leads to peribronchiolar collagen deposition and basal membrane thickening in
SAD [76]. Notably, the authors did not observe
any detectable inflammation after TGF-β1 instillation in vivo [76]. Increased expression of TGFβ1 and the type I and type II TGF-β receptors has
also been observed in alveolar macrophages of
COPD patients [72], however, others have reported decreased TGF-β1 expression in alveolar
macrophages of COPD patients compared with
smokers and non-smokers, pointing to a reduced
anti-inflammatory capacity, generally mediated by
TGF-β1 [77]. In addition, decreased expression of
the type II TGF-β receptor was observed in
bronchial glands of COPD patients, which may be
responsible for enhanced mucus production in
COPD patients [78]. Altogether, these data support the idea that increased TGF-β1, mainly secreted by airway epithelial cells, contributes to the
development of SAD. In this regard, the different
susceptibility of specific cell types, such as peribronchiolar fibroblasts, macrophages, or gland
cells, which further modulate these processes,
needs to be emphasised.
Other studies have focused on the direct effect of cigarette smoke exposure on TGF-β signalling. Interestingly, gene expression studies in
human bronchial epithelial cells exposed to cigarette smoke in vitro did not reveal a prominent
increase in TGF-β signalling, but rather a downregulation of the TGF-β pathway [79–81]. In contrast, tracheal explants that were exposed to cigarette smoke in vitro exhibited enhanced active
TGF-β signalling [82]. This was further corroborated in an in vivo model, in which mice exposed
to cigarette smoke exhibited enhanced pro-fibrotic TGF-β signalling in small airways [83]. In
addition, it has been shown that cigarette smoke
activates TGF-β1 in lung fibroblast cultures [84].
In turn, although diverse evidence has been
described, these data largely emphasise a role of
active TGF-β signalling in tissue remodelling and
fibrosis that is possibly induced by cigarette
smoke exposure.
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b signalling in emphysema
TGF-b
Emphysema is characterised by rarefaction
of alveolar walls, most likely resulting from a reduced capacity of the peripheral lung to repair the
cigarette smoke-induced loss of parenchymal tissue [13, 85]. Matrix metalloproteinases (MMP)
and their inhibitors, the tissue inhibitors of metalloproteinases (TIMP), which regulate extracellular matrix homeostasis, have been implicated in
cigarette smoke-induced pulmonary emphysema
[86–88]. While increased TGF-β signalling
clearly triggers the development of SAD, the impact of TGF-β signalling on the development of
emphysema seems to be opposite of what is observed in SAD. In emphysema, decreased TGF-β
signalling may lead to increased MMP expression
and subsequent extracellular matrix degradation,
which may contribute to existing genetic or acquired susceptibility to emphysema [89, 90].
The expression of MMP2 and MMP9 (gelatinase A and B, respectively), as well as MMP12
(macrophage elastase), is markedly increased in
COPD patients and smokers, as well as in several
animal models associated with emphysematic
changes [91–97]. Importantly, MMP12 knock-out
(KO) mice are protected from smoke-induced
emphysema [98]. Along these lines, TIMP3 KO
mice develop progressive airspace enlargement,
emphasising the significance of a balanced
MMP/TIMP expression within the local tissue
microenvironment of the lung [99, 100]. TGF-β
is an important regulator of MMP expression
[12]. TGF-β inhibits MMP9 and MMP12 expression in alveolar macrophages and monocytes
[101–103]. Mice lacking the β6 subunit of the
βvβ6 integrin (Itgb6-), which mediates TGF-β
activation, exhibited decreased TGF-β signalling
along with increased expression of MMP12 in
alveolar macrophages [90, 104]. These mice spontaneously developed emphysema over time, which
was similar to the course of emphysema commonly observed in humans [90]. This is an important difference to the findings observed in mice
overexpressing interferon-γ or tumour necrosis
factor-α, which demonstrated more severe and
rapidly progressive emphysema [105, 106]. Increased MMP12 expression was inhibited by the
expression of constitutively active TGF-β in
Itgb6- mice. Overall these findings emphasise an
important role of the TGF-β -MMP axis in
human emphysema development.
Further evidence that the availability and activation of extracellular TGF-β is crucial in emphysema development, was provided by studies
investigating the loss of latent TGF-β binding
proteins. Latent TGF-β binding protein (LTBP)
3 KO mice exhibited decreased septation in terminal alveoli along with a transient decrease in
TGF-β signalling during lung development postnatally [107]. Mice deleted of LTBP4 expression
also developed severe pulmonary emphysema,

cardiomyopathy, and colorectal cancer 4 to 32
weeks postnatally [108]. Similarly to LTBP3 KO
mice, LTBP4 KO mice presented reduced TGF-β
deposition in the extracellular space. Taken together, both studies underline the role of LTBP as
a local regulator of TGF-β signalling and a potential target in emphysema development. Furthermore, posttranslational modifications of
TGF-β receptors have been implicated in emphysema development. Mice deficient of α1,6-fucosyltransferase (Fut8) exhibited altered TGF-β signalling and revealed an emphysema-like phenotype with marked overexpression of MMP12 and
MMP13 [109]. With respect to these studies investigating TGF-β superfamily members, it has to
be pointed out that the role of other important
mediators, such as BMP or activins, as well as the
relevance of MAPK and TGF-β pathway interaction, in particular with respect to COPD, are
clearly needed to achieve a more comprehensive
picture about the distinct role of TGF-β superfamily signalling in this disease.
The direct involvement of decreased TGF-β
signalling in emphysema development was also
underlined in a recent study demonstrating that
Smad3 KO mice spontaneously developed increased airspace enlargement, along with increased MMP9 and MMP12 levels in the bronchoalveolar lavage fluid [110, 111]. Interestingly,
Smad3 is required for TGF-β-mediated inhibition of MMP12 expression in alveolar
macrophages. Consistently, these findings suggest
that Smad3 is also important in TGF-β1-mediated MMP9 inhibition. Furthermore, a different
Smad3 KO mouse line exhibited altered lung
alveolarisation, which resulted from reduced peripheral lung cell proliferation during lung development [112, 113].
The impact of decreased TGF-β signalling in
emphysema is further substantiated by observations that increased TGF-β signalling in the lung
contribute to the development of pulmonary fibrosis [114]. Interestingly, it has been reported
that TGF-β overexpression during lung development leads to bronchopulmonary dysplasia, a
disease characterised by varying sized areas of interstitial fibrosis as well as areas with enlarged
alveolar spaces [111, 115, 116]. Most recently, a
distinct phenotype of combined pulmonary fibrosis and emphysema has been also described in humans, mainly in male smokers. This further highlights that the distinct cellular susceptibility and
response to an identical injury can vary tremendously [117]. In addition, pathological changes
with both emphysema and fibrosis have been reported in a mice overexpressing tumor necrosis
factor-α [118]. The role of TGF-β, however, in
both the human as well as the experimental
model, has not been investigated yet.
In vitro studies, using rat tracheal explants ex-
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posed to cigarette smoke, reported ongoing profibrotic mediator expression, such as TGF-β, in
small airways, but not in the surrounded
parenchyma [119]. Importantly, these findings
suggest that the parenchyma fails to repair
smoke-induce matrix damage, whereas small airways show a fibrotic response during disease progression. In addition, in an alveolar epithelial cell
line, cigarette smoke induced TGF-β expression,
which further led to growth inhibition, thus
revealing another possible pathomechanism involved in parenchymal tissue destruction in
COPD [120, 121].
Recent studies also focused on TGF-β signalling in human emphysema specimen. It has
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been shown that interstitial fibroblasts from
COPD patients with emphysema released more
TGF-β compared with control fibroblasts [84,
122]. Most interestingly, the baseline expression
of active intracellular TGF-β mediators, such as
phosphorylated Smad3, was reduced, whereas the
inhibitory Smads were increased. Consistently,
the response of COPD fibroblasts to TGF-β1 was
reduced [122]. These findings further highlight
differences in cell-specific susceptibility to TGFβ signalling. Fibroblasts from COPD patients
may have reduced capacity to activate repair
processes, which subsequently contribute to emphysema development.

Conclusion
As outlined in this review, emerging interest
in the role of TGF-β in the pathogenesis of
COPD has recently evolved. Genetic association
studies have largely provided evidence that TGFβ1 is a suitable candidate gene in COPD. Future
studies that take into account the pathological and
functional heterogeneity of COPD will undoubtedly further elucidate the distinct role of genetic
alterations within the TGF-β superfamily with respect to different COPD subtypes.
In line with these genetic associations, altered
TGF-β signalling has been clearly documented in
a number of studies that have investigated pathogenetic mechanisms leading to COPD. The major
risk factor for COPD, cigarette smoke, as well as
concomitant smoke-induced inflammation has
been shown to induce TGF-β production and release. Most importantly, TGF-β acts in a spatiotemporal manner in the lung, in particular relating to the two main features of COPD: small airway disease (SAD), including airway inflammation
and remodelling, and emphysema, characterised
by airspace enlargement. Intriguingly, the impact
of TGF-β signalling on the development of SAD
appears to be the opposite of what is observed in
emphysema. While increased TGF-β signalling
triggers the development of SAD, decreased
TGF-β signalling seems to mediate parenchymal
tissue destruction in emphysema. These diverse
effects of TGF-β signalling observed thus far are
critically determined by the cellular susceptibility
to TGF-β signalling, which varies in different cellular compartments and types. This spatiotempo-

ral diversity of TGF-β signalling, combined with
varying cellular susceptibilities to TGF-β, may
well underlie the heterogeneous pathology seen in
COPD, and will challenge our innovative potential for targeted therapy of this disease in future
studies. In this respect, several thoughts need to
be taken into account: first and foremost, we
clearly need a more comprehensive analysis of
TGF-β signalling in COPD, including in particular the cell-specific expression pattern of signalling receptors and intracellular targets genes.
This will allow the development of more specific,
target-oriented therapies against distinct downstream signalling molecules. Second, the development of novel localised therapeutic delivery
options is clearly needed to then facilitate compartment- or cell-type specific therapies against
TGF-β signalling components.
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