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Introduction 

Tissue repair processes and remodelling are ongoing processes in all types of 
wound healing. In healthy subjects, the primary role of the extracellular matrix 
(ECM) is to provide tissues with specific mechanical properties, and to serve as a 
structural framework for cell attachment and migration. An ongoing tissue repair 
can result in fibrosis, regarded as an abnormal wound-healing process. In the lung 
the fibrosis can be localised in the central part of the lung, or in the distal alveolar 
parenchymal part, or something in-between, in the small airways. In this thesis, we 
have included three different patient groups believed to differ somewhat in 
primary site of fibrotic deposition. In asthma, the basement membrane, which is 
located below the epithelial layer, is thickened because of accumulation of 
collagens and proteoglycans. Idiopathic pulmonary fibrosis (IPF) is characterised 
by fibroblastic foci that are in demarcated areas rich in ECM and proteoglycans 
but with few cells. In obliterative bronchiolitis (OB), the small airways are 
obliterated with ECM where the proteoglycans function as staples to attach the 
connective tissue. In OB, the parenchymal part of the lung is also involved with a 
thickening of the alveolar septa. The structural changes will be discussed in more 
detail later in this thesis. 
 
The above-mentioned disorders are chronic diseases with remodelling of both the 
airways and the pulmonary vessels. The remodelling processes have many 
differences but, surprisingly, also many similarities even though the underlying 
pathophysiologies are different. Remodelling usually starts with an epithelial 
injury that later gives rise to structural changes in the airways and in the lung 
architecture, featuring lung function decrease and chronic airway symptoms. 
 
Tissue repair and inflammation often interact in a dynamic and parallel manner. 
The players at both the cellular and the molecular levels are dependent on both the 
type of disease and the disease state of the patient. Inflammation is a process that 
can be preceded by infections. Depending of what kind of stimuli triggered the 
inflammation, the response of the immune system is regulated in different ways. 
The immune system can be divided into an innate part on the one hand, including 
barriers to the surroundings, eosinophils, neutrophils, macrophages, and natural 
killer cells, and an adaptive part on the other, including T-lymphocytes and B-
lymphocytes. 
 
One of the diseases that has both inflammatory and remodelling features is asthma. 
Asthma is a widespread disease; today, 8% of the adult population in Sweden 
suffers from asthma (1). Another condition in which both inflammation and 
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remodelling are important characteristics is chronic rejection after organ 
transplantation. The first lung transplantation was done in 1983 in Toronto, 
Canada (2) and today around 40 lung transplantations are performed annually in 
Sweden (about 15 at the University hospital in Lund and about 25 at Sahlgrenska 
University Hospital in Göteborg). Unfortunately, up to 60% of the transplanted 
patients develop bronchiolitis obliterans syndrome (BOS), as a sign of chronic 
rejection. IPF is a disease where the cause still is unclear and the possibilities of 
treatments are limited. Some patients with IPF will eventually be candidates for 
lung transplantation. However, the most common disorders today, leading to 
transplantations are chronic obstructive pulmonary disease (COPD) and cystic 
fibrosis (CF) (3). 
 
The aims of the work for this thesis were to determine whether fibrocytes, which 
are progenitors of fibroblasts, are of importance in tissue remodeling. A second 
aim was to further characterise factors involved in the recruitment of fibrocytes 
from the bloodstream to specific areas of the lung. A third aim was to identify 
phenotypes of fibroblasts that are associated with tissue repair. 
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Background 

Lung Disorders 
This thesis concentrates on tissue repair, and remodelling in lung disorders such as 
IPF, OB after lung or bone marrow transplantation, and asthma is discussed. The 
origins of these disorders are different, but they have the common denominator 
that ECM deposition changes the lung structure and causes deterioration of the 
tissue, and thereby of lung function. 

Idiopathic Pulmonary Fibrosis 
IPF is a chronic disease that is usually lethal, is progressive, and is of unknown 
cause (4). The disease is by definition grouped as an idiopathic interstitial 
pneumonia, but is distinguished histologically from other diseases in the group 
because of its characteristic fibroblast foci of proliferative and matrix-producing 
fibroblasts and myofibroblasts. The diagnosis of IPF can be established after 
surgical lung biopsies with preoperative high-resolution computed tomography to 
show specific abnormal regions of the lung (5). IPF is more common in men than 
in women, and the age at onset of the disease is around 60 years. The treatments 
for IPF are focused on inflammation, fibrosis, and the immune response but 
unfortunately the effects of pharmacological treatment are limited. Lung 
transplantation has been shown to be a good treatment for some IPF patients, even 
though this solution is only possible if the patients, excluding lung status are 
healthy enough to undergo transplantation (6). 
 
Even though the cause of the fibrosis is unknown, there are some substances that 
have been shown to be associated with the disease, such as asbestos, substances 
associated with agriculture and livestock, metal dust, and cigarette smoke (7). 
Cigarette smoke, which reduces the length of telomeres, could be an important 
pathogenetic factor in IPF (8). In families with IPF, 8% of individuals have a 
mutation in genes that result in short telomeres (9). 
 
Many cell types are of importance for the pathology behind IPF, but fibroblasts 
with their ability to produce matrix molecules are of special interest. In tissues 
from patients with IPF, fibroblastic foci have been identified as discrete areas rich 
in ECM but with few cells (Figure 1). The cells of the fibroblast foci are arranged 
in an outstretched and parallel arrangement relative to the other cells and to the 
alveolar septa (10). Fibroblasts in the lungs of IPF patients could come from 
epithelial cells, from fibrocytes recruited from the bone marrow, or from 
proliferation of residual fibroblasts. For the origin of fibroblasts derived from 
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epithelial cells the level of TGF-�, a stimulator of epithelial-mesenchymal 
transition (EMT), is known to be increased in IPF lungs (11). Furthermore, EMT 
is regulated by Gremlin, which is an inhibitor of bone morphogenetic proteins, and 
is up-regulated in IPF so that epithelial cells are more sensitive to TGF-� (12). 
Another possible origin of the fibroblasts in IPF is recruitment of fibrocytes from 
the bone marrow. Fibrocytes as a possible source of fibroblasts are discussed in 
detail below, but it needs to be mentioned that the chemokine stromal cell-derived 
factor-1/chemokine ligand 12 (SDF-1/CXCL12) is up-regulated in both plasma 
and bronchoalveolar lavage (BAL) fluid in patients with IPF (Paper 1). 
Concerning vessel remodelling in IPF, it is of interest that the concentration of 
VEGF, a growth factor involved in vessel formation, is reduced in BAL fluid and 
it is not expressed in fibroblastic foci. In an in vitro study, it has also been shown 
that endothelial tubule formation is suppressed in the presence of IPF lung 
homogenates from IPF lung (13). 

Figure 1. Fibroblastic foci are a characteristic feature of tissue from patients with idiopathic 
pulmonary fibrosis. The foci are identified as demarcated areas rich in ECM but with few 
cells. The cells in the fibroblast foci are outstretched and aligned parallel to the other cells 
and to the alveolar septa. A fibroblast focus can be seen here after Gomori’s trichrome 
staining (see dashed line). Original magnification: 20×. 
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Lung Transplantation and Fibro-obliteration 
Lung transplantation is a treatment available for end-stage lung disease in patients 
with COPD, CF, lymphangioleiomyomatosis, and fibrosing interstitial lung 
disorders (ILD) such as IPF. Depending on the diagnosis, single or bilateral lung 
transplantation is performed. The number of transplantations is still limited by the 
number of donors available. At the time of transplantation, immunosuppressant 
treatment is started and continues for the rest of the patient’s life. 
 
During the operation, the bronchial circulation is not restored for technical 
reasons. A Danish study has, however, shown that restoration of bronchial artery 
revascularization delays the onset of BOS (14). Also, the vagal nerve is often 
injured during the transplantation and results in deterioration in the patterns of 
breathing and coughing, which can give rise to an increased risk of pneumonia and 
aspiration of gastroesophageal secretions, and of developing BOS. However, the 
cough reflex is restored 12 months after the transplantation (15). 
 
Without pharmacological immunosuppressant treatment, transplanted lungs should 
be rejected in a few days in an alloimmune rejection. The treatment today often 
combines immune-suppressive drugs such as cyclosporine A and azathioprine with 
steorids. 
 
Chronic rejection is a common consequence of lung transplantation (affecting 60% 
of those transplanted) (3) (Figure 2). The tissue process starts with lymphocyte 
infiltration in the submucosa and injury of the mucosa and epithelial cell layer, 
which results in recruitment of ECM-producing fibroblasts or the progenitor cells, 
fibrocytes. Histologically, the rejection is seen as an ECM plug with few 
fibroblasts in the bronchioles (16-18). Clinically, the rejection is apparent as 
reduced lung function, and cough and dyspnea are common symptoms. Table 1 
covers the criteria for the diagnosis of BOS (19). For recommendations concerning 
choice of spirometric equipment, confounding conditions, definition of baseline, 
and BOS stages, see reference (16). 
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Figure 2. Histologically, obliterative bronchiolitis can be seen as fibro-proliferative 
intraluminal plugs with few fibroblasts in the terminal respiratory bronchioles. The dashed 
line indicates the plug, while the two arrows show neo-lumina. Original magnification: 20×. 
 

BOS 0  FEV1 > 90% of baseline and  
FEF25–75 > 75% of baseline  

BOS 0p  FEV1 81–90% of baseline and/or  
FEF25–75 � 75% of baseline  

BOS 1  FEV1 66–80% of baseline  

BOS 2  FEV1 51–65% of baseline  

BOS 3  FEV1 � 50% of baseline  

BOS = bronchiolitis obliterans syndrome, FEF = forced 
expiratory flow, FEV1 = forced expiratory volume in 1 second  

 
Table 1. Classification system for bronchiolitis obliterans. Adapted from Estenne and Hertz 
2002. 
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There have been a number of articles addressing risk factors for BOS, most 
commonly mentioned are acute cellular rejection, human leukocyte antigen (HLA) 
mismatch, infections by cytomegalovirus (CMV) or lymphocytic bronchitis, and 
female donor to male recipient (16;20). The pathogenesis of BOS involves both 
non-alloimmune mechanisms such as infections, ischaemia, and gastro-
oesophageal reflux and alloimmune mechanisms such as acute rejection and 
lymphocytic bronchiolitis (19). Which of the immune responses (type 1, the cell-
mediated response; type 2, driven by cytotoxic T-lymphocytes (3); or type 17, the 
autoimmune response (21)) causes the rejection is still under debate. The growth 
factors involved in the fibro-proliferative phase of the chronic rejection in 
particular are platelet-derived growth factor (PDGF) (22) and TGF-� (23), which 
are known to up-regulate ECM deposition. Also, the size of vessels is increased in 
patients with BOS (20) (Paper 2) and this could be the result of local hypoxia, 
which promotes angiogenesis. 
 
To prevent BOS attempts with a special double transplantation has shown 
promising results. At the same time as the lung transplantation occurs, it is 
combined with infusion of bone marrow from the same donor as the lung came 
from. The theory behind the double transplantation is that the recipient’s immune 
cells are modulated, and the results show a lower incidence of OB compared to 
lung transplantation alone. Interestingly, the numbers of acute cellular rejections 
were found to be the same in a group of doubly transplanted subjects as in a group 
of subjects who only underwent lung transplantation. The outcomes of the studies 
in the field are difficult to interpret because of the small size of patient groups and 
the lack of matched control groups (24). 
 
The treatment of BOS is unfortunately limited to changes in the 
immunosuppressive medication, both concerning dose and type of therapy (3). Re-
transplantation is an alternative treatment for BOS, even though re-transplantation 
is associated with a higher mortality than initial transplantation (25). A five-year 
follow-up study of patients with BOS after initial transplantation showed that over 
60% were alive even though this patient group had an elevated risk of developing 
BOS once again (25;26). 

Bone Marrow / Haematopoietic Stem Cell Transplantation 
A number of late complications such as pulmonary, cardiac, and renal 
complications are known to occur after bone marrow transplantation (27). The 
pulmonary complications occur at a frequency of 2–11% of the adult cases and 8% 
of the paediatric cases (28-31). As with OB after lung transplantation, it is mainly 
the small airways that are obliterated; and the risk factors for development of 
fibrosis are infections, smoking, cytotoxic therapy, irradiation, and chronic graft-
versus-host disease (32;33). The histological characteristics of OB after bone 
marrow/haematopoietic stem cell transplantation are similar to those after lung 
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transplantation (Figure 2). The symptoms are cough, dyspnea, and wheezing. The 
clinical OB is defined as forced expiratory volume in 1 second (FEV1)/ forced 
vital capacity ratio < 0.7, FEV1 < 75% of predicted value, evidence of air trapping 
or small airway thickening, and absence of infection (34). The treatments are 
limited to immunosuppressive drugs and corticosteroids or lung transplantation 
(31;35-37). For OB after lung transplantation, the outcome is poor (33). 

Asthma 
Also in asthma remodelling and accumulation of ECM are histological features. 
While asthma historically was regarded as a single disease it has during the last 
years been clear that asthma is a very heterogeneous disorder, rather a syndrome, 
including different clinical phenotypes (38). The diagnosis of asthma is often 
based on symptoms such as wheezing, coughing, shortness of breath, and chest 
tightness with objective measures as variable airflow obstruction and bronchial 
hyperresponsiveness (39). The different phenotypes of asthma are based on: (1) 
clinical observations such as frequency of exacerbations, air flow restriction, 
resistance to pharmaceuticals (corticosteroids), age at onset (40-42); (2) 
determining the trigger-factor such as allergens or exercise (43;44); and (3) 
determining the number and localisation of inflammatory cells such as eosinophils 
and neutrophils (45;46). There may also be some overlap between the different 
phenotypes of asthma. 
 
The complexity of the disease and phenotypes has made it difficult to implicate 
genes in asthma. However, one gene (ADAM33) with polymorphism in asthma 
patients has been identified; it codes for a Zn+-dependent matrix metalloproteinase 
(MMP). ADAM33 is expressed in mesenchymal cells such as fibroblasts and 

smooth muscle cells (47;48). 
 
Many cell types with different features are involved in asthma. The structural cells 
that are involved in asthma are for example epithelial cells, smooth muscle cells, 
and (myo)fibroblasts. The epithelial layer forms a structural barrier between the air 
space and the tissue of the lung. Some of the known risk factors in asthma, such as 
indoor and outdoor allergens, tobacco smoke, and air pollution, have their first 
contact with the patient by way of the epithelium (49). In studies of biopsies from 
asthmatic patients, a correlation has been found between the degree of epithelial 
loss and the degree of airway reactivity (50). The main function of the muscle cells 
are to contract tissue. Both the smooth muscle area and the size of the smooth 
muscle cells increase with the severity of asthma (51). Smooth muscle cells are 
capable of proliferating, migrating, producing pro-inflammatory cytokines, and 
forming new muscle with change of phenotype and function (52-54). Even though 
other cell types are capable of producing ECM molecules, the fibroblast is the 
main producer. Fibroblasts, myofibroblasts, the ECM, and collagen are described 
below in more detail. 
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In asthma patients, the inflammatory response leads to release of cytokines and 
interleukins which results in narrowing of the airway lumen, secretion of mucus, 
accumulation of ECM molecules, increased number and size of smooth muscle 
cells, and thickening of the bronchial wall (55) (Figure 3). Mast cells and 
basophils have granulas containing chymase and tryptase, eosinophils can release 
a number of cytokines, leukotrienes, prostaglandins and the number of all these 
cell type is associated with a more severe asthma phenotype. Other immune cells 
that are involved in asthma are neutrophils that attract inflammatory cells, T-cells 
and macrophages and dendritic cells which act as antigen presenting cells (56-59).  
 

Figure 3. During an asthma attack, smooth muscles around the airways contract which 
gives a tightening of the lumen. This, together with swelling and inflammation with infiltration 
of immune cells and excessive secretion of mucus into the airways, gives an obstructed 
airway. Adapted from: Encyclopædia Britannica.  
 
Asthma therapy has been based on bronchodilator agents, often combined with 
anti-inflammatory treatment. The bronchodilators, �2-agonists, act by binding to 
�2-adenoreceptors located on smooth muscle cells, epithelial cells, and immune 
cells and cause smooth muscle cells in particular to relax (60;61). The anti-
inflammatory drugs, glucocorticoids, act by binding to the glucocorticoid receptor 
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in the cytoplasm and regulate gene transcription by activating anti-inflammatory 
genes (62). 

Structural Cells Involved in Tissue Repair 
Nearly all types of cells are involved in tissue repair. As mentioned at the 
beginning of this thesis, inflammation and remodelling work together in the 
disorders described here. In the following paragraphs, the main structural cell 
types that are involved in the remodelling process in tissue repair are presented. 

Fibroblasts 
Cytologically, fibroblasts are defined as elongated cells (Paper 4) with a typical 
marked rough endoplasmic reticulum and a typical Golgi apparatus that are 
common in cells that produce ECM and collagen (63) (Figure 4). The number of 
ECM molecules produced by fibroblasts are almost countless. The connective 
tissue from the fibroblasts surrounds the cells and provides a lattice to which the 
cells can bind and move along. Fibroblasts are in many cases a heterogeneous cell 
population and their behaviour is strongly dependent on and modulated by the 
surrounding environment, growth factors, and chemokines bound to the ECM. 
 

10�m
 

 
Figure 4. One of the structural cell types involved in tissue repair is the fibroblast. 
Fibroblasts are defined as elongated, cells with a typically marked rough endoplasmic 
reticulum. They can produce a number of extracellular matrix molecules. This cultured 
fibroblast was visualized by electron microscope. 
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Fibroblasts are involved in tissue repair and wound healing because of their ability 
to produce ECM and collagen. The fibroblast can also use its contractile forces to 
diminish the area of the wound, and this property is enhanced if the cells are 
primed by �-smooth muscle cells (�-SMA). Sub-populations of fibroblasts seem to 
be more or less primed for specific functions; for example, Westergren-Thorsson 
et al. have shown how fibroblast clones are negatively correlated to proliferation 
and synthesis of decorin (64) and in fibroblasts from lung-transplanted patients 
there is a negative correlation between proteoglycan production and proliferation / 
migration (Paper 3). 
 
Fibroblasts can be characterised using antibodies to fibroblast markers. Many of 
these markers overlap with those of macrophages and smooth muscle cells. 
However, instead combinations of markers can be used to identify these cells 
(Papers 3 and 4). 

Myofibroblasts 
A myofibroblast is a fibroblast phenotype that is activated, is more contractile, and 
has a higher production of ECM and collagen than fibroblasts. The shape of the 
cells is described as spindle-shaped. The phenotype was first observed by 
Gabbiani et al. in 1971 (65). Today, the myofibroblasts are well-characterised as 
�-SMA-expressing cells. However, the pattern of expression is more complex than 
in smooth muscle cells, however, concerning both conserning enhancers and 
inhibitors in the downstream regulation of intracellular signalling (66;67).  
 
There are two distinct populations of myofibroblasts, proto-myofibroblasts and 
differentiated myofibroblasts. Proto-myofibroblasts are formed after mechanical 
stress in fibroblasts. The characteristics of proto-myofibroblasts are that they 
express intracellular stress fibers and cell-surface fibronectin, which can both 
generate contractile forces. The differentiated myofibroblast develops from the 
proto-myofibroblast after TGF-� stimulation, which increases the amount of 
fibronectin at the cell surface to form fibrils; after further mechanical stress, �-
SMA is formed intracellularly and focal adhesion at the cell surface (68). 
 
Myofibroblasts are often located in areas of fibrosis, or in areas close to 
fibroblastic foci in IPF patients (69). They are capable of destroying overlying 
epithelial cells by secreting H2O2. The end result of the wound healing is 
determined by whether or not the myofibroblast is capable of apoptosis. Without 
apoptosis, fibrosis develops and this process is driven by TGF-� (70). One 
possible treatment for TGF-�-induced activation of myofibroblasts is interferon � 
(IFN-�), which regulates TGF-� by up-regulation of Smad7 through 
phosphorylation of signal transducers and activator of transcription (STAT) (71). 
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The Origin of the Fibroblast/Myofibroblast 
A few years ago, tissue-resident fibroblasts were thought to be the only possible 
origin of fibroblasts. In this thesis, both paper 1 and paper 2 focuses on fibrocytes; 
these are one of the more recently discovered origins of fibroblasts. Epithelial-
mesenchymal transition and endothelial-mesenchymal transition are also known to 
be possible sources of fibroblasts. In bleomycin-induced lung fibrosis, one-third of 
the fibroblasts are derived from epithelium and one-fifth are derived from bone 
marrow. In this study no other origins were investigated, and conclusions 
concerning endothelial-mesenchymal transition and other origins are still unclear 
(72). 

Resident Fibroblasts 
As early as 1990, Darby et al. showed how resident fibroblasts proliferate and 
differentiate into myofibroblasts in an open scar wound healing model in the rat. 
The processes started 6 days after scar formation, with the highest level of 
fibroblasts 15 days later, and ended with apoptosis on days 20–25 after scar 
formation (73). Furthermore, fibroblasts from fibrotic patients have a higher 
proliferation capacity than those from healthy controls (64). Proliferation of the 
resident fibroblasts is probably driven both by factors in the tissue such as ECM 
molecules and by the inflammation. 

Fibrocytes 
Fibrocytes are progenitor cells that originate in the bone marrow. The fibrocytes 
have many characteristics that make them a discrete cell population. They are 
mostly known to have an important role in fibrotic lung diseases such as asthma 
(74;75), COPD, IPF (76) (Paper 1), and OB (Paper 2), but also in skin wound 
healing (77) and kidney fibrosis (78). Unfortunately, we do not have any specific 
marker for fibrocytes; instead, a combination of markers for different cell types is 
being used such as combining haematopoietic markers with mesenchymal 
markers. For example, there are molecules specific for leukocytes (CD45), 
monocytes (CD11a, CD11b, CD13), and stem cells (CD34), and also chemokine 
receptors (CXCR4), major histocompatibility complex (MHC) molecules, and 
mesenchymal markers (prolyl 4-hydroxylase, �-SMA) (77;79). One of the most 
potent markers is CXCR4, which is expressed by 90% of the circulating pool of 
fibrocytes (80). The expression of these specific proteins changes as the fibrocytes 
are released from the bone marrow and recruited to the tissue. Mori et al. isolated 
circulating fibrocytes from mice and analysed the cells regarding their CD13, 
CD34, CD45, collagen I, and �-SMA expression for one week in serum-free 
medium or in medium supplemented with TGF-�, a factor involved in wound 
healing. The expression of CD13, CD34, and CD45 became reduced while the 
expression of collagen I was constantly high and the expression of �-SMA 
increased. The differences were even higher when TGF-� was present (81). 
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Fibrocytes have a role in many steps of angiogenesis. For example, fibrocytes 
express MMP-9, which helps these cells to penetrate the basement membrane 
during formation of new vessels. Isolated fibrocytes produce a number of pro-
angiogenic factors such as bFGF, VEGF, granulocyte-macrophage colony-
stimulating factor (GM-CSF), interleukin-1 (IL-1), IL-8, and macrophage colony-
stimulating factor (M-CSF). These factors induce migration, proliferation, and 
alignment of endothelial cells into tube-like structures (82). 
 
Fibrocytes differ from fibroblasts in many ways. An immunologically important 
feature is antigen presentation. They express both MHC class I and class II 
antigens and co-factors CD80 and CD86. Furthermore, fibrocytes can migrate to 
lymphatic organs and sensitise naive T-cells. Previously, this feature was only 
thought to be a task of dendritic cells (83). 
 
Recruitment of Fibrocytes 
Fibrocytes have to be recruited from the bone marrow to the injured tissue, and 
one of the possibilities for recruitment is the CXCR4 – SDF-1 / CXCL12 axis. 
SDF-1 / CXCL12 belongs to the CXC family and has a length of 68 amino acids (8 
kDa). The only receptor for SDF-1 / CXCL12 is the G-protein-coupled seven-span 
transmembrane receptor CXCR4 (84), which is present on its target cell. Binding 
causes changes to the cell: increased secretion of MMPs, VEGF, and NO, and also 
cytoskeletal rearrangements, which give increased mortality and chemotaxis. 
Some molecules involved in inflammation (hyaluronan, fibronectin, and 
fibrinogen) appear to increase the sensitivity to SDF-1 / CXCL12 (85). 
 
The expression of CXCR4 and its ligand SDF-1 / CXCL12 is known to be up-
regulated under hypoxic conditions by hypoxia-induced factor 1� (HIF-1�) 
(86;87). The bone marrow is hypoxic compared to the surrounding vessels, and 
bone marrow has expression of SDF-1 / CXCL12. An injury in the lung leads to 
increased levels of SDF-1 / CXCL12 in the plasma (Paper 1), and fibrocytes are 
released from the bone marrow to migrate over a chemotactic gradient to the 
injured lung, where SDF-1 / CXCL12 is being expressed (88). 
 
The importance of the CXCR4 – SDF-1 / CXCL12 axis has been shown by 
Phillips et al. using an animal model of lung fibrosis. In a bleomycin-induced 
model of lung fibrosis mice were treated with anti-CXCL12 antibodies and there 
was a significantly lower level of collagen and �-SMA compared to the animals 
treated with control antibodies (89) (Figure 5). Another possible way of 
recruitment is a gradient of the chemokine secondary lymphoid tissue chemokine / 
chemokine ligand 21 (SLC / CCL21), which is expressed in lymphoid organs and 
also in lung tissue under inflammatory conditions. The receptor is CCR7, but it is 
only expressed by less than 10% of circulating fibrocytes (80). This way of 
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recruitment has been mentioned most in papers on renal fibrosis (77;78). The third 
way of recruitment of fibrocytes, the CCR2 / CCL2 axis, is only present in animals 
and has been shown to occur in lung tissue after injury (90). 
 

SDF-1 / CXCL12

Fibrocytes
CXCR4

 
 
Figure 5. One possible way of recruitment of fibrocytes is by the CXCR4 – SDF-1 / CXCL12 
axis. Fibrocytes that express CXCR4 originate in the bone marrow. A lung injury results in 
increased levels of SDF-1 / CXCL12, thus causing build-up of a gradient to recruit CXCR4-
positive fibrocytes to the location of injury of the tissue. 
 
Fibrocyte Differentiation  
When fibrocytes have entered an injured tissue, they move through a matrix where 
many cytokines are bound. These cytokines are known to influence the behaviour 
of the fibrocytes; as mentioned previously, SDF-1 induces migration by interacting 
with CXCR4. Mori et al. showed how TGF-� is capable of inducing fibrocytes to 
differentiate into �-SMA-positive myofibroblasts (81). The pathways that are 
involved in this differentiation are activation of Smad 2/3 and stress-activated 
protein kinase / jun N-terminal kinases mitogen-activated protein kinases 
(SAPK/JNK MAPK) (91). The markers on the fibrocytes change during 
recruitment to the injured tissue. The expression of mesenchymal markers 
increases while the expression of haematopoietic markers decreases (92). 
 
Another possible way of differentiation of fibrocytes is to adipocytes, which is 
driven by specific adipogenetic hormones and cytokines and which follows 
activation of specific adipocyte genes. On the other hand, TGF-� inhibits this 
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differentiation by activating SAPK/JNK MAPK, which is normally suppressed 
during differentiation to adipocytes (91). 
 
Differentiation of monocytes to fibrocytes has been shown by Shao et al. (93). 
Monocytes cultured together with the pro-fibrotic cytokines IL-4 and IL-13 
differentiated into fibrocytes, while the anti-fibrotic cytokines IFN-� and IL-12 
inhibited fibrocyte differentiation of monocytes to fibrocytes. 

Epithelial-Mesenchymal Transition and Endothelial-Mesenchymal 
Transition 
Different types of epithelial cells cover the whole airway tree. In the trachea, there 
is a pseudo-stratified layer where ciliated cells, goblet cells, and basal cells 
predominate; in the small airways, there are also Clara cells. In these airways, the 
epithelial layer is simple cuboidal. The cells that cover the alveolar duct are 
mainly alveolar type I and type II cells. Alveolar type I cells are flat and enable 
gas exchange; type II cells are progenitors of type I cells, are mucus producing, 
and have immunological functions (94). 
 
The epithelial-mesenchymal transition, where fully differentiated alveolar type II 
cells become transformed into a mesenchymal cell phenotype, has been identified 
in many disorders—for example, in lung transplantation, OB, and in renal and lens 
fibrosis (95-97). TGF-� has been recognised as the main inducer of EMT. The 
process is mainly mediated by the Smad pathway but an alternative pathway in 
which the ras homolog gene family; RhoA, ras, MAPK, and P13 are involved has 
also identified. Also, cross-talk between the pathways appears to be involved in 
most cases (11;98). 
 
In a recent study by Borthwick et al. (95), EMT has been identified in patients 
with BOS. EMT was identified by a combination of analyses: cell morphology, 
mesenchymal proteins, epithelial proteins, secretion of ECM, and functional 
analysis of invasive and migratory properties. The patients with BOS had 
significantly more EMT than lung-transplanted patients without BOS and healthy 
controls (95). 
 
In addition, endothelial cells are capable of undergoing transition to cells with 
features of mesenchymal cells. Of the endothelial cells in an adult, 0.01–0.03% are 
capable of undergoing endothelial-to-smooth muscle transdifferentiation (99). 

Endothelial Cells 
Endothelial cells make up the tunica intima in both arteries and veins. The cells are 
connected to each other by tight junctions with zona occludens-1 (ZO-1) and ZO-2 
at the cytoplasm side (100;101). Vessels and endothelial cells are particularly 
involved in remodelling; these cells are able to proliferate and migrate in response 
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to stimulation. Endothelial cells respond to different types of stimuli, such as 
vasodilation after stimulation with NO and prostacyclin PGI2, and proliferation 
after stimulation with PDGF, VEGF, and FGF. Endothelial cells react to 
prolonged hypoxia by proliferation. 

Recruitment and Differentiation of Endothelial Progenitor Cells 
Progenitor cells with the capacity to differentiate into endothelial cells can be 
recruited from the bone marrow and become endothelial cells with characteristic 
expression of von Willebrand factor (vWF) (102). The immature progenitor cells 
express CXCR2 and CD133 (103) and vascular endothelial growth factor receptor 
2 (VEGFR2). When the progenitor cell has reached its mature state, it also 
expresses CD34. CXCR2 and VEGFR2 have been suggested to be of special 
importance in the recruitment of endothelial progenitor cells (104). The progenitor 
cells are of importance both in re-endothelialisation and in neo-visualisation 
(101;102). The numbers of endothelial progenitor cells and the degree of 
incorporation into endothelial cell tubes is elevated in patients with asthma. 
Furthermore, there is a correlation between the number of endothelial progenitor 
cells and the number of bronchial vessels in this patient group (105). 

Extracellular Matrix Molecules in Tissue Repair 
In a previous section on structural cells involved in tissue repair, fibroblasts were 
described as the main producers of ECM molecules. The ECM forms an 
extracellular environment for cells to attach to, and also forms the basement 
membrane located under epithelial and endothelial cells. The main components of 
ECM are collagens, proteoglycans, hyaluronan, and other glycoproteins. The ECM 
functions as a reservoir for growth factors and chemokines, and it is also a water-
absorbent gel mass that gives the tissue its specific features. (Figure 6) Under 
physiological conditions, the ECM is built up and degradated at same rate, while 
under pathological conditions such as during tissue repair there is a higher 
building rate and/or lower degradation rate. The degradation of ECM is mainly 
regulated by proteases. This thesis deals particularly with the ECM molecules 
versican, perlecan, biglycan, and decorin. 
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Figure 6. Schematic figure over the extracellular matrix components collagens, 
proteoglycans, and hyaluronan. 
 
The remodelling is closely associated with inflammatory processes. The 
inflammatory cells are recruited to the site of injury by a number of reactive 
mediators. These mediators are part of the defense system, but they also destroy 
the tissue. An example of the relationship between inflammation and remodelling 
is featured in an article by Schultz et al. (106). After the injury monocytes are 
recruited to the destroyed tissue. After binding to fibronectin the monocytes 
differentiate into macrophages. Macrophages produce growth factors such as 
transforming growth factor � (TGF-�), fibroblast growth factor (FGF), and 
vascular endothelial growth factor (VEGF). TGF-� stimulates fibroblasts to 
produce ECM molecules. FGF form complexes with heparan sulphate (HS) 
proteoglycans and the complex then can bind to FGF receptors (107) on 
fibroblasts or endothelial cells which cause the fibroblasts to migrate and 
endothelial cells to proliferate. In the presence of VEGF angiogenesis is initiated 
(106). 

Collagen 
The two first articles on the triple-helix structure of collagen were published in 
Nature in 1955 (108;109). Today, 27 distinct types of human collagens have been 
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identified, where the compositions of the trimers differ from each other (110). 
Most collagens are defined as fibril-forming (types I, II, III, and minor types V and 
XI) and are located in skin, tendon, and other tissues. The other kinds of collagen 
are known as fibril-associated, network-forming, and transmembrane collagens 
(111). Type I especially, but also type III, is important for lung structure. Type I is 
the collagen type that is most important and up-regulated in asthma (110;112;113), 
IPF (114), and in OB after lung transplantation (95). The functions of a collagen 
depend on the type and where it is located in tissues. 
 
Triple-helix formation by the three polypeptide chains occurs mainly 
intracellularly, where prolyl 4-hydroxylase located in the endoplasmic reticulum is 
one of the key enzymes involved (115). The expression of collagen is enhanced by 
TGF-�, tumour necrosis factor-� (TNF-�), IL-13, and PDGF, while IFN-� inhibits 
the synthesis (116-119). 

Proteoglycans 
Proteoglycans is a family name for a group of macromolecules that function as an 
anchorage between, for example, laminins, collagens, and cells (120). The 
fascinating aspect of proteoglycans is their ability to regulate the surrounding cells 
by changing between binding and release of growth factors and cytokines etc. 
depending on the molecular setting in the local milieu of the tissue as well as on 
physiological and pathological conditions. The proteoglycans are composed of a 
core protein containing domains with specific functions such as binding ability. 
The prominent feature of the proteoglycans is their ability to absorb water; a figure 
of 1,000 times their own volume has been mentioned. The capacity to absorb 
water is conferred by the polysaccharide chains, glycosaminoglycan GAGs that 
are attached to the core protein when the proteoglycans are synthesised 
intracellularly. Depending of what kind of disaccharides the GAGs are composed 
of, the proteoglycans get their specific features. Currently, five types of GAGs are 
known: chondriotin sulphate (CS), dermatan sulphate (DS), HS, keratan sulphate, 
and hyaluronan (the latter are not attached to a core protein). CS and DS 
proteoglycans are mostly located in the ECM, while HS proteoglycans are mostly 
located at the cell surface of the producing cell (except perlecan, which is an ECM 
proteoglycan) (Figure 7). 
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Figure 7. The proteoglycans are composed of a protein core with chains of 
glycosaminoglycan attached, such as chondriotin sulphate, dermatan sulphate, heparan 
sulphate, and keratin sulphate. Hyaluronan is a non sulphated GAG, devoid of a core 
protein. Dermatan sulphate is distinguished from chondriotin sulphate by the presence of 
iduronic acid. 
 
Even though the main producers of ECM molecules are fibroblasts, HS is 
produced by all cell types. As previously mentioned, HS proteoglycans can be 
located both at the cell surface and in ECM. The negatively charged region of HS 
can interact with different types of proteins, which can then be transported across 
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the cell membrane and basement membrane (121;122). The properties of HS make 
it possible to use the HS-protein complex as a therapeutic alternative in drug 
discovery. Lindahl et al. have shown ways in which the interaction between HS 
and proteins can be used in the design of possible drugs. They described how a 
long-lasting stable drug displaces endogenous HS on its binding receptor. 
Furthermore, it is also possible to inhibit the receptor signal with a competitive 
ligand or to block the binding site. A general inhibition of production of HS could 
also be a possible therapeutic strategy, but this is only possible if the HS 
proteoglycans on the cell surface have enough capacity for the essential functions 
of cell survival (123). 

Versican 
Versican is one of the larger proteoglycans, with a protein core of 200 kDa and 
10–30 CS or DS chains attached. One of the characteristics of versican is its ability 
to absorb water. It can also bind hyaluronan, which is why versican is included in 
the group of hyalectans. All the members of this group also have a region of the 
protein core that binds to lectins, and a central domain binds to the GAG chains 
(124). Versican can also bind to CD44 on the cell surface and to several other 
proteins; together, these form a lattice that stabilises the surrounding matrix. 
 
The expression of versican is elevated by a number of cytokines such as TGF-�, 
PDGF, epidermal growth factor (EGF), and IL-1�, and also after mechanical 
stimulation (125-127). The mRNA levels of versican in macrophages have been 
found to be increased after hypoxia, and in the same study HIF1� and HIF2� were 
also mentioned as co-regulators of versican expression (128). 
 
In the airways versican is known to be localised in the sub-epithelial layer, with a 
higher expression in asthmatic patients than in healthy individuals (129). In a 
study of fibroblasts obtained from asthmatic subjects, a correlation was found 
between high production of versican and hyper-responsive airways (130). Another 
function of versican is to inhibit cells from binding to elastic fibres. In chronic 
obstructive pulmonary disease (COPD), loss of elastin in the alveolar walls is a 
main pathological feature and patients with mild-to-moderate COPD show 
progressively increased expression of versican (131;132). 

Perlecan 
Perlecan is mostly located in the basement membrane, but it has also been found 
pericellularly. The basement membrane is also composed of collagen IV, laminin-
1, and nidogen; together with perlecan, they make up the highly organised 
structure of the membrane (111). There are three binding sites for GAG chains but 
in some case there are five sites (133;134) and the GAG chains are mainly of HS 
type but also CS chains are found. Because of the structure of perlecan, it is 
capable of  binding to many types of molecules: collagens IV, XIII, and XVIII, 
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fibrillin, fibronectin, laminin, fibronectin, thrombospondin, FGF, PDGF, VEGF, 
and low-density lipoprotein (LDL) (135;136). Binding to these molecules 
stabilises the ECM. Perlecan is both pro- and anti-angiogenic as a result of its 
ability to bind to angiopoietins (Ang)-3, progranulin, and ECM-1 (which are pro-
factors) and endorepellin (which is an anti-factor) (136). Basement membrane 
thickening is a well-known histological characteristic of asthma (112); also, lung-
transplanted patients have a thickening of the basement membrane after 
transplantation, but this thickening usually reverts to normal by 300 days after 
surgery (137).  

Biglycan and Decorin 
The protein cores of biglycan and decorin consist of more than 70% leucine-rich 
repeats and they have a size of around 40 kDa. They are both members of the 
group of small leucine-rich proteoglycans. The GAG chains of biglycan and 
decorin are of CS/DS type. Biglycan has two GAG chains while decorin only has 
one. Apart from their function as part of the ECM lattice, biglycan and decorin 
also function in binding to cytokines such as TGF-� and TNF-� (138;139). The 
production of biglycan is stimulated by both TNF-� and TGF-� while the 
production of decorin is reduced by TNF-� (125). 
 
Decorin is known to regulate both cell survival and differentiation in epithelial and 
endothelial cells through signaling of EGF surface receptors (140). In an animal 
model of fibrosis, biglycan was found to be increased in the early phase of the 
fibrosis while decorin was produced at higher levels when the fibrotic lesions had 
built up (141). Decorin functions as a collagen decorator, hence its name (142). 
The decoration of collagen has importance in the fibril formation of collagen 
molecules. Animal models of mice without the decorin gene show a phenotype 
with fusion of the collagen fibrils which cause for example skin fragility (143). It 
is known that biglycan is expressed in almost all organs of the human body but the 
location—e.g. the cell surface vs. extracellularly—varies. The functions of 
biglycan appear to depend on the microenvironment (144), and it has been shown, 
for example, to stimulate migration of fibroblasts through the Rho / Ras pathway 
(145). 
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Aims 

The overall aim of this thesis was to define the fibroblast phenotypes and factors 
involved in tissue repair and in the remodelling process in fibrotic disorders of the 
lung such as IPF, OB, asthma, and also after lung transplantation. 
 

The specific aims were as follows: 
 

� To analyse tissue alterations that are associated with alterations in the 
numbers of fibrocytes in tissue, and also how tissue and lung function 
changes in relation to an up-regulation of the fibrocyte population. 

 
� To identify factors involved in the recruitment of fibrocytes from the 

bloodstream to specific locations in lung tissue. 
 

� To investigate whether specific fibroblast phenotypes (regarding location 
in the lung, ECM production, proliferation, and migration) are involved in 
asthma or are associated with tissue alterations and repair after lung 
transplantation. 
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Methods 

The materials included in this thesis were all obtained from humans and the 
methods were based on cell biological and histological characterizations of cell 
phenotypes (Figure 8). 

BAL Fluid
•SDF-1/CXCL12 assays

•General histological evaluation.
•Fibrocyte characterization.
•Detection of SDF-1/CXCL12.
•Vessel identification.Cell culture

•Fibroblast characterization
•Proteoglycan assays
•Migration assays
•Proliferation assays

Histology

/CX

ll cu

Blood Samples
•SDF-1/CXCL12 assays

 
 
Figure 8. Schematic figure of the method set-up. 

Subjects 

Patients with Idiopathic Pulmonary Fibrosis (Paper I) 
The patient group consisted of 42 patients suffering from IPF. All of the patients 
underwent operations to obtain open lung biopsies and the diagnosis was 
established based on microscopic findings consistent with usual interstitial 
pneumonia. The mean age of the group was 65.7 ± 10.3 years and there were 27 
males and 15 females. Characterization of the patients was further established after 
lung function tests such as oxygen saturation during exercise, blood sampling, and 
cell profile in BAL fluid. The patients had been recently diagnosed before they 
were included in the study and they had not started on any treatment. 

Patients with Oblitertive Bronchiolitis (Paper II) 
The autopsy material was obtained from a patient group consisting of 5 patients 
who had been lung transplanted and 3 patients who had been bone marrow 
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transplanted. The mean age at transplantation was 34.4 years (range: 10–65). Both 
types of transplantation had led to OB, defined as bronchioles with a narrowed 
lumen and characteristic fibrous scarring. The background diagnoses that had led 
to lung transplantation were bronchiolitis, emphysema, or CF and for the bone 
marrow transplantation the patients had been diagnosed with aplastic anaemia or 
lymphatic leukaemia. 

Lung-Transplanted Patients (Paper III) 
The patient group consisted of 17 single or bilateral lung-transplanted subjects 
aged between 23 and 66 years (mean 54.4). The reasons for the transplantation 
differed between the patients, but the most common background diagnosis was 
COPD followed by CF. The biopsies were obtained both from central and distal 
parts of the lungs at fixed time points after transplantation. If there were clinical 
indications, biopsies were also obtained at other time points after transplantation. 

Patients with asthma (Paper IV) 
Thirteen atopic asthmatic subjects with a clinical diagnose of mild persistent 
asthma were included. All had confirmed bronchial hyper responsiveness to 
methacholine defined as FEV PD20 < 2,000 �g. Bronchial biopsies from the central 
airways were collected by direct vision through the bronchoscope. Thereafter were 
distal airway biopsies collected under fluoroscopic guidance. None of the subjects 
had a respiratory tract infection three weeks prior to the investigation and all were 
steroid naïve or had withheld inhaled corticosteroid therapy 3 month prior to the 
bronchoscopy. 

Healthy Controls 
The control subjects in the papers (I–IV) were as follows. 
 
Paper I: The control specimens for part of the immunofluorescence and confocal 
microscopy in Paper I were obtained from patients who died from causes other 
than pulmonary disease. The 23 controls used for the definition of normal plasma 
levels of SDF-1/CXCL12 and the 5 controls for definition of normal SDF-
1/CXCL12 levels in BAL fluid were all healthy volunteers. 
 
Paper II: The control biopsies were collected during surgery from patients aged 
between 50 and 73 years (mean 65.3) with well-defined lung tumours, and none of 
the controls had ever smoked. 
 
Papers III and IV: The control biopsies were obtained both from central and distal 
parts of the lung in 16 healthy volunteers aged between 22 and 40 years (mean 
28). The control subjects were non-atopic, non-smokers and were free from 
respiratory tract infections during the last 6 weeks. They all denied respiratory 

38 

transplanted. The mean age at transplantation was 34.4 years (range: 10–65). Both 
types of transplantation had led to OB, defined as bronchioles with a narrowed 
lumen and characteristic fibrous scarring. The background diagnoses that had led 
to lung transplantation were bronchiolitis, emphysema, or CF and for the bone 
marrow transplantation the patients had been diagnosed with aplastic anaemia or 
lymphatic leukaemia. 

Lung-Transplanted Patients (Paper III) 
The patient group consisted of 17 single or bilateral lung-transplanted subjects 
aged between 23 and 66 years (mean 54.4). The reasons for the transplantation 
differed between the patients, but the most common background diagnosis was 
COPD followed by CF. The biopsies were obtained both from central and distal 
parts of the lungs at fixed time points after transplantation. If there were clinical 
indications, biopsies were also obtained at other time points after transplantation. 

Patients with asthma (Paper IV) 
Thirteen atopic asthmatic subjects with a clinical diagnose of mild persistent 
asthma were included. All had confirmed bronchial hyper responsiveness to 
methacholine defined as FEV PD20 < 2,000 �g. Bronchial biopsies from the central 
airways were collected by direct vision through the bronchoscope. Thereafter were 
distal airway biopsies collected under fluoroscopic guidance. None of the subjects 
had a respiratory tract infection three weeks prior to the investigation and all were 
steroid naïve or had withheld inhaled corticosteroid therapy 3 month prior to the 
bronchoscopy. 

Healthy Controls 
The control subjects in the papers (I–IV) were as follows. 
 
Paper I: The control specimens for part of the immunofluorescence and confocal 
microscopy in Paper I were obtained from patients who died from causes other 
than pulmonary disease. The 23 controls used for the definition of normal plasma 
levels of SDF-1/CXCL12 and the 5 controls for definition of normal SDF-
1/CXCL12 levels in BAL fluid were all healthy volunteers. 
 
Paper II: The control biopsies were collected during surgery from patients aged 
between 50 and 73 years (mean 65.3) with well-defined lung tumours, and none of 
the controls had ever smoked. 
 
Papers III and IV: The control biopsies were obtained both from central and distal 
parts of the lung in 16 healthy volunteers aged between 22 and 40 years (mean 
28). The control subjects were non-atopic, non-smokers and were free from 
respiratory tract infections during the last 6 weeks. They all denied respiratory 



39 

symptoms and had a negative bronchial challenge test defined as FEV PD20 > 
2000μg methacholine. 

General Histopathological Evaluation 
To analyse general histological properties, haematoxylin and eosin staining (Paper 
I), Gomori’s trichrome staining (Paper II), or Masson’s trichrome staining (Paper 
IV) was used. 
 
The haematoxylin and eosin staining was used to identify the number of 
fibroblastic foci in tissue from IPF patients. The staining gave the following 
pattern: collagen, pale pink; muscle, deep pink; nuclei, blue; acidophilic 
cytoplasm, red; basophilic cytoplasm, purple. 
 
The actual tissue in proportion to air was determined in patients with OB after 
staining with Gomori’s trichrome. Areas of 1.20 mm2 without any bronchioles or 
vessels were analysed using ImageJ software after threshold values were selected 
for each parameter. 
 
The collagen-containing tissue from asthmatic and control subjects was analysed 
after Masson’s trichrome staining. Threshold values were selected for the blue 
staining of collagen and the total area of the tissue was determined in ImageJ to 
obtain results expressed as percentage collagen tissue of total tissue area. 

Fibrocyte Characterization 
Fibrocytes were identified in lung tissue after immunohistochemistry and 
following fluorescence microscopy. Combinations of mesenchymal markers such 
as �-SMA and prolyl 4-hydroxylase, haematopoetic markers such as CD34, 
leukocyte markers such as CD45, and chemokine receptors such as CXCR4 were 
used together with 4',6-diamidino-2-phenylindole (DAPI) to identify nuclei of 
fibrocytes. By combining markers, we could identify subtypes of fibrocytes. 
 
The staining procedure started with heat-induced antigen retrieval and blocking 
with bovine serum albumin (BSA) in Tris-buffered saline (TBS), incubation in 
serum from the same species as that used for preparation of the biotinylated 
antibody, avidin/biotin blocking, and overnight incubation with one of the primary 
antibodies to CD34, CD45, or CXCR4. The signals of the primary antibody were 
amplified by first using biotinylated antibody and then with a corresponding 
biotinylated anti-immunoglobulin antibody. Next, we used primary antibodies 
directed against prolyl 4-hydroxylase, �-SMA, procollagen I (paper I), or prolyl 4-
hydroxylase (paper II) and then used a corresponding secondary antibody 
conjugated with Alexa fluorochrome. The nuclei were visualised with DAPI. To 
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quantify lung fibrocytes, five (paper I) or six (paper II) randomly selected fields of 
fixed area were analysed for triple-stained cells. 
 
Control sections were included for all combinations of straining, both among the 
patients and the normal tissues. The control staining involved staining without 
primary and/or secondary antibodies, and gave the opportunity to correct for 
background fluorescence. 

Detection of Stromal Derived Factor 1/CXCL12 
SDF-1/CXCL12 was detected in tissue, BAL fluid, and blood plasma. The ligand 
was identified in tissue by immunohistology using primary antibodies to SDF-
1/CXCL12. The staining was visualised with secondary biotinylated anti-
immunoglobulin followed by horseradish peroxidase-conjugated streptavidin. The 
levels of SDF-1/CXCL12 in BAL fluid and plasma were determined by enzyme-
linked immunosorbent assay (ELISA). 

Vessel Identification 
The tissue sections were incubated with antibodies to vWF overnight and 
visualised with secondary fluorescent antibody. The nuclei were visualised with 
DAPI. 
 
The parenchymal pulmonary vessels (located more than 500 μm from bronchioles 
and with an area of between 400 and 180,000 μm2) were analysed by computerised 
image analysis both concerning inner area of the lumen and area of the endothelial 
layer. These parameters also gave the density of vessels, the percentage of total 
lung tissue that made up the luminal area of pulmonary vessels, and the percentage 
of total lung tissue that made up the pulmonary vessel endothelium. 

Fibroblast Culture 
Biopsies, obtained either centrally or distally in the lung, were placed at the 
bottom of a cell culture flask. If possible, the biopsies were divided into 2 or more 
pieces. After 4 h, when the biopsy had become attached, cell medium (Dulbecco’s 
Eagle’s minimal essential medium (DMEM) containing 10% foetal clone III 
serum, gentamycin, and amphotericin B) was used to cover the tissue pieces. 
Fibroblasts were allowed to grow out for up to 4 months. When the cultures were 
confluent the cells were passaged in the ratio 1:2 and all experiments were done at 
passages 3–5. 

Fibroblast Characterization 
To ensure that true fibroblasts were being cultured, the cells were analysed 
concerning expression of vimentin, prolyl 4-hydroxylase, and �-SMA as positive 
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controls and SM22, a smooth muscle cell marker, as negative control. The 
expression was detected by fluorescence microscopy, after the secondary 
antibodies had been added. Nuclei were visualised with DAPI. 

Proteoglycan Assays 
Fibroblasts from lung-transplanted asthmatic patients and healthy subjects were 
cultured to confluence in 6-well plates. The culture medium was changed after 24 
h to the same type of cell medium as the fibroblasts were cultured in (DMEM 
containing 10% foetal clone III serum, gentamycin and amphotericin B) but 
without sulphate. Instead, radioactively-labelled sulphate (35S) was added. Cell 
medium was added to a diethyl-aminoethyl (DEAE)-52 cellulose anion exchange 
column equilibrated with 6 M urea, 50 mM sodium acetate, 5 mM N-
ethylmalimide, 1 mM ethylenediaminetetraacetic acid (EDTA), and 0.5% 
ovalbumin, pH 5.8. Unincorporated sulphates were removed by extensive 
washing. Hyaluronan was removed from the column by increasing the acetate 
concentration to 0.5 mM and the proteoglycans were eluted with 4 M guanidinium 
hydrogen chloride, 50 mM acetate, and 0.5% ovalbumin, pH 5.8. The total amount 
of (35S)-labelled proteoglycans was quantified by scintillation counting. Further 
separations of the proteoglycan were done using 3–8% (Paper III) or 3–12% 
(Paper IV) sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) after precipitation with 3 volumes of 96% ethanol containing 0.4% sodium 
acetate, dextran, and CS 6. The PAGE gels were analysed with a FUJI image 
analyser and adjusted for protein concentration. 

Migration Assays 
Fibroblasts were cultured in cylinders of 2 mm diameter that were placed in a 12-
well plate for 6 h. The cylinders were lifted up and the fibroblasts were allowed to 
migrate for 24 h. After fixation with glutarealdehyde in Hanks’ balanced salt 
solution (HBSS), the cells were stained with crystal violet and the length of 
migration was determined. 

Proliferation Assays 
Five thousand cells were seeded in a 96-well plate and cultured for 6, 24, and 48 h 
in 10% foetal clone III serum. The cells were fixated with 1% glutaraldehyde for 
30 min and stained with crystal violet for 30 min. To remove unincorporated 
crystal violet the plates were gently washed with water, and before measurement 
of absorbance at 595 nm the cells were made permeable with 1% Triton-X 100 
overnight. The first plate were fixated after 6 h and were used as a as reference 
plate. After 6 h the cells have stuck to the bottom of the wells but have not started 
to divide yet.  
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Results 

Fibrocytes are a Potential Source of Lung Fibroblasts in 
Idiopathic Pulmonary Fibrosis (Paper I) 
IPF is a lung disorder associated with extensive fibrosis, and it is associated with 
characteristic fibroblast foci. The main producers of the ECM seen both in the 
general fibrosis and in fibroblast foci are myofibroblasts and fibroblasts. One of 
the possible origins of this myofibroblast/fibroblast population is fibrocytes that 
are recruited from the bone marrow to the injured lung. 
 
By combining markers, the following subtypes were identified (in order, more 
fibrocytes identified by the combination, mentioned first): CXCR4/procollagen-I, 
CXCR4/prolyl-4-hydroxylase (Figure 9), CD34/procollagen-I, CD34/�-SMA, 
CD45RO/prolyl-4-hydroxylase. There was a correlation between numbers of 
fibrocytes expressing CXCR4/prolyl-4-hydroxylase and numbers of fibroblast foci 
(Figure 10). The possible recruitment axes for fibrocytes CXCR4 / SDF-1 were 
identified after having identified the ligand SDF-1 at elevated levels in plasma and 
BAL fluid. The ligand SDF-1 was also found to be expressed in alveolar epithelial 
cells in patients with IPF (Figure 11). The lung function, measured as diffusing 
capacity of the lung for carbon monoxide (DLCO) and oxygen saturation on 
exercise (Figure 12), was reduced with more SDF-1 in BAL fluid. 
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Figure 9. Fibrocytes were identified in tissue from patients with idiopathic pulmonary fibrosis 
using a combination of CXCR4 and prolyl-4-hydroxylase. Panel (a) (light microscopy) and 
panel (b) (fluorescence microscopy) show three fibrocytes located 150–400 �m from the 
fibroblastic focus (FF). The lumen of the bronchiole is indicated (LB). Panel (c) shows a 
consecutive lung section stained with haematoxylin and eosin. In panels (d)–(f) the 
separate markers for CXCR4, prolyl-4-hydroxylase, and nuclear staining are shown, while 
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Figure 11. Panels (a) and (b) show SDF-1/CXCL12 protein that was mainly found in 
alveolar epithelial cells in patients with idiopathic pulmonary fibrosis. Panel (c) shows lung 
tissue from a healthy control that was negative for SDF-1/CXCL12. Panel (d) shows a 
negative control where the primary antibody was replaced with non-immune serum. Original 
magnifications: 40×. 

 
Figure 12. There was a negative correlation between plasma concentration of SDF-
1/CXCL12 and oxygen saturation on exercise (r = �0.41; p < 0.04). 
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Fibrocytes are Associated with Vascular and Parenchymal 
Remodelling in Patients with Obliterative Bronchiolitis 
(Paper II) 
The results of this paper show parameters of tissue remodelling that are associated 
with the number of fibrocytes in patients with OB, after lung or bone marrow 
transplantation. The proportion of tissue (as opposed to air) was higher in patients 
with OB (Figure 13). Moreover, the transplanted group had a higher proportion of 
vessel lumen and endothelial layer than the control group. 
 
The combinations to identified fibrocytes were as follows (in order, more 
fibrocytes identified by the combination, mentioned first): CXCR4/prolyl 4-
hydroxylase, CD45R0/prolyl 4-hydroxylase, and CD34/prolyl 4-hydroxylase 
(Figure 14). The numbers of fibrocytes were correlated to proportion of tissue (as 
opposed to air), proportion of vessel lumen, and proportion of endothelial layer. 
The two patient groups of OB (lung-transplanted and bone marrow-transplanted) 
could not be differentiated concerning the parameters analysed in this study. 
However, the bone marrow-transplanted patients were more homogenous than the 
lung-transplanted patients concerning number of fibrocytes, remodelling of 
vessels, and thickening of parenchyma. 
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Figure 13. Structural changes in bronchioles were characterized by Gomori’s trichrome 
staining. Panel (a) and (b) represent tissues from patients with thickened (a) and normal (b) 
alveolar parenchyma, respectively. Original magnification: 20×. Panel (c) shows changes in 
tissue (in per cent) in alveolar parenchyma in patients with obliterative bronchiolitis (OB). 
The amount of parenchyma was significantly greater in the OB group than in the controls. 
Closed circles, LTP; open circles, BMT; circles with dots, control. 
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Figure 14. Fibrocytes were identified in patients with obliterative bronchiolitis and controls. 
Panel (a) shows two fibrocytes identified with a combination of anti-CD34, anti-prolyl 4-
hydroxylase, and nuclear staining (indicated with arrows), which were situated 32 μm and 
45 μm from the endothelial layer. Panel (b) is a differential interference-contrast image with 
the lumen of the vessel (labelled LV). 

Fibroblasts from Lung-transplanted Patients have Altered 
Proteoglycan and Proliferation Profiles Compared to 
Controls (Paper III) 
Still today up to 60% of lung-transplanted patients develop BOS within 5 years of 
transplantation. The rejection is histologically defined as matrix granulation of the 
airways. 
 
Analysis of the main producers of ECM, fibroblasts, showed that in lung-
transplanted patients, distally-derived fibroblasts produced 4.30, 3.91, 2.52, and 
1.87 times that produced by the centrally derived fibroblasts of versican, biglycan, 
biglycan, and decorin, respectively (Figure 15). Fibroblasts obtained from patients 
6 months after transplantation produced more versican and they proliferated at a 
lower rate than the controls (Figure 16). Three of the four patients with the highest 
production of versican had a poor prognosis with early signs of development or 
possible development of BOS. The correlation analysis between proteoglycan 
production and migratory and proliferative properties showed that proteoglycan 
production by distally derived fibroblasts was negatively associated with 
migratory rate and proliferative rate. On the other hand, there was a negative 
association between proteoglycan production by centrally derived fibroblasts and 
proliferative rate (Figure 17). 
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Figure 15. Both centrally-derived (a) and distally-derived (b) fibroblasts from transplanted 
patients produced significantly more versican than the controls (p < 0.05). There was a 
tendency for the distally-derived fibroblasts to produce more decorin than the controls (p = 
0.11). Closed circles (�) represent lung-transplanted patients without BOS (bronchiolitis 
obliterans syndrome), open circles (�) represent lung-transplanted patients with BOS, and 
closed squares (�) represent controls. 
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Figure 16. Both centrally- and distally-derived fibroblasts from lung-transplanted patients 
had significantly lower proliferative rates than the controls (p < 0.05 and p < 0.01, 
respectively). Closed circles (�) represent lung-transplanted patients without OB 
(obliterative bronchiolitis), open circles (�) represent lung-transplanted patients with OB, 
and closed squares (�) represent controls. 
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Figure 16. Both centrally- and distally-derived fibroblasts from lung-transplanted patients 
had significantly lower proliferative rates than the controls (p < 0.05 and p < 0.01, 
respectively). Closed circles (�) represent lung-transplanted patients without OB 
(obliterative bronchiolitis), open circles (�) represent lung-transplanted patients with OB, 
and closed squares (�) represent controls. 
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Figure 17. Panel (a) represents correlations in centrally-derived fibroblasts from 
transplanted subjects between proliferative rate and versican, perlecan, biblycan and 
decorin production, respectively. Panel (b) represents the same kinds of correlations, but 
regarding distally-derived fibroblasts.  
 
In two of the patients, biopsies were obtained at different time points 3–12 months 
after transplantation. One of the patients who developed BOS had a history of 
CMV infection and elevated C-reactive protein (CRP) levels in the first months 
after transplantation. These episodes were followed by increased proteoglycan 
production and reduced lung function. The lung function parameters increased 
again after changing the immunosuppressive drugs. The other patient did not have 
any episodes of infection, and the lung function parameters were continuously 
increasing. In this patient, proteoglycan production was stable over time, except 
for biglycan, which was elevated shortly after transplantation but decreased 
afterwards. 
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production and reduced lung function. The lung function parameters increased 
again after changing the immunosuppressive drugs. The other patient did not have 
any episodes of infection, and the lung function parameters were continuously 
increasing. In this patient, proteoglycan production was stable over time, except 
for biglycan, which was elevated shortly after transplantation but decreased 
afterwards. 
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Altered Matrix Production in the Distal Airways of 
Asthmatic and Atopic Individuals (Paper IV) 
Modern asthma treatment, as inhaled corticosteroids (ICS), aims to treat the 
inflammatory processes usually reflected by increased number of eosinophils in 
the airways. However, ICS do not seem to change the natural course of the disease 
and do not prevent the ongoing ECM remodelling. This study included atopic 
patients with and without asthma and healthy controls. The study shows that both 
central and peripheral airways are involved with activated fibroblasts expressing 
various proteoglycans. 
 
Expression of one of the proteoglycans, versican, was significantly elevated in 
fibroblasts derived from the distal part of the lung in asthma patients (Figure 18). 
The same type of fibroblast also had reduced proliferative properties (Figure 19) 
and an immobile, scattered, and protrusion-rich appearance. Interestingly, also in 
these patients with mild asthma, in contrast to the atopic non-asthmatic subjects 
and the healthy controls, we found increased deposition of collagen in the tissue in 
the alveolar region (Figure 20). 

 
Figure 18. Proteglycan production in centrally- and distally-derived fibroblasts was 
analysed. Closed circles represent non-atopic controls and open circles represent atopic 
controls, and open triangles represent asthma subjects.  
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Figure 19. Both centrally- and distally-derived fibroblasts from asthmatic patients had 
significantly lower proliferative rate than controls (p < 0.01). Closed circles represent non-
atopic controls and open circles represent atopic controls, and open triangles represent 
asthma subjects. 
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Figure 20. Collagen deposition in control subjects (panel a) and patients with asthma (panel 
b) as visualised with Masson trichrome staining at 400× magnification. Black arrows show 
collagen. Panel (c) shows the percentage of the total tissue area that was collagen-positive. 
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Figure 19. Both centrally- and distally-derived fibroblasts from asthmatic patients had 
significantly lower proliferative rate than controls (p < 0.01). Closed circles represent non-
atopic controls and open circles represent atopic controls, and open triangles represent 
asthma subjects. 
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Figure 20. Collagen deposition in control subjects (panel a) and patients with asthma (panel 
b) as visualised with Masson trichrome staining at 400× magnification. Black arrows show 
collagen. Panel (c) shows the percentage of the total tissue area that was collagen-positive. 
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In most cases, fibroblasts obtained from atopic subjects had the same properties as 
healthy controls, but the production of decorin and biglycan was reduced 
compared to the controls, and was more similar to that in asthmatic subjects. 
 
TGF-� stimulation increased the general production of versican, perlecan, and 
biglycan. The centrally-derived fibroblasts from asthmatic subjects did not, 
however, respond to TGF-� stimulation. 
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General Discussion 

This thesis has focused on tissue repair with special focus on fibrocytes/fibroblasts 
and tissue alterations involving vessels and parenchyma in IPF, OB, and asthma, 
and after lung transplantation. Originally, fibroblasts were thought to be immobile 
cells, their only function being to produce ECM—and that ECM was an inert 
substance that prevented disintegration. Today, and based on the papers included 
in this thesis, fibrocytes and fibroblasts are known to be of importance in wound 
healing as ECM-producing cells that function in response to injury, and we also 
know that they can release cytokines and growth factors. 
 
The structural changes that are characteristic of IPF are fibroblast foci, for asthma 
they are basement membrane thickening (74), and for OB occlusion of small 
airways due to fibrous vascular lesions together with thickening of the alveolar 
parenchyma. Interestingly, the numbers of fibrocytes can be correlated to 
structural changes in all three diseases (Figure 21). In IPF, the amounts of 
fibroblast/myofibroblast foci are a prognostic factor (the more the foci, the worse 
the prognosis) (146). After normal wound healing, the fibroblasts and 
myofibroblasts should be diminishes by apoptosis but in IPF, and especially in 
fibroblast foci, the numbers of fibroblasts and myofibroblasts remain constant 
(147). It has been speculated that fibroblastic foci with their specific milieu have a 
composition of cytokines, growth factors, and tissue inhibitor of 
metalloproteinases (TIMP) such that fibroblasts and myofibroblasts become 
apoptosis-resistant and ECM is produced in excess. The fibrocytes that were 
identified in tissue of patients with IPF were however not located inside the foci, 
but they were located in close proximity to the foci instead, in areas with ongoing 
signs of inflammation, preceding later development of fibroblastic foci. Fibrocytes 
that have been recruited to the fibroblast foci could already have been 
differentiated to fibroblasts or myofibroblasts while they were migrating to the 
foci. 
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Figure 21. The numbers of fibrocytes identified in tissue in idiopathic pulmonary fibrosis 
(panel a) were correlated with numbers of fibroblast foci. In obliterative bronchiolites (panel 
b) the numbers of fibrocytes were correlated with thickening of the alveolar parenchyma. 
 
Patients with OB after lung or bone marrow transplantation had a thickening of the 
alveolar parenchyma; there was a correlation between this and greater numbers of 
fibrocytes identified in the tissue. Thickening of the parenchyma could give 
reduced lung function, which is the criterion of OB. The structural changes 
observed in this patient group were also that the vessels were remodelled in terms 
of increased amounts of both endothelial layer and lumen. The common 
denominators of the remodelling of lung tissue after lung or bone marrow 
transplantation are fibrocytes—and, more speculatively, local hypoxia. 
 
The cross-talk between HIF-1� – HIF-1�, SDF-1 – CXCR4, VEGF – VEGFR, 
angiogenesis, and hypoxia is known to be of importance in many diseases, 
including fibrotic disorders. The two sub units HIF-1� – HIF-1� is together 
forming a transcription factor that regulate expression of around 100 genes that are 
of importance in mechanisms such as anaerobic metabolism, angiogenesis, and 
apoptosis (148). Under normal oxygen levels, HIF-1� is degraded and the complex 
with HIF-1� does not occur. Hypoxia increases the expression of SDF-1 in 
endothelial and epithelial cells, and in cells that are in stress after an injury, for 
example. Furthermore, expression of its receptor CXCR4 (149) is also elevated. A 
number of cells are known to express CXCR4 on their surfaces: fibrocytes, 
lymphocytes, muscle cells, and endothelial progenitor cells. Likewise, the 
expression of VEGF and its receptor VEGFR is also up-regulated, to promote 
angiogenesis. The remodelled vessels with enlarged lumen and endothelial cell 
area identified in patients with OB after lung or bone marrow transplantation could 
be a result of local hypoxia. Furthermore, an enlarged vessel gives a larger 
entrance area for the fibrocyte. The number of cells that co-express prolyl 4-
hydroxylase and VEGFR2 is higher in patients with OB than in control 
individuals, and furthermore there is a correlation with the number of fibrocytes 
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Figure 21. The numbers of fibrocytes identified in tissue in idiopathic pulmonary fibrosis 
(panel a) were correlated with numbers of fibroblast foci. In obliterative bronchiolites (panel 
b) the numbers of fibrocytes were correlated with thickening of the alveolar parenchyma. 
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fibrocytes identified in the tissue. Thickening of the parenchyma could give 
reduced lung function, which is the criterion of OB. The structural changes 
observed in this patient group were also that the vessels were remodelled in terms 
of increased amounts of both endothelial layer and lumen. The common 
denominators of the remodelling of lung tissue after lung or bone marrow 
transplantation are fibrocytes—and, more speculatively, local hypoxia. 
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angiogenesis, and hypoxia is known to be of importance in many diseases, 
including fibrotic disorders. The two sub units HIF-1� – HIF-1� is together 
forming a transcription factor that regulate expression of around 100 genes that are 
of importance in mechanisms such as anaerobic metabolism, angiogenesis, and 
apoptosis (148). Under normal oxygen levels, HIF-1� is degraded and the complex 
with HIF-1� does not occur. Hypoxia increases the expression of SDF-1 in 
endothelial and epithelial cells, and in cells that are in stress after an injury, for 
example. Furthermore, expression of its receptor CXCR4 (149) is also elevated. A 
number of cells are known to express CXCR4 on their surfaces: fibrocytes, 
lymphocytes, muscle cells, and endothelial progenitor cells. Likewise, the 
expression of VEGF and its receptor VEGFR is also up-regulated, to promote 
angiogenesis. The remodelled vessels with enlarged lumen and endothelial cell 
area identified in patients with OB after lung or bone marrow transplantation could 
be a result of local hypoxia. Furthermore, an enlarged vessel gives a larger 
entrance area for the fibrocyte. The number of cells that co-express prolyl 4-
hydroxylase and VEGFR2 is higher in patients with OB than in control 
individuals, and furthermore there is a correlation with the number of fibrocytes 
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identified in tissue (Figure 22). Even though asthma and IPF were not studied in 
this thesis concerning vessel remodelling, it has been shown that both diseases 
involve angiogenesis that could be driven by hypoxic forces. In asthma, the 
vessels located in the bronchia and in the small airways are increased in number. 
In IPF the angiogenesis is dependent on an imbalance between IL-8 which is 
angiogenic, and IFN-� which is angiostatic (150-152). 
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Figure 22. VEGFR2–prolyl 4-hydroxylase positive cells were identified in tissue from 
patients with oblitertive bronchiolitis. Panel (a) shows two VEGFR2–prolyl 4-hydroxylase 
positive cells (indicated with arrows), identified 560 μm and 320 μm from the blood vessel 
(indicated as BV). In the differential interference-contrast picture, VEGFR2 appeared in red, 
prolyl 4-hydroxylase appeared in green, and nuclear staining was visualised in blue. 
Original magnifications: 20×. Scale bars of 10 μm are indicated. Panel (b) shows the 
correlation between the number of VEGFR2–prolyl 4- hydroxylase positive cells and the 
number of fibrocytes stained with markers CXCR4 / prolyl 4-hydroxylase (R = 0.7351, p < 
0.01). Closed circles, LTP; open circles, BMT; circles with dots, control. 
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One of the conclusions in Paper II was that pulmonary vessels in patients with OB 
after lung transplantation are more remodelled than after bone marrow 
transplantation; this could be explained by the lung transplantation per se. For 
technical reasons, the vessels of the bronchial circulation are not restored during 
the lung transplantation (153), while patients with OB after bone marrow 
transplantation have an intact bronchial circulation. A permanent extension of the 
microvasculature of the bronchial circulation starts directly after lung 
transplantation (154), and a comparison between lung transplantation with or 
without bronchial artery revascularization showed that revascularization delays the 
onset of BOS (14). In a murine orthotopic tracheal transplant model, it has been 
shown how a well-working vasculature in the bronchial tree reduces the risk of 
formation of fibrotic lesions (155). 
 
Many research groups have investigated the amounts of circulating fibrocytes in 
blood. Between 0.1% and 0.5% of the nucleated cells in peripheral blood are 
defined as fibrocytes (79). Circulating cells in animals are often well-
characterised, but in humans this type of study is associated with sources of errors 
such as undefined infections, latent virus infections, and hormonal changes as a 
result of the menstruation cycle or stress. Moreover, many studies have shown 
increased numbers of circulating fibrocytes in association with lung disease. The 
number of fibrocytes in the end-organ—in this case, the lung—does not have to 
change even if the pool of circulating fibrocytes is increased. 
 
After the fibrocytes have entered the tissue, the fibrocytes can differentiate into 
other cell types and/or continue to migrate to the lumen of the airway. Asthmatic 
patients and IPF patients differ concerning the types of cells found in the BAL 
fluid. In asthmatic patients, a relatively high proportion of the fibroblast 
population expresses fibrocyte markers such as CD34, CD45RO, and �-SMA (74). 
In the cell population in BAL fluid from IPF patients, 1.0–3.4% of cells were of 
mesenchymal origin. It is possible that this cell population is of fibrocytic origin 
but has differentiated because of the local environment in the IPF lung, and for this 
reason does not express CXCR4 for example. 
 
There is a connection between hypoxic milieus and increased expression of 
proteoglycans—at least in vessels, but probably also in lung tissue. Asplund et al. 
recently published a paper on hypoxic regulation of versican and perlecan, where 
they identified co-localization between versican and HIF-1� in atherosclerotic 
lesions, and an up-regulation of perlecan expression (128). HIF-1� has previously 
been reported to be an aggrecan and collagen II inducer in chondrocytes and HIF-
2� has been shown to correlate with elevated expression of versican in stem cells 
(156;157). 
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In studies of fibroblasts obtained from lung-transplanted or asthmatic subjects, 
increased expression of versican has been identified both in centrally and distally 
derived cells (COPD patients show the same pattern (158)). Versican seems to be 
an important proteoglycan in fibrotic lung disorders and has many important 
functions in the fibrotic tissue, such as binding to cytokines and enzymes. The 
numerous negatively charged GAG chains attached to the protein core have a high 
capacity to bind water molecules. According to our results, versican appears to be 
associated with a reduced proliferation and migration rate in fibroblasts. In paper 
IV, two patients who had been lung transplanted were studied concerning 
proteoglycan production. One of largest changes was the production of versican, 
which was increased shortly after a viral infection. 
 
In Papers III and IV, biopsies were obtained from both the patient groups and a 
control group. Primary fibroblast cultures were prepared from the biopsies. In 
work with primary cell cultures, many questions arise. What happens to cells when 
they are not in their local microenvironment in the tissue? The biopsies were put in 
a plastic flask in an artificial environment, where only the fibroblasts that were 
best suited would survive and proliferate. What conclusions can one draw? In our 
defence, all experiments were done at as low passage numbers as possible. The 
medium (DMEM containing 10% foetal clone III serum, gentamycin, and 
amphotericin B) had specific ingredients that favoured fibroblasts above other cell 
types. The passaging of the cell cultures eliminates macrophages, which are 
incapable of attaching to the flask after trypsinisation. Furthermore, working with 
primary cell lines makes it possible to analyse cells that are primed in a healthy or 
diseased microenvironment, which is not possible in work with cell lines or in 
animal studies. 
 
From cell biological studies of asthmatic subjects, it has been concluded that there 
is strong involvement of remodelling of the distal part of the lung. A few years 
ago, the consensus was that only the bronchial part of the airways was affected in 
asthma. Furthermore, patients who have been lung transplanted have remodelling 
in distal parts of the lungs. The production of proteoglycans in the distal part of the 
lung is many times higher than the production in the central part in this patient 
group. These changes are recognised 6 months after transplantation, and occur 
independently of whether the patient develops BOS or not. 
 
From the papers included in this thesis, we conclude that fibrocytes are located in 
the pulmonary tissue of patients with IPF and OB after lung or bone marrow 
transplantation. In IPF, there is a correlation between the numbers of fibrocytes in 
the tissue and the number of fibroblastic foci, and SDF-1/CXCL12 was elevated in 
plasma and BAL fluid and detectable in epithelial cells. In OB, there was a 
correlation between the number of fibrocytes and both vessel remodelling and 
thickening of alveolar parenchyma. The fibrocytes can differentiate into 
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fibroblasts and produce ECM molecules. In asthmatic patients and patients who 
have undergone lung transplantation, fibroblasts produce elevated levels of 
versican. Furthermore, the fibroblasts proliferate at a lower rate than fibroblasts 
from healthy controls. Both the central part and the distal part of the lung are 
involved in tissue repair in asthma and after lung transplantation. 
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Future Perspectives 

Even though the results concerning fibrocytes and fibroblasts have answered some 
questions regarding IPF, OB, lung transplantation, and asthma, the insights 
obtained raise new questions. As mentioned in the discussion on local hypoxia, 
this phenomenon could either be a result of increased ECM or could be an inducer 
of production of more ECM. To investigate the problem, fibroblasts could be 
cultured under hypoxic conditions w/w matrix-coated cell culture flasks. Further 
investigations concerning the expression of VEGF/VEGFR and TGF-� could help 
us to understand the mechanism behind fibrotic disorders. Hypoxia could perhaps 
also affect the migratory and proliferative properties of fibroblasts. 
 
A combination of analysis of tissue-specific fibroblasts and circulating fibrocytes 
at the same time point would open up the possibility of analysis of which pool of 
fibrocytes enters the tissue at different stages of disease. Fibrocytes in cell cultures 
could also be analysed concerning phenotype and how ECM molecules can 
stimulate differentiation. The mechanism of movement of the fibrocyte from the 
bloodstream to the tissue is hypothesised to be the same as for leucocytes: rolling. 
Such mechanisms could be a potential target for future therapeutic intervention. 
 
Today, standard pharmacological therapy is the pharmaceuticals used against 
rejection after transplantation is cyclosporine A and azathioprin. In a study by 
Eickelberg et al., cyclosporine A was shown to inhibit the effect of TGF- � -
induced fibrosis in human lung fibroblasts (159). The effect of azathioprin is still 
not known, and the effects of both pharmaceuticals on primary lung fibroblasts 
from transplanted patients have not been studied. How these pharmaceuticals 
interfere with other pathophysiological features such as fibroblast differentiation 
and tissue recruitment is not known. 
 
A possible stem cell origin of different cell types is debatable. Sex mismatch 
transplantation makes it conceivable to determine the origin of fibrocytes, 
epithelial cells, endothelial cells, and mast cells. The epithelial cells surrounding 
the neo-lumen in Figure 2 would have been interesting to analyse concerning 
origin; likewise, the endothelial cells in tissues with enlarged endothelial layers. 
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Summary in Swedish 

I denna avhandling har sjukdomar såsom astma, idiopatisk fibroserande alveolit 
(IFA), obliterativ bronkiolit (OB) och förändringar efter lungtransplantation 
studerats beträffande förändringar i lungan. Gemensamt för dessa tillstånd är att de 
är kroniska. Astma hör till en av våra folksjukdomar medan IFA och OB är mindre 
vanligt förekommande. Lungtransplantation är en behandling av de senare 
stadierna av kronisk obstruktiv lungsjukdom, cystisk fibros, emfysem och IFA. 
Tyvärr drabbas hälften av de som lungtransplanterats av OB som är en kronisk 
avstötning. 
 
En celltyp som i högsta grad är involverad i dessa tillstånd är fibroblasten. Denna 
celltyp har egenskaper såsom att dela sig och på så vis öka i antal och att förflytta 
sig, utan att använda blodkärl. En annan egenskap som är väldigt viktig i 
sjukdomarna som studerats i denna avhandling är att fibroblaster kan producera ett 
nätverk av trådar och flaskborstliknande strukturer. Dessa nätverk sitter delvis fast 
i fibroblasten, men fäster också till andra typer av celler. Nätverket ger stabilitet av 
exakt rätt grad för att vävnaden ska ha de specifika egenskaper som krävs för dess 
funktion (figur 6. sida 29). Vid en skada i vävnaden förändras nätverket så att 
skadan läks och sedan efter tid återgår till det normala. Vid vissa sjukdomar bildas 
det fel typ av nätverk vid vävnadsskadan. Detta leder ofta till att nätverket blir 
stelare och tappar sin funktion. Då detta sker i lungorna försämras således 
lungfunktionen. I avhandlingen har astmatiker och patienter som genomgått 
lungtransplantation studerats med avseende på vilka flaskborstliknande strukturer 
som fibroblasterna producerar. Vi har sett att både de övre delarna av lungan, 
bronkerna och de nedre delarna, lungblåsorna har förändrade egenskaper. 
 
Som nämnts kan fibroblasterna dela sig för att öka i antal. Ett annat sätt att öka i 
antal är att rekrytera celler från blodet, fibrocyter som kan utvecklas till 
fibroblaster då de når vävnaden. I avhandlingen har fibrocyter som ännu inte har 
utvecklats till fibroblaster, identifierats i vävnaden vid IFA och OB. Vid IFA har 
vi även upptäckt hur fibrocyterna hittar till den skadade vävnaden och hur antalet 
fibrocyter i vävnaden stämmer överens med antalet område av extra tät 
nätverksstruktur. Vid OB har antalet fibrocyter i vävnaden visat sig stämma 
överens med att kärlen har blivit större och att vävnaden har blivit tätare. 
 
Med forskningen kring dessa sjukdomar hoppas vi på att kunna förstå 
förändringarna i lungorna och på så vis kunna förutse dessa förändringar och i ett 
senare skeende också kunna bota desamma. 

61 

Summary in Swedish 

I denna avhandling har sjukdomar såsom astma, idiopatisk fibroserande alveolit 
(IFA), obliterativ bronkiolit (OB) och förändringar efter lungtransplantation 
studerats beträffande förändringar i lungan. Gemensamt för dessa tillstånd är att de 
är kroniska. Astma hör till en av våra folksjukdomar medan IFA och OB är mindre 
vanligt förekommande. Lungtransplantation är en behandling av de senare 
stadierna av kronisk obstruktiv lungsjukdom, cystisk fibros, emfysem och IFA. 
Tyvärr drabbas hälften av de som lungtransplanterats av OB som är en kronisk 
avstötning. 
 
En celltyp som i högsta grad är involverad i dessa tillstånd är fibroblasten. Denna 
celltyp har egenskaper såsom att dela sig och på så vis öka i antal och att förflytta 
sig, utan att använda blodkärl. En annan egenskap som är väldigt viktig i 
sjukdomarna som studerats i denna avhandling är att fibroblaster kan producera ett 
nätverk av trådar och flaskborstliknande strukturer. Dessa nätverk sitter delvis fast 
i fibroblasten, men fäster också till andra typer av celler. Nätverket ger stabilitet av 
exakt rätt grad för att vävnaden ska ha de specifika egenskaper som krävs för dess 
funktion (figur 6. sida 29). Vid en skada i vävnaden förändras nätverket så att 
skadan läks och sedan efter tid återgår till det normala. Vid vissa sjukdomar bildas 
det fel typ av nätverk vid vävnadsskadan. Detta leder ofta till att nätverket blir 
stelare och tappar sin funktion. Då detta sker i lungorna försämras således 
lungfunktionen. I avhandlingen har astmatiker och patienter som genomgått 
lungtransplantation studerats med avseende på vilka flaskborstliknande strukturer 
som fibroblasterna producerar. Vi har sett att både de övre delarna av lungan, 
bronkerna och de nedre delarna, lungblåsorna har förändrade egenskaper. 
 
Som nämnts kan fibroblasterna dela sig för att öka i antal. Ett annat sätt att öka i 
antal är att rekrytera celler från blodet, fibrocyter som kan utvecklas till 
fibroblaster då de når vävnaden. I avhandlingen har fibrocyter som ännu inte har 
utvecklats till fibroblaster, identifierats i vävnaden vid IFA och OB. Vid IFA har 
vi även upptäckt hur fibrocyterna hittar till den skadade vävnaden och hur antalet 
fibrocyter i vävnaden stämmer överens med antalet område av extra tät 
nätverksstruktur. Vid OB har antalet fibrocyter i vävnaden visat sig stämma 
överens med att kärlen har blivit större och att vävnaden har blivit tätare. 
 
Med forskningen kring dessa sjukdomar hoppas vi på att kunna förstå 
förändringarna i lungorna och på så vis kunna förutse dessa förändringar och i ett 
senare skeende också kunna bota desamma. 



62 62 



63 

Acknowledgements 

First, I would like to thank my supervisors who made it possible for me to start, 
carry out, and complete my Ph.D. work: Gunilla Westergren-Thorsson, Leif 
Bjermer, and Leif Eriksson. Gunilla, it is difficult to find words for how much you 
have done in guiding, helping, and supporting me endlessly. We started our 
collaboration when I was a summer student many years ago. You are now both my 
boss and a very good friend. Thank you for all the great trips! I will never forget 
that night in the Big Apple! Leif B, thank you for all your help, for stimulating 
suggestions, and for encouragement. Leif E, you guided me through the field of 
lung transplantation and through the clinical part of the studies; thank you! 
 
I also thank Anders Malmström who, with his vast knowledge and endless 
patience, discussed proteoglycan structures with me. Your way of asking questions 
has taught me to see things from new angles. 
 
Thanks to all my present and former friends and collaborators: Oskar Hallgren, 
Kristian Nihlberg, Lizbet Todorova, and Anna Åkerud. Your friendship and 
discussion through the years has been needed to help me understand the 
difficulties in lung biology and proteoglycan biochemistry, but what I will 
remember most of all are all the laughs. For technical help, but also for good 
friendship, I thank Lena Thiman—so many cell cultures, DEAE columns, SDS-
PAGEs, and so many rewarding results later. Thanks to Marie Wildt for 
supervising me in the secrets behind cell culture. Without your knowledge, Arini 
and Lutup would be nothing. Anna-Karin Larsson, Maria Weitoft-Lundström, 
Kristina Rydell-Törmänen, Benny Pacheco, Olivia Rizescu, Martin Thelin, Sara 
Rolandsson, Erik Eklund, Barbara Bartolini, Marco Maccarana, Agneta Hult, 
Ellen Tufvesson, Oskar Hermansson, Camilla Dahlqvist, Susanne Johnson, and 
Kristoffer Larsen—thank you for all your help and good collaboration. 
 
A kiss on the cheek and thanks to our collaborators in Mexico: Moisíes Selman, 
Annie Pardo, Carolina García de Alba, Carina Becerril, Remedios Ramírez. 
 
Thanks to those who have been involved in the Arini and Lutup studies: Tove 
Alvå, Lennart Hansson, Katarina Heimburg, Elisabeth Lindström, Claes-Göran 
Löfdahl, Lena Mared, Ulrika Nibble, Louise Qvist, Eva Rosengren, Anna Sikesjö, 
Ingrid Skog, Elisabeth Svebring, Karin Trikson, Miriam Walsh-Ingelström, and 
Birgitta Wendel. 
 

63 

Acknowledgements 

First, I would like to thank my supervisors who made it possible for me to start, 
carry out, and complete my Ph.D. work: Gunilla Westergren-Thorsson, Leif 
Bjermer, and Leif Eriksson. Gunilla, it is difficult to find words for how much you 
have done in guiding, helping, and supporting me endlessly. We started our 
collaboration when I was a summer student many years ago. You are now both my 
boss and a very good friend. Thank you for all the great trips! I will never forget 
that night in the Big Apple! Leif B, thank you for all your help, for stimulating 
suggestions, and for encouragement. Leif E, you guided me through the field of 
lung transplantation and through the clinical part of the studies; thank you! 
 
I also thank Anders Malmström who, with his vast knowledge and endless 
patience, discussed proteoglycan structures with me. Your way of asking questions 
has taught me to see things from new angles. 
 
Thanks to all my present and former friends and collaborators: Oskar Hallgren, 
Kristian Nihlberg, Lizbet Todorova, and Anna Åkerud. Your friendship and 
discussion through the years has been needed to help me understand the 
difficulties in lung biology and proteoglycan biochemistry, but what I will 
remember most of all are all the laughs. For technical help, but also for good 
friendship, I thank Lena Thiman—so many cell cultures, DEAE columns, SDS-
PAGEs, and so many rewarding results later. Thanks to Marie Wildt for 
supervising me in the secrets behind cell culture. Without your knowledge, Arini 
and Lutup would be nothing. Anna-Karin Larsson, Maria Weitoft-Lundström, 
Kristina Rydell-Törmänen, Benny Pacheco, Olivia Rizescu, Martin Thelin, Sara 
Rolandsson, Erik Eklund, Barbara Bartolini, Marco Maccarana, Agneta Hult, 
Ellen Tufvesson, Oskar Hermansson, Camilla Dahlqvist, Susanne Johnson, and 
Kristoffer Larsen—thank you for all your help and good collaboration. 
 
A kiss on the cheek and thanks to our collaborators in Mexico: Moisíes Selman, 
Annie Pardo, Carolina García de Alba, Carina Becerril, Remedios Ramírez. 
 
Thanks to those who have been involved in the Arini and Lutup studies: Tove 
Alvå, Lennart Hansson, Katarina Heimburg, Elisabeth Lindström, Claes-Göran 
Löfdahl, Lena Mared, Ulrika Nibble, Louise Qvist, Eva Rosengren, Anna Sikesjö, 
Ingrid Skog, Elisabeth Svebring, Karin Trikson, Miriam Walsh-Ingelström, and 
Birgitta Wendel. 
 



64 

And everyone else at the Lung Clinic, the Transplantation Team, and Central 
Operation 2 at Lund University Hospital. 
 
Thanks to all my friends in the corridor: Jonas Erjefält, Cecilia Andersson, 
Michiko Mori, Karin Jansner, Britt-Marie Nilsson, AnnKatrin Herrmann, Lena 
Uller and group members, Karl Swärd and group members, Bengt-Olof Nilsson 
and group members, Per Hellstrand and group members, David Erlinge and group 
members, Ingemar Carlstedt and group members, Roland Andersson and group 
members, the veterinaries, and all others on D12! 
 
The Ph.D. students at LURN: thanks for all those more or less scientific 
discussions during the journal clubs. Thanks to David Aronsson, Lisa Alenmyr, 
Amelie Plymoth, and Pernilla Glader. 
 
Stort tack till 
Mamma & Lasse 
Pappa & Lone 
Min kära syster Lotta 
Monica & Lasse 
 
Alla släktingar och vänner! 
 
Magnus, Hannes och Kajsa. 
Ni är mitt allt! 
 
 

64 

And everyone else at the Lung Clinic, the Transplantation Team, and Central 
Operation 2 at Lund University Hospital. 
 
Thanks to all my friends in the corridor: Jonas Erjefält, Cecilia Andersson, 
Michiko Mori, Karin Jansner, Britt-Marie Nilsson, AnnKatrin Herrmann, Lena 
Uller and group members, Karl Swärd and group members, Bengt-Olof Nilsson 
and group members, Per Hellstrand and group members, David Erlinge and group 
members, Ingemar Carlstedt and group members, Roland Andersson and group 
members, the veterinaries, and all others on D12! 
 
The Ph.D. students at LURN: thanks for all those more or less scientific 
discussions during the journal clubs. Thanks to David Aronsson, Lisa Alenmyr, 
Amelie Plymoth, and Pernilla Glader. 
 
Stort tack till 
Mamma & Lasse 
Pappa & Lone 
Min kära syster Lotta 
Monica & Lasse 
 
Alla släktingar och vänner! 
 
Magnus, Hannes och Kajsa. 
Ni är mitt allt! 
 
 



65 

Reference List 

 
 (1)  Web site for: Astma och Allergiförbundet 

http://www.astmaoallergiforbundet.se. 2009.  
 
 (2)  Briffa NP, Dennis C, Higenbottam T, Nashef SA, Large SR, Wallwork J 

et al. Single lung transplantation for end stage emphysema. Thorax 
1995;50(5):562-564. 

 (3)  Belperio JA, Weigt SS, Fishbein MC, Lynch JP, III. Chronic lung 
allograft rejection: mechanisms and therapy. Proc Am Thorac Soc 
2009;6(1):108-121. 

 (4)  Gross TJ, Hunninghake GW. Idiopathic pulmonary fibrosis. N Engl J Med 
2001;345(7):517-525. 

 (5)  Kazerooni EA, Martinez FJ, Flint A, Jamadar DA, Gross BH, Spizarny 
DL et al. Thin-section CT obtained at 10-mm increments versus limited 
three-level thin-section CT for idiopathic pulmonary fibrosis: correlation 
with pathologic scoring. AJR Am J Roentgenol 1997;169(4):977-983. 

 (6)  Keating D, Levvey B, Kotsimbos T, Whitford H, Westall G, Williams T et 
al. Lung transplantation in pulmonary fibrosis: challenging early outcomes 
counterbalanced by surprisingly good outcomes beyond 15 years. 
Transplant Proc 2009;41(1):289-291. 

 (7)  Taskar VS, Coultas DB. Is idiopathic pulmonary fibrosis an environmental 
disease? Proc Am Thorac Soc 2006;3(4):293-298. 

 (8)  Morla M, Busquets X, Pons J, Sauleda J, MacNee W, Agusti AG. 
Telomere shortening in smokers with and without COPD. Eur Respir J 
2006;27(3):525-528. 

 (9)  Armanios MY, Chen JJ, Cogan JD, Alder JK, Ingersoll RG, Markin C et 
al. Telomerase mutations in families with idiopathic pulmonary fibrosis. N 
Engl J Med 2007;356(13):1317-1326. 

 (10)  Pardo A, Selman M. Idiopathic pulmonary fibrosis: new insights in its 
pathogenesis. Int J Biochem Cell Biol 2002;34(12):1534-1538. 

65 

Reference List 

 
 (1)  Web site for: Astma och Allergiförbundet 

http://www.astmaoallergiforbundet.se. 2009.  
 
 (2)  Briffa NP, Dennis C, Higenbottam T, Nashef SA, Large SR, Wallwork J 

et al. Single lung transplantation for end stage emphysema. Thorax 
1995;50(5):562-564. 

 (3)  Belperio JA, Weigt SS, Fishbein MC, Lynch JP, III. Chronic lung 
allograft rejection: mechanisms and therapy. Proc Am Thorac Soc 
2009;6(1):108-121. 

 (4)  Gross TJ, Hunninghake GW. Idiopathic pulmonary fibrosis. N Engl J Med 
2001;345(7):517-525. 

 (5)  Kazerooni EA, Martinez FJ, Flint A, Jamadar DA, Gross BH, Spizarny 
DL et al. Thin-section CT obtained at 10-mm increments versus limited 
three-level thin-section CT for idiopathic pulmonary fibrosis: correlation 
with pathologic scoring. AJR Am J Roentgenol 1997;169(4):977-983. 

 (6)  Keating D, Levvey B, Kotsimbos T, Whitford H, Westall G, Williams T et 
al. Lung transplantation in pulmonary fibrosis: challenging early outcomes 
counterbalanced by surprisingly good outcomes beyond 15 years. 
Transplant Proc 2009;41(1):289-291. 

 (7)  Taskar VS, Coultas DB. Is idiopathic pulmonary fibrosis an environmental 
disease? Proc Am Thorac Soc 2006;3(4):293-298. 

 (8)  Morla M, Busquets X, Pons J, Sauleda J, MacNee W, Agusti AG. 
Telomere shortening in smokers with and without COPD. Eur Respir J 
2006;27(3):525-528. 

 (9)  Armanios MY, Chen JJ, Cogan JD, Alder JK, Ingersoll RG, Markin C et 
al. Telomerase mutations in families with idiopathic pulmonary fibrosis. N 
Engl J Med 2007;356(13):1317-1326. 

 (10)  Pardo A, Selman M. Idiopathic pulmonary fibrosis: new insights in its 
pathogenesis. Int J Biochem Cell Biol 2002;34(12):1534-1538. 



66 

 (11)  Willis BC, Liebler JM, Luby-Phelps K, Nicholson AG, Crandall ED, du 
Bois RM et al. Induction of epithelial-mesenchymal transition in alveolar 
epithelial cells by transforming growth factor-beta1: potential role in 
idiopathic pulmonary fibrosis. Am J Pathol 2005;166(5):1321-1332. 

 (12)  Koli K, Myllarniemi M, Vuorinen K, Salmenkivi K, Ryynanen MJ, 
Kinnula VL et al. Bone morphogenetic protein-4 inhibitor gremlin is 
overexpressed in idiopathic pulmonary fibrosis. Am J Pathol 
2006;169(1):61-71. 

 (13)  Cosgrove GP, Brown KK, Schiemann WP, Serls AE, Parr JE, Geraci MW 
et al. Pigment epithelium-derived factor in idiopathic pulmonary fibrosis: 
a role in aberrant angiogenesis. Am J Respir Crit Care Med 
2004;170(3):242-251. 

 (14)  Norgaard MA, Andersen CB, Pettersson G. Does bronchial artery 
revascularization influence results concerning bronchiolitis obliterans 
syndrome and/or obliterative bronchiolitis after lung transplantation? Eur J 
Cardiothorac Surg 1998;14(3):311-318. 

 (15)  Duarte AG, Terminella L, Smith JT, Myers AC, Campbell G, Lick S. 
Restoration of cough reflex in lung transplant recipients. Chest 
2008;134(2):310-316. 

 (16)  Estenne M, Maurer JR, Boehler A, Egan JJ, Frost A, Hertz M et al. 
Bronchiolitis obliterans syndrome 2001: an update of the diagnostic 
criteria. J Heart Lung Transplant 2002;21(3):297-310. 

 (17)  Stewart S, Fishbein MC, Snell GI, Berry GJ, Boehler A, Burke MM et al. 
Revision of the 1996 working formulation for the standardization of 
nomenclature in the diagnosis of lung rejection. J Heart Lung Transplant 
2007;26(12):1229-1242. 

 (18)  Nicod LP. Mechanisms of airway obliteration after lung transplantation. 
Proc Am Thorac Soc 2006;3(5):444-449. 

 (19)  Estenne M, Hertz MI. Bronchiolitis obliterans after human lung 
transplantation. Am J Respir Crit Care Med 2002;166(4):440-444. 

 (20)  Belperio JA, Keane MP, Burdick MD, Gomperts B, Xue YY, Hong K et 
al. Role of CXCR2/CXCR2 ligands in vascular remodeling during 
bronchiolitis obliterans syndrome. J Clin Invest 2005;115(5):1150-1162. 

 

66 

 (11)  Willis BC, Liebler JM, Luby-Phelps K, Nicholson AG, Crandall ED, du 
Bois RM et al. Induction of epithelial-mesenchymal transition in alveolar 
epithelial cells by transforming growth factor-beta1: potential role in 
idiopathic pulmonary fibrosis. Am J Pathol 2005;166(5):1321-1332. 

 (12)  Koli K, Myllarniemi M, Vuorinen K, Salmenkivi K, Ryynanen MJ, 
Kinnula VL et al. Bone morphogenetic protein-4 inhibitor gremlin is 
overexpressed in idiopathic pulmonary fibrosis. Am J Pathol 
2006;169(1):61-71. 

 (13)  Cosgrove GP, Brown KK, Schiemann WP, Serls AE, Parr JE, Geraci MW 
et al. Pigment epithelium-derived factor in idiopathic pulmonary fibrosis: 
a role in aberrant angiogenesis. Am J Respir Crit Care Med 
2004;170(3):242-251. 

 (14)  Norgaard MA, Andersen CB, Pettersson G. Does bronchial artery 
revascularization influence results concerning bronchiolitis obliterans 
syndrome and/or obliterative bronchiolitis after lung transplantation? Eur J 
Cardiothorac Surg 1998;14(3):311-318. 

 (15)  Duarte AG, Terminella L, Smith JT, Myers AC, Campbell G, Lick S. 
Restoration of cough reflex in lung transplant recipients. Chest 
2008;134(2):310-316. 

 (16)  Estenne M, Maurer JR, Boehler A, Egan JJ, Frost A, Hertz M et al. 
Bronchiolitis obliterans syndrome 2001: an update of the diagnostic 
criteria. J Heart Lung Transplant 2002;21(3):297-310. 

 (17)  Stewart S, Fishbein MC, Snell GI, Berry GJ, Boehler A, Burke MM et al. 
Revision of the 1996 working formulation for the standardization of 
nomenclature in the diagnosis of lung rejection. J Heart Lung Transplant 
2007;26(12):1229-1242. 

 (18)  Nicod LP. Mechanisms of airway obliteration after lung transplantation. 
Proc Am Thorac Soc 2006;3(5):444-449. 

 (19)  Estenne M, Hertz MI. Bronchiolitis obliterans after human lung 
transplantation. Am J Respir Crit Care Med 2002;166(4):440-444. 

 (20)  Belperio JA, Keane MP, Burdick MD, Gomperts B, Xue YY, Hong K et 
al. Role of CXCR2/CXCR2 ligands in vascular remodeling during 
bronchiolitis obliterans syndrome. J Clin Invest 2005;115(5):1150-1162. 

 



67 

 (21)  Yoshida S, Haque A, Mizobuchi T, Iwata T, Chiyo M, Webb TJ et al. 
Anti-type V collagen lymphocytes that express IL-17 and IL-23 induce 
rejection pathology in fresh and well-healed lung transplants. Am J 
Transplant 2006;6(4):724-735. 

 (22)  Hertz MI, Henke CA, Nakhleh RE, Harmon KR, Marinelli WA, Fox JM et 
al. Obliterative bronchiolitis after lung transplantation: a fibroproliferative 
disorder associated with platelet-derived growth factor. Proc Natl Acad 
Sci U S A 1992;89(21):10385-10389. 

 (23)  El-Gamel A, Sim E, Hasleton P, Hutchinson J, Yonan N, Egan J et al. 
Transforming growth factor beta (TGF-beta) and obliterative bronchiolitis 
following pulmonary transplantation. J Heart Lung Transplant 
1999;18(9):828-837. 

 (24)  Pham SM, Rao AS, Zeevi A, McCurry KR, Keenan RJ, Vega JD et al. 
Effects of donor bone marrow infusion in clinical lung transplantation. 
Ann Thorac Surg 2000;69(2):345-350. 

 (25)  Kawut SM, Lederer DJ, Keshavjee S, Wilt JS, Daly T, D'Ovidio F et al. 
Outcomes after lung retransplantation in the modern era. Am J Respir Crit 
Care Med 2008;177(1):114-120. 

 (26)  Aigner C, Jaksch P, Taghavi S, Lang G, Reza-Hoda MA, Wisser W et al. 
Pulmonary retransplantation: is it worth the effort? A long-term analysis 
of 46 cases. J Heart Lung Transplant 2008;27(1):60-65. 

 (27)  Tichelli A, Rovo A, Gratwohl A. Late pulmonary, cardiovascular, and 
renal complications after hematopoietic stem cell transplantation and 
recommended screening practices. Hematology Am Soc Hematol Educ 
Program 2008;125-133. 

 (28)  Duncan CN, Buonanno MR, Barry EV, Myers K, Peritz D, Lehmann L. 
Bronchiolitis obliterans following pediatric allogeneic hematopoietic stem 
cell transplantation. Bone Marrow Transplant 2008;41(11):971-975. 

 (29)  Crawford SW, Clark JG. Bronchiolitis associated with bone marrow 
transplantation. Clin Chest Med 1993;14(4):741-749. 

 (30)  Holland HK, Wingard JR, Beschorner WE, Saral R, Santos GW. 
Bronchiolitis obliterans in bone marrow transplantation and its 
relationship to chronic graft-v-host disease and low serum IgG. Blood 
1988;72(2):621-627. 

67 

 (21)  Yoshida S, Haque A, Mizobuchi T, Iwata T, Chiyo M, Webb TJ et al. 
Anti-type V collagen lymphocytes that express IL-17 and IL-23 induce 
rejection pathology in fresh and well-healed lung transplants. Am J 
Transplant 2006;6(4):724-735. 

 (22)  Hertz MI, Henke CA, Nakhleh RE, Harmon KR, Marinelli WA, Fox JM et 
al. Obliterative bronchiolitis after lung transplantation: a fibroproliferative 
disorder associated with platelet-derived growth factor. Proc Natl Acad 
Sci U S A 1992;89(21):10385-10389. 

 (23)  El-Gamel A, Sim E, Hasleton P, Hutchinson J, Yonan N, Egan J et al. 
Transforming growth factor beta (TGF-beta) and obliterative bronchiolitis 
following pulmonary transplantation. J Heart Lung Transplant 
1999;18(9):828-837. 

 (24)  Pham SM, Rao AS, Zeevi A, McCurry KR, Keenan RJ, Vega JD et al. 
Effects of donor bone marrow infusion in clinical lung transplantation. 
Ann Thorac Surg 2000;69(2):345-350. 

 (25)  Kawut SM, Lederer DJ, Keshavjee S, Wilt JS, Daly T, D'Ovidio F et al. 
Outcomes after lung retransplantation in the modern era. Am J Respir Crit 
Care Med 2008;177(1):114-120. 

 (26)  Aigner C, Jaksch P, Taghavi S, Lang G, Reza-Hoda MA, Wisser W et al. 
Pulmonary retransplantation: is it worth the effort? A long-term analysis 
of 46 cases. J Heart Lung Transplant 2008;27(1):60-65. 

 (27)  Tichelli A, Rovo A, Gratwohl A. Late pulmonary, cardiovascular, and 
renal complications after hematopoietic stem cell transplantation and 
recommended screening practices. Hematology Am Soc Hematol Educ 
Program 2008;125-133. 

 (28)  Duncan CN, Buonanno MR, Barry EV, Myers K, Peritz D, Lehmann L. 
Bronchiolitis obliterans following pediatric allogeneic hematopoietic stem 
cell transplantation. Bone Marrow Transplant 2008;41(11):971-975. 

 (29)  Crawford SW, Clark JG. Bronchiolitis associated with bone marrow 
transplantation. Clin Chest Med 1993;14(4):741-749. 

 (30)  Holland HK, Wingard JR, Beschorner WE, Saral R, Santos GW. 
Bronchiolitis obliterans in bone marrow transplantation and its 
relationship to chronic graft-v-host disease and low serum IgG. Blood 
1988;72(2):621-627. 



68 

 (31)  Dudek AZ, Mahaseth H, DeFor TE, Weisdorf DJ. Bronchiolitis obliterans 
in chronic graft-versus-host disease: analysis of risk factors and treatment 
outcomes. Biol Blood Marrow Transplant 2003;9(10):657-666. 

 (32)  Yousem SA. The histological spectrum of pulmonary graft-versus-host 
disease in bone marrow transplant recipients. Hum Pathol 1995;26(6):668-
675. 

 (33)  Sakaida E, Nakaseko C, Harima A, Yokota A, Cho R, Saito Y et al. Late-
onset noninfectious pulmonary complications after allogeneic stem cell 
transplantation are significantly associated with chronic graft-versus-host 
disease and with the graft-versus-leukemia effect. Blood 
2003;102(12):4236-4242. 

 (34)  Filipovich AH, Weisdorf D, Pavletic S, Socie G, Wingard JR, Lee SJ et al. 
National Institutes of Health consensus development project on criteria for 
clinical trials in chronic graft-versus-host disease: I. Diagnosis and staging 
working group report. Biol Blood Marrow Transplant 2005;11(12):945-
956. 

 (35)  Bashoura L, Gupta S, Jain A, Couriel DR, Komanduri KV, Eapen GA et 
al. Inhaled corticosteroids stabilize constrictive bronchiolitis after 
hematopoietic stem cell transplantation. Bone Marrow Transplant 
2008;41(1):63-67. 

 (36)  Bergeron A, Belle A, Chevret S, Ribaud P, Devergie A, Esperou H et al. 
Combined inhaled steroids and bronchodilatators in obstructive airway 
disease after allogeneic stem cell transplantation. Bone Marrow Transplant 
2007;39(9):547-553. 

 (37)  Boas SR, Noyes BE, Kurland G, Armitage J, Orenstein D. Pediatric lung 
transplantation for graft-versus-host disease following bone marrow 
transplantation. Chest 1994;105(5):1584-1586. 

 (38)  Wenzel SE. Asthma: defining of the persistent adult phenotypes. Lancet 
2006;368(9537):804-813. 

 (39)  Global Initiative for Asthma: Global Strategy for Asthma 
  Management and Prevention (GINA). 2008.  
 
 (40)  Adcock IM, Ito K. Steroid resistance in asthma: a major problem requiring 

novel solutions or a non-issue? Curr Opin Pharmacol 2004;4(3):257-262. 

68 

 (31)  Dudek AZ, Mahaseth H, DeFor TE, Weisdorf DJ. Bronchiolitis obliterans 
in chronic graft-versus-host disease: analysis of risk factors and treatment 
outcomes. Biol Blood Marrow Transplant 2003;9(10):657-666. 

 (32)  Yousem SA. The histological spectrum of pulmonary graft-versus-host 
disease in bone marrow transplant recipients. Hum Pathol 1995;26(6):668-
675. 

 (33)  Sakaida E, Nakaseko C, Harima A, Yokota A, Cho R, Saito Y et al. Late-
onset noninfectious pulmonary complications after allogeneic stem cell 
transplantation are significantly associated with chronic graft-versus-host 
disease and with the graft-versus-leukemia effect. Blood 
2003;102(12):4236-4242. 

 (34)  Filipovich AH, Weisdorf D, Pavletic S, Socie G, Wingard JR, Lee SJ et al. 
National Institutes of Health consensus development project on criteria for 
clinical trials in chronic graft-versus-host disease: I. Diagnosis and staging 
working group report. Biol Blood Marrow Transplant 2005;11(12):945-
956. 

 (35)  Bashoura L, Gupta S, Jain A, Couriel DR, Komanduri KV, Eapen GA et 
al. Inhaled corticosteroids stabilize constrictive bronchiolitis after 
hematopoietic stem cell transplantation. Bone Marrow Transplant 
2008;41(1):63-67. 

 (36)  Bergeron A, Belle A, Chevret S, Ribaud P, Devergie A, Esperou H et al. 
Combined inhaled steroids and bronchodilatators in obstructive airway 
disease after allogeneic stem cell transplantation. Bone Marrow Transplant 
2007;39(9):547-553. 

 (37)  Boas SR, Noyes BE, Kurland G, Armitage J, Orenstein D. Pediatric lung 
transplantation for graft-versus-host disease following bone marrow 
transplantation. Chest 1994;105(5):1584-1586. 

 (38)  Wenzel SE. Asthma: defining of the persistent adult phenotypes. Lancet 
2006;368(9537):804-813. 

 (39)  Global Initiative for Asthma: Global Strategy for Asthma 
  Management and Prevention (GINA). 2008.  
 
 (40)  Adcock IM, Ito K. Steroid resistance in asthma: a major problem requiring 

novel solutions or a non-issue? Curr Opin Pharmacol 2004;4(3):257-262. 



69 

 (41)  Miranda C, Busacker A, Balzar S, Trudeau J, Wenzel SE. Distinguishing 
severe asthma phenotypes: role of age at onset and eosinophilic 
inflammation. J Allergy Clin Immunol 2004;113(1):101-108. 

 (42)  Ayres JG, Miles JF, Barnes PJ. Brittle asthma. Thorax 1998;53(4):315-
321. 

 (43)  Hallstrand TS, Moody MW, Aitken ML, Henderson WR, Jr. Airway 
immunopathology of asthma with exercise-induced bronchoconstriction. J 
Allergy Clin Immunol 2005;116(3):586-593. 

 (44)  Sears MR, Herbison GP, Holdaway MD, Hewitt CJ, Flannery EM, Silva 
PA. The relative risks of sensitivity to grass pollen, house dust mite and 
cat dander in the development of childhood asthma. Clin Exp Allergy 
1989;19(4):419-424. 

 (45)  Bousquet J, Chanez P, Lacoste JY, Barneon G, Ghavanian N, Enander I et 
al. Eosinophilic inflammation in asthma. N Engl J Med 
1990;323(15):1033-1039. 

 (46)  Gibson PG, Simpson JL, Saltos N. Heterogeneity of airway inflammation 
in persistent asthma : evidence of neutrophilic inflammation and increased 
sputum interleukin-8. Chest 2001;119(5):1329-1336. 

 (47)  Holgate ST, Davies DE, Powell RM, Howarth PH, Haitchi HM, Holloway 
JW. Local genetic and environmental factors in asthma disease 
pathogenesis: chronicity and persistence mechanisms. Eur Respir J 
2007;29(4):793-803. 

 (48)  Holloway JW, Beghe B, Holgate ST. The genetic basis of atopic asthma. 
Clin Exp Allergy 1999;29(8):1023-1032. 

 (49)  Wahn U, Lau S, Bergmann R, Kulig M, Forster J, Bergmann K et al. 
Indoor allergen exposure is a risk factor for sensitization during the first 
three years of life. J Allergy Clin Immunol 1997;99(6 Pt 1):763-769. 

 (50)  Jeffery PK, Wardlaw AJ, Nelson FC, Collins JV, Kay AB. Bronchial 
biopsies in asthma. An ultrastructural, quantitative study and correlation 
with hyperreactivity. Am Rev Respir Dis 1989;140(6):1745-1753. 

 (51)  Benayoun L, Druilhe A, Dombret MC, Aubier M, Pretolani M. Airway 
structural alterations selectively associated with severe asthma. Am J 
Respir Crit Care Med 2003;167(10):1360-1368. 

69 

 (41)  Miranda C, Busacker A, Balzar S, Trudeau J, Wenzel SE. Distinguishing 
severe asthma phenotypes: role of age at onset and eosinophilic 
inflammation. J Allergy Clin Immunol 2004;113(1):101-108. 

 (42)  Ayres JG, Miles JF, Barnes PJ. Brittle asthma. Thorax 1998;53(4):315-
321. 

 (43)  Hallstrand TS, Moody MW, Aitken ML, Henderson WR, Jr. Airway 
immunopathology of asthma with exercise-induced bronchoconstriction. J 
Allergy Clin Immunol 2005;116(3):586-593. 

 (44)  Sears MR, Herbison GP, Holdaway MD, Hewitt CJ, Flannery EM, Silva 
PA. The relative risks of sensitivity to grass pollen, house dust mite and 
cat dander in the development of childhood asthma. Clin Exp Allergy 
1989;19(4):419-424. 

 (45)  Bousquet J, Chanez P, Lacoste JY, Barneon G, Ghavanian N, Enander I et 
al. Eosinophilic inflammation in asthma. N Engl J Med 
1990;323(15):1033-1039. 

 (46)  Gibson PG, Simpson JL, Saltos N. Heterogeneity of airway inflammation 
in persistent asthma : evidence of neutrophilic inflammation and increased 
sputum interleukin-8. Chest 2001;119(5):1329-1336. 

 (47)  Holgate ST, Davies DE, Powell RM, Howarth PH, Haitchi HM, Holloway 
JW. Local genetic and environmental factors in asthma disease 
pathogenesis: chronicity and persistence mechanisms. Eur Respir J 
2007;29(4):793-803. 

 (48)  Holloway JW, Beghe B, Holgate ST. The genetic basis of atopic asthma. 
Clin Exp Allergy 1999;29(8):1023-1032. 

 (49)  Wahn U, Lau S, Bergmann R, Kulig M, Forster J, Bergmann K et al. 
Indoor allergen exposure is a risk factor for sensitization during the first 
three years of life. J Allergy Clin Immunol 1997;99(6 Pt 1):763-769. 

 (50)  Jeffery PK, Wardlaw AJ, Nelson FC, Collins JV, Kay AB. Bronchial 
biopsies in asthma. An ultrastructural, quantitative study and correlation 
with hyperreactivity. Am Rev Respir Dis 1989;140(6):1745-1753. 

 (51)  Benayoun L, Druilhe A, Dombret MC, Aubier M, Pretolani M. Airway 
structural alterations selectively associated with severe asthma. Am J 
Respir Crit Care Med 2003;167(10):1360-1368. 



70 

 (52)  Jeffery PK. Remodeling in asthma and chronic obstructive lung disease. 
Am J Respir Crit Care Med 2001;164(10 Pt 2):S28-S38. 

 (53)  Black JL, Roth M, Lee J, Carlin S, Johnson PR. Mechanisms of airway 
remodeling. Airway smooth muscle. Am J Respir Crit Care Med 
2001;164(10 Pt 2):S63-S66. 

 (54)  Gizycki MJ, Adelroth E, Rogers AV, O'Byrne PM, Jeffery PK. 
Myofibroblast involvement in the allergen-induced late response in mild 
atopic asthma. Am J Respir Cell Mol Biol 1997;16(6):664-673. 

 (55)  Busse WW, Lemanske RF, Jr. Asthma. N Engl J Med 2001;344(5):350-
362. 

 (56)  Bousquet J, Chanez P, Lacoste JY, Barneon G, Ghavanian N, Enander I et 
al. Eosinophilic inflammation in asthma. N Engl J Med 
1990;323(15):1033-1039. 

 (57)  Brightling CE, Bradding P, Symon FA, Holgate ST, Wardlaw AJ, Pavord 
ID. Mast-cell infiltration of airway smooth muscle in asthma. N Engl J 
Med 2002;346(22):1699-1705. 

 (58)  Fahy JV. Eosinophilic and neutrophilic inflammation in asthma: insights 
from clinical studies. Proc Am Thorac Soc 2009;6(3):256-259. 

 (59)  Kepley CL, McFeeley PJ, Oliver JM, Lipscomb MF. 
Immunohistochemical detection of human basophils in postmortem cases 
of fatal asthma. Am J Respir Crit Care Med 2001;164(6):1053-1058. 

 (60)  Johnson M. Effects of beta2-agonists on resident and infiltrating 
inflammatory cells. J Allergy Clin Immunol 2002;110(6 Suppl):S282-
S290. 

 (61)  Johnson M. The beta-adrenoceptor. Am J Respir Crit Care Med 
1998;158(5 Pt 3):S146-S153. 

 (62)  Reichardt HM, Kaestner KH, Wessely O, Gass P, Schmid W, Schutz G. 
Analysis of glucocorticoid signalling by gene targeting. J Steroid Biochem 
Mol Biol 1998;65(1-6):111-115. 

 (63)  Darby IA, Hewitson TD. Fibroblast differentiation in wound healing and 
fibrosis. Int Rev Cytol 2007;257:143-179. 

70 

 (52)  Jeffery PK. Remodeling in asthma and chronic obstructive lung disease. 
Am J Respir Crit Care Med 2001;164(10 Pt 2):S28-S38. 

 (53)  Black JL, Roth M, Lee J, Carlin S, Johnson PR. Mechanisms of airway 
remodeling. Airway smooth muscle. Am J Respir Crit Care Med 
2001;164(10 Pt 2):S63-S66. 

 (54)  Gizycki MJ, Adelroth E, Rogers AV, O'Byrne PM, Jeffery PK. 
Myofibroblast involvement in the allergen-induced late response in mild 
atopic asthma. Am J Respir Cell Mol Biol 1997;16(6):664-673. 

 (55)  Busse WW, Lemanske RF, Jr. Asthma. N Engl J Med 2001;344(5):350-
362. 

 (56)  Bousquet J, Chanez P, Lacoste JY, Barneon G, Ghavanian N, Enander I et 
al. Eosinophilic inflammation in asthma. N Engl J Med 
1990;323(15):1033-1039. 

 (57)  Brightling CE, Bradding P, Symon FA, Holgate ST, Wardlaw AJ, Pavord 
ID. Mast-cell infiltration of airway smooth muscle in asthma. N Engl J 
Med 2002;346(22):1699-1705. 

 (58)  Fahy JV. Eosinophilic and neutrophilic inflammation in asthma: insights 
from clinical studies. Proc Am Thorac Soc 2009;6(3):256-259. 

 (59)  Kepley CL, McFeeley PJ, Oliver JM, Lipscomb MF. 
Immunohistochemical detection of human basophils in postmortem cases 
of fatal asthma. Am J Respir Crit Care Med 2001;164(6):1053-1058. 

 (60)  Johnson M. Effects of beta2-agonists on resident and infiltrating 
inflammatory cells. J Allergy Clin Immunol 2002;110(6 Suppl):S282-
S290. 

 (61)  Johnson M. The beta-adrenoceptor. Am J Respir Crit Care Med 
1998;158(5 Pt 3):S146-S153. 

 (62)  Reichardt HM, Kaestner KH, Wessely O, Gass P, Schmid W, Schutz G. 
Analysis of glucocorticoid signalling by gene targeting. J Steroid Biochem 
Mol Biol 1998;65(1-6):111-115. 

 (63)  Darby IA, Hewitson TD. Fibroblast differentiation in wound healing and 
fibrosis. Int Rev Cytol 2007;257:143-179. 



71 

 (64)  Westergren-Thorsson G, Sime P, Jordana M, Gauldie J, Sarnstrand B, 
Malmstrom A. Lung fibroblast clones from normal and fibrotic subjects 
differ in hyaluronan and decorin production and rate of proliferation. Int J 
Biochem Cell Biol 2004;36(8):1573-1584. 

 (65)  Gabbiani G, Ryan GB, Majne G. Presence of modified fibroblasts in 
granulation tissue and their possible role in wound contraction. 
Experientia 1971;27(5):549-550. 

 (66)  Hu B, Wu Z, Liu T, Ullenbruch MR, Jin H, Phan SH. Gut-enriched 
Kruppel-like factor interaction with Smad3 inhibits myofibroblast 
differentiation. Am J Respir Cell Mol Biol 2007;36(1):78-84. 

 (67)  Ramirez AM, Shen Z, Ritzenthaler JD, Roman J. Myofibroblast 
transdifferentiation in obliterative bronchiolitis: tgf-beta signaling through 
smad3-dependent and -independent pathways. Am J Transplant 
2006;6(9):2080-2088. 

 (68)  Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown RA. 
Myofibroblasts and mechano-regulation of connective tissue remodelling. 
Nat Rev Mol Cell Biol 2002;3(5):349-363. 

 (69)  Zhang K, Rekhter MD, Gordon D, Phan SH. Myofibroblasts and their role 
in lung collagen gene expression during pulmonary fibrosis. A combined 
immunohistochemical and in situ hybridization study. Am J Pathol 
1994;145(1):114-125. 

 (70)  Zhang HY, Phan SH. Inhibition of myofibroblast apoptosis by 
transforming growth factor beta(1). Am J Respir Cell Mol Biol 
1999;21(6):658-665. 

 (71)  Weng H, Mertens PR, Gressner AM, Dooley S. IFN-gamma abrogates 
profibrogenic TGF-beta signaling in liver by targeting expression of 
inhibitory and receptor Smads. J Hepatol 2007;46(2):295-303. 

 (72)  Tanjore H, Xu XC, Polosukhin VV, Degryse AL, Li B, Han W et al. 
Contribution of Epithelial Derived Fibroblasts to Bleomycin Induced 
Lung Fibrosis. Am J Respir Crit Care Med 2009. 

 (73)  Darby I, Skalli O, Gabbiani G. Alpha-smooth muscle actin is transiently 
expressed by myofibroblasts during experimental wound healing. Lab 
Invest 1990;63(1):21-29. 

71 

 (64)  Westergren-Thorsson G, Sime P, Jordana M, Gauldie J, Sarnstrand B, 
Malmstrom A. Lung fibroblast clones from normal and fibrotic subjects 
differ in hyaluronan and decorin production and rate of proliferation. Int J 
Biochem Cell Biol 2004;36(8):1573-1584. 

 (65)  Gabbiani G, Ryan GB, Majne G. Presence of modified fibroblasts in 
granulation tissue and their possible role in wound contraction. 
Experientia 1971;27(5):549-550. 

 (66)  Hu B, Wu Z, Liu T, Ullenbruch MR, Jin H, Phan SH. Gut-enriched 
Kruppel-like factor interaction with Smad3 inhibits myofibroblast 
differentiation. Am J Respir Cell Mol Biol 2007;36(1):78-84. 

 (67)  Ramirez AM, Shen Z, Ritzenthaler JD, Roman J. Myofibroblast 
transdifferentiation in obliterative bronchiolitis: tgf-beta signaling through 
smad3-dependent and -independent pathways. Am J Transplant 
2006;6(9):2080-2088. 

 (68)  Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown RA. 
Myofibroblasts and mechano-regulation of connective tissue remodelling. 
Nat Rev Mol Cell Biol 2002;3(5):349-363. 

 (69)  Zhang K, Rekhter MD, Gordon D, Phan SH. Myofibroblasts and their role 
in lung collagen gene expression during pulmonary fibrosis. A combined 
immunohistochemical and in situ hybridization study. Am J Pathol 
1994;145(1):114-125. 

 (70)  Zhang HY, Phan SH. Inhibition of myofibroblast apoptosis by 
transforming growth factor beta(1). Am J Respir Cell Mol Biol 
1999;21(6):658-665. 

 (71)  Weng H, Mertens PR, Gressner AM, Dooley S. IFN-gamma abrogates 
profibrogenic TGF-beta signaling in liver by targeting expression of 
inhibitory and receptor Smads. J Hepatol 2007;46(2):295-303. 

 (72)  Tanjore H, Xu XC, Polosukhin VV, Degryse AL, Li B, Han W et al. 
Contribution of Epithelial Derived Fibroblasts to Bleomycin Induced 
Lung Fibrosis. Am J Respir Crit Care Med 2009. 

 (73)  Darby I, Skalli O, Gabbiani G. Alpha-smooth muscle actin is transiently 
expressed by myofibroblasts during experimental wound healing. Lab 
Invest 1990;63(1):21-29. 



72 

 (74)  Nihlberg K, Larsen K, Hultgardh-Nilsson A, Malmstrom A, Bjermer L, 
Westergren-Thorsson G. Tissue fibrocytes in patients with mild asthma: a 
possible link to thickness of reticular basement membrane? Respir Res 
2006;7:50. 

 (75)  Saunders R, Siddiqui S, Kaur D, Doe C, Sutcliffe A, Hollins F et al. 
Fibrocyte localization to the airway smooth muscle is a feature of asthma. 
J Allergy Clin Immunol 2009;123(2):376-384. 

 (76)  Moeller A, Gilpin SE, Ask K, Cox G, Cook D, Gauldie J et al. Circulating 
fibrocytes are an indicator of poor prognosis in idiopathic pulmonary 
fibrosis. Am J Respir Crit Care Med 2009;179(7):588-594. 

 (77)  Abe R, Donnelly SC, Peng T, Bucala R, Metz CN. Peripheral blood 
fibrocytes: differentiation pathway and migration to wound sites. J 
Immunol 2001;166(12):7556-7562. 

 (78)  Sakai N, Wada T, Yokoyama H, Lipp M, Ueha S, Matsushima K et al. 
Secondary lymphoid tissue chemokine (SLC/CCL21)/CCR7 signaling 
regulates fibrocytes in renal fibrosis. Proc Natl Acad Sci U S A 
2006;103(38):14098-14103. 

 (79)  Bucala R, Spiegel LA, Chesney J, Hogan M, Cerami A. Circulating 
fibrocytes define a new leukocyte subpopulation that mediates tissue 
repair. Mol Med 1994;1(1):71-81. 

 (80)  Mehrad B, Burdick MD, Strieter RM. Fibrocyte CXCR4 regulation as a 
therapeutic target in pulmonary fibrosis. Int J Biochem Cell Biol 
2009;41(8-9):1708-1718. 

 (81)  Mori L, Bellini A, Stacey MA, Schmidt M, Mattoli S. Fibrocytes 
contribute to the myofibroblast population in wounded skin and originate 
from the bone marrow. Exp Cell Res 2005;304(1):81-90. 

 (82)  Hartlapp I, Abe R, Saeed RW, Peng T, Voelter W, Bucala R et al. 
Fibrocytes induce an angiogenic phenotype in cultured endothelial cells 
and promote angiogenesis in vivo. FASEB J 2001;15(12):2215-2224. 

 (83)  Chesney J, Bacher M, Bender A, Bucala R. The peripheral blood fibrocyte 
is a potent antigen-presenting cell capable of priming naive T cells in situ. 
Proc Natl Acad Sci U S A 1997;94(12):6307-6312. 

72 

 (74)  Nihlberg K, Larsen K, Hultgardh-Nilsson A, Malmstrom A, Bjermer L, 
Westergren-Thorsson G. Tissue fibrocytes in patients with mild asthma: a 
possible link to thickness of reticular basement membrane? Respir Res 
2006;7:50. 

 (75)  Saunders R, Siddiqui S, Kaur D, Doe C, Sutcliffe A, Hollins F et al. 
Fibrocyte localization to the airway smooth muscle is a feature of asthma. 
J Allergy Clin Immunol 2009;123(2):376-384. 

 (76)  Moeller A, Gilpin SE, Ask K, Cox G, Cook D, Gauldie J et al. Circulating 
fibrocytes are an indicator of poor prognosis in idiopathic pulmonary 
fibrosis. Am J Respir Crit Care Med 2009;179(7):588-594. 

 (77)  Abe R, Donnelly SC, Peng T, Bucala R, Metz CN. Peripheral blood 
fibrocytes: differentiation pathway and migration to wound sites. J 
Immunol 2001;166(12):7556-7562. 

 (78)  Sakai N, Wada T, Yokoyama H, Lipp M, Ueha S, Matsushima K et al. 
Secondary lymphoid tissue chemokine (SLC/CCL21)/CCR7 signaling 
regulates fibrocytes in renal fibrosis. Proc Natl Acad Sci U S A 
2006;103(38):14098-14103. 

 (79)  Bucala R, Spiegel LA, Chesney J, Hogan M, Cerami A. Circulating 
fibrocytes define a new leukocyte subpopulation that mediates tissue 
repair. Mol Med 1994;1(1):71-81. 

 (80)  Mehrad B, Burdick MD, Strieter RM. Fibrocyte CXCR4 regulation as a 
therapeutic target in pulmonary fibrosis. Int J Biochem Cell Biol 
2009;41(8-9):1708-1718. 

 (81)  Mori L, Bellini A, Stacey MA, Schmidt M, Mattoli S. Fibrocytes 
contribute to the myofibroblast population in wounded skin and originate 
from the bone marrow. Exp Cell Res 2005;304(1):81-90. 

 (82)  Hartlapp I, Abe R, Saeed RW, Peng T, Voelter W, Bucala R et al. 
Fibrocytes induce an angiogenic phenotype in cultured endothelial cells 
and promote angiogenesis in vivo. FASEB J 2001;15(12):2215-2224. 

 (83)  Chesney J, Bacher M, Bender A, Bucala R. The peripheral blood fibrocyte 
is a potent antigen-presenting cell capable of priming naive T cells in situ. 
Proc Natl Acad Sci U S A 1997;94(12):6307-6312. 



73 

 (84)  Horuk R. Chemokine receptors. Cytokine Growth Factor Rev 
2001;12(4):313-335. 

 (85)  Kucia M, Jankowski K, Reca R, Wysoczynski M, Bandura L, Allendorf 
DJ et al. CXCR4-SDF-1 signalling, locomotion, chemotaxis and adhesion. 
J Mol Histol 2004;35(3):233-245. 

 (86)  Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper OM, Bastidas N, 
Kleinman ME et al. Progenitor cell trafficking is regulated by hypoxic 
gradients through HIF-1 induction of SDF-1. Nat Med 2004;10(8):858-
864. 

 (87)  Phillips RJ, Mestas J, Gharaee-Kermani M, Burdick MD, Sica A, Belperio 
JA et al. Epidermal growth factor and hypoxia-induced expression of CXC 
chemokine receptor 4 on non-small cell lung cancer cells is regulated by 
the phosphatidylinositol 3-kinase/PTEN/AKT/mammalian target of 
rapamycin signaling pathway and activation of hypoxia inducible factor-
1alpha. J Biol Chem 2005;280(23):22473-22481. 

 (88)  Christopher MJ, Liu F, Hilton MJ, Long F, Link DC. Suppression of 
CXCL12 production by bone marrow osteoblasts is a common and critical 
pathway for cytokine-induced mobilization. Blood 2009;114(7):1331-
1339. 

 (89)  Phillips RJ, Burdick MD, Hong K, Lutz MA, Murray LA, Xue YY et al. 
Circulating fibrocytes traffic to the lungs in response to CXCL12 and 
mediate fibrosis. J Clin Invest 2004;114(3):438-446. 

 (90)  Moore BB, Kolodsick JE, Thannickal VJ, Cooke K, Moore TA, 
Hogaboam C et al. CCR2-mediated recruitment of fibrocytes to the 
alveolar space after fibrotic injury. Am J Pathol 2005;166(3):675-684. 

 (91)  Hong KM, Belperio JA, Keane MP, Burdick MD, Strieter RM. 
Differentiation of human circulating fibrocytes as mediated by 
transforming growth factor-beta and peroxisome proliferator-activated 
receptor gamma. J Biol Chem 2007;282(31):22910-22920. 

 (92)  Lama VN, Phan SH. The extrapulmonary origin of fibroblasts: 
stem/progenitor cells and beyond. Proc Am Thorac Soc 2006;3(4):373-
376. 

73 

 (84)  Horuk R. Chemokine receptors. Cytokine Growth Factor Rev 
2001;12(4):313-335. 

 (85)  Kucia M, Jankowski K, Reca R, Wysoczynski M, Bandura L, Allendorf 
DJ et al. CXCR4-SDF-1 signalling, locomotion, chemotaxis and adhesion. 
J Mol Histol 2004;35(3):233-245. 

 (86)  Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper OM, Bastidas N, 
Kleinman ME et al. Progenitor cell trafficking is regulated by hypoxic 
gradients through HIF-1 induction of SDF-1. Nat Med 2004;10(8):858-
864. 

 (87)  Phillips RJ, Mestas J, Gharaee-Kermani M, Burdick MD, Sica A, Belperio 
JA et al. Epidermal growth factor and hypoxia-induced expression of CXC 
chemokine receptor 4 on non-small cell lung cancer cells is regulated by 
the phosphatidylinositol 3-kinase/PTEN/AKT/mammalian target of 
rapamycin signaling pathway and activation of hypoxia inducible factor-
1alpha. J Biol Chem 2005;280(23):22473-22481. 

 (88)  Christopher MJ, Liu F, Hilton MJ, Long F, Link DC. Suppression of 
CXCL12 production by bone marrow osteoblasts is a common and critical 
pathway for cytokine-induced mobilization. Blood 2009;114(7):1331-
1339. 

 (89)  Phillips RJ, Burdick MD, Hong K, Lutz MA, Murray LA, Xue YY et al. 
Circulating fibrocytes traffic to the lungs in response to CXCL12 and 
mediate fibrosis. J Clin Invest 2004;114(3):438-446. 

 (90)  Moore BB, Kolodsick JE, Thannickal VJ, Cooke K, Moore TA, 
Hogaboam C et al. CCR2-mediated recruitment of fibrocytes to the 
alveolar space after fibrotic injury. Am J Pathol 2005;166(3):675-684. 

 (91)  Hong KM, Belperio JA, Keane MP, Burdick MD, Strieter RM. 
Differentiation of human circulating fibrocytes as mediated by 
transforming growth factor-beta and peroxisome proliferator-activated 
receptor gamma. J Biol Chem 2007;282(31):22910-22920. 

 (92)  Lama VN, Phan SH. The extrapulmonary origin of fibroblasts: 
stem/progenitor cells and beyond. Proc Am Thorac Soc 2006;3(4):373-
376. 



74 

 (93)  Shao DD, Suresh R, Vakil V, Gomer RH, Pilling D. Pivotal Advance: Th-
1 cytokines inhibit, and Th-2 cytokines promote fibrocyte differentiation. J 
Leukoc Biol 2008;83(6):1323-1333. 

 (94)  Willis BC, duBois RM, Borok Z. Epithelial origin of myofibroblasts 
during fibrosis in the lung. Proc Am Thorac Soc 2006;3(4):377-382. 

 (95)  Borthwick LA, Parker SM, Brougham KA, Johnson GE, Gorowiec MR, 
Ward C et al. Epithelial to Mesenchymal Transition (EMT) and Airway 
Remodelling after Human Lung Transplantation. Thorax 2009. 

 (96)  Saika S, Kono-Saika S, Tanaka T, Yamanaka O, Ohnishi Y, Sato M et al. 
Smad3 is required for dedifferentiation of retinal pigment epithelium 
following retinal detachment in mice. Lab Invest 2004;84(10):1245-1258. 

 (97)  Ward C, Forrest IA, Murphy DM, Johnson GE, Robertson H, Cawston TE 
et al. Phenotype of airway epithelial cells suggests epithelial to 
mesenchymal cell transition in clinically stable lung transplant recipients. 
Thorax 2005;60(10):865-871. 

 (98)  Flanders KC. Smad3 as a mediator of the fibrotic response. Int J Exp 
Pathol 2004;85(2):47-64. 

 (99)  Frid MG, Kale VA, Stenmark KR. Mature vascular endothelium can give 
rise to smooth muscle cells via endothelial-mesenchymal 
transdifferentiation: in vitro analysis. Circ Res 2002;90(11):1189-1196. 

 (100)  Tsukita S, Katsuno T, Yamazaki Y, Umeda K, Tamura A, Tsukita S. 
Roles of ZO-1 and ZO-2 in establishment of the belt-like adherens and 
tight junctions with paracellular permselective barrier function. Ann N Y 
Acad Sci 2009;1165:44-52. 

 (101)  Zhang ZG, Zhang L, Jiang Q, Chopp M. Bone marrow-derived endothelial 
progenitor cells participate in cerebral neovascularization after focal 
cerebral ischemia in the adult mouse. Circ Res 2002;90(3):284-288. 

 (102)  Shi Q, Rafii S, Wu MH, Wijelath ES, Yu C, Ishida A et al. Evidence for 
circulating bone marrow-derived endothelial cells. Blood 1998;92(2):362-
367. 

 (103)  Peichev M, Naiyer AJ, Pereira D, Zhu Z, Lane WJ, Williams M et al. 
Expression of VEGFR-2 and AC133 by circulating human CD34(+) cells 

74 

 (93)  Shao DD, Suresh R, Vakil V, Gomer RH, Pilling D. Pivotal Advance: Th-
1 cytokines inhibit, and Th-2 cytokines promote fibrocyte differentiation. J 
Leukoc Biol 2008;83(6):1323-1333. 

 (94)  Willis BC, duBois RM, Borok Z. Epithelial origin of myofibroblasts 
during fibrosis in the lung. Proc Am Thorac Soc 2006;3(4):377-382. 

 (95)  Borthwick LA, Parker SM, Brougham KA, Johnson GE, Gorowiec MR, 
Ward C et al. Epithelial to Mesenchymal Transition (EMT) and Airway 
Remodelling after Human Lung Transplantation. Thorax 2009. 

 (96)  Saika S, Kono-Saika S, Tanaka T, Yamanaka O, Ohnishi Y, Sato M et al. 
Smad3 is required for dedifferentiation of retinal pigment epithelium 
following retinal detachment in mice. Lab Invest 2004;84(10):1245-1258. 

 (97)  Ward C, Forrest IA, Murphy DM, Johnson GE, Robertson H, Cawston TE 
et al. Phenotype of airway epithelial cells suggests epithelial to 
mesenchymal cell transition in clinically stable lung transplant recipients. 
Thorax 2005;60(10):865-871. 

 (98)  Flanders KC. Smad3 as a mediator of the fibrotic response. Int J Exp 
Pathol 2004;85(2):47-64. 

 (99)  Frid MG, Kale VA, Stenmark KR. Mature vascular endothelium can give 
rise to smooth muscle cells via endothelial-mesenchymal 
transdifferentiation: in vitro analysis. Circ Res 2002;90(11):1189-1196. 

 (100)  Tsukita S, Katsuno T, Yamazaki Y, Umeda K, Tamura A, Tsukita S. 
Roles of ZO-1 and ZO-2 in establishment of the belt-like adherens and 
tight junctions with paracellular permselective barrier function. Ann N Y 
Acad Sci 2009;1165:44-52. 

 (101)  Zhang ZG, Zhang L, Jiang Q, Chopp M. Bone marrow-derived endothelial 
progenitor cells participate in cerebral neovascularization after focal 
cerebral ischemia in the adult mouse. Circ Res 2002;90(3):284-288. 

 (102)  Shi Q, Rafii S, Wu MH, Wijelath ES, Yu C, Ishida A et al. Evidence for 
circulating bone marrow-derived endothelial cells. Blood 1998;92(2):362-
367. 

 (103)  Peichev M, Naiyer AJ, Pereira D, Zhu Z, Lane WJ, Williams M et al. 
Expression of VEGFR-2 and AC133 by circulating human CD34(+) cells 



75 

identifies a population of functional endothelial precursors. Blood 
2000;95(3):952-958. 

 (104)  Hristov M, Zernecke A, Bidzhekov K, Liehn EA, Shagdarsuren E, Ludwig 
A et al. Importance of CXC chemokine receptor 2 in the homing of human 
peripheral blood endothelial progenitor cells to sites of arterial injury. Circ 
Res 2007;100(4):590-597. 

 (105)  Asosingh K, Swaidani S, Aronica M, Erzurum SC. Th1- and Th2-
dependent endothelial progenitor cell recruitment and angiogenic switch 
in asthma. J Immunol 2007;178(10):6482-6494. 

 (106)  Schultz GS, Wysocki A. Interactions between extracellular matrix and 
growth factors in wound healing. Wound Repair Regen 2009;17(2):153-
162. 

 (107)  Yayon A, Klagsbrun M, Esko JD, Leder P, Ornitz DM. Cell surface, 
heparin-like molecules are required for binding of basic fibroblast growth 
factor to its high affinity receptor. Cell 1991;64(4):841-848. 

 (108)  RICH A, CRICK FH. The structure of collagen. Nature 
1955;176(4489):915-916. 

 (109)  RAMACHANDRAN GN, KARTHA G. Structure of collagen. Nature 
1955;176(4482):593-595. 

 (110)  Myllyharju J, Kivirikko KI. Collagens, modifying enzymes and their 
mutations in humans, flies and worms. Trends Genet 2004;20(1):33-43. 

 (111)  Alberts B et al. Molecular Biology of the Cell. 2002. 

 (112)  Roche WR, Beasley R, Williams JH, Holgate ST. Subepithelial fibrosis in 
the bronchi of asthmatics. Lancet 1989;1(8637):520-524. 

 (113)  Alho HS, Inkinen KA, Salminen US, Maasilta PK, Taskinen EI, Glumoff 
V et al. Collagens I and III in a porcine bronchial model of obliterative 
bronchiolitis. Am J Respir Crit Care Med 2001;164(8 Pt 1):1519-1525. 

 (114)  Shoda H, Yokoyama A, Nishino R, Nakashima T, Ishikawa N, Haruta Y 
et al. Overproduction of collagen and diminished SOCS1 expression are 
causally linked in fibroblasts from idiopathic pulmonary fibrosis. Biochem 
Biophys Res Commun 2007;353(4):1004-1010. 

75 

identifies a population of functional endothelial precursors. Blood 
2000;95(3):952-958. 

 (104)  Hristov M, Zernecke A, Bidzhekov K, Liehn EA, Shagdarsuren E, Ludwig 
A et al. Importance of CXC chemokine receptor 2 in the homing of human 
peripheral blood endothelial progenitor cells to sites of arterial injury. Circ 
Res 2007;100(4):590-597. 

 (105)  Asosingh K, Swaidani S, Aronica M, Erzurum SC. Th1- and Th2-
dependent endothelial progenitor cell recruitment and angiogenic switch 
in asthma. J Immunol 2007;178(10):6482-6494. 

 (106)  Schultz GS, Wysocki A. Interactions between extracellular matrix and 
growth factors in wound healing. Wound Repair Regen 2009;17(2):153-
162. 

 (107)  Yayon A, Klagsbrun M, Esko JD, Leder P, Ornitz DM. Cell surface, 
heparin-like molecules are required for binding of basic fibroblast growth 
factor to its high affinity receptor. Cell 1991;64(4):841-848. 

 (108)  RICH A, CRICK FH. The structure of collagen. Nature 
1955;176(4489):915-916. 

 (109)  RAMACHANDRAN GN, KARTHA G. Structure of collagen. Nature 
1955;176(4482):593-595. 

 (110)  Myllyharju J, Kivirikko KI. Collagens, modifying enzymes and their 
mutations in humans, flies and worms. Trends Genet 2004;20(1):33-43. 

 (111)  Alberts B et al. Molecular Biology of the Cell. 2002. 

 (112)  Roche WR, Beasley R, Williams JH, Holgate ST. Subepithelial fibrosis in 
the bronchi of asthmatics. Lancet 1989;1(8637):520-524. 

 (113)  Alho HS, Inkinen KA, Salminen US, Maasilta PK, Taskinen EI, Glumoff 
V et al. Collagens I and III in a porcine bronchial model of obliterative 
bronchiolitis. Am J Respir Crit Care Med 2001;164(8 Pt 1):1519-1525. 

 (114)  Shoda H, Yokoyama A, Nishino R, Nakashima T, Ishikawa N, Haruta Y 
et al. Overproduction of collagen and diminished SOCS1 expression are 
causally linked in fibroblasts from idiopathic pulmonary fibrosis. Biochem 
Biophys Res Commun 2007;353(4):1004-1010. 



76 

 (115)  Myllyharju J. Prolyl 4-hydroxylases, the key enzymes of collagen 
biosynthesis. Matrix Biol 2003;22(1):15-24. 

 (116)  Zhang Y, Lee TC, Guillemin B, Yu MC, Rom WN. Enhanced IL-1 beta 
and tumor necrosis factor-alpha release and messenger RNA expression in 
macrophages from idiopathic pulmonary fibrosis or after asbestos 
exposure. J Immunol 1993;150(9):4188-4196. 

 (117)  Ziesche R, Hofbauer E, Wittmann K, Petkov V, Block LH. A preliminary 
study of long-term treatment with interferon gamma-1b and low-dose 
prednisolone in patients with idiopathic pulmonary fibrosis. N Engl J Med 
1999;341(17):1264-1269. 

 (118)  Ignotz RA, Massague J. Transforming growth factor-beta stimulates the 
expression of fibronectin and collagen and their incorporation into the 
extracellular matrix. J Biol Chem 1986;261(9):4337-4345. 

 (119)  Kolodsick JE, Toews GB, Jakubzick C, Hogaboam C, Moore TA, 
McKenzie A et al. Protection from fluorescein isothiocyanate-induced 
fibrosis in IL-13-deficient, but not IL-4-deficient, mice results from 
impaired collagen synthesis by fibroblasts. J Immunol 2004;172(7):4068-
4076. 

 (120)  Iozzo RV. Matrix proteoglycans: from molecular design to cellular 
function. Annu Rev Biochem 1998;67:609-652. 

 (121)  Bishop JR, Schuksz M, Esko JD. Heparan sulphate proteoglycans fine-
tune mammalian physiology. Nature 2007;446(7139):1030-1037. 

 (122)  Esko JD, Selleck SB. Order out of chaos: assembly of ligand binding sites 
in heparan sulfate. Annu Rev Biochem 2002;71:435-471. 

 (123)  Lindahl U. Heparan sulfate-protein interactions--a concept for drug 
design? Thromb Haemost 2007;98(1):109-115. 

 (124)  Iozzo RV, Murdoch AD. Proteoglycans of the extracellular environment: 
clues from the gene and protein side offer novel perspectives in molecular 
diversity and function. FASEB J 1996;10(5):598-614. 

 (125)  Tufvesson E, Westergren-Thorsson G. Alteration of proteoglycan 
synthesis in human lung fibroblasts induced by interleukin-1beta and 
tumor necrosis factor-alpha. J Cell Biochem 2000;77(2):298-309. 

76 

 (115)  Myllyharju J. Prolyl 4-hydroxylases, the key enzymes of collagen 
biosynthesis. Matrix Biol 2003;22(1):15-24. 

 (116)  Zhang Y, Lee TC, Guillemin B, Yu MC, Rom WN. Enhanced IL-1 beta 
and tumor necrosis factor-alpha release and messenger RNA expression in 
macrophages from idiopathic pulmonary fibrosis or after asbestos 
exposure. J Immunol 1993;150(9):4188-4196. 

 (117)  Ziesche R, Hofbauer E, Wittmann K, Petkov V, Block LH. A preliminary 
study of long-term treatment with interferon gamma-1b and low-dose 
prednisolone in patients with idiopathic pulmonary fibrosis. N Engl J Med 
1999;341(17):1264-1269. 

 (118)  Ignotz RA, Massague J. Transforming growth factor-beta stimulates the 
expression of fibronectin and collagen and their incorporation into the 
extracellular matrix. J Biol Chem 1986;261(9):4337-4345. 

 (119)  Kolodsick JE, Toews GB, Jakubzick C, Hogaboam C, Moore TA, 
McKenzie A et al. Protection from fluorescein isothiocyanate-induced 
fibrosis in IL-13-deficient, but not IL-4-deficient, mice results from 
impaired collagen synthesis by fibroblasts. J Immunol 2004;172(7):4068-
4076. 

 (120)  Iozzo RV. Matrix proteoglycans: from molecular design to cellular 
function. Annu Rev Biochem 1998;67:609-652. 

 (121)  Bishop JR, Schuksz M, Esko JD. Heparan sulphate proteoglycans fine-
tune mammalian physiology. Nature 2007;446(7139):1030-1037. 

 (122)  Esko JD, Selleck SB. Order out of chaos: assembly of ligand binding sites 
in heparan sulfate. Annu Rev Biochem 2002;71:435-471. 

 (123)  Lindahl U. Heparan sulfate-protein interactions--a concept for drug 
design? Thromb Haemost 2007;98(1):109-115. 

 (124)  Iozzo RV, Murdoch AD. Proteoglycans of the extracellular environment: 
clues from the gene and protein side offer novel perspectives in molecular 
diversity and function. FASEB J 1996;10(5):598-614. 

 (125)  Tufvesson E, Westergren-Thorsson G. Alteration of proteoglycan 
synthesis in human lung fibroblasts induced by interleukin-1beta and 
tumor necrosis factor-alpha. J Cell Biochem 2000;77(2):298-309. 



77 

 (126)  Tiedemann K, Malmstrom A, Westergren-Thorsson G. Cytokine 
regulation of proteoglycan production in fibroblasts: separate and 
synergistic effects. Matrix Biol 1997;15(7):469-478. 

 (127)  Ludwig MS, Ftouhi-Paquin N, Huang W, Page N, Chakir J, Hamid Q. 
Mechanical strain enhances proteoglycan message in fibroblasts from 
asthmatic subjects. Clin Exp Allergy 2004;34(6):926-930. 

 (128)  Asplund A, Stillemark-Billton P, Larsson E, Rydberg EK, Moses J, Hulten 
LM et al. Hypoxic Regulation of Secreted Proteoglycans in Macrophages. 
Glycobiology 2009. 

 (129)  Huang J, Olivenstein R, Taha R, Hamid Q, Ludwig M. Enhanced 
proteoglycan deposition in the airway wall of atopic asthmatics. Am J 
Respir Crit Care Med 1999;160(2):725-729. 

 (130)  Westergren-Thorsson G, Chakir J, Lafreniere-Allard MJ, Boulet LP, 
Tremblay GM. Correlation between airway responsiveness and 
proteoglycan production by bronchial fibroblasts from normal and 
asthmatic subjects. Int J Biochem Cell Biol 2002;34(10):1256-1267. 

 (131)  Merrilees MJ, Ching PS, Beaumont B, Hinek A, Wight TN, Black PN. 
Changes in elastin, elastin binding protein and versican in alveoli in 
chronic obstructive pulmonary disease. Respir Res 2008;9:41. 

 (132)  Hinek A, Mecham RP, Keeley F, Rabinovitch M. Impaired elastin fiber 
assembly related to reduced 67-kD elastin-binding protein in fetal lamb 
ductus arteriosus and in cultured aortic smooth muscle cells treated with 
chondroitin sulfate. J Clin Invest 1991;88(6):2083-2094. 

 (133)  Dolan M, Horchar T, Rigatti B, Hassell JR. Identification of sites in 
domain I of perlecan that regulate heparan sulfate synthesis. J Biol Chem 
1997;272(7):4316-4322. 

 (134)  Kallunki P, Tryggvason K. Human basement membrane heparan sulfate 
proteoglycan core protein: a 467-kD protein containing multiple domains 
resembling elements of the low density lipoprotein receptor, laminin, 
neural cell adhesion molecules, and epidermal growth factor. J Cell Biol 
1992;116(2):559-571. 

 (135)  Knox SM, Whitelock JM. Perlecan: how does one molecule do so many 
things? Cell Mol Life Sci 2006;63(21):2435-2445. 

77 

 (126)  Tiedemann K, Malmstrom A, Westergren-Thorsson G. Cytokine 
regulation of proteoglycan production in fibroblasts: separate and 
synergistic effects. Matrix Biol 1997;15(7):469-478. 

 (127)  Ludwig MS, Ftouhi-Paquin N, Huang W, Page N, Chakir J, Hamid Q. 
Mechanical strain enhances proteoglycan message in fibroblasts from 
asthmatic subjects. Clin Exp Allergy 2004;34(6):926-930. 

 (128)  Asplund A, Stillemark-Billton P, Larsson E, Rydberg EK, Moses J, Hulten 
LM et al. Hypoxic Regulation of Secreted Proteoglycans in Macrophages. 
Glycobiology 2009. 

 (129)  Huang J, Olivenstein R, Taha R, Hamid Q, Ludwig M. Enhanced 
proteoglycan deposition in the airway wall of atopic asthmatics. Am J 
Respir Crit Care Med 1999;160(2):725-729. 

 (130)  Westergren-Thorsson G, Chakir J, Lafreniere-Allard MJ, Boulet LP, 
Tremblay GM. Correlation between airway responsiveness and 
proteoglycan production by bronchial fibroblasts from normal and 
asthmatic subjects. Int J Biochem Cell Biol 2002;34(10):1256-1267. 

 (131)  Merrilees MJ, Ching PS, Beaumont B, Hinek A, Wight TN, Black PN. 
Changes in elastin, elastin binding protein and versican in alveoli in 
chronic obstructive pulmonary disease. Respir Res 2008;9:41. 

 (132)  Hinek A, Mecham RP, Keeley F, Rabinovitch M. Impaired elastin fiber 
assembly related to reduced 67-kD elastin-binding protein in fetal lamb 
ductus arteriosus and in cultured aortic smooth muscle cells treated with 
chondroitin sulfate. J Clin Invest 1991;88(6):2083-2094. 

 (133)  Dolan M, Horchar T, Rigatti B, Hassell JR. Identification of sites in 
domain I of perlecan that regulate heparan sulfate synthesis. J Biol Chem 
1997;272(7):4316-4322. 

 (134)  Kallunki P, Tryggvason K. Human basement membrane heparan sulfate 
proteoglycan core protein: a 467-kD protein containing multiple domains 
resembling elements of the low density lipoprotein receptor, laminin, 
neural cell adhesion molecules, and epidermal growth factor. J Cell Biol 
1992;116(2):559-571. 

 (135)  Knox SM, Whitelock JM. Perlecan: how does one molecule do so many 
things? Cell Mol Life Sci 2006;63(21):2435-2445. 



78 

 (136)  Iozzo RV. Basement membrane proteoglycans: from cellar to ceiling. Nat 
Rev Mol Cell Biol 2005;6(8):646-656. 

 (137)  Law L, Zheng L, Orsida B, Levvey B, Oto T, Kotsimbos AT et al. Early 
changes in basement membrane thickness in airway walls post-lung 
transplantation. J Heart Lung Transplant 2005;24(10):1571-1576. 

 (138)  Noble NA, Harper JR, Border WA. In vivo interactions of TGF-beta and 
extracellular matrix. Prog Growth Factor Res 1992;4(4):369-382. 

 (139)  Tufvesson E, Westergren-Thorsson G. Tumour necrosis factor-alpha 
interacts with biglycan and decorin. FEBS Lett 2002;530(1-3):124-128. 

 (140)  Kresse H, Schonherr E. Proteoglycans of the extracellular matrix and 
growth control. J Cell Physiol 2001;189(3):266-274. 

 (141)  Westergren-Thorsson G, Hernnas J, Sarnstrand B, Oldberg A, Heinegard 
D, Malmstrom A. Altered expression of small proteoglycans, collagen, 
and transforming growth factor-beta 1 in developing bleomycin-induced 
pulmonary fibrosis in rats. J Clin Invest 1993;92(2):632-637. 

 (142)  Weber IT, Harrison RW, Iozzo RV. Model structure of decorin and 
implications for collagen fibrillogenesis. J Biol Chem 
1996;271(50):31767-31770. 

 (143)  Danielson KG, Baribault H, Holmes DF, Graham H, Kadler KE, Iozzo 
RV. Targeted disruption of decorin leads to abnormal collagen fibril 
morphology and skin fragility. J Cell Biol 1997;136(3):729-743. 

 (144)  Wadhwa S, Embree MC, Bi Y, Young MF. Regulation, regulatory 
activities, and function of biglycan. Crit Rev Eukaryot Gene Expr 
2004;14(4):301-315. 

 (145)  Tufvesson E, Westergren-Thorsson G. Biglycan and decorin induce 
morphological and cytoskeletal changes involving signalling by the small 
GTPases RhoA and Rac1 resulting in lung fibroblast migration. J Cell Sci 
2003;116(Pt 23):4857-4864. 

 (146)  King TE, Jr., Schwarz MI, Brown K, Tooze JA, Colby TV, Waldron JA, 
Jr. et al. Idiopathic pulmonary fibrosis: relationship between 
histopathologic features and mortality. Am J Respir Crit Care Med 
2001;164(6):1025-1032. 

78 

 (136)  Iozzo RV. Basement membrane proteoglycans: from cellar to ceiling. Nat 
Rev Mol Cell Biol 2005;6(8):646-656. 

 (137)  Law L, Zheng L, Orsida B, Levvey B, Oto T, Kotsimbos AT et al. Early 
changes in basement membrane thickness in airway walls post-lung 
transplantation. J Heart Lung Transplant 2005;24(10):1571-1576. 

 (138)  Noble NA, Harper JR, Border WA. In vivo interactions of TGF-beta and 
extracellular matrix. Prog Growth Factor Res 1992;4(4):369-382. 

 (139)  Tufvesson E, Westergren-Thorsson G. Tumour necrosis factor-alpha 
interacts with biglycan and decorin. FEBS Lett 2002;530(1-3):124-128. 

 (140)  Kresse H, Schonherr E. Proteoglycans of the extracellular matrix and 
growth control. J Cell Physiol 2001;189(3):266-274. 

 (141)  Westergren-Thorsson G, Hernnas J, Sarnstrand B, Oldberg A, Heinegard 
D, Malmstrom A. Altered expression of small proteoglycans, collagen, 
and transforming growth factor-beta 1 in developing bleomycin-induced 
pulmonary fibrosis in rats. J Clin Invest 1993;92(2):632-637. 

 (142)  Weber IT, Harrison RW, Iozzo RV. Model structure of decorin and 
implications for collagen fibrillogenesis. J Biol Chem 
1996;271(50):31767-31770. 

 (143)  Danielson KG, Baribault H, Holmes DF, Graham H, Kadler KE, Iozzo 
RV. Targeted disruption of decorin leads to abnormal collagen fibril 
morphology and skin fragility. J Cell Biol 1997;136(3):729-743. 

 (144)  Wadhwa S, Embree MC, Bi Y, Young MF. Regulation, regulatory 
activities, and function of biglycan. Crit Rev Eukaryot Gene Expr 
2004;14(4):301-315. 

 (145)  Tufvesson E, Westergren-Thorsson G. Biglycan and decorin induce 
morphological and cytoskeletal changes involving signalling by the small 
GTPases RhoA and Rac1 resulting in lung fibroblast migration. J Cell Sci 
2003;116(Pt 23):4857-4864. 

 (146)  King TE, Jr., Schwarz MI, Brown K, Tooze JA, Colby TV, Waldron JA, 
Jr. et al. Idiopathic pulmonary fibrosis: relationship between 
histopathologic features and mortality. Am J Respir Crit Care Med 
2001;164(6):1025-1032. 



79 

 (147)  Selman M, Ruiz V, Cabrera S, Segura L, Ramirez R, Barrios R et al. 
TIMP-1, -2, -3, and -4 in idiopathic pulmonary fibrosis. A prevailing 
nondegradative lung microenvironment? Am J Physiol Lung Cell Mol 
Physiol 2000;279(3):L562-L574. 

 (148)  Gardner LB, Corn PG. Hypoxic regulation of mRNA expression. Cell 
Cycle 2008;7(13):1916-1924. 

 (149)  Ceradini DJ, Gurtner GC. Homing to hypoxia: HIF-1 as a mediator of 
progenitor cell recruitment to injured tissue. Trends Cardiovasc Med 
2005;15(2):57-63. 

 (150)  Salvato G. Quantitative and morphological analysis of the vascular bed in 
bronchial biopsy specimens from asthmatic and non-asthmatic subjects. 
Thorax 2001;56(12):902-906. 

 (151)  Keane MP, Arenberg DA, Lynch JP, III, Whyte RI, Iannettoni MD, 
Burdick MD et al. The CXC chemokines, IL-8 and IP-10, regulate 
angiogenic activity in idiopathic pulmonary fibrosis. J Immunol 
1997;159(3):1437-1443. 

 (152)  Hashimoto M, Tanaka H, Abe S. Quantitative analysis of bronchial wall 
vascularity in the medium and small airways of patients with asthma and 
COPD. Chest 2005;127(3):965-972. 

 (153)  Nowak K, Kamler M, Bock M, Motsch J, Hagl S, Jakob H et al. Bronchial 
artery revascularization affects graft recovery after lung transplantation. 
Am J Respir Crit Care Med 2002;165(2):216-220. 

 (154)  Langenbach SY, Zheng L, McWilliams T, Levvey B, Orsida B, Bailey M 
et al. Airway vascular changes after lung transplant: potential contribution 
to the pathophysiology of bronchiolitis obliterans syndrome. J Heart Lung 
Transplant 2005;24(10):1550-1556. 

 (155)  Babu AN, Murakawa T, Thurman JM, Miller EJ, Henson PM, Zamora 
MR et al. Microvascular destruction identifies murine allografts that 
cannot be rescued from airway fibrosis. J Clin Invest 2007;117(12):3774-
3785. 

 (156)  Semenza GL. Hypoxia-inducible factor 1: oxygen homeostasis and disease 
pathophysiology. Trends Mol Med 2001;7(8):345-350. 

79 

 (147)  Selman M, Ruiz V, Cabrera S, Segura L, Ramirez R, Barrios R et al. 
TIMP-1, -2, -3, and -4 in idiopathic pulmonary fibrosis. A prevailing 
nondegradative lung microenvironment? Am J Physiol Lung Cell Mol 
Physiol 2000;279(3):L562-L574. 

 (148)  Gardner LB, Corn PG. Hypoxic regulation of mRNA expression. Cell 
Cycle 2008;7(13):1916-1924. 

 (149)  Ceradini DJ, Gurtner GC. Homing to hypoxia: HIF-1 as a mediator of 
progenitor cell recruitment to injured tissue. Trends Cardiovasc Med 
2005;15(2):57-63. 

 (150)  Salvato G. Quantitative and morphological analysis of the vascular bed in 
bronchial biopsy specimens from asthmatic and non-asthmatic subjects. 
Thorax 2001;56(12):902-906. 

 (151)  Keane MP, Arenberg DA, Lynch JP, III, Whyte RI, Iannettoni MD, 
Burdick MD et al. The CXC chemokines, IL-8 and IP-10, regulate 
angiogenic activity in idiopathic pulmonary fibrosis. J Immunol 
1997;159(3):1437-1443. 

 (152)  Hashimoto M, Tanaka H, Abe S. Quantitative analysis of bronchial wall 
vascularity in the medium and small airways of patients with asthma and 
COPD. Chest 2005;127(3):965-972. 

 (153)  Nowak K, Kamler M, Bock M, Motsch J, Hagl S, Jakob H et al. Bronchial 
artery revascularization affects graft recovery after lung transplantation. 
Am J Respir Crit Care Med 2002;165(2):216-220. 

 (154)  Langenbach SY, Zheng L, McWilliams T, Levvey B, Orsida B, Bailey M 
et al. Airway vascular changes after lung transplant: potential contribution 
to the pathophysiology of bronchiolitis obliterans syndrome. J Heart Lung 
Transplant 2005;24(10):1550-1556. 

 (155)  Babu AN, Murakawa T, Thurman JM, Miller EJ, Henson PM, Zamora 
MR et al. Microvascular destruction identifies murine allografts that 
cannot be rescued from airway fibrosis. J Clin Invest 2007;117(12):3774-
3785. 

 (156)  Semenza GL. Hypoxia-inducible factor 1: oxygen homeostasis and disease 
pathophysiology. Trends Mol Med 2001;7(8):345-350. 



80 

 (157)  Khan WS, Adesida AB, Hardingham TE. Hypoxic conditions increase 
hypoxia-inducible transcription factor 2alpha and enhance chondrogenesis 
in stem cells from the infrapatellar fat pad of osteoarthritis patients. 
Arthritis Res Ther 2007;9(3):R55. 

 (158)  Hallgren O, Nihlberg K, Bjermer L, Dahlback M, Eriksson L, Lofdahl CG 
et al. Altered Fibroblast Proteoglycan Production in COPD Influence 
Airway Obstruction? 282. Am J Respir Crit Care Med 179[A3796]. 2009.  

 
 (159)  Eickelberg O, Pansky A, Koehler E, Bihl M, Tamm M, Hildebrand P et al. 

Molecular mechanisms of TGF-(beta) antagonism by interferon (gamma) 
and cyclosporine A in lung fibroblasts. FASEB J 2001;15(3):797-806. 

 
 

80 

 (157)  Khan WS, Adesida AB, Hardingham TE. Hypoxic conditions increase 
hypoxia-inducible transcription factor 2alpha and enhance chondrogenesis 
in stem cells from the infrapatellar fat pad of osteoarthritis patients. 
Arthritis Res Ther 2007;9(3):R55. 

 (158)  Hallgren O, Nihlberg K, Bjermer L, Dahlback M, Eriksson L, Lofdahl CG 
et al. Altered Fibroblast Proteoglycan Production in COPD Influence 
Airway Obstruction? 282. Am J Respir Crit Care Med 179[A3796]. 2009.  

 
 (159)  Eickelberg O, Pansky A, Koehler E, Bihl M, Tamm M, Hildebrand P et al. 

Molecular mechanisms of TGF-(beta) antagonism by interferon (gamma) 
and cyclosporine A in lung fibroblasts. FASEB J 2001;15(3):797-806. 

 
 




