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Abstract

Pulmonary fibrosis, lung cancer and chronic obstructive pulmonary disease (COPD) are severe
diseases and common death causes worldwide. Due to the lack of an effective therapy, the
investigation of cell biological mechanisms behind these diseases is essential. 

An activation of stromal cells, including myofibroblasts, is a main feature found in the
pathogenesis of lung diseases. Myofibroblasts express alpha-smooth muscle actin (α-SMA), have
specific ultrastructure, produce extracellular matrix proteins and possess contractile capacity.
Detailed structure and function of myofibroblasts and their roles in healthy and diseased lung are
not yet wholly understood. The investigation of the myofibroblasts may further offer novel tools
for the acquisition of proper diagnosis, prognosis and medical treatment. 

The study aimed to characterize the ultrastructural, functional and disease-specific features of
stromal cells, particularly myofibroblasts, in interstitial and malignant lung diseases. The
functional properties evaluated here were differentiation, invasive and contractile properties. The
study material included in vitro stromal cells cultured from bronchoalveolar lavage (BAL) fluids.
The appearance and location of myofibroblasts in different lung compartments of non-smokers
and the COPD-patients were examined in vivo. The cells were investigated by light and electron
microscopy. The α-SMA expression was analysed by gene or protein assays. 

The study demonstrated that stromal cells could be cultured from diagnostic BAL fluid
samples and lung tissues. Cultured cells were a mixture of fibroblasts and myofibroblasts. A small
proportion of cells exhibited progenitor-like features. Myofibroblasts revealed differential
features in electron microscopy and invasive or contractile assays. When studying tissues from
healthy and COPD lungs, myofibroblasts were located both in alveoli and airways. In alveoli
myofibroblasts localized in widened alveolar tips which were newly described structures and
locations of myofibroblasts in healthy and diseased lung. The amount of myofibroblasts in large
airways, but not in peripheral lung, was increased in COPD. We concluded that myofibroblasts
have several locations in normal and COPD lung, which suggests a function both in pulmonary
regeneration and the pathogenesis of COPD. Smoking altered the phenotype of myofibroblasts
regardless of its origin. 

Keywords: actins, bronchoalveolar lavage fluid, cell culture techniques, chronic
obstructive pulmonary disease, differentiation, electron microscopy, interstitial lung
diseases, lung neoplasms, pulmonary fibrosis, smoking
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Tiivistelmä

Keuhkofibroosi, keuhkosyöpä ja keuhkoahtaumatauti (COPD) ovat kansallisesti ja maailmanlaa-
juisesti yleisiä ja kuolemaan johtavia sairauksia. Taudinmääritys ja hoito ovat vaativia, eikä kai-
kille potilaille ole parantavaa hoitoa. Keuhkosairauksien kaikkia solubiologisia mekanismeja ei
vielä tunneta, mikä on yksi syy lääkekehityksen ongelmiin. 

Interstitiaaleissa ja pahanlaatuisissa keuhkosairauksissa esiintyy paljon aktiivisia sidekudos-
soluja, kuten muuntuneita fibroblasteja eli myofibroblasteja. Ne tunnistetaan hienorakenteesta,
jota voidaan tutkia elektronimikroskoopilla. Myofibroblastit ilmentävät myös solun sisäistä sile-
än lihaksen alfa-aktiinia (α-SMA), tuottavat sidekudoksen proteiineja ja kykenevät supistu-
maan. Myofibroblastien hienorakenteen ja toiminnan selvittäminen voi antaa lisätietoa keuhkos-
airauksien syntymekanismeista, jolloin diagnostiikkaa, ennustetta sekä hoitoja voidaan arvioida
paremmin. 

Väitöskirjassa selvitettiin myofibroblastien hienorakennetta ja toimintaa eri keuhkosairauk-
sissa. Tutkitut toiminnalliset ominaisuudet olivat erilaistumispotentiaali, invasiivisuus ja supistu-
miskyky. Sairauksien kliinistä käyttäytymistä ja potilaiden tupakointitottumuksia tarkasteltiin
suhteessa solubiologiatason havaintoihin. Tutkimusmateriaali kerättiin taudinmäärityksen yhtey-
dessä interstitiaalisia keuhkosairauksia, keuhkoahtaumatautia tai keuhkosyöpää sairastavilta
potilailta. 

Tulosten mukaan bronkoalveolaarihuuhtelunesteestä (BAL) ja keuhkokudospaloista voidaan
soluviljelymenetelmin kasvattaa ja ylläpitää solulinjoja. Viljellyt solut muodostivat sekasolupo-
pulaatiota, joissa esiintyi pääosin fibroblasteja ja vaihteleva osuus myofibroblasteja. Pieni osa
soluista ilmensi kantasoluille tyypillisiä piirteitä. Myofibroblastien tyyppipiirteet ja toiminnalli-
set ominaisuudet vaihtelivat taudeittain. Kudoksessa myofibroblasteja ilmentyi sekä keuhkorak-
kuloissa että ilmateissä. Keuhkorakkulatasolla myofibroblastit sijoittuivat irrallisten alveolisei-
nämien laajentuneisiin päihin, joita ei ole aiemmin tutkittu tieteellisessä kirjallisuudessa myofib-
roblastien yhteydessä. Keuhkoahtaumatauti ja tupakointi vähensivät näiden rakenteiden määrää
perifeerisessä keuhkossa, kun taas suurissa ilmateissä keuhkoahtaumatauti lisäsi myofibroblaste-
ja. Päättelimme, että myofibroblastit edistävät keuhkoahtaumataudin syntyä isoissa ilmateissä,
mutta saattavat osallistua keuhkojen korjaukseen keuhkorakkuloissa ja pienissä ilmateissä. 

Asiasanat: ahtauttava keuhkosairaus, aktiinit, bronkoalveolaarihuuhteluneste,
elektronimikroskopia, erilaistuminen, fibroblastit, interstitiaaliset keuhkosairaudet,
keuhkofibroosi, keuhkokasvaimet, soluviljelymenetelmät, tupakointi
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1 Introduction 

In addition to their essential function in respiration, the lungs serve as a filter 

between man and the environment. They are the primary target of environmental 

stress such as chemicals, pollutants and xenobiotics. Fibrotic and chronic lung 

diseases as well as lung cancer are common causes of death leading to an 

enormous socio-economic burden nationally and worldwide. At the moment, 

there is no curable therapy against most of these lung diseases. So far, the 

pathogenesis of lung diseases is not yet fully understood, which hinders the 

development of effective therapies. 

Fibroblasts are the most abundant mesenchymal cell type in the healthy lung. 

The transformation of conventional fibroblasts into active myofibroblasts is a 

result of failed epithelial-stromal interactions. The discovery of myofibroblast cell 

type has brought new information on the biological mechanisms related to wound 

healing, fibrotic and chronic diseases and stromal reaction of carcinomas. 

Myofibroblasts are observed to be effector cells in the pathogenesis and tissue 

regeneration in different organs. However, the ultrastructural and functional 

properties of the myofibroblasts are not yet fully characterized.  

Myofibroblasts are transiently observed in normal healing wound whereas 

pathological conditions, such as carcinoma and fibrosis are characterized by the 

persistent presence of myofibroblasts. In fibrosis myofibroblasts are known to 

synthesize and remodel extracellular matrix (ECM), thus affecting the behaviour 

of epithelial and stromal cells. A myofibroblast can be accurately examined at a 

high magnification by using an electron microscope and focusing on specific 

ultrastructural features and expression of alpha-smooth muscle actin (α-SMA). 

The surface of the myofibroblast contains a structure called fibronexus (FNX) 

that is made up of intracellular actin and extracellular fibronectin (Fn) in parallel 

fashion. The FNX participates in cell-cell-interactions, junctions to intracellular 

contracting elements and myofibroblastic maturation and differentiation. 

The aim of the present study was to increase the understanding of the 

pathogenesis of fibrotic and interstitial lung diseases as well as lung cancer. 

Persistence of myofibroblasts is closely linked to the pathogenesis of several lung 

diseases. Thus, we aimed to clarify the definition of pulmonary myofibroblast 

with emphasis on ultrastructure and functional properties. The features of 

myofibroblasts were examined both in in vitro cultured lung stromal cell 

populations and in vivo lung tissues by light and electron microscopy. Cells were 

cultured from diagnostic bronchoalveolar lavage (BAL) fluid samples and lung 
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tissues. The study focused on semi-quantitative analyses of ultrastructural 

myofibroblastic features examined by transmission electron microscopy (TEM), 

ultrastructural localization of α-SMA, a myofibroblast marker, in individual 

myofibroblasts studied by immunoelectron microscopy (IEM) and quantification 

of α-SMA expression by quantitative real-time reverse transcriptase polymerase 

chain reaction (qRT-PCR) and Western analysis. Functional properties such as 

differentiation potential, invasion and contraction of fibroblasts and 

myofibroblasts were analysed by cell culture-based assays. The present study 

gave more information about myofibroblasts and fibroblasts, which were derived 

from normal and fibrotic human lungs as well as lung cancer, and also offered 

novel tools for culturing and characterizing pulmonary stromal cells. We 

concluded that myofibroblasts in different types of lung diseases had diverse 

molecular composition, distinct ultrastructural features and functional properties. 

Cell culture and electron microscopy for investigating pulmonary myofibroblasts 

enable characterization of cells for prognostic and therapeutic applications, and 

may be useful for planning of personalized drug therapy in the future.  
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2 Review of the literature 

2.1 Human lung and pulmonary cells  

The human respiratory system consists of the trachea, large airways, i.e. bronchi, 

small airways, i.e. bronchioles, and alveolar parenchyma (Fig. 1A). Large airways 

are made up of respiratory epithelium, i.e. pseudostratified columnar epithelium 

that contains ciliated cells, goblet cells and basal epithelial cells (Dunnill et al. 

1969, Mccarthy & Reid 1964). Basal cells, which lie on the basement membrane, 

are precursors of ciliated and goblet cells (Barrett et al. 1976, Hong et al. 2004). 

Connective tissue beneath the respiratory epithelium is organized into histological 

layers of mucosa, smooth muscle, submucosa, cartilage and adventitia 

(Bedrossian et al. 1971, Monforte-Munoz & Walls 2004). Connective tissue is 

composed of permanent residents such as fibroblasts, macrophages, adipocytes, 

mast cells and undifferentiated mesenchymal cells, and also migrating cell 

populations such as inflammatory cells (reviewed by Tomashefski & Farver 2008). 

Small airways are made up of epithelium and a narrower layer of connective 

tissue without cartilage and glands. Larger bronchioles are coved by a simple 

ciliated columnar epithelium that is changed to a simple cuboidal epithelium in 

terminal bronchioles. Goblet cells and non-ciliated Clara cells responsible for the 

maintenance of the mucous pool and extracellular lining fluid are major cell types 

in bronchioles (reviewed by Kuhn & Oldmixon 1990, Lumsden et al. 1984, 

reviewed by Tomashefski & Farver 2008). Terminal bronchioles branch further 

into respiratory bronchioles that terminate in alveolar ducts and sacs where 

O2/CO2 exchange occurs (Berend et al. 1991, Whimster 1970). Type I and II 

pneumocytes, i.e. alveolar epithelial type I (AT I) and II (AT II) cells, are 

responsible for the structure of alveolar walls (Fig. 1B). AT I cells are thin 

squamous epithelial cells covering 95% of alveolar surface. AT II are cuboidal 

epithelial cells which cover 5% of the alveolar wall. Their function is to produce 

the majority of phospholipid compounds, i.e. surfactants, which reduce surface 

tension at the air-alveolar interface in order to eliminate alveolar collapse 

(reviewed by Akella & Deshpande 2013, Buckingham et al. 1966, Karrer 1956).  
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Fig. 1. Structure of the lungs. A) The hierarchical respiratory tree consists of trachea, 

large airways, i.e. bronchi, small airways, i.e. bronchioles and alveoli. B) The 

histological layers in different lung compartments are composed of various types of 

epithelial and stromal cells. Adapted from the textbook (Laitinen & Laitinen 2005: 24, 

31) 

2.1.1 The interstitium of the lung  

Lung interstitium is responsible for tissue integrity and allows flexible change in 

lung volume during respiration (Garusi et al. 1964, reviewed by Kuhn & 

Oldmixon 1990, Miller 1906). Connective tissue is the most abundant structure in 
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lungs covering the tissue space around the alveoli and airways (Kapanci et al. 

1974, Reid 1959). It is composed of resident fibroblasts, myofibroblasts, 

macrophages, adipocytes, mast cells and mesenchymal stem cells (MSC) 

(reviewed by Kuhn & Oldmixon 1990). Fibroblasts and myofibroblasts are the 

key cells responsible for the production, maintenance and repair of ECM (Paakko 

et al. 2000, Richards et al. 1974, Takusagawa et al. 1986). Hence, defects in 

fibroblast repair functions, regional heterogeneity of fibroblasts and activation of 

myofibroblasts contribute to the pathogenesis of fibrotic and interstitial lung 

diseases as well as lung cancer (Kotaru et al. 2006, Uhal et al. 1998, Wang et al. 

1999). 

Macrophages are active and prominent cells located in different lung 

compartments. The majority of lung-resident macrophages are alveolar 

macrophages responsible for the defences against respiratory infections, toxins 

and carcinogens (reviewed by Gordon & Read 2002, Hoppstadter et al. 2010, 

Karrer 1958, Klaus et al. 1962). 

Extracellular matrix proteins 

Collagens, glycoproteins, elastin fibres and fibrillin are the main structural ECM 

components in lung interstitium (Hance et al. 1976, Horwitz & Crystal 1975, 

Robbesom et al. 2008). Human lung fibroblasts and myofibroblasts have been 

observed to produce type I and III collagens (Hance et al. 1976, Harju et al. 2010). 

Particularly tissue repair and granulation tissue are characterized by a high 

content of type III collagen and appearance of myofibroblasts. During wound 

healing, myofibroblasts disappear and type III collagen is substituted by type I 

(Gabbiani et al. 1976). Collagen type IV is one structural component of basement 

membrane in lungs. Type V collagen is diffusely distributed in the lung 

interstitium and binds fibrillar collagen fibres forming collagen networks 

(Konomi et al. 1984). 

Tenascin-C (Tn-C, previously cytotactin), is an ECM glycoprotein that is 

widely expressed during embryogenesis (Crossin et al. 1986) but is diminished in 

normal adult tissues (reviewed by Midwood et al. 2011). Its expression is induced 

during tissue injury and wound healing (Chuong & Chen 1991). 

Elastic fibres composed of polymerized tropoelastin provide physical 

flexibility and strength against respiratory recoil. They are observed in all lung 

structures including alveoli, alveolar ducts, airways, vessels and pleura. The most 

prominent expression of elastin occurs during organogenesis but fibrotic lung 
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diseases are characterized by the excess synthesis of elastin. Emphysema, in 

contrast, is a disease in which considerable elastin loss causes a destruction of 

alveoli. The degree of elastin degradation can be monitored by measuring the 

concentration of elastin cross-links, desmosine and isodesmosine in plasma, BAL 

fluid and urine (Ma et al. 2013, reviewed by Turino et al. 2011). Fibrillin is 

produced by fibroblasts, and is co-localized with elastin. It is a scaffold protein 

enabling the formation and maintance of elastic fibers network (reviewed by 

Jensen et al. 2012). Abnormal expression of fibrillin-1 is associated with 

destructive morphological features of emphysema and increased expression of 

transforming growth factor-β1 (TGF-β1) in human lung (Koenders et al. 2009, 

Robbesom et al. 2008). Lung biopsy samples from the patients with idiopathic 

pulmonary fibrosis (IPF) have been observed to express fibrillin-2 in fibroblast 

foci (FF) whereas in normal lung it is only seen in smooth muscle cells of blood 

vessels (Lepparanta et al. 2012). 

2.2 Interstitial lung diseases 

Interstitial lung diseases (ILDs), i.e. diffuse parenchymal lung diseases, are a 

large and heterogeneous group of non-neoplastic lung disorders with variable 

origin and varying prognosis. The majority of ILDs are fibrotic lung diseases. 

According to aethiology ILDs are divided into disorders of known causes, e.g. 

collagen vascular disease, environmental, occupational or drug-related ILDs and 

idiopathic diseases with an unknown cause of which idiopathic interstitial 

pneumonias (IIPs) and granulomatous lung disorders, e.g. sarcoidosis, are two 

main subgroups (reviewed by Travis et al. 2013b). 

When studied by clinical, radiological and histological methods, one can 

distuiguish seven major entities of IIPs: IPF, idiopathic non-specific interstitial 

pneumonia (NSIP), cryptogenic organizing pneumonia (COP), acute interstitial 

pneumonia (AIP), respiratory bronchiolitis-associated interstitial lung disease 

(RB-ILD), desquamative interstitial pneumonia (DIP), and lymphoid interstitial 

pneumonia (LIP). In addition, there are two rare types of IIPs (reviewed by Travis 

et al. 2013b). The most crucial purpose of the diagnostics of IIPs is to distinct IPF 

from the other IIPs because IPF has no response to currently available therapies 

while other IIPs may benefit from treatment at an early stage (reviewed by ATS & 

ERS 2002, reviewed by Kaarteenaho et al. 2011). 
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2.2.1 Idiopathic pulmonary fibrosis 

The most common IIP is IPF, histopathologically defined as usual interstitial 

pneumonia (UIP), which is a fatal fibrosing disease of unknown origin (reviewed 

by Kaarteenaho et al. 2011, reviewed by Raghu et al. 2011). The incidence of IPF 

is not as common as that of lung cancer or COPD, but it shares similar features 

with lung cancer having poor prognosis and high mortality (reviewed by Vancheri 

et al. 2010). The prevalence of IPF is approximately 16–18 per 100000 in the 

Finnish population (Hodgson et al. 2002) but incidence and prevalence are highly 

variable in different countries (reviewed by Kaunisto et al. 2013). There is also 

evidence that the mortality rate of IPF increased in the United States during the 

1990s (Olson et al. 2007). 

IPF is clinically characterized by progressive worsening of breathing 

symptoms and dyspnoea (reviewed by Raghu et al. 2011). It primarily occurs in 

older adults aged 50–60 years and displays a poor prognosis; 3- and 5-year 

mortality rates are approximately 50% and 80%, respectively (Martinez et al. 

2005, reviewed by Walter et al. 2006). The vast majority (90%) of IPF cases are 

assessed by non-invasive methods where lungs are scanned by high resolution 

computed tomography (HRCT). The course of IPF is highly individual, and 

prognosis is thus difficult to predict due to the lack of reliable biomarkers 

reflecting the current stage of disease (reviewed by Kaarteenaho 2013, reviewed 

by Kaarteenaho & Kinnula 2013, reviewed by Kaarteenaho et al. 2011). Recently 

Moeller et al. (2009) have stated that fibrocytes may reflect the activity of 

fibrogenesis and disease. They suggested that circulating fibrocytes act as an 

indicator for poor prognosis of IPF. The patients with more than 5% fibrocytes in 

blood samples showed a lower survival. Studied by flowcytometry, the number of 

CD45 and collagen I positive circulating fibrocytes in patients with stable IPF 

was three-fold higher than in normal fibroblasts. A striking peak in fibrocyte 

count was detected during an acute exacerbation of IPF. In the patients who 

recovered from exacerbation the amount of fibrocytes was normalized to basic 

level.  

IPF has a characteristic histological pattern showing fibrotic lesions that are 

composed of focal fibroblastic cell clusters, i.e. FF, in which proliferation of 

fibroblasts, differentiation of myofibroblasts and accumulation of newly formed 

matrix occur. Myofibroblasts and the synthesis of collagen I, Tn-C and Fn occur 

particularly in these structures (Kaarteenaho-Wiik et al. 1996, Kuhn & McDonald 

1991, Tiitto et al. 2006, Torry et al. 1994). Proliferation activity of FF is low in 
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advanced UIP. It has been considered that transcription factor GATA-6 might be a 

marker of quiescent myofibroblasts in FF of IPF/UIP tissue samples. Cell culture 

studies showed that GATA-6 mediated the profibrotic effects of TGF-β1 both in 

lung fibroblasts and epithelial cells by inducing α-SMA expression and EMT 

(Lepparanta et al. 2010). 

The development of pulmonary fibrosis 

The fibrotic process in IPF begins from upper lung lobes proceeding towards 

alveoli. Alterations in pulmonary structure and function are clinically 

characterized by radiographic and histological studies, i.e. presence of fibrotic 

lesions, abnormal pleural thickening, dilated bronchi and alveolar honeycombing 

(reviewed by Raghu et al. 2011). Finally, lung parenchyma undergoes dense end-

stage fibrotic changes whereupon pulmonary characteristics become 

unrecognizable (Katzenstein 1985, Katzenstein et al. 2002, Kuhn & McDonald 

1991). The current hypothesis is that the cellular mechanism of pulmonary 

fibrosis mimics uncontrolled wound healing. It is initiated by epithelial injury 

which is caused by inflammation, infection of viruses or exposure to pollutants 

(reviewed by Loomis-King et al. 2013). Unhealed injury is followed by the 

persistent accumulation of stromal cells and ECM proteins within the lung 

interstitium (Fig. 2) (Katzenstein 1985, Myers & Katzenstein 1988, reviewed by 

Steele & Schwartz 2013). Moreover, the airspaces, peripheral airways and vessels 

are frequently affected (reviewed by Cushley et al. 1999). Fibrosis is a result of a 

chain reaction where the loss of normal lung epithelium, at first, induces an 

accumulation of inflammatory cells. Injury of AT I cells causes the hyperplasia of 

AT II cells. Cytokines produced by inflammatory cells, in turn, promote fibroblast 

proliferation and activation of myofibroblasts that synthesize an increasing 

amount of ECM (Fireman et al. 2001, Uhal et al. 1995, Uhal et al. 1998,  Zhang 

et al. 1994). Inflammation is occurred at the early stage of IPF with conjuction of 

epithelial injury but the progressed disease is characterized by less inflammation 

(reviewed by Bringardner et al. 2008). 

Intra-alveolar fibrosis is a typical feature in early stage of IPF. In 

immunohistochemistry, it is demonstrated by the presence of the mesenchymal 

cells expressing integrin α5β1 and vinculin. An excess of Fn is observed as an 

extracellular accumulation. Electron microscopic investigations have revealed 

that early loose fibrotic buds are composed of myofibroblasts and a variety of 
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ECM components such as proteoglycans, elastin and collagen fibres (Fukuda et al. 

1995). 

 

 

Fig. 2. The development of lung fibrosis. Pulmonary fibrosis is characterized by the 

loss of alveolar epithelial architecture and dysfunction of alveolar epithelial cells (B) 

which attract numbers of inflammatory cells. The action of cytokines produced by 

inflammatory cells leads to fibroblast proliferation (C) and persistent activation of 

stromal myofibroblasts (D). A fibrosis is embodied by a deposition of ECM proteins 

synthesized by myofibroblasts (E). Modified from the review by Loomis-King et al. 

2013. 

There is increasing evidence that genetic background predisposes individuals to 

familial interstitial pneumonia (FIP) which occurs when two or more family 

members suffer from IIPs. 20% of IPF cases are caused by genetic defects 

(reviewed by Kropski et al. 2013). The family history was recently considered to 

be the major risk factor of IPF when family history and co-morbidities of 100 

IPF-patients were compared to matched controls in a questionnaire study (Garcia-

Sancho et al. 2011). Susceptibility to FIP has been associated with mutations in 



 26

surfactant protein C, surfactant protein A2, telomerase reverse transcriptase and 

telomerase RNA component (Armanios et al. 2007, Nogee et al. 2001, Wang et al. 

2009). These mutations are linked to the pathogenesis of IPF leading to unfolded 

protein response and endoplasmic reticulum (ER) stress in AT II cells. Telomerase 

dysfunction is associated with abnormal epithelial cell senescence, defects of 

epithelial repair and activation of myofibroblasts (reviewed by Kropski et al. 

2013, Waisberg et al. 2012). Gene linkage and mapping analyses have evidenced 

that a common polymorphism in the promoter region of MUC5B is associated 

with FIP and IPF. Immunohistochemistry showed that MUC5B is expressed in the 

secretory columnar cells of large and small airways both in the patients with IPF 

and in controls. The dysregulation of the gene promoter causes the overexpression 

of MUC5B. The immunohistochemical staining was more intensive in diseased 

lung and focused on fibrotic lesions and honeycombing structures (Seibold et al. 

2011). ELMOD2 was associated with susceptibility to FIP in Finnish families 

when analysed by genomewide scan and fine mapping (Hodgson et al. 2006).  

2.2.2 Non-specific interstitial pneumonia 

NSIP represents a subtype of IIPs in which the histological alterations are milder, 

the numbers of FF are fewer and prognosis is more favourable than in IPF 

(Flaherty et al. 2001). Unlike IPF, the histological pattern of NSIP is 

characterized by the presence of interstitial inflammation (reviewed by Travis et 

al. 2008). The 5-year mortality rate is less than 15%. Patients are typically women 

and younger people than those suffering from IPF (reviewed by du Bois & King 

2007, reviewed by Myers 2007). In addition to idiopathic NSIP, it is commonly 

caused by connective tissue diseases (CTDs), hypersensitivity pneumonitis and 

drug-related toxicity (reviewed by Travis et al. 2013b). 

2.2.3 Asbestosis 

Asbestosis is pulmonary fibrosis caused by inhalation of asbestos fibres. The 

development of the disease requires a heavy exposure, and asbestos-related 

disease is diagnosed after a long latency period. Asbestos was frequently used as a 

building material during the 20th centrury, and asbestos-related lung diseases are 

thus associated with occupationally exposed workers. Inhaled asbestos fibres 

accumulate in the peripheral lung. Alveolar macrophages and epithelial cells are 

able to internalize these fibres by endocytosis, which causes epithelial cell 



 27

damage, inflammation and fibrogenesis (reviewed by Kamp 2009, Lehtonen et al. 

2007, Manning et al. 2008). Asbestosis is primarily diagnosed as diffuse 

interstitial fibrosis or is often an asymptomatic disease found during lung cancer 

resection. The final diagnosis of asbestosis requires an occupational history of 

asbestos exposure and identification of asbestos bodies from BAL fluid. 

Histologically, asbestosis often exhibits very little inflammation, FF are observed 

occasionally and visceral pleura is considerably thickened. Sometimes asbestosis 

presents similar histological features as observed in UIP (reviewed by Roggli et al. 

2010, Vathesatogkit et al. 2004). 

2.2.4 Connective tissue disease-associated ILD 

The patients with CTDs including rheumatoid arthritis and systemic sclerosis 

(SSc) often suffer concurrently from pulmonary involvements such as ILDs 

(reviewed by Vij & Strek 2013). NSIP is the most frequently diagnosed 

radiological and histological pattern associated with CTDs. An UIP-type 

involvement is particularly linked to rheumatoid arthritis (reviewed by Gutsche et 

al. 2012). For example, SSc is characterized by endothelial and epithelial injuries, 

microvascular occlusion, small artery proliferation and a deposition of ECM 

proteins such as extra type III domain A-fibronectin (EDA-Fn) in the target 

organs (Larsen et al. 2006b, Rajkumar et al. 2005, reviewed by Valentini & Black 

2002). In addition to a recognized gene signature associated with fibrosis, 

microarray profiling has shown that the reduced expression of genes related to 

immune response and interferon is linked to fibroblasts derived from SSc-ILD 

and IPF (Lindahl et al. 2013). SSc is also characterized by the appearance of 

myofibroblasts which has been observed to be regulated by active caspase 1–

mediated signalling pathway and its downstream signalling molecules via 

inflammasome receptors (Artlett et al. 2011). 

The majority of CTDs are autoimmune diseases but clinical manifestation 

and behaviour of associated ILD are highly variable in various types of CTDs 

(reviewed by Vij & Strek 2013). It has been observed that CTD associated with 

pulmonary fibrosis manifests less clinical and radiological abnormalities and 

displays even better prognosis when compared to “lone” IPF. The 

histopathological findings also suggest that CTD with pulmonary fibrosis exhibits 

lower numbers of FF and smaller-scale honeycombing structures (Song et al. 

2009, reviewed by Vij & Strek 2013). The patients with CTD-ILD had also 

differential cellular and protein profiles in BAL when compared to IPF and 
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sarcoidosis. In general, cell and protein patterns of CTD-ILD were intermediate 

levels between IPF and sarcoidosis. For example, CTD-ILD showed a lower ratio 

of CD4/CD8 lymphocytes than IPF and less intracellular cytokines in BAL 

CD69+ lymphocytes than sarcoidosis (Rottoli et al. 2005). 

2.2.5 Sarcoidosis 

Sarcoidosis is usually a reversible diffuse pulmonary disorder with an unknown 

aetiology. A typical patient is a younger female aged 20–40 years. Sarcoidosis can 

be manifested in any organ but lung involment is the most frequent. 

Histologically it represents non-necrotizing epithelioid-cell granulomas. Fibrotic 

alterations and hyalinization are sometimes associated with sarcoidosis (reviewed 

by ATS et al. 1999). Granulomatous disorders such as sarcoidosis, tuberculosis 

and atypical mycobacteriosis have also been observed to contain myofibroblasts 

at the linings of granulomas (Kaarteenaho-Wiik et al. 2007). There is rising 

evidence that individuals with certain genotypes of HLA genes might be more 

predisposed to sarcoidosis than others. HLA analyses of sarcoidosis families 

indicated that the most frequent genotypes are class I HLA-A1 and -B8 and class 

II HLADR3. When an individual with susceptible genotype is exposed to antigens 

an exaggerated immune response is activated. The inflammation includes T cell 

activation, the regulation of antigen recognition and ECM deposition that favors 

granuloma formation (reviewed by ATS et al. 1999). 

2.3 Lung cancer  

Lung cancer is among the main causes of death globally (reviewed by World 

Health Organization (WHO) 2008b). At the moment, lung cancer is the most 

common cause of death among males worldwide (reviewed by World Health 

Organization (WHO) 2008a). According to European cancer mortality predictions 

(reviewed by Malvezzi et al. 2012) lung cancer will also become the leading 

cause of cancer mortality among females. When discussing cancer mortalities in 

Finland, lung cancer is the leading death cause among males, and the second 

among females (reviewed by Finnish Cancer Registry 2011). 

Adenocarcinoma, squamous cell carcinoma and small-cell lung carcinoma are 

the most common histological types of lung cancer. The diagnostics, cancer 

staging and therapy of lung cancer are based on multidisciplinary methods 

including clinical, radiological and histological investigations. The 
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characterization of cancer type is done from lung tissue biopsy and/or cytological 

specimen. Microscopic and molecular biology analyses are essential diagnostic 

steps to distinguish adenocarcinoma from squamous cell carcinoma when 

evaluating effective and targeted cancer therapies (reviewed by Lappi-Blanco et 

al. 2012, reviewed by Travis et al. 2013a). 

2.3.1 Cell-matrix interaction in cancer development 

In normal tissue, the main function of the stroma and its mesenchymal cells is the 

maintenance of the tissue architecture (Garusi et al. 1964). In neoplasms stroma is 

transformed to promote carcinogenesis (Kim et al. 2013, Pukkila et al. 2007, 

reviewed by Shtilbans 2013). Cellular communication between carcinoma and 

stromal cells is mediated by soluble factors, such as cytokines of which a well-

known mediator is TGF-β1. They play a role in all those processes by inducing 

epithelial-mesenchymal transition (EMT), proteolytic and structural remodelling 

of ECM and differentiation of stromal cells into myofibroblasts (Hawinkels et al. 

2012, Leinonen et al. 2008, Shukla et al. 2013). Stromal cells in tumours are also 

called cancer-associated fibroblasts (CAF) (Horie et al. 2012) which are a 

heterogeneous cell population originating from different sources (Nazareth et al. 

2007, Sugimoto et al. 2006). CAF have been observed to secrete a unique pattern 

of proteins when compared to tumour-free bone marrow–derived mesenchymal 

cells, one of the progenitor candidates of CAF. Those CAF-derived proteins 

promoted ECM remodelling, invasion, and cellular signalling and interaction 

corresponding to cancer growth and inflammatory response (De Boeck et al. 

2013). The abundance of myofibroblasts in stroma of oral cancer has been 

observed to reflect poorer prognosis and more aggressive type of carcinoma 

(Kellermann et al. 2007). The fine structure of stromal cells in tumours has been 

investigated in different organs (Eyden 2001a, reviewed by Eyden 1993, Eyden et 

al. 2002, Kaarteenaho et al. 2010), and stromal tumours have been subclassified 

by using electron microscopic evaluations (Erlandson et al. 1996, Eyden et al. 

2002) but there are only few studies using electron microscopic methods to 

examine stromal cells particularly in lung cancer (Havenith et al. 1990, 

Kaarteenaho et al. 2010). 
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2.4 Chronic obstructive pulmonary disease 

Chronic obstructive pulmonary disease (COPD) is a common disease of the 

airways and the fourth leading death cause worldwide (reviewed by World Health 

Organization (WHO) 2008b). World Health Organization has estimated that 

COPD will become the third leading cause of death in 2030 (reviewed by World 

Health Organization (WHO) 2013). COPD is characterized by fibrosis in airway 

walls and destruction of alveoli, which lead to obstruction of airways, emphysema 

and decline in lung function (reviewed by Salazar & Herrera 2011). The main risk 

factor of COPD is long-lasting tobacco smoking that causes chronic inflammation, 

oxidative stress and protease-antiprotease–imbalance (Mikko et al. 2013). Alpha1-

antitrypsin deficiency is also associated with severe fibrotic lung disease (Laurell 

& Eriksson 2013). The deficiency predisposes the patients to lung disease by 

increasing genetic susceptibility to the harmful effects of external irritants such as 

cigarette smoke and pollutants (Mittman et al. 1971). 

Airway fibrosis within subepithelial areas of bronchi and bronchioles is a 

component of COPD, which is a result of an accumulation of ECM proteins 

produced by myofibroblasts. It has been observed that large airways in the 

patients with COPD showed an increased expression of precursor proteins of 

collagen I and III (Harju et al. 2010), Tn-C and α-SMA (Annoni et al. 2012, 

Lofdahl et al. 2011). Recently, it has been shown that WNT/β-catenin pathway 

via glycogen synthase kinase-3 signalling activates ECM production and 

transformation of myofibroblasts in pulmonary fibroblasts and individuals with 

COPD (Baarsma et al. 2011, Baarsma et al. 2013). 

Emphysema is another component of COPD showing the pathological 

enlargement of airspaces due to increased proteolysis of elastin and collagen 

fibres in peripheral lung (Annoni et al. 2012, reviewed by Salazar & Herrera 

2011). Eventually it leads to the loss of bronchoalveolar attachments, alveolar 

septa and small airways (McDonough et al. 2011). Moreover, apoptotic cell death 

and autophagic activity of epithelial cells, fibroblasts and macrophages are 

increased (Chen et al. 2008, Hwang et al. 2010, reviewed by Tuder & Petrache 

2012). It has been observed that individual emphysematous alveolar walls 

contained increased amount of elastin and collagen, which were nevertheless 

confirmed to be non-functional ECM proteins. This was considered to be an 

attempt to repair alveoli without result (Vlahovic et al. 1999). Emphysema is also 

suggested to be a deficiency of alveolar regeneration. The regenerative process is 

known to occur particularly in fetal lung (reviewed by Warburton & Bellusci 
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2004) but also in normal adult lung by way of alveolar mesenchymal cells 

(Plantier et al. 2007). 

2.5 Myofibroblast 

Originally, transformed fibroblasts were discovered to be responsible for the 

contraction of healing wound by using ultrastructural investigations. The 

experimental model of rodent wound showed that healing granuloma was 

occupied by fibroblastic cells having a well-developed intracellular actin filament 

system and irregular-shaped nuclei. The cell surfaces were widely covered by 

“basement membrane-like material parallel to the cell wall”, a description that 

obviously indicated FNX. Modified fibroblasts appeared within a week after 

injury and disappeared after a healing period of six weeks. The cells were called 

myofibroblasts due to features observed both in fibroblasts and smooth muscle 

cells. Ultrastructural myofibroblastic features reflected on contractile activity 

(Gabbiani et al. 1971). The same researchers demonstrated in chemical and 

pharmacological tests that contraction of granulation tissue was carried out by 

those fibroblastic cells that had a similar function as observed in smooth muscle 

cells (Gabbiani & Majno 1972, Gabbiani et al. 1972). Nonmuscle cells having a 

contractile phenotype were also detected in the interstitium of rat alveolar lung. 

The cells were considered to regulate the balance of pulmonary ventilation and 

perfusion (Kapanci et al. 1974). Soon thereafter, human granulation tissue and 

carcinoma cells were detected to express an elevated amount of contractile actin 

filaments in the cell cytoplasm by electron microscopy (Gabbiani et al. 1976, 

Ryan et al. 1974). These similar interstitial contractile cells appeared in high 

numbers within lung alveolar interstitium during the progression of fibrosis both 

in bleomycin-induced fibrosis and human pulmonary fibrosis (Adler et al. 1981, 

Evans et al. 1982, Evans et al. 1983). It was shown that particularly nonmuscle 

cells, i.e. fibroblastic cells, were those cells of able to contract in the interstitium 

of the lung rather than smooth muscle cells (Woodcock-Mitchell et al. 1984). 

The specific isoform of actin, i.e. α-SMA, expression was found in rat and 

human smooth muscle cells in aortic tissues, focally in rat intestinal and dermal 

tissues and stromal cells of human invasive breast carcinoma (Sappino et al. 1988, 

Skalli et al. 1986). It was also observed that contractile fibroblasts in animal 

wound expressed transiently α-SMA being myofibroblasts (Darby et al. 1990). 

Bleomycin-induced interstitial fibrosis of rat has been studied as an 

experimental model of lung fibrosis. Increased numbers of contractile stromal 
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cells with α-SMA, obviously myofibroblasts, were observed in focal fibrotic 

lesions of lung parenchyma (Mitchell et al. 1989, Vyalov et al. 1993). Adler et al. 

(1981) observed that also human fibrotic lung parenchyma was composed of cells 

expressing more intracellular actin filaments than non-fibrotic tissue. Later, those 

cells were confirmed to be typical myofibroblasts having prominent actin bundles 

composed of α-SMA and expressing FNXs (Kuhn & McDonald 1991, Leslie et al. 

1991, Vyalov et al. 1993). Pathological conditions such as fibrosis, neoplasm and 

hypoxia are the most widely studied environments when discussing the 

myofibroblasts in light and electron microscopic studies (reviewed by Eyden et al. 

2009, Kaarteenaho-Wiik et al. 2009, Modarressi et al. 2010). 

2.5.1 Myofibroblast origin 

There are multiple hypotheses related to the progenitors of myofibroblasts and the 

mechanism involved in the development of myofibroblast phenotype. The main 

hypothesis supports progenitors originating from local fibroblasts. Other 

candidates have also been proposed: pericytes, vascular smooth muscle cells, and 

stromal cells with myoid features. The common feature for any type of 

progenitors is the ability to activate as a response to an environmental stimulus 

once tissue needs repair (reviewed by Kramann et al. 2013). The studies on the 

differentiation mechanisms have focused on dedifferentiation of epithelial cells, 

i.e. EMT, circulating fibrocytes (reviewed by Keeley et al. 2011) and bone 

marrow-derived progenitors (reviewed by Hu & Phan 2013). 

Epithelial-mesenchymal transition 

EMT is characterized by the loss of epithelial junctions, cellular polarity and 

cytokeratin intermediate filaments, which are replaced by filamentous actin stress 

fibres (reviewed by Kalluri & Neilson 2003, Wu et al. 2007). It has been 

demonstrated that TGF-β1 induces EMT in human primary basal airway epithelial 

cells, and the transition is enhanced by cadherin-11, Fn and tumor necrosis factor-

alpha (TNF-α) (Camara & Jarai 2010, Hackett et al. 2009, Schneider et al. 2012).  

Lung myofibroblasts have been observed to originate from intrapulmonary 

precursors via the EMT in deregulated tissue repair, lung fibrosis and 

carcinogenesis (reviewed by Crosby & Waters 2010, Kim et al. 2009, Kim et al. 

2013). EMT and the appearance of IPF have been detected to be operated through 

the overlapping pathways including Wnt/β-catenin signalling (Chilosi et al. 2003). 
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Chen et al. (2013) have studied human alveolar epithelial cells in vitro and found 

that TGF-β1 induces EMT via p38 MAPK and JNK activation, which could also 

be potential mechanisms of IPF. Another group (Rock et al. 2011) was able to 

exclude pericytes and two types of epithelial cell populations as the origin of 

myofibroblasts. 

Circulating fibrocytes 

In addition to lung-resident progenitors of myofibroblasts, extrapulmonary 

circulating fibrocytes have been reported to migrate to injured sites of lungs 

(Andersson-Sjoland et al. 2008). Fibrocytes are CD45, collagen I and vimentin 

positive blood leukocytes originally found from wound healing sites (Bucala et al. 

1994). Fibrocytes are thought to contribute to the pathogenesis of pulmonary 

fibrosis and asthma by being transformed into active myofibroblasts (Andersson-

Sjoland et al. 2008, Larsen et al. 2006a, Moeller et al. 2009). 

Mesenchymal precursors 

Mesenchymal precursors may be a source of myofibroblasts in lung diseases 

(reviewed by Hutchison et al. 2013). Hashimoto et al. (2004) indicated that 

collagen-expressing fibrotic fibroblasts could be derived from bone marrow in 

bleomycin-induced lung fibrosis of rat. MSC isolated from the patients with 

bronchiolitis obliterans syndrome revealed an increase in the expression of α-

SMA and collagen I when compared to controls (Walker et al. 2011). Pericytes 

are also considered to be potential progenitors. Rat lung pericytes derived from 

mesenchymal origin have been observed to activate into myofibroblasts (Hung et 

al. 2013). Pericytes in small blood vessels might be an origin of myofibroblasts in 

human skin SSc (Rajkumar et al. 2005). 

2.5.2 Transformation and occurrence 

Myofibroblasts act as structural and contractile cells promoting the development 

of air saccules and compartmentalization of lung parenchyma during lung 

organogenesis (Leslie et al. 1990). Myofibroblasts are occasionally observed in 

normal human lung. They are located in the walls of venules and alveoli (Kapanci 

et al. 1990), but α-SMA-positive contractile interstitial cells are not found within 

the healthy alveolar septa (Kapanci et al. 1974, Kapanci et al. 1992). 
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In response to tissue injury caused by wounding or disease, quiescent 

fibroblasts are transformed to active myofibroblasts (Fukuda et al. 1987, Gabbiani 

et al. 1972, Herrera et al. 2013, Kuhn & McDonald 1991). Myofibroblast 

transformation and maturation are provoked by epithelial injury, stiffness of 

matrix and the influence of cytokines (reviewed by Evans et al. 2003, Gabbiani et 

al. 1972, Paakko et al. 2000). Myofibroblasts are spindle-shaped fibroblastic cells 

that express α-SMA, display a specific electron microscopic ultrastructure and 

exhibit an increased contractile capacity (Fig. 3) (Darby et al. 1990, Hallgren O et 

al. 2012, Majno et al. 1971). The cells also produce increased amount of ECM 

proteins, such as collagen I and III, EDA-Fn, Tn-C and glycoproteins 

(Kaarteenaho-Wiik et al. 2005, Kuhn & McDonald 1991, Larsson-Callerfelt et al. 

2013, Mackie et al. 1987, Muro et al. 2008, Westergren-Thorsson et al. 1993). 
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Fig. 3. Myofibroblast transformation. A) Schematic presentation of fibroblast-

myofibroblast transformation and the characteristic structural and functional features 

of the myofibroblast. Descriptions are shown. B) An electron micrograph of normal 

lung fibroblast (F) that is a quiescent and spindle-shaped mesenchymal cell without 

specific ultrastructural features. C) An electron micrograph of lung cancer-associated 

myofibroblasts (MF) from a patient with adenocarcinoma and COPD. Myofibroblasts 

are recognized by ultrastructure, i.e. prominent intracellular actin filaments (black 

arrows) and extracellular Fn bundles (arrow heads) that are located between two cells. 

Asterisks represent the cell surface FNX. The rER is dilated. Scale bar is shown. 

Nu=nucleus, rER=rough endoplasmic reticulum. Modified from the review by Eyden 

2008. 
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Wound healing 

Myofibroblasts have a biological function at the areas of tissue injury. Their 

appearance is strictly regulated to be local and temporary. Platelets and 

inflammatory cells are able to recruit them by secreting cytokines (Darby et al. 

1990, Desmouliere 1995, reviewed by Klingberg et al. 2013, Majno et al. 1971). 

Myofibroblasts and keratinocytes migrate to the wound site and generate 

contractile force which facilitates wound closure and re-epithelization. The force 

from the myofibroblast is transmitted to ECM via integrin receptors which form 

the cell-matrix complex of focal adhesion (Gabbiani et al. 1971, reviewed by 

Hinz 2007). Fibrosis is a normal reparative process at the later stage of tissue 

injury since myofibroblasts have synthesized an excessive amount of ECM 

proteins that serve as structural supports for other cellular components (reviewed 

by Klingberg et al. 2013). Due to selective apoptosis of myofibroblasts fibrosis 

gradually disappears and normal scar is formed (reviewed by Schultz et al. 2011). 

Myofibroblasts in other organs and diseases  

In addition to lung (Kuhn & McDonald 1991) myofibroblasts are also the main 

effector cells of fibrosis in other organs such as kidney, liver and heart. 

Myofibroblasts participate in kidney fibrosis by maintaining scar tissue in tubule-

interstitial space. In vitro three-dimensional co-culture model of injured renal 

epithelial cells with dermal fibroblasts demonstrated that epithelial cells are able 

to activate fibroblasts into myofibroblasts analysed by RT-qPCR (Moll et al. 

2013). Interstitial pericytes are able to gain the α-SMA expression and thus 

differentiate into myofibroblasts during fibrosis (Humphreys et al. 2010). LeBleu 

et al. (2013) found a novel target gene and protein, human epididymis protein 4 

coding serine protease inhibitors for inhibiting collagen deposition and fibrosis in 

human kidney. 

Liver fibrosis and cirrhosis are characterized by the accumulation of 

myofibroblasts, which might originate from liver-resident hepatic stellate cells, 

but other hypotheses exist as well. After liver tissue injury fibrotic processes 

begin to dominate. Despite potential target molecules in experimental tests the 

therapy of the patients with liver fibrosis is still limited (reviewed by Iwaisako et 

al. 2012). It has been recently showed that loss of αv–integrin subunit protected 

mice from liver fibrosis and specific blockade of αv–containing integrins may 

offer a novel therapeutic intervention in fibrotic diseases (Henderson et al. 2013). 
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It is known that TGF-β1 promotes the myofibroblast differentiation but the major 

driving forces are the mechanical tension and stiff matrix (Olsen et al. 2011). 

After myocardial infarction myofibroblasts participate in the healing process 

of the injured myocardium. When necrosis and degradation of infarct tissue is 

switched to the remodelling process myofibroblasts are activated by TGF-β1 and 

produce ECM (reviewed by Mustonen et al. 2013). A mature infarct scar still 

contains myofibroblasts. Cardiac fibroblasts are considered as therapeutic targets 

due to their regenerative properties in myocardial injuries (reviewed by Turner & 

Porter 2012). 

2.5.3 Ultrastructure 

An electron microscopic characterization is needed for the absolute identification 

of a myofibroblast (Fig. 3 and Fig. 4) (Eyden et al. 2002, Gabbiani & Majno 1972, 

Shenjere et al. 2013). The fine structure of stromal myofibroblasts in tumoural 

and lesional tissues has been investigated in different organs (reviewed by Eyden 

2007a, reviewed by Eyden 2007b, Eyden 2001a, reviewed by Eyden 1993) but 

there are only few studies with ultrastructural characterization of cultured stromal 

cells (Eyden et al. 2002, Kaarteenaho-Wiik et al. 2009). 

Differentiation of myofibroblasts is divided into two stages. The 

protomyofibroblasts do not yet express α-SMA but prominent peripheral actin 

filaments with focal densities are visible in electron microscopy. When the 

amount and stiffness of the matrix are further increased, myofibroblasts are 

induced to express α-SMA and develop a cell surface FNX (Fig. 3C and Fig. 4). It 

is composed of intracellular α-SMA and co-linearly associated extracellular Fn 

bundles, and it is identifiable only by electron microscopy (Eyden & Banerjee 

2002, Eyden et al. 2002, Eyden et al. 1991, Kreis & Birchmeier 1980, Watanabe 

et al. 2008). EDA-Fn facilitates the expression of α-SMA when cells are 

protomyofibroblasts (Muro et al. 2008, Serini et al. 1998). However, EDA-Fn is 

not needed for myofibroblast differentiation in mouse liver fibrosis (Olsen et al. 

2012). Abundant rough ER (rER) and cell-cell adherens-type junctions are also 

typical features of myofibroblasts reflecting the intense production of ECM 

proteins (Eyden 2001a, Hinz et al. 2004). 
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Fibronexus junction  

Mature myofibroblasts are recognized by the presence of FNX that may 

participate in cell-cell and cell-matrix interactions, the generation of contractile 

force and cellular anchoring (reviewed by Eyden et al. 2009, Singer 1979, Singer 

et al. 1984, Singer et al. 1985). In 1979 Singer introduced a biologically 

significant adhesion and tension transducer at the surfaces of hamster embryonic 

fibroblastic cells, and termed the structure FNX (Singer 1979). Latter, it was 

demonstrated in vivo a co-linear association of actin and Fn filaments in 

experimental granulation tissue of guinea pig (Singer et al. 1984, Singer et al. 

1985). The early literature has variably called FNXs anchoring strands (Baur & 

Parks 1983) and microtendons (reviewed by Seemayer et al. 1980).  

FNX sticks out from the cell surface, coils up at the outside of the cell but 

never covers the whole cell unlike basement membrane. Singer et al. (1984) 

presented three ultrastructural varieties of FNX, called track-, plaque- and 

tandem-like FNX based on the extracellular pattern of the Fn bundle. Actin 

filaments and Fn bundles are linked together at the cell surface at a denser 

complex containing putative actin-binding linker proteins such as vinculin, 

paxillin, tensin and focal adhesion kinase as studied in vivo by 

immunohistrochemistry (reviewed by Eyden 2001b, Santiago et al. 2010, Shi-

wen et al. 2012, Van Rossen et al. 2009). 

Fig. 4 shows electron microscopic and schematic presentations of FNX 

patterns in myofibroblasts. Track-like is the most common FNX type in healing 

tissue (Fig. 4A-B). Fn and actin fibres are associated in parallel, like a railroad 

track. Extracellular Fn associates as a long continuous band (1–2 µm) 

longitudinally along the cell membrane. The plaque-like FNX has a circular 

appearance (Fig. 4C-D) when compared to the track-like FNX. The external Fn 

has accumulated into the plugs and clouds of short Fn fibres (0.2–0.5 µm). 

Plaque-like FNXs have been observed in granulation tissue less than track-like 

FNX. The tandem-like FNX is identified by its localization at the end of 

myofibroblastic cellular extension (Fig. 4E-F). The Fn and actin filaments have 

an axial interaction. Tandem projections may interact with each other or with 

ECM components (Singer et al. 1984, Singer et al. 1985). 



 39

Fig. 4. Electron micrographs and schematic depictions (not in scale) of FNX types. A) 

An electron micrograph of track-like FNX (asterisk) at the surface of a myofibroblast 

cultured from BAL fluid of a patient with NSIP. A track-like FNX is composed of 

intracellular actin filaments (arrow) with focal densities and a long, parallel Fn bundle 

(arrow head). Scale bar is shown. B) Simplified presentation of track-like FNX with 

prominent intracellular actin filaments (grey) and a continuous extracellular bundle of 

Fn (red line). Descriptions are shown. C) An electron micrograph of a plaque-like FNX 

in which extracellular Fn (arrow heads) forms dense, cloud-like plaques (black 

arrowheads). A myofibroblast was cultured from lung adenocarcinoma tissue of a 

healthy smoker. Dilated rER is seen. D) Simplified presentation of plaque-like FNX. E) 

An electron micrograph of a tandem-like FNX in which extracellular Fn (arrow heads) 

forms a cellular elongation with vertical orientation. A myofibroblast was cultured 

from lung adenocarcinoma tissue of a COPD-patient. Dilated rER is seen. F) Simplified 

presentation of tandem-like FNX. Data collected from Singer et al. 1984, 1985. 
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2.5.4 Immunohistochemical characteristics 

Although there is no specific immunohistochemical marker for myofibroblasts, 

light microscopy has been widely used to study this cell type in chronic lung 

diseases and lung cancer (Horie et al. 2012, Lofdahl et al. 2011). The 

myofibroblasts have been shown to have typical histological features that allow 

quite reliable identification in immunohistochemistry. They are typically fusiform 

mesenchymal cells with a spindle-shaped nucleus showing positivity for vimentin 

and α-SMA (reviewed by Eyden 2008, Shu & Li 2012, Skalli et al. 1986). 

Myofibroblastic immunophenotypes are based on the differential expressions of 

α-SMA, vimentin and desmin. A typical myofibroblast expresses vimentin and α-

SMA. Cells positive for vimentin, α-SMA and desmin have occasionally been 

observed (Skalli et al. 1986, Skalli et al. 1989, Vyalov et al. 1993). 

2.5.5 Functional properties 

Myofibroblasts are able to contract due to the incorporation of α-SMA in 

cytoplasmic actin filaments (Hinz et al. 2001a, Hinz et al. 2001b, Kreis & 

Birchmeier 1980). The activation of the Rho/ROCK/myosin light chain 

phosphatase pathway is essential in regulation of contractile activity (Hallgren et 

al. 2012, Tomasek et al. 2006). The capacity for migration and invasion is also 

associated with myofibroblasts (Shimasaki et al. 2006). In case of wounds, 

migratory fibroblastic cells are essential in forming the fibrin clot (McClain et al. 

1996). Extracellular components such as Fn, its cell surface integrin receptors and 

glycanated dermatan sulphate are required for migration in in vitro model (Clark 

et al. 2004, Greiling & Clark 1997). Fibroblasts from the patients with IPF 

exhibited the invasive phenotype (White et al. 2003) that might be regulated by 

β-arrestin2 (Lovgren et al. 2011). 

Pulmonary cells with stem cell properties 

There are also cells with properties of mesenchymal progenitor cells in human 

adult lung, but their origin and location are not yet clear (Sabatini et al. 2005). 

Mesenchymal stromal cells, which are also called MSC, have been characterized 

as clonogenic, multipotent cells that express cell surface markers CD105, CD90 

and CD73 (Dominici et al. 2006). These progenitor-like cells are related to 

regeneration and remodelling of lung tissue (reviewed by Driscoll et al. 2012, 
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reviewed by Warburton et al. 2008). Thus, their medical use in lung tissue 

regeneration and gene therapies could offer a convenient tool for the development 

of novel therapies. Recently it has also been proposed that c-Kit positive cells 

isolated from human lung possess stem cell-like properties (Kajstura et al. 2011). 

It has been found that human infantile pulmonary cells uniformly express α-

SMA (Kaarteenaho-Wiik et al. 2001, Leslie et al. 1990). The phenomenon 

indicated smooth muscle or myofibroblast differentiation during embryogenesis 

and alveogenesis (Hennrick et al. 2007). In addition, adult murine (Summer et al. 

2007) and human lungs contained a subpopulation of cells with the properties of 

multipotent mesenchymal progenitor cells (Sabatini et al. 2005, Sudo et al. 2007). 

In studies conducted with transplanted lung allografts, BAL-derived cells and 

lung tissues exhibited cells with progenitor features and capacities of multilineage 

differentiation (Lama et al. 2007, Walker et al. 2011). AT II cells have been also 

suggested to be alveolar progenitors. They have been observed to proliferate, 

differentiate and participate in the repair and maintance of alveolar epithelium. AT 

II had dynamic interactions with mesenchymal cells that were detected to support 

the growth of epithelial cells. 

2.5.6 The effect of smoking on myofibroblasts 

Tobacco smoking is a main risk factor of COPD and lung cancer, even though 

25% of lung cancers are diagnosed in non-smokers (reviewed by Pallis & Syrigos 

2013, reviewed by Vestbo et al. 2013). Cell culture studies have revealed that 

tobacco smoke may interfere in myofibroblast structure and transformation 

(Milara et al. 2012). It has been observed that human foetal lung fibroblasts and 

human bronchial epithelial cells lose their contractile capacity after an acute 

induction of tobacco smoke (Carnevali et al. 1998, Wang et al. 2001, Wang et al. 

2003). Cigarette smoke and nicotine also interfered the expression of α-SMA in 

human primary gingival fibroblasts (Fang & Svoboda 2005, Silva et al. 2012). 

When studied human bronchial fibroblasts, acute tobacco exposure for two days 

was reported to increase α-SMA expression (Milara et al. 2012). 

2.5.7 Molecular regulation 

Myofibroblast differentiation is strictly coordinated by a large repertoire of 

transcription factors and cytokines, which act via numerous pathways and 

mechanims having either profibrotic or antifibrotic influence (reviewed by Hinz 
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et al. 2012, Zhang & Phan 1999). Local macrophages are the primary cells 

secreting cytokines (reviewed by Steele & Schwartz 2013). Mechanical regulation, 

i.e. stiffening of ECM, may itself be an inducer of myofibroblast differentiation 

without profibrotic agents (Booth et al. 2012). 

Profibrotic regulators  

The profibrotic signalling leads to fibroblast proliferation, expression of α-SMA, 

synthesis of ECM and resistance against apoptosis (Kapoun et al. 2006, Moodley 

et al. 2004, reviewed by Tschumperlin et al. 2013, Zhang & Phan 1999), which 

are finally seen as an outcome of the fibrosis. TGF-β1, conventionally acting via 

cytoplasmic SMAD mediators, is the best known activator of myofibroblast 

phenotype (Desmouliere et al. 1993, reviewed by Malhotra & Kang 2013). TGF-

β1 is secreted as an ECM-anchored latent compound that is activated by integrin-

mediated mechanism (Munger et al. 1999) or cell-produced biomechanical stretch 

(Maeda et al. 2011). Indirectly TGF-β1 promotes tissue remodelling by recruiting 

other ECM-synthesizing cells (Westergren-Thorsson et al. 1993). There is new 

evidence that susceptibility for TGF-β1 induction is significantly higher in the 

region of epithelial injury than in undamaged tissue. In the experimental wounds, 

but not in normal tissue, enhanced expression of α-SMA, Smad3 and transcription 

factors related to the activation and maintance of α-SMA were locally 

overexpressed (Speight et al. 2013). 

It has been recently elucidated that several mediators are involved in TGF-

β1–signalling, and molecular biology of myofibroblast regulation has advanced 

rapidly. In addition to conventional Smad-signalling TGF-β1 employs a pathway 

mediated by sphingosine-1-phosphate, which has been observed to have divergent 

effect on α-SMA expression depending on the context of surrounding signalling 

molecules (Kawashima et al. 2012). Another Smad-independent pathway is 

phosphatidylinositol-3-kinase/protein kinase B of which inhibition prevented 

myofibroblast differentiation and collagen production in lung fibroblasts and lung 

tissues of IPF (Conte et al. 2011, Conte et al. 2013). Midgley et al. (2013) 

examined an alternative TGF-β1 pathway mediated by linear polysaccharide 

hyaluronan, and observed that myofibroblast differentiation required the co-

localization of CD44 and the epidermal growth factor receptor within human lung 

fibroblasts. TGF-β1 has been observed to co-operate with insulin-like growth 

factor-I (IGF-I) causing an enhanced increase in accumulation of inflammatory 

cells in BAL fluid and parenchymal lung tissue. In addition, transgenic mouse 
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model showed a higher expression of α-SMA and collagen type I in lung 

parenchyma when compared to TGF-β1 alone (Andonegui et al. 2012). In IPF, 

TGF-β1 was observed to associate with lactic acid and hypoxia-induced factor 

being, together, composed of a complex feedback loop in which lactic acid 

activated TGF-β1. TGF-β1, in turn, promoted the production of lactic acid via 

hypoxia-inducible factor (Kottmann et al. 2012). Other regulatory molecules that 

are known to provoke the myofibroblast differentiation in human lungs are 

platelet-derived growth factor-A (PDGF-A), macrophage-colony stimulating 

factor in early granulation tissue, thrombin and endothelin-1 (Bogatkevich et al. 

2007, Hahn et al. 1992, Piednoir et al. 2012, Xing et al. 1997). 

TNF-α has both an inhibitory and activating effect on the myofibroblasts 

depending on the surrounding molecular context (Goldberg et al. 2007, Tufvesson 

& Westergren-Thorsson 2000). Locally secreted inflammatory cytokines such as 

interleukin (IL)-4, IL-6 and IL-13 are known to induce fibrosis (Hashimoto et al. 

2001, reviewed by Wynn 2008). Signalling pathways involved in focal adhesion 

kinase, myocardin-related transcription factors, canonical Wnt/β-catenin, 

YAP/TAZ and Sonic hedgehog also mediate biomechanical interactions and 

myofibroblast differentiation (Ding et al. 2012, Konigshoff et al. 2008, reviewed 

by Tschumperlin et al. 2013). 

Antifibrotic regulators  

Fibroblasts are effector cells in tissue fibrosis, and thus the control of their 

proliferation and function is a convenient target to prevent tissue remodeling 

(Zhou et al. 2013). Resident fibroblasts are a heterogeneous group of 

mesenchymal cell populations that may even include antifibrotic subgroups, such 

as lung Thy-1-expressing fibroblasts (Kotaru et al. 2006, Zhou et al. 2010). 

Interferon-gamma has been observed to down-regulate fibroblast proliferation, 

collagen production and the α-SMA expression in in vitro cultured human 

fibroblasts (Desmouliere et al. 1992, Duncan & Berman 1985) but it had no effect 

on the survival of IPF patients (reviewed by Spagnolo et al. 2010). 

Hepatocyte growth factor (HGF) participates in the regeneration of lung 

injury, and thus its antifibrotic effects on lung fibrosis have been studied. After the 

induction of HGF, human lung fibroblasts cultured from patients with 

scleroderma exhibited a decrease in the expression of profibrotic elements such as 

connective tissue growth factor and accumulation of collagen (Bogatkevich et al. 
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2007). In an experimental model, HGF had also in vivo antifibrotic effects on 

fibrotic lung (Lee et al. 2012). 

Galectin-3 is a lectin binding to β-galactoside. Fibrotic lung tissue has 

displayed a high expression of galectin-3. Knockdown mice studies showed that 

the lack of galectin-3 blocked TGF-β–mediated β-catenin accumulation and 

activation of myofibroblast phenotype by diminishing EMT and quantities of 

collagen type I and α-SMA. The inhibitor of galectin-3, TD139, might be 

considered as a novel therapeutic reagent for blocking TGF-β function 

(Mackinnon et al. 2012). Preliminary results indicated that the inhibition of 

microRNA-154 in IPF lungs might prevent abnormal activation of WNT-

signalling and thus inhibit the development of fibrosis (Milosevic et al. 2012). 

Prostaglandin E2 (PGE2) has been shown to have antifibrotic effects on lung 

fibroblasts. It has been detected that the production of PGE2, and thus its 

protective role, is declined in myofibroblasts derived from IPF (Gabasa et al. 

2013). In cell culture studies, PGE2 was able to diminish an activating effect of 

TGF-β1 on lung myofibroblasts. Dedifferentiation back to fibroblasts was assayed 

by the decreased expressions of α-SMA and collagen type I (Garrison et al. 2013). 
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3 Aims of the present study 

The study aimed to characterize the ultrastructural and functional features of 

stromal cells in normal and diseased human lung. We were particularly interested 

in investigating the role of pulmonary myofibroblasts. It was hypothesized that 

myofibroblasts might have diverse molecular compositions, distinct ultrastruc-

tural features and functional properties in various lung diseases and lung 

compartments.  

The specific aims were: 

1. to evaluate an applicability of standardized cell culture process for culturing 

stromal cells derived from small volumes of diagnostic BAL fluid samples of 

patients suffering from fibrotic and interstitial lung diseases, and to 

characterize in vitro cultured cells by immunohistochemistry, flow cytometry 

and adipogenic/osteogenic differentiation tests 

2. to investigate myofibroblasts and their potential disease-specific features in 

BAL-derived stromal cell cultures by analyzing ultrastructure, expression and 

localization of α-SMA and Fn and invasive capacity using TEM, IEM, 

Western analysis, qRT-PCR and cell invasion assay 

3. to examine significance and role of myofibroblasts in normal lung and 

pathogenesis of COPD by analysing the number of myofibroblasts in 

different lung compartments of non-smokers, healthy smokers and smokers 

with disease by using immunohistochemistry 

4. to investigate the involvement of myofibroblasts in lung cancer by 

characterizing the ultrastructure, expression of α-SMA and contractile 

properties of stromal cells cultured from cancerous and tumour-free lung 

tissues from non-smoking and smoking individuals using TEM, IEM, 

Western analysis and collagen gel contraction assay 
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4 Study subjects and methods 

The study material was composed of both lung tissues (III) and cultured lung 

stromal cells that derived either from diagnostic BAL fluid samples (I, II) or were 

cultured from lung tissues (III, IV) (Table 1). BAL fluid samples were collected 

from patients mainly suffering from ILDs, which we focused on, but other lung 

diseases were also studied. Lung specimens for immunohistochemistry were 

collected from patients operated on for lung cancer. According to lung function 

tests, the patients had normal lung function, COPD or COPD and emphysema. 

The majority of lung cancer patients had adenocarcinoma or squamous cell 

carcinoma, but also one adenosquamous carcinoma and one pleomorphic 

carcinoma occurred. Commercial cell lines of human lung carcinoma cells A549 

and human lung fibroblasts CCL-151 (obtained from American Type Culture 

Collections) were used as controls (II).  

All studies were approved by the Ethical Committee of Northern 

Ostrobothnia Hospital District in Oulu (64/2001, amendment 2005, 2/2008). BAL 

and lung tissue samples for cell cultures were prospectively collected from 

patients who were interviewed before the operation and informed with written 

consent. Retrospective tissue material for immunohistochemistry (III) was 

identified from the archive of the Department of Pathology, Oulu University 

Hospital. The approval of the tissue material for research purposes was acquired 

from National Supervisory Authority for Welfare and Health (registration number 

7323/05.01.00.06/2009 and 863/04/047/08). 
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4.1 Study subjects 

Patients and study materials included in the different studies are shown in Table 1. 

Table 1. Study materials, patients and lung diseases of interest in different studies. 

Source of study material Type of material Number of 

patients 

Disease of 

interest 

Original 

article 

BAL fluid samples Cultured stromal cells 98 ILDs I 

BAL fluid samples (subgroup study) Cultured stromal cells 51 ILDs II 

Surgery of lung cancer Lung tissues 101 COPD III 

Tumour-free central lung     

Tumour-free peripheral lung     

Surgery of lung cancer Cultured stromal cells 22 Lung cancer IV 

Cancer tissue     

Central lung (tumour-free)     

Peripheral lung (tumour-free)     

ILDs=interstitial lung diseases including idiopathic pulmonary fibrosis (IPF), non-specific interstitial 

pneumonia (NSIP), connective tissue disease-associated interstitial lung disease (CTD-ILD), asbestosis 

and sarcoidosis; COPD=chronic obstructive pulmonary disease defined and classified by lung function 

and Global Initiative for Chronic Obstructive Lung Diseases (GOLD) criteria; lung cancer including 

adenocarcinoma, squamous cell carcinoma, adenosquamous carcinoma and pleomorphic carcinoma  

4.1.1 Sample collection 

Study materials including lung tissues (III) and cultured stromal cells (I, II, IV) 

were collected from patient samples without disturbing the diagnostics or therapy 

of the patient (I, II, IV) or with the permission of Valvira (III). The samples were 

collected only if written informed consent had been given by the patient. All 

patients were investigated by a respiratory specialist in the Oulu University 

Hospital. Bronchoscopy and BAL for diagnostic purposes were performed 

according to the clinical practice of Oulu University Hospital. All cytological and 

histological samples were analysed by an experienced histopathologist according 

to the routine protocols. In addition to BAL and bronchoscopy, the patients were 

examined by thorax-CT and/or HRCT. Examinations of the patients varied 

depending on the suspected disease and the individual characteristics. The 

diagnostics also included appropriate tests such as blood samples and lung 

function tests.  

The numbers of asbestos fibres in BAL fluid were analysed in 51 out of 98 

patients. CD4/8 for lymphocyte subtypes was evaluated in 8 patients. Sarcoidosis 
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was confirmed by a histological verification from surgical lung, bronchial, skin or 

lymph node biopsy in 11 patients. Two patients with IPF and a patient with 

asbestosis were diagnosed by surgical lung biopsies, and confirmed by a 

histological verification. In the rest of the patients, the diagnosis was based on 

clinical, radiological, BAL cell count with CD4/8 and blood sample findings. The 

patients with lung cancer were verified by histological analyses either from a lung 

biopsy sample or surgically resected sample of lung lobe(s).  

4.2 Experimental procedures 

The methods used in this thesis are summarized in Table 2. More information 

about experimental procedures is available in the original articles and their online 

supplementary data (I–IV).  

4.2.1 Sample preparation and cell culture  

The aliquots of BAL fluid (I, II) were transferred to cell culture within 30 min 

after bronchoscopy. The BAL fluid was filtered through a 100 µm mesh and 

centrifuged (300 g for 10 min at room temperature). Cells were plated at a density 

of 40000 cells per cm2 and cultured in BAL medium consisting of Minimum 

essential medium Eagle α modification supplemented with 13% heat-inactivated 

foetal bovine serum (PromoCell, Heidelberg, Germany), 2 mM L-Glutamine, 100 

U/ml penicillin, 0.1 g/l streptomycin, 2.5 mg/l amphotericin B and buffered with 

10 mM HEPES. After three weeks’ cultivation, fibroblastic cell colonies were 

counted, passaged (5 mg/ml trypsin - 2 mg/ml EDTA) and plated at a density of 

2500 cells per cm2. The cells were cultured to near-confluence and counted at 

every passage. 

Cells cultured from lung resection samples were used as controls for BAL-

cultured cells (II) and further investigated by electron microscope (IV). Lung 

tissue samples were washed with ice-cold PBS, cut into approximately 1 mm3 

pieces and incubated with collagenase I (500 U/ml) - DNAase I (20 U/ml) at +37 

ºC/5% CO2 for 3 h. The pieces were placed in BAL medium into the cell culture 

flasks and the cells were allowed to attach for one day. The remaining tissue 

pieces were washed away and the cells were cultured as BAL-derived cells. All 

cells were examined in passages 2, 3 or 4. All reagents were purchased from 

Sigma-Aldrich, Inc. (St Louis, MO, USA) unless otherwise indicated. 
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Table 2. Methods used for in vitro cultured stromal cells and lung tissues in the 

different studies. 

Study material and method Original article 

In vitro cultured stromal cells (I, II, IV)  

Sample preparation and cell culture of BAL fluid sample I, II 

Sample preparation and cell culture of lung biopsy and lung tissue II, IV 

Light microscopy I, IV 

Flow cytometry I 

Differentiation tests I 

Electron microscopy  

Chemical fixation for epon embedding I, II, III, IV 

Semi-quantitative analyses of ultrastructural features II, IV 

Immunoelectron microscopy II, IV 

Quantitative image analyses II, IV 

Cell invasion assay II 

Western analysis II, III, IV 

Quantitative real-time polymerase chain reaction (qRT-PCR) II 

Collagen gel contraction assay IV 

Statistical analyses (Chi-Square test, Fishers’ Exact Test,  

Mann-Whitney U test, Independent Samples t-test,  

Pearson’s Correlation, ANOVA, Kruskal-Wallis test) 

I, II, IV 

Lung tissue (III)  

Immuohistochemistry III 

Image analyses III 

Statistical analyses (Chi-Square test, Fishers’ Exact Test,  

Spearman rho Correlation, Mann-Whitney U – test, 

Independent Samples t-test, Kruskal-Wallis test, ANOVA) 

III 
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5 Results 

5.1 In vitro culture and characterization of BAL-derived cells (I) 

We observed that mesenchymal cells from small volumes (average 15 ml) of 

diagnostic BAL fluid samples could be cultured and examined by using 

standardized cell culture method. The cultured cell populations were admixtures 

of fibroblasts and myofibroblasts. 

Cells could be cultured from 62% of samples, the success rate being 

dependent on the lung disease, smoking and BAL cell count. Cell samples of the 

patients with IPF, NSIP, CTD-ILD and allergic alveolitis were cultured with 

higher success rate than samples derived from normal control lung (p<0.001, 0.03, 

0.03 and 0.044, respectively). Smokers had a higher success rate compared to 

non-smokers (p=0.035). The total amount of cells in the BAL sample did not 

determine the success rate (p=0.607) whereas lower number of macrophages 

(p<0.001) and higher number of lymphocytes (p=0.05) reflected a better success 

rate.  

5.2 Ultrastructural findings (II, IV) 

To further characterize in vitro cultured stromal cells from BAL fluids and lung 

tissues, they were systematically examined by TEM to elucidate the ultrastructure 

and by IEM to localize the α-SMA expression. The study focused on the 

ultrastructural myofibroblastic features and localization of proteins typical for 

myofibroblasts because there is no specific protein marker for myofibroblasts in 

light microscopy. The ultrastructural features, ultrastructural localization of α-

SMA and α-SMA expression assayed by Western analysis are summarized in 

Table 3. The findings were compared to cells cultured from normal lung unless 

otherwise indicated. 

5.2.1 BAL-derived stromal cells from interstitial lung diseases (II) 

BAL-derived cells originated from different types of interstitial lung diseases. 

These cells exhibited more moderate and strong expression of peripheral actin 

filaments than cells cultured from normal lung tissue. A similar difference was 

also observed when progressively behaving ILDs were compared to control cells 
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and to usually non-progressive ILDs. When all BAL-cells were studied as a group, 

the expression of actin filaments correlated with the frequency of extracellular 

component of FNX (p=0.001) and with the amount of ECM (p=0.001). The 

expression of extracellular component of FNX also correlated with the amount of 

ECM (p<0.001). 

5.2.2 Lung tissue-derived stromal cells from lung cancer (IV) 

Lung tissue-cultured cells originated from patients with lung adenocarcinoma or 

squamous cell carcinoma. The smoking habit of the patients was taken into 

account. In addition to cancerous lung, cells cultured from tumour-free peripheral 

and central lungs of the same individuals were studied as controls. The cells with 

typical ultrastructural myofibroblastic features in lung cancers were called lung 

cancer-associated myofibroblasts (CAM), which represent a subpopulation of 

heterogeneous group of CAF.  

Cells cultured from lung cancer, tumour-free peripheral and central lung were 

mixtures of fibroblasts and myofibroblasts in a variable degree. CAM had a 

tendency to exhibit more prominent intracellular actin belts and focal densities 

than myofibroblasts of tumour-free lung. The myofibroblasts from the central 

airways of smokers exhibited adherens-type junctions in every sample while only 

40% of myofibroblasts from non-smokers expressed adherens junctions. 88.1% of 

myofibroblasts exhibited little or no ECM. 

When all cells were studied as a group, correlations were observed in 

ultrastructural myofibroblastic features. Myofibroblasts with moderate or strong 

expression of peripheral dense actin belts also possessed more often dilated rER 

(p=0.038). The quantity of intracellular actin filaments correlated with the amount 

of ECM (p=0.005) and the frequency of extracellular component of FNX 

(p=0.005). The frequency of extracellular component of FNX correlated with the 

amount of ECM (p=0.026). 

When comparing myofibroblasts from lung cancer and IPF, CAM exhibited 

more frequently cell surface FNXs. Though, IPF-cells showed more pericellular 

ECM and expressed a higher amount of α-SMA by Western analysis. 
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Table 3. Ultrastructure, ultrastructural localization and expression of α-SMA in 

myofibroblasts originating from different lung diseases. Myofibroblasts were cultured 

from BAL fluid samples or lung tissues. The features are compared to control cells 

cultured from tumour-free peripheral lung unless otherwise indicated. 

Method 

Feature 

Disease Compared to Source 

of cells 

p-value Increased  ↑ 

Decreased ↓ 

Ultrastructure (TEM)       

Intracellular actin belts Cancer  Tissue 0.057 ↑  

 Asbestosis  BAL 0.048 ↑  

 BAL-derived cells  BAL 0.026 ↑  

 Progressive ILDs*  BAL 0.02 ↑  

Focal densities Cancer  Tissue 0.062 ↑  

Adherens-type junction Central (smoker) Central (nsm) Tissue 0.066 ↑ Smoker 

 Sarcoidosis  BAL 0.033 ↑  

Frequency of FNX IPF (BAL) Cancer (tissue)  0.024 ↑ Cancer 

Track-like FNX curved 

subtype  

Cancer  Tissue 0.055 ↑  

Deposition of ECM Sarcoidosis  BAL 0.048 ↑  

 BAL-cells  BAL 0.049 ↑  

 IPF (BAL) Cancer (tissue)  0.007 ↑ IPF 

Tandem-like FNX Cancer (sm) Cancer (nsm) Tissue 0.042 ↓ Smoker 

Ultrastructural localization of  

α-SMA (IEM) 

      

 IPF  BAL 0.019 ↑  

 Asbestosis  BAL 0.050 ↑  

 BAL-cells  BAL 0.017 ↑  

 Progressive ILDs*  BAL 0.022 ↑  

 Cancer  Tissue 0.01 ↑ Cancer 

 Cancer (healthy sm) Cancer (nsm) Tissue 0.013 ↓ Smoker 

Protein expression of α-SMA 

(Western) 

      

 IPF (BAL) Cancer (tissue)  0.02 ↑ IPF 

 Cancer  Tissue 0.006 ↑ Cancer 

 Cancer Peripheral (nsm) Tissue 0.05 ↑ Cancer 

 Cancer Central Tissue 0.012 ↑ Cancer 

 Central (sm) Central (nsm) Tissue 0.039 ↓ Smoker 

*Progressive ILDs=IPF, NSIP, CTD-ILD and asbestosis; sm=smoker; nsm=non-smoker; IPF=idiopathic 

pulmonary fibrosis 
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5.2.3 Stromal cells derived from normal lung (II, IV) 

Cells cultured from normal peripheral lung tissues exhibited infrequently 

ultrastructural myofibroblastic features. Cell populations were also a mixture of 

fibroblasts and myofibroblasts with similar ultrastructural features as seen in the 

BAL-derived cells. A major part of the cells were fibroblasts and a minor 

proportion myofibroblasts. The TEM findings were confirmed by IEM, which 

revealed that some of the cells were positive for α-SMA and Fn equally to BAL-

cultured cells.  

5.2.4 Frequency and pattern of FNX (II, IV) 

Cells derived both from BAL and lung tissue expressed FNXs that are the most 

characteristic feature of myofibroblasts. The extracellular components of FNX 

were expressed at variable numbers and in distinct forms. FNXs were classified 

according to the classification of Singer et al. (1984) in experimental granulation 

tissue models. We observed similar FNXs, i.e. 1) long and well-defined track-like 

FNXs, 2) dense and cloud-like, or short and fragmented plaque-like FNXs, and 3) 

tandem-like FNXs locating at the end of cells.  

The track-like FNX was the most common phenotype and was frequently 

observed at the surfaces of the BAL-derived cells from IPF and NSIP, whereas the 

cells from asbestosis and sarcoidosis rarely expressed that structure. The cells 

from patients with IPF, CTD-ILD, asbestosis and allergic alveolitis expressed 

plaque-like FNXs. Tandem-like FNX was seldom observed, but BAL-cells from 

the patients with a drug-related acute lung reaction expressed it most frequently. 

When studying lung tissue-cultured cells, CAM from smokers expressed fewer 

tandem-like FNXs than those of non-smokers. 

We detected that track-like FNX could be expressed in several patterns, and 

thus it was further divided into three subtypes: i) straight and rigid, ii) curved, and 

iii) fragmentary and scanty with tight association to cell membrane. Almost all, 51 

(90%) out of 57 samples, expressed track-like FNXs with straight and rigid 

subtype being the form most commonly observed. CAM had a tendency to 

express more frequently track-like FNX curved subtypes when compared to 

normal lung. Plaque-like and tandem-like FNXs were also rarely observed in the 

lung tissue-derived cell population, but particularly CAM expressed those 

patterns. The quantity of intracellular actin filaments correlated with the 

occurrence of plaque-like FNX and track-like FNX curved subtype. 
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5.3 Ultrastructural localization of α-SMA (II, IV), Fn (II) and EDA-Fn 
(II) 

To better determine the cellular localization of α-SMA, Fn and EDA-Fn in 

myofibroblast, we performed immunogold-labelling and quantified the amounts 

of those proteins by IEM. IEM confirmed the TEM findings, i.e. the presence of 

α-SMA in intracellular peripheral filaments and Fn in the extracellular bundles 

(Table 3). The α-SMA expression was confirmed by Western analysis (II, IV) and 

qRT-PCR (II).  

BAL-cells cultured from the patients with IPF, asbestosis and drug-related 

acute lung reaction exhibited intensively α-SMA and Fn labelling. BAL-cells 

from the patients with NSIP, sarcoidosis and allergic alveolitis displayed low 

expression of α-SMA and high expression of Fn. Cells from CTD-ILD expressed 

a considerable amount of α-SMA but a low level of Fn.  

The expression of EDA-Fn was analysed in selected cases. Its ultrastructural 

localization was equal to that of Fn. The BAL-cells derived from the patients with 

IPF or asbestosis expressed more α-SMA than control cells. A similar difference 

was found when comparing all BAL-derived cells to control cells.  

In lung tissue-derived cells, peripheral actin filaments in CAM and 

myofibroblasts from non-involved lung tissues had positive labelling for α-SMA. 

CAM exhibited increased amount of labels for α-SMA when compared to 

myofibroblasts cultured from tumour-free peripheral lung. CAM from healthy 

smokers showed less labelling for α-SMA than CAM of non-smokers. The 

findings of IEM were confirmed by Western analysis. 

5.4 Immunohistochemical findings 

5.4.1 Immunophenotype of cultured stromal cells (I, IV) 

The stromal cells cultured from both BAL fluid samples and lung tissues were 

positive for vimentin and Fn, indicating that the cells were fibroblasts. A fraction 

of the cells in every sample also exhibited positivity for α-SMA, which is a 

common marker of myofibroblasts. Immunofluorescence revealed that α-SMA-

positive filaments were localized in the periphery of the cell cytoplasm, and Fn 

was located as extracellular fibres in close association with the cell membrane. 

Some cultured stromal cells occasionally also displayed positivity for desmin. 
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Instead, cells were negative for epithelial, macrophage, fibrocytic and endothelial 

markers. 

5.4.2 Stromal cells in lung tissues of smokers and the patients with 
COPD (III) 

We studied the abundance and the location of stromal cells, i.e. myofibroblasts, in 

lung tissues of non-smokers, healthy smokers and smokers with COPD. By 

immunohistochemistry, myofibroblasts were investigated in different lung 

compartments, i.e. alveolar parenchyma, small airways and large airways, and 

determined as α-SMA positive cells with spindle-shaped morphology. In parallel, 

the expression levels of EDA-Fn and Tn-C were examined, which are ECM 

proteins synthesized mainly by myofibroblasts (Table 4). The phenotyping of 

spindle-shaped stromal cells revealed a similar finding as observed in cells in 

vitro cultured from BAL fluid samples and lung tissues. The cells were fibroblasts 

and myofibroblasts, being mainly negative for desmin since only a few individual 

cells showed a weak positivity. 

Alveoli of smokers and COPD 

It was observed that many endings of the free interalveolar septa were 

substantially widened both in normal and diseased lung. Those structures were 

called widened alveolar tips, and they contained α-SMA positive cells, which 

were obviously myofibroblasts, and to a lesser extent extracellular Tn-C and 

EDA-Fn. Normal-looking alveolar septa without widening were mostly negative 

for α-SMA, Tn-C and EDA-Fn. The main finding was that there were fewer 

widened alveolar tips positive for α-SMA in alveolar parenchyma of healthy 

smokers and COPD-patients compared to non-smokers. 

Small airways of smokers and COPD 

The small airways, i.e. bronchioles, expressed a variable number of α-SMA 

positive spindle-shaped cells within the submucosa of the bronchiolar wall. In 

serial tissue sections, the bronchioles were always negative for Tn-C and EDA-Fn. 

The main findings were that the bronchioles of healthy smokers displayed fewer 

α-SMA positive spindle-shaped cells than those of the non-smokers, and the total 
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number of the bronchioles per tissue slide was reduced in COPD when compared 

to the non-smokers (p=0.019).  

Large airways of smokers and COPD 

The submucosa of bronchi expressed α-SMA positive spindle-shaped cells as cell 

clusters of variable sizes and shapes. The numbers of α-SMA positive cells were 

elevated in COPD when compared to healthy smokers and non-smokers. In 

normal bronchi of non-smokers Tn-C expression was limited to basal epithelial 

cells and basement membrane. Healthy smokers and patients with COPD 

expressed more Tn-C beyond the epithelium and basement membrane than non-

smokers. The expression for EDA-Fn was negative in all cases. 

Clinical and immunohistochemical correlations 

The correlations were calculated for all patient data. Pack-years correlated 

negatively with the α-SMA expression in alveoli (p=0.006, Spearman rho= ˗0.295) 

and bronchioles (p=0.027, Spearman rho=˗0.241). In large airways, pack-years 

correlated positively with Tn-C (p<0.001). FEV1/FVC correlated positively with 

the number of widened alveolar tips that were positive for α-SMA (p<0.001, 

Spearman rho=0.426). FEV1 correlated negatively with the number of EDA-Fn 

positive widened alveolar tips (p=0.047, Spearman rho=˗0.210). DLCO showed a 

tendency to correlate positively with the α-SMA expression in bronchi (p=0.055, 

Spearman rho=0.234).  

Tn-C expression in bronchi correlated with α-SMA in bronchi (p<0.001) and 

also with the numbers of widened alveolar tips that were positive for Tn-C 

(p=0.01) and EDA-Fn (p=0.01). The number of Tn-C positive widened alveolar 

tips correlated positively with the numbers of α-SMA (0.016, Spearman 

rho=0.254) and EDA-Fn (p<0.001, Spearman rho=0.578) positive tips. 
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Table 4. Altered expression of α-SMA and Tn-C in different lung compartments of 

healthy smokers and smokers with COPD when compared to non-smokers. 

Lung compartment Healthy smokers  Smokers with COPD 

α-SMA Tn-C α-SMA  Tn-C 

Alveoli p<0.001 ↓    p<0.001 ↓    

Small airways p=0.016 ↓         

Large airways   p<0.001 ↑  p=0.028 ↑  p=0.002 ↑ 

↑ increased; ↓ decreased; α-SMA=alpha-smooth muscle actin; Tn-C=tenascin-C; COPD=chronic 

obstructive pulmonary disease 

In vitro α-SMA expression in stromal cells cultured from peripheral lung 

tissue 

Western analysis showed that stromal cells isolated from peripheral lung of the 

healthy smokers (0.40, SD 0.38) or the patients with COPD (0.39, SD 0.31) 

expressed a 0.70-fold lower amount of α-SMA compared to non-smoking 

individuals (0.56, SD 0.35) even though there was no statistical difference. 

5.5 Functional properties of stromal cells 

In the present study we evaluated functional properties such as differentiation, 

invasive and contractile capacities of stromal lung cells in vitro cultured either 

from BAL fluid samples or lung tissues. The results are shown in Table 5. 

5.5.1 Differentiation potential (I) 

BAL-cells shared similarities with progenitor-type cells expressing cell surface 

antigens typical for mesenchymal stromal cells and having the potential to 

differentiate into osteoblastic and/or adipocytic lineage cells. Cultured cells were 

positive for HLA class I, CD73, CD90, CD105, CD49e and CD44 but negative 

for CD34, CD45, CD19, CD14 and HLA Class II. The differentiation assays 

indicated that the majority of the cultured BAL-cells exhibited some potential 

towards osteogenic or adipogenic lineage. Osteogenic differentiation was assayed 

by the elevated expression levels of alkaline phosphatase (ALP) activity and 

aminoterminal propeptide of type I procollagen (PINP) secretion and 

differentiation towards adipogenesis was measured by the expression of lipid 

droplets and adiponectin mRNA. All three differentiation parameters measured 
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were lower in smokers when compared to that of non-smokers, although this 

finding was not statistically significant. No statistical differences were observed 

between different disease groups or in terms of sex or age. 

5.5.2 Invasive capacity (II) 

The invasive capacity of BAL-cells varied in different lung disorders (0.74%, SD 

0.41). Cells cultured from BAL fluid exhibited rather similar invasive capacities 

as control lung cancer cells A549 (0.76%, SD 0.38) and lung fibroblasts CCL-151 

(0.46%, SD 0.04). BAL-cells cultured from the IPF patients showed the highest 

invasive capacity (0.86%, SD 0.17), which was significantly higher than that of 

other lung diseases (Table 5).  

5.5.3 Contractile capacity (IV) 

Stromal cells cultured from lung cancer tissue were called CAF when discussing 

the whole heterogeneous stromal cell population. It was observed that collagen 

gel with CAF contracted more than collagen gel with normal peripheral lung cells 

(Table 5).  

Table 5. The comparison of functional properties in the stromal cells cultured from 

BAL fluid samples and lung tissues. The properties were compared to control cells 

cultured from tumour-free peripheral lung unless otherwise indicated. 

Functional properties Disease Compared to Source p-value Increased ↑ 

Invasion IPF Other lung diseases* BAL 0.036 ↑ IPF 

Collagen gel contraction Cancer  Tissue 0.022 ↑ Cancer 

Cancer FNX>10% Cancer FNX<10% Tissue 0.008 ↑ FNX>10% 

*Lung diseases=NSIP, CTD-ILD, asbestosis, sarcoidosis, drug-related acute lung reaction; 

FNX=fibronexus; COPD=chronic obstructive pulmonary disease; IPF=idiopathic pulmonary fibrosis 

5.5.4 Structure-function – relationship (II, IV) 

We observed that there were associations between functional and structural 

properties in the cells derived from BAL fluid samples and lung cancer tissues. 

The invasive capacity of BAL-cells from the IPF-patients correlated positively 

with α-SMA mRNA (r=0.960, p=0.01) and protein expression (r=0.988, p=0.002). 

The invasive capacity of NSIP cells exhibited a positive correlation with α-SMA 
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mRNA expression (r=0.998, p=0.036) whereas that of sarcoidosis revealed a 

positive correlation with α-SMA protein expression (r=0.851, p=0.032). The 

invasive capacity of the cells of patients experiencing a drug-related acute lung 

reaction showed positive correlation with α-SMA mRNA expression (r=0.992, 

p=0.008). When studying BAL-cells as a group, the cells exhibiting moderate or 

large amount of actin filaments displayed more active invasion than the cells with 

a low amount of actin (p=0.002).  

When studying CAM, cells having a moderate or large amount of 

extracellular component of FNX demonstrated a more contractive phenotype 

(Table 5). 

5.5.5 Association of age and sex with structural and functional 

properties (unpublished data) 

All patients (n=173) included in the studies were quite similar in terms of age 

when comparing diseases (68, SD 11, min 36, max 98, p=0.095, ANOVA) 

showing normal smokers (64, SD 8) as the youngest patient group and patients 

with drug-related acute lung reaction (78, SD 9) as the oldest one. The association 

of age and sex with the ultrastructural myofibroblastic features, expression of α-

SMA and functional properties of cultured cells was studied. In addition, 

appearance of myofibroblasts in different lung compartments was compared with 

age and sex. The patient data of BAL-cells (II) included 23 males (age 71, SD 15) 

and 23 females (age 71, SD 18). Cells derived from females exhibited more actin 

filaments by TEM (p=0.038, Fisher) than cells cultured from males. The cells 

derived from older patients showed more adherens-type junctions (p=0.048, 

Fisher) than those of younger patients.  

The patient data of lung tissue-cultured cells (IV) included 17 males (age 68, 

SD 7) and 6 females (age 66, SD 7), which is not a sex-matched study population. 

Aging seemed to be positively associated with the occurrence of ultrastructural 

myofibroblastic features, expression of α-SMA assayed by Western analysis 

(p=0.044, t-test) and contractile capacity (p=0.004, t-test). The cells derived from 

older patients exhibited higher amounts of actin filaments (p=0.004, Fisher), the 

extracellular component of FNX (p=0.039, Fisher), ECM (p=0.02, Fisher) and 

dilated rER (p=0.003, Fisher). 

The immunohistochemical lung tissue material (III) included 77 males (age 

66, SD 8) and 24 females (age 66, SD 8). When studying all subjects as a group, 

females showed more widened alveolar tips with α-SMA positive cells (p=0.004, 
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independent samples t-test). Males exhibited more α-SMA (p=0.04, independent 

samples t-test) and Tn-C (p=0.02, Chi-Square test) in bronchi. The older non-

smokers showed more -SMA in bronchi (p=0.02, Sperman rho=0.717). Females 

among healthy smokers exhibited more α-SMA positive widened alveolar tips 

(p=0.036, independent samples t-test). The younger healthy smokers showed a 

larger extent of Tn-C expression in bronchi (p=0.037, Speraman rho=˗0.326). 
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6 Discussion 

6.1 Evaluation of the study protocol for culturing BAL-derived 

stromal cells (I, II) 

When we designed our study protocol for collecting and culturing BAL-derived 

stromal cells, there was no published report of the use of diagnostic BAL fluid 

samples for culturing stromal cells in scientific databases. In our study protocol 

BAL fluid samples were collected in parallel with the routine diagnostic 

investigations. The primary use of BAL fluid is the counting of cell profile for 

diagnostic purposes. According to the current international consensus statement of 

IPF, BAL is no longer required for the diagnostics of IPF (reviewed by Raghu et 

al. 2011). In Europe, BAL is widely used in the routine diagnostics of ILDs; 

hence the majority of the patients are diagnosed without surgical lung biopsy. 

Thus, lung tissue is available for research purposes from only few ILD-patients. 

Surgical lung biopsy is an invasive method having complication risks, and 

therefore it cannot be performed exclusively for research purposes (reviewed by 

Kaarteenaho 2013, Ohshimo et al. 2009). The investigation of biomarkers from 

diagnostic BAL fluids may become more prevalent method in the evaluation of 

lung disease severity, which will improve the versatility of BAL. The present 

study showed that the BAL was an applicable technique to acquire pulmonary 

cells for in vitro studies that facilitated the investigation of cell and molecular 

mechanisms involved in the pathogenesis of lung diseases. BAL fluids can also be 

utilized as biological material for genetic and proteomic analyses. Recent studies 

demonstrated that sarcoidosis, CTD-ILD and IPF revealed different protein or 

gene maps when BAL fluids were investigated (Lindahl et al. 2013, Rottoli et al. 

2005). 

6.2 Culture of BAL-derived stromal cells (I, II) 

We demonstrated that it is possible to culture and characterize stromal cells from 

62% of small aliquots of diagnostic BAL recovery fluids which were derived 

from different types of ILDs, other lung diseases and apparently normal lung. 

According to our examinations, the BAL-cells enriched in culture conditions were 

fibroblasts and myofibroblasts, similarly to other studies that used larger volume 

of BAL fluid samples (Borie et al. 2013, Fireman et al. 1999, Hesselstrand et al. 



 64

2013). Few of cultured stromal cells occasionally also displayed positivity for 

desmin, which is one of the known myofibroblastic phenotypes (Skalli et al. 1986, 

Skalli et al. 1989, Vyalov et al. 1993) even though desmin is a marker of smooth 

muscle cell differentiation (Lazarides & Hubbard 1976). Pollock et al. (2013) 

demonstrated an isolation method of low-frequency (<1%) cell types, i.e. 

fibroblasts and epithelial cells, from 10 ml aliquots of BAL recovery fluids 

derived from nine lung transplant patients suffering from acute rejection. The 

authors reported difficulties of culturing fibroblastic colonies within 2-week 

incubation. Therefore, they performed cytospin assay for the cells that did not 

attach to culture plates within 1.5 h incubation. They were able to separate 

fibroblasts and epithelial cells from macrophages, and characterize the cells by 

immunostaining without cell culture. The authors managed to analyse fibroblastic 

cells from all of their patient samples. It is worth noticing that Pollock et al. (2013) 

studied one type of lung disease with a low number of patients whereas our study 

material included a variety of lung disorders with a total number of 98 patients. 

Even though our cell culture method was generally applicable, particularly to 

stromal cells derived from ILDs, it would also be important to characterize BAL-

derived cells from those lung diseases, which we failed to proliferate in cell 

culture conditions. Successful cell culture of BAL fluid samples from sarcoidosis, 

obstructive lung disorders and normal lung was 30–40% while ILDs showed 

fibroblastic colonies in over than 90% of the collected samples. If the study 

subjects had only been the patients with ILDs, it can be assumed that the success 

rate of in vitro cell culture would have been higher.  

The phenomenon of differential culture potency of stromal cells derived from 

different lung diseases might be explained by an increased epithelial permeability 

in ILDs due to extensive epithelial injury, which further allows stromal cells to be 

present in BAL fluids. Previously it has been observed that myofibroblasts 

accumulated in intra-alveolar spaces in IPF, asbestosis and COP (Kaarteenaho-

Wiik et al. 2009, Leslie et al. 1991, Myers & Katzenstein 1988). Another 

explanation might be a higher level of TGF-β1 in BAL fluids derived from IIPs 

than those of granulomatous diseases (Szlubowski et al. 2010). TGF-β1 has been 

observed to stimulate cell attachment of human sclerotic skin fibroblasts via 

activation of fibrillin-2 expression (Brinckmann et al. 2010). It is possible that 

BAL-cells from ILDs are more capable of attaching to plastic substrates than 

fibroblasts from other diseases. Our results demonstrated that higher number of 

lymphocytes in BAL fluids was linked to better potential to culture fibroblastic 

colonies. Other mitogenic factors of ILD-derived fibroblasts could be IGF-I and 
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anti-apoptotic B-cell lymphoma 2 (Bcl-2), which are known to be expressed by 

alveolar lymphocytes and macrophages. Kopinski et al. (2006) proved that BAL 

fluids of the patients suffering from IPF and advanced stages of sarcoidosis 

showed increased amounts of lymphocytes positive for IGF-I and Bcl-2 when 

compared to controls. Instead, BAL fluids from early stage of sarcoidosis and 

asbestosis did not exhibit an elevated expression. 

Recently Akamatsu et al. (2013) reported a culture method of myofibroblasts 

and fibroblasts from bleomycin-injured mouse lungs. They characterized cells by 

light microscopy, flow cytometry and qRT-PCR. Their findings supported our 

observations showing that fibrotic lungs contained more myofibroblasts with 

distinctive genetic and functional features than observed in normal lung. Even 

though bleomycin-induced lung fibrosis of rodents has been widely used as an 

experimental model, there are dissimilarities in anatomical, histological and 

pathological features between humans and rodents. Bleomycin-induced fibrosis is 

a reversible injury of lung tissue whereas IPF is a progressive and irreversible 

disease. The early progression of experimental fibrosis is characterized by the 

inflammatory response, which is not the main feature of IPF. The presence of FF 

and hyperplasia of AT II are characteristic for IPF but they are absent in 

bleomycin-induced fibrosis. It would be more informative to investigate IPF-

derived cells even supposing that the bleomycin model may offer some 

advantages in in vivo studies on the cell and molecular mechanisms (reviewed by 

Scotton & Chambers 2010).  

According to our results, myofibroblasts were able to be maintained in cell 

cultures over several passages. The cells might have an intrinsic mechanism that 

enabled the maintenance of specific phenotype. Balestrini et al. (2012) studied the 

effect of prolonged culture of rat lung fibroblasts. They observed that the stiffness 

of ECM permanently switched on fibrotic activity in fibroblasts. They speculated 

that there should be an epigenetic regulation that established some kind of 

mechanical memory on fibroblasts and thus maintained the myofibroblast 

phenotype in fibrotic and chronic diseases. Phenomenon of excessive DNA 

methylation of gene promotors in kidney fibrosis has been observed to cause 

abnormal fibroblast proliferation and collagen synthesis (reviewed by Zeisberg & 

Zeisberg 2013). 

It has been detected in vitro that TGF-β1 had long-lasting effect on fibroblasts 

and the composition of ECM. Tan et al. (2013) demonstrated that collagen type I 

secretion, α-SMA expression and transcription of fibrogenic genes were observed 

to be still affected for more than a week after a short pulse of TGF-β1. They 
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concluded that exogenous stimulus, in this case the TGF-β1 pulse, might trigger a 

positive feed-back loop that causes persistence of the myofibroblast phenotype. 

One reason for in vitro survival of the myofibroblast phenotype might be an 

increased oxidative stress in IPF-derived cells due to the activation of NADPH-

related signalling. NADPH oxidase-4 (NOX4) is an enzyme reducing O2 to 

reactive oxygen species (ROS) which, in turn, cause oxidative stress and tissue 

damage. NOX4 is considered to be an activator of myofibroblasts being expressed 

in FF of IPF lung and enabling to induce the expression of α-SMA and Fn mRNA 

(Bocchino et al. 2010, reviewed by Crestani et al. 2011, Hecker et al. 2009).  

6.3 Characteristic features of myofibroblasts in ILDs (II) 

The present observations made by TEM and IEM revealed that cultured cells 

from BAL fluids were admixtures of fibroblasts and myofibroblasts in a variable 

degree. Furthermore, myofibroblasts revealed distinctive ultrastructural features 

in different lung diseases showing more myofibroblastic features in fibrotic ILDs. 

The ultrastructural localization of α-SMA has been utilized to a lesser degree in 

previous myofibroblast studies. The present observations are consistent with the 

previous findings, which demonstrated immunolabelling for α-SMA in the 

peripheral intracellular actin bundles, even though in those studies the amount of 

labelling was not quantified, and moreover, experimentally transformed 

myofibroblasts were used (Kaarteenaho-Wiik et al. 2009, Rubbia-Brandt et al. 

1991). Romeo et al. (2006) studied tissue samples from human bone neoplasm, 

and characterized tumoural myofibroblasts by ultrastructural features using both 

TEM and IEM. We propose that TEM and IEM made it possible to investigate 

accurately ultrastructures of individual cells that were present in low numbers in 

an original cell population. Electron microscopic analyses allowed characterising 

different FNX types and subtypes in cultured myofibroblasts. This would not 

have been possible by Western analysis, PCR or light microscopy which are 

commonly used research methods. We showed that TEM and IEM in parallel with 

immunohistochemistry and cell function tests offered a comprehensive 

phenotypic definition of pulmonary myofibroblasts.  

The present study composed a relatively large patient data set in which all 

cell samples were systematically investigated by electron microscope, whereas 

previous publications have demonstrated electron microscopic results only with a 

few samples or small subpopulations, not in a systematic manner (Okayasu et al. 

2009, Shimasaki et al. 2006). Electron microscopic studies with fibrotic tissues 
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encounter a narrow sampling of heterogeneous changes in lung specimens. The 

myofibroblasts in FF of IPF are in small clusters that can be easily detected by 

light microscope, but are extremely difficult to catch under electron microscope.  

In addition to the ultrastructural modifications, we observed alterations in cell 

function. The cells cultured from IPF had a greater invasive capacity than the 

cells derived from other lung diseases. Invasive capacity showed a relation to the 

amount of actin filaments and levels of α-SMA in cells derived from IPF and 

NSIP. The results of our study are in line with previous studies demonstrating that 

cultured fibroblasts from the patients with IPF exhibited an increased ability to 

invade through basement membrane when compared to normal fibroblasts (White 

et al. 2003). The extracellular components, such as hyaluronan synthase 2 and Fn, 

have been observed to mediate cell invasion. Mice knockdown studies showed 

that the loss of hyaluronan 2 reduced the amount of myofibroblasts in lung 

parenchyma, while overexpression induced the invasive phenotype. Fibroblasts 

from IPF showed that α5β1 integrin was essential for Fn-mediated invasion (Li et 

al. 2011, White et al. 2003). 

Our results indicated that fibrotic lungs contained a minor population of 

progenitor-like mesenchymal cells. BAL-derived cells expressed cell surface 

antigens typical for MSC, and moreover, some of the cells showed osteogenic 

and/or adipogenic differentiation potency. In the previous studies human adult 

lung tissues have been observed to be populated by stromal cells having MSC 

properties (Lama et al. 2007, Tesei et al. 2009) and these cells were considered to 

be a potential source of myofibroblasts (Walker et al. 2011). These progenitor-

type cells might participate in tissue regeneration processes or, in contrast, 

maintain the fibrotic response by differentiating to inflammatory cells. In our 

study, differentiation potency was highly variable and independent of the 

underlying lung disease, which phenomena need further studies with larger 

patient material. 

6.4 Lung cancer-associated myofibroblasts (IV) 

In addition to investigation of cultured BAL-derived cells, in vitro cultured 

stromal cells from lung cancer tissue were also studied to characterize lung 

cancer-associated myofibroblasts. We observed variable phenotypes in 

myofibroblasts of lung cancer. Myofibroblasts seemed to be a specific 

subpopulation of CAF in lung cancers. CAM from lung adenocarcinoma and 

squamous cell carcinoma exhibited more ultrastructural myofibroblastic features 
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and α-SMA when compared to their counterparts from tumour-free lung. The 

present study is the first demonstration in which in vitro cultured lung CAM were 

systematically characterized by semi-quantitative TEM criteria of ultrastructural 

myofibroblastic features in a relatively large patient data set. Several electron 

microscopic studies have focused on tumoural epithelial cells (Balazs & Kovacs 

1981, Min 2013) albeit the mesenchymal components actively promote the 

carcinogenesis, and thus it would be essential to pay attention to stroma 

(Katenkamp et al. 1984, Kim et al. 2013). 

Electron microscopy has only been used in few studies to examine stromal 

cells in lung tumours (Havenith et al. 1990, Kaarteenaho et al. 2010). Shenjere et 

al. (2013) evaluated 10 tissue samples of human myofibrosarcoma by electron 

microscopy. They described ultrastructurally confirmed tumoural myofibroblasts 

that exhibited similar features as we observed in our study, although sarcoma and 

carcinoma represent totally different types of malignant tumours. Shenjere et al. 

(2013) identified FNXs in three cases but, in general, well-organized Fn bundles 

were seen more commonly than the co-localization of actin and Fn bundles. The 

low frequency of FNXs in that previous study might be explained by the tissue 

orientation in sampling and sectioning. It is also possible that myofibroblasts 

showed partial differentiation since dense actin belts were observed, but the 

extracellular components of FNX were absent (Romeo et al. 2006). Eyden et al. 

(1992) also reported the presence of similar track-like FNXs in stromal cells in 

myofibrosarcoma tissue as we observed in cultured myofibroblasts. Previously 

Eyden et al. (2002) classified mesenchymal tumours of the gastrointestinal tract 

using ultrastructural criteria by subclassifying fibroblastic and myofibroblastic 

tumours separately by the presence of abundant rER, myofilaments and FNXs. 

We suggest that a variation in FNX phenotypes might reflect differences in cell 

functions such as attachment, invasion, migration and contraction. It is worth 

addressing that the majority of previous ultrastructural studies have focused on 

myofibroblasts in mesenchymal tumours, such as sarcoma, instead of epithelial 

tumours, i.e. carcinomas, as in our study. 

We observed that CAF exhibited more potency to contract in collagen gel 

than normal fibroblasts indicating that in addition to cell structure, the function of 

cells was also altered in CAF, a finding supporting previous studies. Capacity of 

contraction is a characteristic feature of myofibroblasts enhancing the release of 

ECM-bound TGF-β1 (Wipff et al. 2007), and being controlled via RhoA-

dependent pathway (Bogatkevich et al. 2003, Hallgren et al. 2012). 
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In addition to contractile phenotype, CAF have been observed to interact with 

epithelial cancer cells in several ways. In cell culture experiments, CAF were able 

to alter the phenotype of lung carcinoma cells by activating EMT and inducing 

the expression of CD144, a characteristic cell surface marker of stem cells 

(Shintani et al. 2013). The changes in genes related to TGF-β activation have 

been linked to survival rate of lung cancer patients since tumours expressing a 

specific type of single nucleotide polymorphisms responded more favourably to 

chemotherapy (Lin et al. 2011). Navab et al. (2011) observed in patient-matched 

comparisons of cancer-normal lung that lung CAF expressed several differentially 

expressed genes which related to ECM proteins and TGF-β1 pathway. Recently, 

Herrera et al. (2013) demonstrated that the heterogeneity of pro-migratory effect 

of colon CAF was a result of differential gene expression pattern. The typical 

genes overexpressed in CAF included genes related to apoptosis, intracellular 

protein targeting and the regulation of cytokine production and immune response. 

Higher expression of CAF signature genes was associated to poorer prognosis in 

advanced stages of colon carcinoma. CAF are considered to originate from cancer 

tissue-resident MSC that showed differential molecular and functional properties 

when compared to MSC from normal lung tissue. Lung cancer-derived MSC 

showed higher growth rate, better viability after exposure to lung cancer 

chemotherapy agent and activation of genes associated with mesenchymal 

differentiation and tissue remodelling (Gottschling et al. 2013). 

6.4.1 Pathological association between IPF and lung cancer  

IPF has been considered a lethal malignant lung disorder having similarities in 

clinical and molecular features to those observed in lung cancer (Nagai et al. 1992, 

Park et al. 2001). The mechanistic link between the pathogenesis of IPF and lung 

cancer has been discussed in several review articles that have compared separate 

studies conducted on IPF or lung cancer (reviewed by Vancheri et al. 2010, 

reviewed by Vancheri 2012, reviewed by Vancheri 2013), thus there are only few 

original publications that have studied comparatively the common mechanisms 

between IPF and lung cancer. Rabinovich et al. (2012) compared epigenetic 

changes, particularly DNA methylation, in 12 patients with IPF and 10 patients 

with lung adenocarcinoma. When compared to controls, adenocarcinoma had 

2428 CpG islands that were differentially methylated in microarray tests. 65% of 

these alterations overlapped with IPF. Partial similarities in gene methylations 

supported the hypothesis of a common pathological mechanism. Generally, it has 
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been observed that both conditions are characterized by epithelial injury, fibrotic 

response, tissue invasion and activation of myofibroblasts via TGF-β1–signaling 

(reviewed by Vancheri et al. 2010, reviewed by Vancheri 2012, reviewed by 

Vancheri 2013). Due to similarities in pathogenic hallmarks of the diseases it has 

been suggested that cancer drugs might be useful treatments also against IPF 

(reviewed by Vancheri & du Bois 2013).  

When discussing accurate identification of individual myofibroblasts by 

ultrastructural features, Eyden et al. (1991, 1992) were able to distinguish 

tumoural myofibroblasts from lesional ones in myofibroblastic sarcomas. We also 

observed minor differences in myofibroblasts derived from IPF and lung cancer. 

Lung CAM exhibited more frequently cell surface FNXs compared to those in 

IPF, a finding that was previously evidenced in other tissues, such as muscle and 

skin (reviewed by Eyden 2007b, Eyden 2001a, Eyden & Banerjee 2002). All 

these comparisons are based on the results of separate studies, which emphasize 

the need for future comparative study protocol of fibrotic and neoplastic diseases. 

Abnormal ECM is a common feature contributing to both tumour growth and 

progression of fibrosis in IPF. In light of our observations, stromal elements can 

be assumed to have an active role in the pathogenesis of lung cancer and IPF 

showing proliferation of stromal cells and activation of myofibroblasts. Both 

diseases were characterized by the presence of myofibroblasts with similar 

ultrastructural features, expression of α-SMA and having capacities to invade or 

contract. Interestingly, we observed that cells having more extracellular 

component of FNX demonstrated a more contractive phenotype, a finding 

indicating a dynamic relationship between myofibroblasts and ECM. In lung 

fibrosis, myofibroblasts have been shown to communicate with ECM via an 

extracellular messenger protein, neuropilin-1 that facilitates the assembly of Fn 

network and stiffening of fibrotic ECM. Furthermore, increased ECM stiffness 

promoted the persistence of myofibroblasts (Yaqoob et al. 2012, Zhou et al. 2013). 

We observed that the frequency of extracellular component of FNX correlated 

with the amount of ECM and moreover, the quantity of actin bundles correlated 

both with the amount of ECM and the frequency of extracellular component of 

FNX, phenomena indicating that the primary ultrastructural myofibroblastic 

features showed a relation to each other. Another previous study observed that 

myofibroblasts in lung cancer co-localized with unfolded Fn fibres. The authors 

suggested that due to abnormal secondary structure, Fn tended to accumulate in 

the tumour stroma, and in turn, promoted carcinogenesis by inducing an 

inflammatory response (Zheng et al. 2011).  
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6.5 Myofibroblasts in different lung compartments (III) 

In addition to in vitro investigation of cultured myofibroblasts from ILDs and 

lung cancer we also examined in vivo appearance and localization of α-SMA 

positive stromal cells, apparent myofibroblasts in tumour-free central and 

peripheral lung tissues of patients operated on for lung cancer. The patients were 

categorized by smoking habit and COPD status. The present study demonstrated 

that myofibroblasts were differentially distributed in alveoli, bronchioles and 

bronchi when studying non-smokers, healthy smokers and patients with COPD. 

At the alveolar level, myofibroblasts and ECM proteins were located at the distal 

endings of damaged alveolar walls which were called widened alveolar tips. 

These are previously unstudied histological structures and locations of 

myofibroblasts in human peripheral lung. In topological studies similar alveolar 

tips were called free edges being one of principal borders of alveolar septa in 

canine parenchymal lung. The free edge was located at the opening of each 

alveolus (Oldmixon et al. 1989).  

The number of α-SMA positive alveolar tips was the highest in non-smokers, 

suggesting that these structures are typical features of normal adult lung. The 

origin and function of alveolar widenings can be speculated. During lung 

development, alveolar myofibroblasts in the secondary crests synthesize ECM 

proteins, such as elastin, Tn-C and procollagens type I and III for the structural 

components of alveolar walls (Kaarteenaho-Wiik et al. 2004, Noguchi et al. 

1989). Due to similar histological localization and appearance of secondary crests, 

widened alveolar tips may share a common origin with secondary crests. Thus, it 

could be assumed that myofibroblasts in adult lung may participate in tissue 

repair in peripheral lung similarly as observed during lung development. The 

present observations are interesting in the context of a conventional view that 

myofibroblasts are predominantly present in the pathogenetic processes (Baarsma 

et al. 2011). It is worth reminding, however, that myofibroblasts were initially 

discovered in healing wound, which can be classified as a physiological function 

(Gabbiani et al. 1971). 

The regulation of myofibroblasts within widened tips can be discussed. As 

mentioned earlier, developing secondary crests in human alveogenesis exhibited 

similar structures as observed in the present study (Kaarteenaho-Wiik et al. 2001, 

2004, Roth-Kleiner & Post 2005). These widened tips were also observed in 

developing mice lungs. Knockdown studies of PDGF-A and its receptor PDGFRα 

revealed the loss of alveolar myofibroblasts and a deficient alveolar septation, 
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revealing that myofibroblasts are required for normal alveolarization (Bostrom et 

al. 1996). Myofibroblasts also showed autocrine regulation by expressing 

PDGFRα receptor (McGowan et al. 2008). A subgroup of mice alveolar 

fibroblasts was demonstrated to be more susceptible to migration and 

participation in elongation of alveolar tips due to the expression of sonic 

hedgehog and stem cell antigen-1 (McGowan & McCoy 2013). This type of cell 

population can be speculated to exist in adult lung and be activated in tissue injury. 

There is evidence that septal growth from pre-existing septa and alveolarization 

can occur even at adulthood (Narayanan et al. 2012, Schittny et al. 2008). TGF-

β1 signalling is also activated in lung development and alveolar epithelial repair 

(Buckley et al. 2008), which might reflect the involvement of myofibroblasts.  

According to our observations, myofibroblasts were almost absent in normal 

large airways whereas obstruction induced an extensive expression of α-SMA, 

suggesting that α-SMA can be considered as a marker of airway obstruction and 

an imbalanced tissue homeostasis caused by long-lasting smoking in central 

airways. The discrepancy between central and peripheral lung might be explained 

by the differential function of myofibroblasts in large and small airways. 

Bronchial walls are more resistant to tissue injury thanks to thick layers of 

connective tissue whereas interalveolar walls are composed of two capillary 

layers and thin section of connective tissue components, a structure that allows an 

efficient gas exchange (reviewed by Burri 2006). These structures are fragile for 

disruption during inhalation and exhalation. Normal peripheral lung has capacity 

for continuous regeneration by having tissue-resident myofibroblasts. Another 

reason might be the regional heterogeneity of pulmonary fibroblasts. When 

compared to peripheral fibroblasts from asthmatic individuals, central fibroblasts 

of the same subject showed differential cell morphology, a higher synthesis of 

procollagen type I and eotaxin-1 as well as differential response to TGF-β1 

(Kotaru et al. 2006). Our observations of variable myofibroblast appearance in 

different pulmonary regions need to be further studied by using both in vivo and 

in vitro methods. 

Similar lung tissue material is widely used as controls in various types of 

investigations, in which careful evaluations of demographics and other associated 

diseases are often performed. According to our study, lung cancer resection 

material is composed of patients with heterogeneous clinical data. Squamous cell 

carcinoma is a common co-morbidity with smoking-related COPD and 

emphysema, which affect both central and distal lungs (reviewed by Caramori et 

al. 2011). Our study revealed that tumour-free lung tissue of healthy smokers and 
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patients with COPD, often referred to as normal lung in previous studies, revealed 

an altered structure and cellular composition when compared to healthy non-

smokers, i.e. individuals actually having normal lungs. It can be concluded that it 

is essential to take into account all underlying lung diseases, medications and 

smoking habits of each patient in order to have absolutely normal lung and 

pulmonary cells for controls. 

6.6 The effect of smoking on myofibroblast phenotype in cells 
studied in vitro (I, IV) and in vivo (III)  

Long-lasting smoking affected the function and ultrastructure of the stromal cells 

showing an inverse relation to the abundance of myofibroblasts. BAL-derived 

cells from smokers were more potent to grow in cell culture conditions, but their 

differentiation potential was weaker when compared to non-smokers. The levels 

of all three differentiation parameters were lower in smokers, which may indicate 

that tobacco smoke interferes with or regulates cell differentiation. Cells of 

smokers displayed less ultrastructural myofibroblastic features than those of non-

smoking individuals. Smoking and COPD affected alveolar widenings by 

decreasing their numbers in alveoli and bronchioles, i.e. in peripheral lung, but 

not in central lung. It can be speculated that progenitors of myofibroblasts in 

lungs of smokers are incapable of differentiating to myofibroblasts. The 

phenomenon may be associated with inadequate tissue repair and explains the 

destruction of alveolar lung tissue in emphysema, a commonly found lung 

disorder in smokers (Hoesein et al. 2013). Smoking and oxidative stress cause 

cellular damage in fibroblasts, which is seen as an impaired response to 

regenerative signals (Togo et al. 2008) as well as resulting in premature aging and 

cellular senescence of mesenchymal progenitors (Müller et al. 2006). A 2-week 

continuous exposure to acrolein, one toxic volatile component of tobacco smoke, 

caused mitochondrial deficiency, a higher production of ROS and impaired 

proliferation rate and activation of apoptotic signalling (Luo et al. 2013). 

Furthermore, periodontal wounds in smokers have been reported to be slow 

to heal (Grossi et al. 1996), which may be a result of delayed differentiation of 

myofibroblasts with contractile capacity (Carnevali et al. 1998, Milara et al. 2012, 

Wang et al. 2003). Human primary gingival fibroblasts pre-treated with nicotine 

or cigarette smoke exhibited a weaker response to subsequent TGF-β1–induction, 

which was measured by decreased expression of α-SMA (Fang & Svoboda 2005, 

Silva et al. 2012). 



 74

6.7 Future plans 

The research of lung myofibroblasts offers several plans for future studies. 

Prospective studies could clarify the exact role of ultrastructural and functional 

changes in the myofibroblasts during the progression of lung diseases. A more 

detailed characterization of stromal cells will hopefully reveal new biomarkers 

that may be useful in the diagnostics of ILDs. More studies are needed to confirm 

whether the association of the BAL cell profile in successful cell culture is a lung 

disease-specific feature or due to the in vitro effect caused by the 

macrophage/lymphocyte ratio. BAL-derived cell lines have been stored for 

further studies, and they offer a convenient source of genetic material for 

epigenetic studies and biobanking. 

This study revealed that human alveolar lung contained newly characterized 

histological structures and previously unstudied location of myofibroblasts, i.e. 

widened alveolar tips. More investigations are still needed to elucidate whether 

those alveolar tips take part in the alveolar regeneration in the adult lung. 

It is known that the FNX is composed of α-SMA and Fn. Instead, further 

characterization and ultrastructural localization are needed for linker proteins 

between α-SMA and Fn. The cell-cell junctions in myofibroblasts require 

additional investigations. 

Roflumilast, a phophodiesterase-4-selective inhibitor, is a novel non-steroid 

agent against COPD exacerbations. We are planning to investigate the combined 

effect of roflumilast and tobacco smoke on in vitro cultured 

fibroblasts/myofibroblasts derived from normal lung and patients with COPD. In 

addition, we investigate the ultrastructural myofibroblastic features and 

expression of α-SMA in myofibroblasts derived from the patients with COPD. 
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7 Conclusions 

The main findings of the present study are: 

1. Fibroblasts, myofibroblasts and progenitor-like cells can be cultured from 

small aliquots of diagnostic BAL fluids derived from patients with various 

types of ILDs. This method may increase the usability of BAL fluids in in 

vitro studies and provide a new tool for investigating lung diseases. 

2. Myofibroblasts with typical ultrastructure and functional properties can be 

cultured from BAL fluid and lung tissue samples. 

3. The α-SMA positive cells, which were obviously myofibroblasts, were 

located in alveoli and bronchioles of non-smokers, healthy smokers and 

patients with COPD. At the alveolar level, α-SMA positive cells and ECM 

proteins were present in newly described histological structures termed 

widened alveolar tips. 

4. The highest number of widened alveolar tips was detected in normal lung, 

indicating that these cells may be involved in the regeneration of the normal 

peripheral lung. 

5. In large airways, the number of α-SMA positive cells and expression of Tn-C 

were increased in COPD, which indicated the potential role of these factors in 

the pathogenesis of COPD. 

6. Lung cancer-associated myofibroblasts had differential ultrastructural and 

contractile properties when compared to those counterparts from tumour-free 

lung. 

7. Long-lasting smoking affected the ultrastructure and function of 

myofibroblasts. 
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