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Introduction

Chronic lung diseases such as asthma and chronic obstructive pulmonary disease
(COPD) are two lung diseases that are continuously increasing worldwide. Despite
extensively research to find curative treatment, no so such therapy exists today. The
primary goal from both academic institutions and the pharmaceutical industry has thus
been to try to diminish or reduce inflammation. This approach has to some extent been
successful in patients with mild asthma but unsuccessful in moderate/severe asthma
phenotypes. In COPD the efforts to treat and to prevent further deterioration of the
disease have been even more disappointing. However, new hypothesis and data are be-
ing generated that may reveal new treatment targets. This could provide tools to explain
and help to develop therapies that not only stop the decline in lung function but also
may improve and restore the lung function back to normal. The new hypothesis sug-
gests that an aberrant chronic wound healing process takes place which involves both
the classical inflammation and more chronics changes of the structural environment
where the mesenchymal cell phenotypes such as the fibroblasts play a key role. This
phenomenon is defined as airway remodeling and is characterized by a deposition of ex-
tracellular matrix (ECM) molecules such as collagens and proteoglycans. It is generally
accepted that fibroblasts play a key role in this pathological process due to their ability
to change their phenotype and produce high levels of the ECM molecules and change
ECM composition. Importantly, hitherto available studies have only studied fibroblast
from central airways from humans where the role of the fibroblast might be different
compared to the distal lung. The aim of the present thesis was to study the different
fibroblast phenotypes and their biological role from central and distal localizations from
human lung in controls, rhinitis, asthmatics and CODP subjects. Another aim was to
investigate the possible origin (circulating progenitor cells) of these cells and thereby
highlight the heterogeneity of fibroblast phenotypes resident within the human lung.
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Background

Asthma and COPD

Both asthma and COPD are characterized by abnormal lung function and structure;
however they involve different subsets of inflammatory and structural cells in combi-
nation with mediators which exhibit disease specific mechanisms'. Despite intensive
research, little progress in identification of new treatments has been made since the in-
troduction of new B,- adrenoreceptor selective agonist and the inhaled glucocorticoste-
roids in the late 60s and the 70s respectively. Although inhaled steroids have been suc-
cessful to achieve control in many asthmatics, asthma is still a problem with estimated
300 million affected individuals in 2004%. World health organization estimated 2007
that 210 million people had COPD and 3 million died in 2005. They predict that
COPD will be the third largest cause of death worldwide by 2030. While smoke expo-
sure is a main risk factor for COPD development, the causative factor for asthma devel-
opment is less clear. However it is a multifactorial disease and includes allergens, virus
and environmental triggerfactors. At the same time COPD can coexist with asthma
as individuals with asthma who are exposed to chemical agents, particularly cigarette
smoke, may also develop airflow limitation and a mixture of asthma and COPD-like
symptoms. Therefore; asthma and COPD show similarities, common features and sub-
stantial differences'? (figure 1). One structural important difference between these dis-
eases is the involvement of the lung parenchyma. The impaired network of fibers in the
COPD emphysema lung results from a destruction of the elastic fiber network of the
lung with time*. A major challenge for the respiratory science community is to identify
and to define molecular mechanisms and markers that help to predict the outcome of
the diseases. In the clinic, pulmonary function testing has proven to be a reasonable
reliable method in to maintain asthma control but this methodology has not been that
successful in predicting the outcome for COPD. Furthermore, the attempts to find
non-invasive techniques which could help to phenotype patients and to investigate
the disease pathophysiology have been far more difficult than predicted. Despite the
current problems to improve asthma and COPD treatment the scientific community
have the last years come together to discuss and update the clinical guidelines for both
asthma and COPD, trying to elucidate the similarities and differences.
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Figure 1 Asthma and COPD have different disease mechanisms however there are structural and
inflammatory similarities. Most overlap is between severe asthmatics and COPD individuals where Th1
and neutrophilia are common features.

Asthma and asthma phenotypes

The clinical definition of asthma includes two major parts- symptoms and variable air-
way obstruction- that can be clinically evaluated. Another key criterion is presence of
airway inflammation and airways hyperresponsiveness (AHR) which are more difficult
to access in clinical practice™ Asthma are present in all ages from young individuals to
older subjects. Most asthma patients at younger ages are atopic (extrinsic asthma) but
a few are non atopic (intrinsic asthma). By age the number of non-allergic asthmatics
increases. Moreover asthmatic individuals with concomitant rhinitis and/or rhinosinus-
itis are known to be at risk of having a disease less easy to cotntrol’. Chronic inflam-
mation may eventually lead to structural changes in the airways resulting in increased
airway hyperresponsiveness and decline in lung function. Asthma has been regarded as
a disease where eosinophils play the major role. Indeed, treatment with inhaled cor-
ticoidsteroids reduced number of eosinophils in airway biopsies as well as in induced
sputum. The importance of eosinophils have however been questioned in some studies.
The clinical trials where an anti IL-5 antibody (chemotactic agent in eosinophil re-
cruitment) was administered turned out to be a failure, despite 80% reduction in both
sputum and blood eosinophils®’.
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Background

Thus other cells other than eosinophils have been proposed to be of importance in
asthma. Mast cells may have a role in some patients with asthma as it was found that
mast cells infiltrating the airway bronchial mucosa layer was the single most impor-
tant factor differentiating asthmatic from those with eosinophilic bronchitis without
asthma'®. In one study with more severe asthma it was found that the patients had
increased numbers of mast cells in the peripheral airways''. These findings may be of
special importance since as they pinpoint mechanisms not responsive to corticosteroid
therapy, standard anti-inflammatory treatment in asthma. In addition, a specific group
of patients have high numbers of neutrophils which also suggest a different disease
mechanism, also non-responsive to corticosteroid therapy. Thus asthma is a complex
disease involving several different mechanisms which only partly may be controlled by
corticosteroid therapy. The level of remodeling is also believed to be important in the
different asthma phenotypes. In this process, activated fibroblasts, and circulating fibro-
blast progenitor cells (fibrocytes) are believed to play a key role in the process of airway
remodeling associated with the different asthma phenotypes.

These asthma subtypes strongly suggests that asthma collectively is a symptom and
that we have to investigate these symptoms more in detail since it is likely that they have
distinct clinical features which requires different treatments'

Clinical classification of Asthma

Asthma is associated with airway obstruction and AHR that leads to recurrent epi-
sodes of wheezing, breathlessness, chest tightness and coughing, particularly at night
or in the morning. The airflow obstruction is often reversible, either spontaneously or
after treatment®. The preferred method for objective measurement of the functional
limitation of the lung capacity is the characterization of the lung function with spi-
rometry, e.g. forced expiratory volume in 1 s (FEV ), forced vital capacity (FVC) and
the FEV /FVC ratio. A significant reversibility is usually defined as an improvement of
FEV > 12% after administration of a bronchodilator (such as 32- agonist salbutamol).
Another indicator of airway obstruction is also a reduced ratio of FEV /FVC. The nor-
mal ratio is greater than 0.75-0.8 and any value below this suggest airflow limitation®.
Measurement of AHR to methacholine or histamine reflects both structural changes
and to some degree presence of inflammation in the lower airways. The readout gener-
ally expressed as the “provocative concentration (PC), or cumulative dose, (PD) of the
agonist inducing a 20% reduction in FEV compared to baseline. Hyperresponsiveness
may be useful in diagnosing asthma but presence of AHR may not always be related to
degree of lower airway inflammation’. A non-invasive method to measure lower airway
inflammation is the measurements of the nitric oxide levels (NO) in exhaled breath air.
Nitric oxide has been shown to be elevated in active, preferably atopic asthma where
eosinophils and epithelial cells are believed to be the primary source. When NO is el-
evated in active asthma, inhaled corticoidsteroids has shown to restore the nitric oxide
levels back to normal.

However, not all patients with elevated levels respond to inhaled corticosteroid treat-
ment indicating a high constitutive production in some individuals. The reason for
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these differences are not yet fully understood'. Measurements are used in combina-
tion with clinical parameters as day-time symptoms, limitations of activity, need for
rescue/reliever drugs, exacerbations and treatment responses®. Briefly, the frequency of
the symptoms, exacerbations and lung function test are used as major guidelines in the
classification of asthma severity as shown in table 1.

Intermittent Mild persistent Severe persistent Moderate persistent
Symptoms less than I Symptoms more than I Symptoms daily I Symptoms daily
once a week i once a week but less than ;
: once a day
""Rare exarcebations | Occasionally exarce- | Frquent Exarcebac- & ] Frequent
bations may affect tions may affect exarcebations
activity and sleep activity and sleep Limitation of
: : : physical activities
FEV{> 80% § FEV> 80% i FEV160-80% ! FEV;=60%
predicted ' predicted : predicted : predicted
AHR : AHR ' AHR AHR
Increased Increased Increased Increased
nitric oxide nitric oxide nitric oxide nitric oxide

Table 1 Basic classification of the asthma severity according to the GINA guideline. (Global

initiative for Asthma). FEV =forced expiratory volume in 1 s. AHR= airway hyperresponsiveness,
measured after administration of an agonist (usually metacholine) causing a given fall in FEV, (20%).
Excarcebation=suddenly worsen of symptoms.

COPD and COPD phenotypes

COPD is clinically characterized by airflow limitation that is not fully reversible. In
addition to the abnormal inflammatory responses other classifications such as chronic
bronchitis (chronic productive cough for 3 months in each of 2 years where other ex-
planations that causes the chronic cough have been excluded) and emphysema which
is defined as “presence of permanent enlargement of the airspaces distal to the terminal
bronchioles accompanied by destruction of their walls” are present a various degrees.
Simultaneously, there could be areas that have extensive fibrosis (deposition of ECM
molecules) and fully normal areas, and these morphological differences have shed light
to COPD as a multi heterogeneous disease. A possible future way to further phenotype
the patients could be to include the pathophysiological variable such as connective tis-
sue changes into the diagnostic criteria. This would enable the physician to estimate the
levels of the structural changes. The mixture of obstructive bronchiolitis, emphysema
and locally fibrotic areas ultimately cause the airflow limitation. Tobacco smoke is the
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Background

dominant risk factor for COPD, but other risk factors such as ol-antitrypsin defi-
ciency, gene/environment interactions, occupational exposure, lung growth, gender,
age, respiratory infections and nutrition contribute individually or in combination to
the development of COPD

Clinical classification of COPD

The symptoms of COPD are cough, sputum production and chronic progressive dys-
pnea as guided by the GOLD standards®. The prevalence of COPD is higher in men
than in women and increased by age. Early signs of COPD may be the chronic cough
and sputum production as a physiologic response of the tobacco exposure. As the dis-
ease progress there is a more rapid decline in lung function over year and many patients
are not aware of the loss until a substantial worsening of lung function have occurred.
Commonly they seek medical attention when FEV is around 50% of predicted.

Unfortunately, it is often too late as most of the changes are irreversible and the
lungs cannot be restored. Thus it is of most importance to detect the disease as early as
possible. COPD can be classified in 4 different groups as judged by table 2 (GOLD-1,
-2,-3, 4) where gold 4 is the most severe form of COPD.

GOLD I GOLD II GOLD III GOLD IV
Mild Moderate Severe Very Severe
FEV{/FVC<0.70 :  FEV|/FVC<070 : FEV|/FVC<0.70 : FEV;/FVC<0.70
FEV; 80% ! 50% FEVy 80% | 30% FEVy 50% | FEV; 30%
predicted! predicted! predicted! i predicted FEV] or
: : : <50% predicted!

plus chronic
respiratory fairlure

............................................................................................................

presence of chronic: presence of chronic : presence of chronic : presence of chronic
cough and sputum cough and sputum cough and sputum cough and sputum
""""""""""""" LY Wrepeated | repeated
: excacerbations, excacerbations,
i chronic respiratory : chronic respiratory ! chronic respiratory
' symptoms symptoms symptoms

Table 2 Basic classification of COPD severity according to GOLD standard (Global initiative for
chronic obstructive lung disease). FEV =forced expiratory volume in 1 s. FVC= Forced vital capacity.
Excarcebation=suddenly worsen of symptoms. 'Post broncho dilating.
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The united airways

The respiratory system is design to ensure that all our cells have access to the life needed
oxygen. The upper (nose and throat) and lower airways (lungs) are anatomically and
functionally integrated in normal physiological and host defending responses. The unit-
ed airway theory state that the “respiratory disease is reflected throughout the airways
even though symptoms appear to be confined to a specific or isolated segment” Briefly,
the airways are constituted by nose and throat (naso-pharynx), the trachea and the
lung. The lungs are then further subdivided into bronchus (central airways), bronchi-
oles (small airways) and alveolus (distal airways). Throughout the conductive airways
epithelial cells, structural cells (fibroblasts, smooth muscle cells), inflammatory cells
(t-cells, b-cells, dendritic cells, macrophages, eosinophils, mast cells etc) are distributed
at various density depending of their role (Fig 2). Classically, asthma has been regarded
to be a bronchial derived disease. Common features are infiltration and activation of in-
flammatory cells, subepithelial fibrosis, smooth muscle hyperplasia, AHR and mucous
production. However, accumulating data now suggest that it is time to modify this view
and include the whole lung when studying lung diseases'®".

Upper airways vs. central airways

Structurally, the upper airways have similarities to the central airways. They consist of a
mucosa composed of a ciliated epithelium, a connective tissue lamina, a smooth muscle
cell area and cartilage to maintain the stability of the airways. Continuous basement
membrane, mucosal transport, goblet cells, cartilage and innervations are also struc-
tures present in both localizations. Acute and late phase inflammation is comparable
in both localizations and immune responses could potentially be triggered by cold,
cigarette smoke and allergens. It is therefore reasonable to conclude that close interac-
tions and crosstalk between upper and central airways take place during both normal
and pathological conditions.

Central airways vs. distal airways

Interestingly, from the central airways, the cellular composition e.g. smooth muscle
cells and connective tissue density change when reaching the bronchioles and further
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more in the alveolus. Smooth muscle density decreases and in the small bronchioles
the smooth muscle layer is replaced by a small layer of connective tissue that is direct
contact with the alveoli. The epithelial cells are primarily type I cells which are closely
localized to the capillaries. The resident interstitial cells in the alveolar septum (distal
airways) comprises mainly of fibroblasts. Fibroblasts cells produce elastic fibers, bundles
of collagen fibrils and proteoglycans to support and maintain lung elasticity and me-
chanical properties throughout life (Figure 2) Thus, the cellular and molecular environ-
ment in the distal airways is completely different compared to the central and upper
airways. This could be of fundamental importance in lung diseases.

g°  Large airways B¢ Small airways B Alveolus

‘ (Tracheal/bronchus) (Tracheal/bronchus) ‘

Mucus

Epithelium ———a

Surfactant

\ l m—"-'“ sty l
Ingm "

14

Basement membrane

Lamina propia ——

Smooth muslce layer
Type I Epithelial

Fibro- Cartilagous

layer Capillary Type II Epithelial

~ g amis® .
S Innervation

U 0ol o _—

Cilliated Undifferentiated ~ Secretory ~ Basal Clara Typel Type 11
culumnar
[
Epithelial cells
< See- N — [
i :y) y
Endothial ~ Smooth muscle Fibroblasts Innervation Matrix
cells cells

Figure 2 Schematic view of the structural cells and their presence in the central-, small- and distal
airways. In central airways the epithelium are composed of ciliated, basal, undifferentiated columnar
and secretory cells. Fibroblasts are spindle shaped and smooth muscle layer is obvious. The cartilage
layer protects the large airways. In the small airway the important clara cells are more prominent. The
numbers of the smooth muscle cells are decreased compared to central airways. In the alveolus, epithelial
cells are type I and type II where type I produce the important surfactant protein. The numbers in

the picture is not representative in the human lung but more to visualize the different phenotypes.
B=Branch. Modified from ref 132

22



Structural cells in the lung

The entire lung is maintained by a continuously turnover of cells and matrix compo-
nents where the structural cells including fibroblasts, smooth muscle cells and epithelial
cells preserves the three-dimensional structure®. Evidence now emerge that pathogen-
esis of asthma and COPD can not only be explained on the basis of a dysregulated im-
mune- response and that the homeostasis of the ECM contributes significantly to the
pathology in both diseases®'*°.

In addition, it is now clear that fibroblast progenitor cells which are recruited from
the circulation are involved in the ECM processes, epithelial progenitor cells derived
from the bone marrow play a role in the maintenance and repair of the epithelium and
endothelial progenitor cells participate in the vascular changes in the lung. Although
we know that these cells exist, we still know very little regarding their biological activity,
cellular turnover, and their relevance for disease development and pathology.

Overview of the fibroblast role in the wound healing processes

Lung injury and normal repair of the central airways and the alveolar-capillary environ-
ment results in restoration of tissue integrity and function depending of the nature of
the insult. After an injury, the process of intrinsic and extrinsic coagulation cascades in
combination with plasma extravasations in the lung tissue takes place. This eventually
leads to fibrin deposition and establishment of a provisional matrix*. Fibroblasts, leu-
kocytes and endothelial cells are then recruited and activated by lipids, growth factors
and cytokines released from the platelets. Stimulated by growth factors such as trans-
forming growth factor beta- 1 (TGF-B1, discussed later) the fibroblast differentiate to
a more contractile myofibroblast phenotype. This myofibroblast starts to produce high
levels of ECM molecule and contract the tissue’*”. Fibroblast growth factors, particu-
lar fibroblast growth factor- 2 (FGF2) and vascular endothelial growth factor (VEGF)
have been suggested to play a major role in the remodeling process. FGF2 induce pro-
liferation of fibroblasts, myofibroblasts and smooth muscle cells”®*°. The enhanced
production of VEGF from the endothelial and smooth muscle cells induces vascular
remodeling and thereby contributes to the wound healing process®'. This process results
in ECM reorganization and finally wound closure where the tissue stiffness seems to be
the crucial signal due to the fibroblast ability to recognize TGF-J3, in stiff tissue®.
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Fibroblast phenotypes and origin

Fibroblasts are widely distributed in all lung structures and play a key role in matrix
homeostasis. For example, when exposed to growth factors or mechanical stimuli, these
cells are capable of generating more than 5,000 molecules of procollagen per cell per
minute and its primary genes are involved in connective tissue production in both
fibrosis and inflammation®**. They are normally found in the stroma of many tissues
and in the normal adult lung. Furthermore, they are also present in the adventitia of
vascular structures and airways. Fibroblasts are regarded to be spindle shaped, and pro-
duce various amounts of ECM molecules such as collagen I and III.

The differentiation to an active fibroblast/myofibroblast is very important for the
inflammatory and remodeling response and is not restricted to the lung but to variety
of organs®. However, fibroblast exists in different phenotypes. In one report, the loss
of the mesenchymal/fibroblast marker Thy-1 has more fibrotic properties compared
to its positive counterpart and the myofibroblasts have lost their expression of Thy-1.
Importantly, Thy-1 negative cells are present in lung fibrotic disease such as idiopathic
pulmonary fibrosis (IPF). This and other studies suggest that the different fibroblast
phenotypes are presence in human lung®**'.

The origins of the different fibroblasts phenotypes are today not known. Several
hypotheses describe the possible origin of fibroblasts, their subpopulations and how
they renew in the lung***. Briefly, fibroblast could derived from (1) proliferation of
already tissue present fibroblasts/myofibroblasts, (2) mesenchymal stem cells (MSC)
derived from the bone marrow, (3) fibrocytes which are cells with both hematopoietic
and mesenchymal properties, (4) from epithelial mesenchymal transition (EMT) and
from (5) tissue-resident stem cells which differentiate upon local activation (Fig 3). The
different origins are discussed in more detail below.
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Fibroblast phenotypes and orgin

Bone marrow

‘ ...................................

. Bone marrow derived

Mesenchymal bone fibrocytes
marrow derived stem cells

A

Fibroblast
phenotypes

——

Resident progenitor cells

\

Proliferation of
resident fibroblast

Epithelial mesenchymal transition (EMT)
Endothelial mesenchymal transition (EndMT)

Figure 3 Fibroblast phenotypes could be derived from 1) proliferation from resident fibroblast, 2)
mesenchymal bone marrow derivd stem cells (MSC), 3) Bone marrow derived fibrocytes, 4) epithelial
mesenchymal transition (EMT) and/or endothelial mesenchymal transition (EnMT) and 5) specific
resident progenitor cells.

1) The myofibroblast

Despite the different suggested fibroblast phenotypes, the primary mesenchymal cell
that modulates the matrix turnover and the crosstalk with inflammatory cells is suggest-
ed to be the myofibroblast. Characteristic for myofibroblast is the increased collagen
production and it is suggested that the differentiation of a fibroblast to a myofibroblast
is necessary for the increased production®. Myofibroblast are activated via a variety of
mechanisms, including signals from lymphocytes, macrophages and pathogen-associ-
ated molecular pattern (PAMPs) that interact with its receptors (such as Toll like recep-
tors, TLRs) on fibroblasts®**7:345%, Cytokines such as IL-13, IL-21, TGF-f,, chemo-
kines (MCP-, MIP-1PB), VEGE, platelet derived growth factor, peroxisome proliferator
activated receptors, acute phase protein, caspases and components of the rennin-angio-
tensin-aldosterone system have been identified as important regulators of myofibroblast
activation, fibrosis and inflammation®.

The expression of alpha- smooth muscle actin (0-SMA) protein is regarded to be a
representative marker of a myofibroblast and that polymerization of the 0-SMA protein
results in increased collagen production as the suppression of a-SMA results in reduc-
tion in collagen gene expression®. However it has been proposed that there are subtypes
of myofibroblasts, so called “proto- myofibroblasts” that do not express 0.-SMA but in-

25



stead cytoplasmic actins. The role of the proto-myofibroblast is to migrate and start the
wound closure process. Importantly, the proto-myofibroblast is less contractile com-
pared to the myofibroblast. This subtype is present in early granulation tissue and once
the proto-myofibroblast have developed in response to mechanical stress they can be
stimulated by platelet derived growth factor, ED-A fibronectin and TGF-B, to further
differentiate into myofibroblasts’*>. On the other hand, stimulation with biglycan re-
distributes 0-SMA to focal adhesion sites. These cells are also migratory which suggests
that they are proto-myofibroblast as well”®. Differentiation to myofibroblast 7 vitro is
commonly induced by administration of TGF-f3,. Importantly it has been shown that
TGF—B1 promotes the formation of stress fibers, focal adhesions and fibronectin fibrils.
In addition, when these fibroblasts are cultured in stressed collagen lattices their stress
fiber expression correlates with increased generation of contractile force™. Activation
of 0i-SMA requires activation of Smad3- binding element and additional transcription
factors including C/EBD, Notch signaling, c-myb have been implicated to regulate this
gene. Following wound closure, it is believed that the myofibroblast undergo apoptosis
but this has not been proven yet.

Expression of 0-SMA is regulated differently in myofibroblasts and smooth muscle
cells (SMC). In SMCs, DNA specific elements such as CArGs A and B are required for
SMC function. However these elements do not seem to be necessary for the increased
expression of -SMA in cultured myofibroblasts®?¢. Today, it is unclear whether myo-
fibroblasts and SMC represent a step of a continuous differentiation between the fibro-
blast and the SMCs.

2) Bone marrow derived mesenchymal stem cells

MSC are heterogeneous subsets of stromal stem cells that can be isolated from many
adult tissues. They have the capacity to self-renewal and differentiation to different cell
lineages. These cells can differentiate into mesodermal lineages, such as bone, fat, and
cartilage but they also have neuroendodermic®® (epithelial, neuron) and endoderm
(muscle, gut epithelial and lung cells) potential®®. The stem cells have the capacity to
proliferate and amplify into terminal differentiated cells. True stem cells differentiate
into progenitor cells and this process is believed to be non- reversible (Fig 4a). As the
cells differentiate, they lose their capacity do be true stem cells. Organs have different
cellular turnover and generative potential. For example, blood cells have high cellular
turnover and high generative potential whereas the lung is consider to have low cellular
turnover and low regenerative potential (Fig 4b). Maybe the debate on the possible
origin of the fibroblast could change this view?
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Fibroblast phenotypes and orgin
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Figure 4 Traditional view of cell lineage in renewing tissue. The stem cells renew themselves through
mitotic cell division and differentiate into progenitor cells. Simultaneously as proliferation take place
the differentiation into a fully differentiated cells take place. Different organs host different stem cells
according to the organs cellular turnover and generative potential.

After transplantation of the mice MSC into to the bone marrow of non-obese diabetic-
severe combined immunodeficiency mice, MSC have the ability to differentiate into
pericytes, myofibroblasts, bone-marrow stromal cells, osteocytes, osteoblasts and endo-
thelial cells. All these cell types of which constitute the components of the hematopoi-
etic stem cell niche that support haematopoiesis® . There is a general consensus that hu-
man MSCs cultured 77 vitro do not express the hematopoietic markers CD45, CD34,
CD14 or the co-stimulatory molecule CD86, CD86 and CD40, whereas they express
variable levels of CD105 (endoglin), CD73 (ecto-5"nucleotidase), CD44, CD90 (Thy-
1), CD71 (transferrin receptor), the ganglioside GD2 and CD271 (low-affinity never
growth factor receptor) and they are recognized by the monoclonal antibody STRO-1.
In vitro, MSCs proliferate as adherent cells, have fibroblast morphology, form colonies
and can differentiate into bone, cartilage and fat cells®"%%.

In general, MSC are not that well characterized compared to hematopoietic stem
cells and they are also suggested to have immunomodulatory effects. This has been in-
vestigated in studies where bone-marrow derived MSC suppressed T- cell proliferation;
inhibited differentiation/function of monocyte derived dendritic cells. Furthermore,
MSC inhibited 77 vitro B-cell proliferation, differentiation to plasma cells and sub-
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sequent antibody secretion®®. The role of traditional bone marrow derived MSCs
in lung disease remains to be identified. Researchers have tried to prove the potential
of MSC:s to engraft the lung after lung injury but they have in general not been very
successful. In a study by Ortiz ez a/, presence of bone marrow MSC were enhanced in
response bleomycin (BLM) exposure®. Localization of the male Y chromosome by flu-
orescence 7z situ hybridization revealed that engrafted male cells were localized to areas
of BLM- induced injury and exhibited an epithelium-like morphology. Importantly,
administration of the MCS reduced the degree of inflammation and collagen depo-
sition within the lung. The authors therefore suggested that the MSC engraftment
ameliorated the fibrotic effect of the bleomycin®. Nevertheless, it is likely that the mes-
enchymal progenitor cells have specific markers depending of their final destination. In
the murine adult lung, Sca-1 positive cells have been identified as selectable marker for
isolation of non-hematopoietic CD45 (neg), non-endothelial CD31 (neg) bronchioal-
veolar stem cells. Sca-1 is not expressed in humans and no homolog has been found.
However mouse Sca-1 over-expression affect human as well as mouse stem/progenitor
cell activity, suggesting the possibility of a functional human Sca-1 homolog®.

3) Fibrocytes

The fibrocytes are bone marrow derived progenitor cells that coexpress cell antigens
from the hematopoietic lineage and mesenchymal products. Their ability to constitu-
tively produce ECM components and capacity to further differentiate into myofibro-
blast both 77z vive and in vitro is of significant importance. Accumulating data suggest
that fibrocytes are important cells in diseases such as asthma (paper II), hypertrophic
scars, interstitial pulmonary fibrosis, systemic fibrosis, atherosclerosis, chronic pancre-

142656875 Tmportantly, these diseases have

atitis and in tumor induced stromal reaction
a persistent inflammation in combination with ongoing matrix remodeling which sug-
gests that fibrocytes are important in such environments. The most frequently used
markers to identify fibrocytes in the tissue are the combination of one hematopoietic
marker (CD45, CD34, CD14 and CXCR4) with one mesenchymal marker (pro-col-
lagen, collagen I, vimentin, prolyl-4-hydroxylase). Differentiations of fibrocytes are be-
lieved to occur in the tissue and upon tissue activation, fibrocytes downregulate their
hematopoietic markers and upregulate expression of the mesenchymal markers. The
window to detect the fibrocytes is therefore limited suggesting that the number of fi-

brocytes in a measured area is underestimated (Figure 5).
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Figure 5 Circulating fibrocytes derived from the bone marrow have high expression of hematopoietic
markers such as CD45 and CD34. Upon differentiation, these cells lose their hematopoietic markers
and increase their expression of mesenchymal markers. When fully differentiated into a fibroblast like
phenotype, it is believed that no hematopoietic markers are expressed and only mesenchymal such as
collagen and prolyl-4-hydroxylase are expressed. The fibrocytes could therefore be underestimated since
they could only be detected in a small window.

Furthermore, there is no standardized way to identify the cells and this cause confusion.
Fibrocytes are present in the peripheral blood and has been estimated to comprise 0.1-
0.5% of the “circulating” non erythrocytic cells on the basis of the number fibrocytes
isolated from peripheral blood”. However Bellini ez a/ suggests that fibrocytes may not
be present as such but rather as a subset of CD14"/CD16 human mononuclear cells
that are positive for the CC chemochine receptor CCR27%77. These cells are immature,
are normally present in the circulation and have been termed “inflammatory mono-
cytes”. The authors suggest that this cell population in absence of inflammation is likely
to replenish the tissue-resident macrophage- and dendritic- cell populations. Following
and inflammatory response, they are released in high numbers from the bone marrow
to the peripheral blood and directly migrate to site of inflammation where they differ-
entiate fibroblast/myofibroblast like cells. The evidence that fibrocytes are derived from
monocyte lineages are supported by the expression of major histocompatibility com-
plex class I and IT and the co- stimulatory molecule CD80 and CD86. On the contrary
they lack specific monocyte-derived markers such as CD10 and CD83*. Furthermore,
fibrocytes can be distinguished from the circulating or tissue-resident mesenchymal
stem cells/multipotent mesenchymal stromal since fibrocytes do not express CD90
(Thy-1) but CD34, CD45 or the monocyte marker**’8. When recruited in the tis-
sue, they have the capacity to differentiate into mesenchymal and also adipocytes™”.
Fibrocytes have been demonstrated to migrate to the tissue by chemotaxis towards spe-
cific chemokines gradient. In fluorescein isothiocyanate (FITC) induces fibrosis there
was a significant reduction in the fibrotic changes in the lung tissue from mice lacking
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CCR2 (CCR27). Administration of bone marrow cells from CCR2**positive cells into
lethally irradiated CCR2” induced the fibrotic changes®. In other animal models of
lung fibrosis and renal fibrosis the role of the CXCR4 and CCR?7 receptors and their
corresponding ligands, CXCL12 and CC21 have been shown to be of importance for
fibrocytes recruitment®**(Fig 6). In patients with idiopathic pulmonary fibrosis, accu-
mulation of fibrocytes could was shown to be correlated with number fibroblastic foci.
Furthermore, CXCL12 levels in the bronchoaleolavage fluid (BALF) was increased and
CXCL12 was strongly expressed by alveolar epithelial cells which suggests a role of the
fibrocytes in human lung fibrosis®.

@ CXCR4 - SDF (CXCLlZ):I Axis
@ CXCR7 - CC21

BLOOD VESSEL .
Fibrocytes

[ISSUE SDF-1 CC21 Role of the matrix in

the differentiaton?

Differentiated fibrocyte

Figure 6. Recruitment of the fibrocytes to areas needed to be restored. Locally produced cytokines such
as SDF-1 and CC21 forms a gradient towards the blood vessel which activates the endothelial cells. The
fibrocytes adhere and migrate through the endothelium (diapedesis). When entering tissue the fibrocytes
starts to differentiate upon factors such as TGF-J, to a fully matured mesenchymal cell.

What are the evidences that fibrocytes could acquire fibroblast-like properties? In a
mouse model of wound healing, Bellini et al isolates CD45*/ CD13*/Collagen I* fi-
brocytes between 4 and 7 days post wounding. These cells expressed collagen I, mea-
sured by pro-collagen I mRNA expression. Simultaneously as the cell increased their
expression of 0-SMA, they decreased their expression of CD34 and CD46. At 7 days
post wounding, 59% cells expressed 0--SMA. Culturing of BALF fibroblasts derived
from patients with mild asthma 17% of the cells expressed fibrocyte markers further
confirmed presence of fibrocytes in human lung*'.
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Fibroblast phenotypes and orgin
4) Epithelial and endothelial mesenchymal transition (EMT and EndMT)

Recent studies suggest that in response to lung injury both epithelial and endothelial
cells have the capacity to change their phenotypes into matrix producing like phe-
notypes via EMT or EndMT. The true definition of both epithelial and endothelial
mesenchymal transition is “a process when fully differentiated epithelial/endothelial
cells undergo phenotypic transition to fully differentiated mesenchymal cells (fibro-
blast/myofibroblasts)®. These transitions appear to contribute to the pathological pro-
cesses in cancer, kidney, heart and lungfibrosis®®®. EMT and the mesenchymal epithe-
lial transition also play a central role in embryogenesis. Mesoderm generated by EMTs
develops into multiple tissue types and late in development mesodermal cells generate
epithelial organs such as the kidney and ovary via mesenchymal epithelial transition®.

The transition from an epithelial cell in to a mesenchymal cell includes alteration
of morphology (from a cuboidal cell shape to an elongated or spindles-shaped front),
cellular architecture, adhesion, migration capacity. It also includes the loss of charac-
teristic epithelial markers such as E-cadherin, cytokeratin and the acquisition of fibro-
blast- or myfibroblast specific markers such as fibroblast specific protein-1 and a-SMA,
respectively. The transition could further be validated by studying transcription factors
such as Snaill (snail) and Snail2 (slug) that inhibit E-cadherin production. TGF-B,
has shown to be a strong inducer of both EMT and EndMT#®*. It has been suggested
that the balance of TGF-B, and the bone morphogenic protein-7 (BMP-7) is of major
importance to maintain or induce EMT and EndMT in kidney and heart®®”. BMP-
7 acts as a competor to TGF-B, and diminishes the effect of TGF-, but the levels of
TGEF-B, in the tissue is likely to be the same. BMP-7 is a member of the transform-
ing growth factor beta superfamily and signal through Smad-1, Smad-5 and Smad-8
whereas TGF-B primarily signals through Smad-2 and Smad-3. The possibility that
EMT and EndMT take place in mild, moderate or severe asthma or if these processes
play a role in COPD development remains to be elucidated. Borok ez a/ propose that al-
veolar epithelial type I cells (ATTI), may also have the capacity to undergo transition to
fibroblasts and myofibroblasts through the process of EMT*. In COPD this would be
of specific interest since the parenchyma is exposed to tobacco smoke and this chronic
exposure might induce EMT.

5) Tissue- resident mesenchymal stem cells

This hypothesis has been difficult to prove but in a recent published study in the journal
of clinical investigation this was investigated. By examination of plastic-adherent cell
populations in bronchoalveolavage samples obtained from 76 human lung transplants,
fibroblast like cells were obtained in 62% of the samples. These cells expressed vimentin
and prolyl-4-hydroxylase. Importantly, by multiparametric flow cytometric analyzes
revealed expression of the cell surface markers CD73, CD90 and CD105 which are
markers commonly found of bone marrow MSC. Furthermore, these cells were nega-
tive for the hematopoietic markers CD14, CD34 and CD45. What was the evidence
that these cells were tissue- resident? Cytogenic analysis of cells from 7 sex-mismatched
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lung transplants recipients harvested up to 11 years after transplantion revealed that the
sex genotype were expressed in the donor.

In addition when compared the BAFL derived cells versus the MSCs from the same
subjects, affymetrix analyses revealed that several chemokines were more highly ex-
pressed (such as IL-8, CXCL2 VEGE FGF2) in the MSC. This suggests that MSCs
derived from these different tissue environments reflect distinct gene expression profiles
consistent with their origin and functional roles*

Fibroblasts and the crosstalk with immune cells

Pathological changes that occur in chronic diseases involve the adaptive and innate
immune system in combination with connective tissue alterations. It was recently sug-
gested that conserved pathogen-associated molecular pattern (PAMPs) found in viruses,
bacteria and fungi help to maintain myofibroblasts in a activated state®””°. Furthermore,
activation of the epithelial-mesenchymal trophic unit (EMTU) causes cytokines such
as IL-4, IL-5, IL-13 and CXCL8 (IL-8) to be generated as part of the inflammatory
response. This environment promotes fibroblasts to stay activated which further con-
tribute to the pathogenesis of asthma and COPD"*** (Fig 7).
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Figure 7 Activation of the epithelial mesenchymal trophic unit (EMTU). Viruses, bacteria and pollution
are factors that potentially could activate the epithelium at different localization in the lung. This starts
an extensive crosstalk between the epithelium and the mesenchymal cells beneath the epithelium. In this
process, inflammatory cells contribute and communicate with to fibroblast activation by releasing growth
factors such as TGF-B,, IL-13 and PDGE. Different fibroblast phenotypes (fibroblasts, myofibroblasts
and fibrocytes) all participates in this crosstalk
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Fibroblasts and the crosstalk with immune cells

Interleukin 4 and IL-13 crosstalk

IL-4 and IL-13 are molecules that affect both the structural cells (fibroblasts and epithe-
lial cells) and inflammatory responses. Both cytokines are produced by activated CD4*
cells and are critical for the promotion of allergic and remodeling responses. Il-4 is
primarily involved in promoting the differentiation of T helper 2 cells (Th2) and which
leads to activation of B-cell and subsequently synthesis of immunoglobulin E (IgE).
It has also been shown that GAGs bind and store IL-4 and could therefore modulate
cellular responses of this cytokine. Il-13 has a critical role in mediating AHR, mucus
hypersecretion and remodeling”.

Despite different mechanism of action, there are important features of these cyto-
kines. One difference between the two molecules is that IL-4 binds to two receptor
complexes whereas IL-13 only binds one of these complexes”. IL-4 bind type I recep-
tor which is a heterodimer of IL-4Rat chain and the y_ chain and the type II receptor,
which is a heterodimer of IL-4Rot and IL-13Raul. 11-13 does not bind IL-4Ra: but only
IL-13Rol and can therefore only activate type II IL-40.. Overexpression of IL-13 in
the lung triggered subepithelial fibrosis where additional inflammatory stimulus was
absent’. One hypothesis suggest that IL-13 signals through the IL-4Rol/Stat6 pathway,
but studies by Blease ez @/ and Fichtner-Feigl ez a/ suggests that IL-13 could instead
signal through IL-400 independent pathways in models describing fungal asthma and
bleomycin induced fibrosis”**%. In the latter study, the authors, found that IL-13 induce
TGF-B, in macrophages through induction of the IL-13Ra.,. This mechanism was de-
pendent of IL-13 (or IL-4) and tumor necrosis factor (TNF)-a.

Granulocytes and macrophages

In allergic and acute inflammatory situations, granulocyes such as eosinophils, mastcells
and neutrophils play a role in the fibroblast/inflammatory cell interaction. Eosinophils
which are prominent cells of in allergic asthma are released from the bone marrow as
CD34 precursors and recruited to the airways by prostaglandin D, cysteinyl leukot-
rienes and cytokines such as IL-5. They are an important source of fibrogenic cyto-
kines, including TGF-f, and IL-13%* (Fig 7). The capacity of the IL-5 to bind to
the HS chains on the GAGs enables the ECM to function as a reservoir for sustained
eosinophilic presence, activation and survival which could promote fibrotic events'®.
Although the eosinophils role in allergic asthma may be less important, their role in
airway remodeling may be of importance. It has been suggested to play a role in patho-
logical remodeling where IL-5 can amplify fibrotic events rather than work as direct
mediators in fibrosis'*'1%.

Another chemo-attractant for eosinophils, eotaxin was shown to be up-regulated
in human asthma fibroblasts when exposed to both IL-13 and TGF-f, alone or in
combination. Eotaxin would then recruit eosinophils to maintain the remodeling re-
sponse'®. Eosinophils have also been suggested to stimulate fibroblast migration and
proliferation'®%. The hypotheses that eosinophils can regulate TGF-B response (in
mice) link the fibroblasts to remodeling events. Interestingly, in a report from Shen
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et al the peptidyl-prolyl- isomerase (PPlase) Pinl in human eosinophils was suggested
to be important since the Pinl promoted the stability of TGF-, mRNA. By selective
blockade of Pinl in a rat asthma model, eosinophilic pulmonary inflammation, col-
lagen expression, TGF-B, and airway remodeling was reduced'”’.

Mast cells have for long time been associated with asthma, however their role in
COPD has not been clarified. Mastcells interacts with smooth muscle cells and beside
the production of mediators such as leukotriene LTD,, prostaglandin PGD, and hista-
mine they also contribute to fibrogenesis and an increase in smooth muscle as part of
the remodeling response'®'%'%. Both mast cells and eosinophils are important sources
of the zinc-dependent matrix metalloproteinases (MMP-3, MMP-9), which through
their degradation of matrix proteins and proteglycans are important in remodeling of
the airways''*'"". It has been suggested that the differentiation and function of myofi-
broblast is regulated by mast cell mediators such as tryptase. By blocking the proteo-
lytic activity of tryptase with specific inhibitors, a fibrotic response was reduced''*'".
Interestingly, TGF-f3, has shown to be very chemotaxic to mastcells which suggest a
positive feedback loop in the activation of the fibroblast-mast cell interaction'”®. Mast
cells are general divided into tryptase and tryptase/chymase positive cells but emerging
data now suggests that subpopulation within each compartment of these cells exists in
human lung''®. This could have impact on remodeling features since it is likely that
these subtypes have different properties and therefore could influence the fibroblast
differently.

A cell that participate in both Th1 and Th2 responses is the macrophage. Macrophages
are involved in both the innate and the adaptive immune responses depending on
which cytokines they are exposed to. IFN-y and LPS induces a phenotype that aim
to destroy microorganism and exposure of IL-4, IL-13 induces a proliferative and col-
lagen production phenotype. With this function, macrophages are likely to play a role
in both asthma and COPD'”. Macrophages are capable to produce fibroblast activa-
tion cytokines such as IL-1 and TGF-f, thus play an important role in the fibroblast
crosstalk. The close interaction of Th1 cells and macrophages is required to change the
macrophage into an activated macrophage which could fight intracellular and extracel-
lular bacteria and viruses. Importantly, the interferon-y produced by the Th1 locally
inhibits fibroblast activation, collagen deposition and proliferation!*®!"” (Fig 7)

The chemotactic signals produced by neutrophils make an important contribution
to the recruitment, activation and programming if the antigen presenting cells (APCs)
such as macrophages and DCs in inflammatory response. The principal contribution
of neutrophils to wound healing is microbial sterilization by engulfing the bacteria.
However, the capacity of the neutrophils to release proteases and subsequently tissue
breakdown is believed to play a role in pathological remodeling in severe asthma and
COPD (Fig 7)%'%. Interleukin-8 is the major chemotactic substance for neutrophil mi-
gration and subsequently accumulation of these cells at site of infection. Importantly,
binding of IL-8 to GAGs can be competed with soluble GAGs such as heparin sulphate,
chondriotin sulphate and dermatan sulphate. The soluble GAGs inhibit the binding of
the chemokine ligands to their receptors which could have impact on the inflammatory
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response'?'. In addition, neutrophils also produce tumor necrosis factor and interferon-
Yy which help to drive dendritic, macrophage and T cells activation.

Smooth muscle cells

Structural cells such as the airway SMC have a pivotal cell in regulating the broncho-
motor tone and the acute bronchoconstrictions. However, despite this role, the airway
SMC also secrete immunomodulatory mediators such as VEGE IL-8 and TGF—B1 in
response to stimuli which affect the connective tissue remodeling and eventually lung
function'**'*3. SMCs express cell adhesion molecules that interact with inflammatory
cells such as T-cell and mast-cell. Furthermore, SMC also have the capacity to express
TLR-2 and TLR-4. This expression could be of importance in regulating hyperrespon-
siveness since microbacterial products such as lipopolysaccharid (a major component
of the external membranes of gram-negative bacteria) have the capacity to modulate
airway SMC hyperresponsivenes'?. It has also been suggested that human airway SMC
increase their proinflammatory responses in response to rhinovirus'”. The close inter-
action with the tissue matrix illustrates the wide function of the airway SMC!?%!12%126,
Furthermore, the ECM may have an important role in persistent lung diseases since
components such as fibronection and collagen I increase human airway SMC mitogesis
in response to platelet derivd growth factor-BB and thrombin whereas laminin inhibits
proliferation. The increase in cell proliferation was accompanied by a decrease in ex-
pression of SMC contractile proteins such as 0-actin, calponin and myosin heavy chain
suggesting that ECM could modulate smooth muscle phenotype'”.

A common histopathological manifestation reported in fatal asthma is an increase in
airway SMC mass which was reported in the 60s. The mechanism for the increased air-
way SMC mass is primarily due to hyperplasia and not hypertrophy and new evidence

suggests that increase in airway SMC mass occur even in patients with mild asthma
128-130

Epithelial phenotypes and origin

The adult human bronchial tree is covered with a continuous layer of epithelial cells
that play a role in maintaining and integrity of the lung''. The dominating celltypes
are coliated, columnar, undifferentiated, secretory and basal cells. In normal adult lung,
these subpopulations vary as function of airway level with decreased number of car-
tilage cells, submucosal glands and the apparent of Clara secretory cell as the airway
branch from large to small airways'*”. In the large airways (Branch’ to Branch’) the
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most abundant cells are the ciliated, undifferentiated columnar, secretory and basal
cells. The ciliated epithelial cells are the predominant cell type within the airways ac-
counting for over 50% of all epithelial cell and originate from either basal or secretory
cells' (Fig 2). Within the epithelium, the basal cells are the only cell that is tightly at-
tached to the basement membrane and it is thought that basal cells are the primary stem
cells that give rise to mucous and ciliated epithelial cells. In addition to these properties.
In the small airways (B¢ to B® branches) there are similar cell types but more Clara cells
instead of secretory cells. The Clara cells are believed to be the primary stem cell in the
smaller and alveolar compartments. After B* branches, the airway epithelium merges
with the alveolar epithelium constituted by type I and type II cells.

The epithelial sheet does not function as an independent unit but more as a func-
tional unit with the epithelial cells, mesenchymal cells, endothelial cells and the extra-
cellular matrix in bronchial walls. Repeated environmental and airborne exposure in
epithelial cells makes them vulnerable for further pathological change in major lung
diseases including COPD, asthma and bronchogenic carcinoma'®"!*%'%, Epithelial cells
have the capacity to generate a wide variety of different mediators from the epithelial
cells (e.g. IL-6, IL-8, Granulocyte-s macrophage colony stimulating factor (G-CSF),
IL-1, IL-16, IL-2, CCL5 (RANTES), TNF-o and TGF-B) which influence cells such
as T-cell, eosinophils, neutrophils and fibroblasts for subsequently recruitment and
activation*'% (Fig 2, 7). The function of epithelial/fibroblast interactions has been
investigated in co-culture systems where epithelial cells are chemically or physically
damaged. 48 hours after insult, the fibroblast release growth factors including endothe-
lin, insulin growth factor and basic fibroblast growth factor which are all involved in
proliferation, migration and matrix production'*“2, This is also manifested by changes
of the basement membrane that functions as a base for the epithelium regeneration and
as a structural barrier for the subepithelial fibroblasts'*!. Another molecule produced
by epithelial cells is nitric oxide (NO) which participates in the host defense and in
the pathogenesis in a number of airway diseases. Asthmatics as well as individuals with
COPD have increase exhaled NO levels but the exact mechanism and what effect it has
on disease development in not known!31:143:144,

Epithelial cells also respond to various stimuli, such as environmental, viruses, bac-
teria and mechanical and have the ability to induce host specific defend mechanisms.
Viral respiratory infections, especially respiratory syncytial virus are associated with the
majority of asthma exacerbations in children and adule'®'¥. A similar association can
be seen in COPD where respiratory virus is linked to exarcebations'*® (Fig 7).
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Connective tissue
remodeling and
inflammation

The established description of the extracellular matrix is that it forms a framework and
supports the cells by stabilizing the tissue and preserving the architecture. However, the
matrix is very active and participates in both normal and pathological processes. The
matrix has major influence on structure, viability and function of cells. In diseases such
as cancer, fibrosis and atherosclerosis, the matrix changes is now consider to play an im-
portant role in combination with inflammatory cells. Fibroblast in various cancer types
are the cell types that have been studied and support the changes of matrix composition
in pathological situations'?"'*’. By definition, the matrix is composed by two classes of
the matrix molecules 1) The glycosaminoclycans (GAGs), which are polysaccharide
chains that are covalently linked to proteins and 2) the fibrous protein such as colla-
gen, elastin, fibronection and laminin'°. Importantly, in chronic diseases and in tissues
which are under mechanical tension the connective tissue is continuously changed with
a high turnover rate. In this context, the balance of matrix metalloproteinases, which
cleaves the extracellular matrix, vs. the ECM production from mesencymal cells could
play a critical role when distinguishing between physiological and a pathological re-
sponse. The next section will briefly describe the major components of the ECM and
their biological effect in remodeling and inflammation.

Collagen

Collagens are trimeric molecules composed of three polypeptide chains which contain
the sequence (Gly-X-Y) where X are proline and Y hydroxyproline. Due to its small
size, glycine allows narrow turns. Proline can get hydrated and from intra- and inter-
chain hydrogen bonds that keep the structure together. The characteristic structural
feature of collagen is the repetition of this sequence which allows the formation of a
triple helix. Up to 23 different combinations of the ot-chains (collagen type I-XIX) have
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been identified. Beside the triple helical domains (CD), collagen contain non triple-
helical (NC) domains'%152,

Depending on their capability to form organized fibers collagen can be divided into
two major classes, the fibril forming collagens (such as I, II, III and XI) and the non-
fibrillar collagens (such as IV and IX). There are distinct differences between these
groups and one difference is that in the fibril forming collagens almost the entire length
of the molecule is constituted by a single CD domain whereas the nonfibrillar collagen
molecules contain one or several CD and NC domain of variable size depending on
which collagen (Fig 8). The fibril collagen form fibrils which form fibres and finally
fibre bundles that are the main providers of mechanical support and resistance to the
ECM™. In the synthesis of collagens, the enzymes prolyl-4-hydroxylases (P-4-OH)
have a central role. The 4-hydroxyproline residues generated by the endoplasmic re-
ticulum (ER) luminal collagen are essential for the stability of the collagen triple helix.
The hydroxylation of 4-hydoxyproline residues is catalyzed by collagen P-4-OHs hence
could be used as a marker for collagen production in cells such as fibroblasts and fibro-
cytes (paper II). Proly-4-hydroxylases are cytoplasmic and nuclear enzymes that that
exist in three isoenzymes differing in their catalytic alpha subunit. One of the prolyl-4-
hydroxylase families, the HIF P-4-OHs, hydroxylates specific prolines in the alpha unit
in hypoxia inducible transcription factor (HIF) that regulating oxygen homeostasis'>*.

Collagen

Type Structure

Figure 8 Schematic representation of typical collagen molecules. Dotted area: triple helical domain,
circles and ellipses: Non triple helical domain (NC). Adapted from Aumailley ez 2/

Characteristic of feature in patients with asthma is the remodeling which correlates
with disease.’"> Histological 7z vivo studies revealed that patients with asthma had
an enhanced deposition of collagen I, III compared to non asthmatic subjects whereas
another study showed decreased expression of collagen IV'*'57. Collagen I which is the
most abundant protein in humans is produced and deposited by asthma fibroblasts and
smooth muscle cells following TGF—BIstimulation”&l”. Furthermore, collagen frag-
ments could have both pro inflammatory or anti inflammatory properties'®'¢!. It has
been shown that degraded lung collagen can have the same function as IL-8 and is che-
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motactic for lung neutrophils. When mice were long term exposed of this fragment, the
mice developed enlargement of the alveoli and increased levels of VEGE Interestingly,
this demonstrates that in the absence of inflammatory cells, the matrix has the capacity
to induce chronic inflammation'®

Fibronectin

Fibronection (FN) is a large plasma glycoprotein that is composed of three different
domain types: FNI, FNII and FNIII that in combination form one subunit. The func-
tional molecule consists of two identical subunits of 220-250 kDa. Briefly, fibronectin
exists in the circulation as plasma fibronectin which is secreted by hepatocytes directly,
and cellular fibronectin which is found in the extracellular matrix. The cellular fibro-
nectin have the alternatively spliced EDA and EDB sequences and EDA is believed to
play a major role in the differentiation of a fibroblast to a myofibroblast phenotype!®
(figure 9). The link between EDA fibronectin and myofibroblast differentiation 77 vivo
has been recently demonstrated using the bleomycin model of lung fibrosis. In EDA -/~
mice receiving bleomycin, lung fibrosis was completely prevented'®.

Today approximately 20 different variant of fibronectin exists in humans'®. Apart
from the role in fibroblast differentiation, it has been shown to stimulate the pro-
duction of cytokines (RANTES, GMSCEF and eotaxin) SMCs, mediate migration of
fibroblast and small airway epithelial cells'®'”2. Another function of the fibronectin
molecule is the ability to bind cytokines that can be rapidly released hence a gradient
for the recruitment of inflammatory cells'*'74. Asthma and COPD individuals have
change in their fibronectin levels. For example, fibronectin levels measured by immu-
nohistochemisty is increase in the airways of asthmatics and fibroblasts from COPD
patients have reduced migration capacity toward fibronectin and reduced contraction
capacity in three dimensional collagen gels compared to controls which propose that

fibroblasts have an impaired wound healing capacity’**'7>.
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Figure 9 A schematic representation of the splicing if fibronectin pre-mRNA. The 3 different domains
(I, IT and III) and the number of each type III domain is shown in the boxes. The extra alternative splice
repeat (EIIA and EIIB) are excluded. Adapted from C.ffrech-Constant'®
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Proteoglycans

In chronic inflammation a dynamic crosstalk takes place where primarily fibroblasts,
but also other mesenchymal cells, serve as a scaffold by secreting proteoglycans and col-
lagens to form a network. The important role of proteoglycans in diseases such as kid-
ney fibrosis, asthma, COPD, cancer and systemic scelerosis (SSc) is well documented
at both cellular and physiological levels'7*'®!. Proteoglycans have a core protein with
one or more covalently attached glycosaminoglycan (GAG) chain(s). This GAG chains
are heavily sulphated and influence their behavior and role in the connective tissue.
Depending on their structure, proteoglycans could further be subdivided based on the
GAG chains that are attached to their protein core and their localization in the tissue'®*.
Briefly, depending on the GAG chain structure, the proteoglycans are divided into four
groups: chondriotin sulfate (CS)/dermatan sulfate (DS), heparin sulfate (HS)/heparin,
keratin sulfate and hyaluronan'®. The proteoglycans could further be subdivided into;
Basement membrane proteoglycan (e.g. perlecan, agrin), the small leucine-rich pro-
teoglycans, SLRPs (e.g. decorin, biglycan, fibromoduling, lumican) and the hyalectans
(versican, aggrecan, neurocan). However, by sequence many of the core proteins have
revealed that there is a high diversity in the proteoglycan family. This has been shown
where members such as biglycan and decorin (see below) are expressed as isoforms ei-
ther with or without GAG chains's* '8¢

In this thesis the production of the four main proteoglycans secreted from fibroblasts
derived from asthma and COPD patients have been analyzed. These proteoglycans are:
Versican, Perlecan, Biglycan and Decorin.

Versican

Versican (265-370kDa) is a member of the large aggregating CS family but also have
DS. It is associated with tissue injury, plays a critical role in determining the water con-
tent and influence tissue viscoelastic behavior and is also expressed during development.
Versican belongs to the hyalectan family that have derived its name due to its ability
to bind hyaluronan (by its N terminal domain) and lectin (by versican C-terminal re-
gion)'®?. Structurally, the versican molecule have two globular domains, the N-terminal
G1 domain and the C-terminal G2 and the attachment sequence for CS. Furthermore,
the CS sequence separated by two alternative spliced domains (CSo and CSP) that
could generate four different isoforms VO (CSo+CSP), V1 (CSa), V2 (CSB), V3 (Non
of the isoforms) (fig 10)
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Proteoglycans

Versican
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Figure 10 Versican which is a CD/DS proteoglycan are schematic presented in this figures. Ig:
Immhnoglobulin type repeat, LP: Link protein, GAGa and GAGP are the glycosaminoglycan binding
domains where alpha and beta are the two alternative spliced variants. Lectin = lectin-like module.
Adapted from lozzo'®

In as study by Huang e a/ where endobronchial biopsies where obtained from patients
with mild atopic asthma the expression of versican was significantly increased in the
subepithelial zone. Interestingly, the deposition of versican in the smooth muscle in
moderate and severe asthmatics were altered which suggest that versican play a role
in the function of airway smooth muscle cell'®. It so also suggested that verscian play
an important role in maintaining lung elasticity by inhibiting elastic binding protein
(EBP) and thus interfere with assembly of the elastic fibers hence direct interfere with
lung capacity. The molecular mechanisms for this in not known but it is proposed
that the high negative charge in versican (due to the high chondroitin/dermatan sul-
phate content) is responsible for this phenomena'”. In response to TGF-f3, and platelet
derived growth factor fibroblast and SMCs upregulate versican production'”'®, In
SMCs this upregulation can be prevented by treating the cells with the tyrosine inhibi-
tor genistein'®. The role in cancer has been described in human colon cancer where
abnormal versican expression is a feature and stroma of various tumours'®'?. By RNA
interference technology, knockdown of versican expression significantly inhibited tu-
mor growth 77z vive but not in vitro™".

Perlecan

Perlecan is a large HS (400 kDa) multi-domain extracellular matrix proteoglycan and
member of the basement membrane family proteoglycans. This proteoglycan is pre-
dominantly expressed in the basement membrane, but it also play a role in develop-
mental processes, wound healing, cartilage formation and is produced by variety of cells
including fibroblasts, smooth muscle cells, endothelial cells and epithelial cells'**%.
Perlecan is composed of 5 protein domains and the GAG sites are located in the N-ter-
minal domain. The protein domains individually bind molecules such as FGF2, VEGE
IL-2, laminin-1and collagen type IV (unit I), VLDL, LDL (unit II), PDGF (unit III),
fibronectin, heparin, collagen IV (unit IV) and heparin (unit V)" (Figure 11).

These different molecules display the broad functions of perlecan. It is likely that
perlecan have an important function in angiogenic mechanisms since perlecan null
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mouse have vascular abnormalities'”. Theoretically, heparanase- mediated release of

FGF2 and VEGF would cause persistent activation of these pathways which are impor-
tant in angiogenesis and restricted release would lead to the opposite effect. In centrally
derived fibroblast from COPD patients, perlecan production is decreased compared to
controls (Paper IV).

Perlecan protein domain I-V

I II TIII v \Y%

FGF2, VEGF LDL PDGF fibronectin, heparin heparin
L2 VLDL collagen IV

Figure 11 Schematic model of human protein core. The 5 protein domains and the GAG sites are
located in the N-terminal domain. The protein binds molecules important for inflammation and airway
remodeling. Adapted from lozzo'"

Small leucine- rich proteglycans (SLRPs)

Two members of the class I SLRPs family are biglycan and decorin. There are addi-
tional 4 classes which individual members all fulfill the criteria to be a SLRPs. Briefly,
The basis for the classification are: leucine rich, conservation, homology (protein and
genomic levels), the presence of N-terminal Cys clusters and chromosomal organisa-
tion'”®. Decorin and biglycan are CS/DS proteoglycans with a coreprotein (40kDa)
showing an amino acid homolog of 57%'®. At the N-terminal of biglycan, two CS/DS
chains are substituted while decorin only is substituted with only one CS/DS chain
(figure 12).

Regardless of their similarity, they have different function iz vive. For example, deco-
rin is generally down regulated by TGF-B, it binds and neutralizes TGF-B, activity
whereas biglycan is up regulated by TGE-B,. It has been shown that decorin and in a
recent study, recombinant human decorin inhibited TFG-B, induced contraction of
collagen lattice’?°". This have also been confirmed in animal models where induc-
tion of fibrosis can be inhibited by decorin treatment****. Decorin could therefore
potentially be used as an antifibrotic treatment in lungfibrosis, cancer and other fibrotic
diseases. When human smooth muscle cells were cultured on plates coated with decorin
a decrease in proliferation and increase rate of apoptosis was observed. Furthermore,
biglycan did not affect smooth muscle proliferation or apoptosis. Interestingly, decorin
induced decrease in cell number could be restored when decorin coated matrices were
exposed to the enzyme that degrades GAG chains (chondroitinase ABC) 2
bination with platelet derived growth factor-BB and epidermal growth factor, TGF —[31,
biglycan production from fibroblast was increased.

. In com-
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Transforming growth factor-3

Decorin
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Figure 12 Schematic representation of decorin wich is a member of the small leucine rich proteoglycans.
Its 4 domains are separated by domain I: SP= signal peptide and the propeptide (PP), domain II: Cys=
cystein rich regions, domain III: leucine rich repeats and domain IV: Cys, The small circles represents
the CS/DS side chain. Biglycan has the similar size of the protein core but have two CS/DS side chains.
Adapted from lozzo'?

Different proteoglycans are expressed in various timeframes in a disease. This was stud-
ied in bleomycin induced fibrosis where biglycan increase early in the inflammatory
response to induce an “inflammatory matrix”. This expression was in contrast to deco-
rin which was increased later in the fibrotic development'”’. Importantly, when adding
biglycan to fibroblasts in vitro the fibroblasts aquire a more migratory phenotype (in-
flammatory) supporting a possible role of biglycan in early remodeling events™

Transforming growth factor-f3

A large number of mediators produced by many different cell types are known to pro-
mote fibroblast proliferation, collagen synthesis, migration and differentiation (e.g.
Fibroblast growth factors, Tumor necrosis factor-0, endothelin-1, platelet- derived
growth factor, epidermal growth factor, insulin growth factor, IL-1 and IL-13). Among
these, TGF-B, is the most potent pro-fibrotic player and is a key player in many diseases
such as asthma, fibrosis and cancer'*2%. Five TGF-B, isotypes are present in mam-
mals, but only 1-3 are present in humans and these share 60-80% homology but are
encoded by different genes. These 3 isotypes bind to the same receptor. The biological
activities of the different isotypes are the same but the link to fibrosis and aberrant
wound healing processes is primarily due to activity of TGF-J,. In the tissue, the pri-
marily source of TGF-f, is probably macrophages and eosinophils, but also fibroblasts
and epithelial cells have the capacity to produce TGF-P. It is produced in a latent form
consisting of TGF-P and the non-covalently bound latency-associated protein (LAP)
that must be released for activation (LAP is derived from the N-terminal of the TGF-3
precursor). Binding of TGF-B to its receptor requires the dissociation from LAP and
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this process is catalyzed by agents such as plasmin, integrin 036, metalloproteinases
and heparin*'*?">, LAP-TGF- is usually secreted as a large latent complex consisting
of LAP- TGF-p, that is covalently bound to a latent TGF-B-binding protein (LTBP)*'.
It has been suggested that these protein modulate the TGF- response. Deficiency of
LTBP-4 in mice results in defective elastin structure, developmental abnormalities, em-
physema and colorectal cancer*'®. In addition to the cellular TGF-, it has also been
shown that inactive TGF-3 could be bound in the connective tissue molecules such as
trombosponding-1, decorin, fibronectin, elastin, and some collagens®'“.

Following the binding of active TGF-B to the receptor, signals are transduced
through Smad pathways and a number of non-Smad pathways. Briefly, ligand binding
to the serine/threonin kinase TGF-} receptor II (TGF-BRII) leads to phosporylation of
TGEF-BRI*". There are a number of TGF-BRIs (also known as ALK (activin-receptor-
like kinase)). ALK is not necessary for the binding but is important for the initial signal
event. One of the ALKs, ALKS5 is known to be involved in TGF-, signaling. Smad2
and Smad3, then gets phosphorylated and form a complex with Smad4. This complex
translocates into the nucleus and bind to DNA which will activate or repress gene
expression. In contrast, Smad7 inhibit ALKS signaling. Target gene expression and cel-
lular responses are also modulated via activation of PI3K and various MAPK pathways
that are Smad independent*'?'°. However, a continuously crosstalk take place and the
true nature of the signaling pathways remains to be elucidated.

TGF-P has a unique and essential function in regulating immune responses and dif-
ferentiation of cellular subtypes. In general TGF- inhibit proliferation in most of the
immune cells including Th1 cells, Th2 cells, macrophages, NK cells, B cells, prevents
dentritic cell maturation, but induce both differentiation of Th17 cells and T regulato-
ry cells (Treg)?*®?'7218, However, it has bipolar properties e.g. TGF-[3 can either increase
or decrease apoptosis of lymphocytes depending on its phenotype and stage of differ-
entiation®”. Simultaneously, TGF-B is a very chemotactic and induces migration and
accumulation of leucocytes such as macrophages, granulocytes, eosinophils and mast
cells. The local environment, dose, the specific cell phenotypes and stage of disease are
all factors that determine the final role of TGF-B. Modification of the TGF-3 system

could be critical in disease development.
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The inflammatory
response in asthma and

COPD

Inflammation in asthma and COPD is a hallmark of the diseases, but the cellular and
molecular response is different in the diseases. However this view is challenged when
patients with severe asthma and asthmatic subject who smoke during exacerbation have
similar responses as in COPD (Fig 1). Classically, asthma has been regarded to be Th2
(CD4") skewed disease where the link to allergy, recruitment of eosinophils and release
of IgE from mast cells play a major role in disease development. On the other hand,
COPD has been considered to be a Th1 (CD8*) type disease where the repetitive expo-
sure to cigarette smoke induce trafficking of neutrophils and macrophages to inflamma-
tory sites'. Both diseases then give rise to distinct pattern of chronic inflammation.

The inflammatory response

That Th2 driven inflammation is important in asthma is well established. The first line
of defense is the innate immune system where cells such as macrophages, immature
dendritic cells (DCs) and natural killer (NK) cells respond in selective ways.

The innate immune response is not that unspecific as originally thought and it rec-
ognizes motifs that are commonly found on foreign antigen or altered self antigen
from bacteria, fungus, parasites and viruses®”. A group of receptors, pattern recogni-
tion receptors (PRRs) that are important for these missions are the Toll like receptors
(TLRs). Based on their primary sequences, TLRs can be subdivided into subfamilies
which recognize related pathogen associated molecular patterns (PAMPs). One family
recognizes lipids (TLR1, -2, -6) and another family recognizes nucleic acids (TLR7, -8,
-9)?20, TLRs are also localized in the cell membrane (TLR1, -2, -4, -5) and in intracellu-
lar localization (TLR2, -.7, -9). The primarily role is to as pro inflammatory activators
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which produce cytokines such as interferon (IFN), CXCL10 and CCL3 which attract
immature DCs?.

At site of inflammation, the dendritic cells engulf the antigen and undergo matura-
tion. Downregulation of some receptors (CCR1, CCRS5, and CCR6) and upregulation
of CCRY7 allows the DCs to migrate to the local lymph node via the interaction of
CCR?7 and its corresponding cytokine CCL21%**%**%. Upon arrival to the lymph node,
the DC present their antigen to T cells in the T-cell area. The non matured t-cells are re-
cruited to the lymph nodes via high expression of L- selectin (CD62L) which is present
on specialized post-capillary venules, high endothelial venules (HEV) 2%, Importantly,
matured T-cells (memory cells, activated lymphocytes) do not express L-selectin. In the
lymph follicles, B-cells search for antigen and after antigen binding, they interact with
T-helper cells to get activated, form germinal centers and subsequently production of
specific B-cells.

Simultaneously, monocytes migrate into the wounded area, differentiate into mac-
rophage further enhance the local response by engulfing the antigen and increase the
cytokine production. The cytokines produced activates the structural cells such as the
fibroblasts in the tissue remodeling process. The trafficking of lymphocytes to the in-
flamed tissue involves the emigration from the bloodstream via tethering, rolling and
escape from the blood vessel (diapedesis). It is believed that the homing pattern of the
lymphocytes is uniquely dependent upon the anatomical location of the lymph node
where the T cell was activated®"’.

Activated T-cells can be polarized to either T helper Th1 or Th2 cells. These differ-
ent subtypes produce Th1 and Th2 specific cytokines. Th2 cells are typical IL-4, -5 and
13 producers while IFN-y, IL-10 and IL-22 are typical for Thl cells. Moreover, they
also have separate chemotactic properties due to their different expression of receptors

(Th1: CCR5, CCR3, P-selectin, E-selectin and Th2: CCR4, CCR8 and CXVR4).

Asthma and COPD immunology

Asthma

With the allergen exposure and allergic (IgE mediated) sensitization of Th2 cell CD4+
cells it was believed that the mechanism behind asthma was elucidated. This mechanism
is still very important, however recent studies of asthma have demonstrated that <50%
of asthma cases have feature of eosinophilic airway inflammation which suggest that a
non-eosinophilic asthma phenotype exists which is suggested to be TLR related?>?%.
In atopic asthmatics, the primary cells involved in the Th2 response are eosinophils,
mastcells, dendritic cells and the B-cells. Importantly, as the disease becomes more se-
vere and chronic, the presence of Th1 cells is also a feature?””. Other subtypes of CD4
cells that may participate in asthma regulation are the T regulatory cells (Treg) and the
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Asthma and COPD immunology

Th17 cells which are believe to regulate Th2 cell function and linked to neutrophilic
inflammation, respectively??®***. Mast cells are also associated with asthma and follow-
ing an inhaled allergen provocation the mastcells release preformed granules that host
mediators such as histamine, tryptase, heparin, cytokines, newly formed eicosanoids
(PDG,), leukotrienes (LTC,, LTD,). These mediators contract smooth muscle cells
and increase microvascular permeability thus being important in asthmatic reactions™”.
Another cell that is suggested to participate in asthma pathology is the eosinophil as
previously described (chaprer: Asthma and asthma phenotypes). In non-allergic asthma,
endotoxins, particulates pollutants and viruses are believed to activate epithelial cells
and macrophages which will produce IL-8 and subsequently recruitment of neutro-
phils. This condition is thought to play a major role in the persistence of severe asthma
231

phenotypes®'.

COPD

The cigarette smoke will mainly activate the epithelium and macrophages will produce/
release factors that attract inflammatory cells in the lung. The primary cellular composi-
tion in COPD patients are Th1 cells, macrophages, neutrophils, Th1/Tcl (Tc = CD8)
and fibroblasts'. The presence of the macrophages and neutrophils are believed cause
degradation of the elastin when these cells release proteases and matrix metallopro-
teinases in close proximity to the epithelium. IFN-y produced by the subsets of T cells
macrophages and epithelial cells resulting in a persistent inflammatory activation®?.
Cigarette smoke activates the epithelium which produces cytokines and molecules con-
tributing to the pathogenesis. The cigarette smoke also enhances production of MMPs
by macrophages where MMP-2, MMP-9 and MMP-12 are involved in the pathogene-
sis of emphysema. The balance of MMP and its inhibitor TIMP has also been suggested
to be impaired in favor of MMP which would promote emphysema?#**, Furthermore,
Tc-cells have been shown to contribute to COPD pathogenesis by participate in the
emphysema development®>?%. However, today no clear mechanism has been provided

which could explain the full pathogenesis of COPD.
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Present investigations

Aims

The overall aim of this thesis was to explore the origin and different fibroblast phe-
notypes in the human lung and if these have altered properties in disease. To receive
further insight into these questions, the aims of the thesis were as follows:

1) Are the fibrocytes, which are believed to be a fibroblast progenitor cell present in
BALF and tissue section from asthmatics and COPD individuals, compared to
controls and could their presence be correlated to structural changes?

2)  Are there any chemotactic molecules or mechanisms that could explain the
presence of activated fibroblast phenotypes in the BALF which could explain
why resident fibroblasts migrate into the lumen during pathological conditions?

3)  Have fibroblasts from different localizations (central and distal) within the
human lung from rhinitis-, asthma- and COPD subjects adapted disease- and
localization related phenotypes as measured by proteoglycan profiling and
proliferative properties?
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Methods

The major methods used in this thesis were as follow:

Characterization of subjects

Control subjects (paper I-IV)

The control subjects (n=5 paper I and n=3 paper II, respectively) were 24-51 years of
age, non-asthmatic, healthy individuals, no allergic symptoms and who did not re-
spond to metacholine lower than 2 mg/ml. In these studies, the bronchial biopsies were
collected from the central right lung.

From healthy controls in paper III and IV, fibroblasts were obtained in 12 cases. Seven
of the controls were non-atopic and 5 were atopic, defined as confirmed sensitization
to one or more allergens (birch, timothy, and/or mugwort, dog, cat, host dust mite).
Atopic subjects without respiratory symptoms but with confirmed hyper- responsive-
ness to methacholine was excluded. Central control fibroblasts were sampled from cen-
tral airways (third generation in central airways) and distal fibroblasts were sampled
from parenchymal airway (transbronchial biopsies = 1 inch from the pleura).

Characterization of patients with asthma (paper I-111)

The disease group in study I and II groups consisted of patient suffering from mild
asthma and define bronchial hyperresponsiveness which fulfilled the criteria of the
American Thoracic Society (ATS guidelines). The subjects were rather young, 25-40
years of age, PC | < 2 mg/ml of metcholine stimulation and displayed asthma symp-
toms. The subjects had no clucocorticosteroid treatment 6 months prior the study and
all of the subjects were atopic and sensitive to pets. In addition, five of the patients with
asthma had perennial allergy and one patient had seasonal allergy (birch pollen). The
asthma group was further subdivided into two groups whether or not they displayed
fibroblasts derived from their BALF (BALF fibroblast). In study I, 9 patients were in-
clude (5 with fibroblasts and 4 without fibroblast) and compared to 5 healthy controls.
In study II, 6 asthma subjects were included (3 with fibroblasts and 3 without fibroblast
and their results were compared to controls (n=3).
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Of 13 asthma subjects enrolled in study III, fibroblasts were established from 11 of
them (7 centrally derived fibroblasts and 11 distally derived fibroblasts). These individ-
uals were asthma patients with define bronchial hyper-responsiveness defined as PD,
< 2000ug methacholine. All individuals were free from infection, had stable asthma
symptoms and did not use any corticoid treatment 3 months prior the start of the
study. Central and transbronchial biopsies were obtained from all subjects.

BAL was performed by flushing the airways with up to 140 ml of 0.9 M NaCl, and
the resulting fluid was used for analysis.

Characterization of patients with COPD (paper IV)

In study IV, patients (n = 8) suffering from severe smoke-induced COPD (GOLD
stage 4) who were undergoing lung transplantation at Lund University Hospital were
included in the study.

Cell culture

Fibroblasts were isolated from controls and patients with asthma. Bronchial (central)
and transbronchial (distal) biopsies were cut and cultured in 25 cm? tissue culture
flasks, with DMEM supplemented with 10% Fetal Clone III, 1% L-glutamine, 0.5%
gentamicin, and 5 Mg/ml amfoterracin. The cell cultures were kept in a humidified
37°C cell incubator with an atmosphere of 5% CO, and were trypsinized when they
reached confluence. All cells were used passage 3-5.

Fibroblasts from COPD patients were obtained as follows: Tissues from central air-
ways (bronchus) and from lung parenchyma were dissected from COPD lungs and were
kept in DMEM supplemented with 10% FBS, Gentamicin, PEST, and Ampotericin
B on ice undil further processing. Bronchial pieces were removed from the luminal
side of bronchi and were cut into small pieces. Vessels and small airways were removed
from the peripheral lung tissues and the remaining tissues were chopped into small
pieces. After rinsing, bronchial and parenchymal pieces were allowed to adhere to the
plastic of cell culture flasks for 4 h and were then kept in DMEM with the supplements
mentioned above in 37°C cell incubators until outgrowth of fibroblasts were observed.
Distal fibroblast cultures were achieved from all patients, while central fibroblasts were
achieved from 6 of 8 COPD patients. Bronchial and parenchymal fibroblasts were then
referred to as central and distal fibroblasts, respectively. Experiments were performed in
passage 3-6. In some cases cells were frozen before use but this did not result in changes
in phenotypes defined as proteoglycan production, proliferation or expression of mes-
enchymal cell markers.

Fibroblast cells from BALF were isolated by separating the cells from the lavage fluid
at 500 g and then immediately culturing them in 25 c¢m2 tissue culture flasks contain-
ing supplemented DMEM. After 5-6 days, the outgrowth of fibroblast -like cells was
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Methods

observed. To yield a pure fibroblast population from the separated BALF cells, the cells
were trypsinized and used in passage 5-7 for the studies.

Fibrocyte and fibroblast identification

Paper I and 11

Fibrocytes in tissue and BALF were stained for hematopoietic markers such as CD34,
CD45, and CXCR4 in combination with mesenchymal markers such as Prolyl-4-hy-
droxylase, pro-collagen, vimentin and a-SMA. For cultured BALF fibroblasts, cells
were fixed in 4% paraformaldehyde and permeabilized in 0.5% Triton x-100 prior
intracellular staining such as a-SMA. Followed by the incubation with the primary
antibody appropriate secondary antibodies were applied on relevant chamber or tis-
sue section for 1h incubation and wash prior nuclear staining. Control experiments
were performed with and without primary antibody, and with and without secondary
antibody. Control sections were included in all experiments to correct for background
fluorescence. Isotype controls were used in combination and for each fluorochrome and
adequate blocking steps were performed to avoid unspecific staining.

Immunofluorescence, confocal

In the two first papers, multiple probes were analyzed by the use of confocal microscopy.
By using laser with different wavelength and appropriate optical filters, multiple emis-
sion wavelengths could be analyzed in parallel and co- localization could be recorded.
This approach was specifically adapted when analyzing triple stained tissue section and
to avoid so-called “spectral overlap” where the emitted signal from one probe overlaps
with an emitted signal from a secondary probe hence creating “false positive” results.
Classical fluorescent workstation was also used were mercury lamp emits light which af-
ter reflected at the specimen pass through a filter that separate the different wavelength.
The major difference between these systems is the ability of the confocal microscopy
to create 3D images by changing its specific focus on a plane. In addition to this, the
confocal microscopy limits the exposure of the specimen source by specific control its
focal plane. However, both systems are fully appropriate to use in the studies.
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2D gels and Mass spectrometry

Sample preparation and two-dimensional electrophoresis

Cells were washed in PBS and scraped in solubilization solution containing 7 M urea,
2 M thiourea and 2% CHAPS, and stored at -70°C until further use. Immobiline
DryStrips (180mm, pH 4-7 were rehydrated in 350 ml of the solubilization solution
with sample. Prior to the rehydration, 10 mM DTT and 0.33% IPG pH 4-7 buffer
was added to the samplesolution. The isoelectric focusing (IEF) step was performed at
20°C in a Multiphore II according to the following procedure: 300 V 1 minute, 3500
V 25 hours until approximately 85 kVh were reached. The strips were equilibrated for
10 minutes in 65 mM DTT, 6 M urea, 30% w/v glycerol, 2% w/v SDS and 50 mM
tris-HCI pH 8.8 (equilibration buffer). A second equilibration step was performed for
10 minutes in 259 mM iodacetamide inequilibration buffer. The strips were soaked in
electrophoresis buffer (24 mM Tris, 0.2 Mglycine and 0.1% SDS) and run on 14% ho-
mogeneous duracryl slab gels. Gel electrophoresis was performed using a Hoefer DALT
gel apparatus at 20°C and 100 V for 18 hours. Gels were stained by silver nitrate and
scanned using a Bio-Rad GS-710 gelscanner (Spot analysis was performed using the
PDQuest 7.01 2-D gel analysis system. Each spot on the gel was given an integrated
optical density (IOD) value by the software that was compared to the total amounts of
spots. Each spot is therefore referred to as ppm of the total IOD of all valid spots.

MALDI-TOF mass spectrometry

Gel pieces were washed with 50 mM ammonium bicarbonate buffer followed by three
rounds of acetonitrile. The excised spots were treated overnight with 70 ng/ml trypsin,
acidified with 0.5% TFA and the peptides were applied through Zip-Tipcolumns to an
Anchor-chiptym plate with 2 mg/ml of DHB (2.5-dihydroxybenzoic acid) matrix. The
MALDI-TOF instrument used was a Bruker REFLEX and operated in reflector mode
at an accelerating voltage of 20 kV.

Spectra were analyzed and gels were compared with an online BALF protein data-
base hosted by expasy.org as well as with proteins identified in a previous study (Paper
ID).

Western Blot

Equal amounts of protein samples were loaded for all western blotting which was per-
formed. Primary polyclonal sheep anti-human haptoglobin antibody was added follow-
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ing addition of the secondary antibody (polyclonal rabbit anti-sheep antibody conju-
gated with horseradish peroxidase). The intensity of the optical density of the bands on
the membrane was measured using Gel-Pro Analyzer 3.0 (Paper 11)

PI'OtCOleCELIl measurement

Versican, Perlecan, Biglycan and Decorin (Paper I and IV)

Fibroblast cells from non asthmatics (controls, atopics), asthmatics and COPD subjects
were cultured. Cells were cultured in 6- well plastic plates and allowed to grow until
confluence. COPD fibroblasts had a very contractile phenotype and experiments were
therefore performed on cell culture plastics coated with 1% collagen-1. Prior the experi-
ments, the serum level were lowered to 1% for 2h to adjust cells to a low serum milieu.
The cells we then incubated with [*S]-supplemented (50 pCi/ml) sulfate-poor DMEM
for 24 hours supplemented with 0.4% FBS w/wo 10ng/ml TGE-f,. Unincorporated
[*S] was washed out with buffer. Labeled [**S]-proteglycans were separated on a
DEAE-52 cellulose column equilibrated with 6M urea, 50 mM sodium acetate, 5 mM
N-ethylmalimide, 1 mM EDTA, and 0.5% ovalbumin, pH 5.8. Hyaluronan was then
removed from the gel using a higher acetate concentration (0.5M) and the proteoglycan
was further eluted with 4 M guanidinium hydrogen chloride, 50 mM acetate, and 0.5%
ovalbumin, pH 5.8. Total [**S]-labeled proteoglycan was quantified using a scintillation
counter. Aliquots of the PG elucidates that equaled a volume to 10.000 dpm were
precipitated for at least 24 h in 95% ethanol supplemented with 0.4% Sodium Acetate
and 100pg dextran and 25g CS6, Dried PG pellets were solubilized in TRIS- buffer.
Individual proteoglycans (verscican, biglycan, perlecan, and decorin) were separated on
a 3-12% polyacrylamide gel, analyzed and adjusted for total cell protein (BCA protein
assay kit). The proteoglycans isolated had been identified previously both by western
blot and mass spectrometry MALDI-TOE- MS

Proliferation assay

Paper III and IV

Cells were plated on 96-well plates (5,000 cells/well) and cultured in 10% serum for
6, 24, and 48 hours. They were fixed in 1% glutaraldehyde for 30 min and stained
thereafter for 30 min in 0.1% crystal violet. The excess crystal violet was then gently
removed by washing with water. The cells were then lysed overnight with 1% Triton-
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X100 and absorbance was measured at 595 nm. Data are presented as ratio to the ex-
pression of the crystal violet after 6h.
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Results and comments

Paper 1

Tissue fibroblasts in patients with mild asthma: A possible link to thickness of the reticular
basement membrane?

Despite the capacity of fibroblasts to produce matrix molecules thus affecting cellular
response and lung mechanisms the origin of these cells are still not established. A pos-
sible origin is from blood derived fibrocytes that have the potential to differentiate into
matured mesenchymal cells. In this paper the presence of fibrocytes in patients with
mild asthmatic was investigated. By immunofluoresence fibrocytes were identified in
bronchial biopsies with antibodies directed to the hematopoietic markers CD34 and
CD45RO in combination with the mesenchymal markers o-SMA, procollagen I and
prolyl-4-hydroxylase (figure 13a). Mild asthma patients were divided into two catego-
ries based on whether or not fibroblast like cells could be established from BALE Based
on these different subtypes we hypothesized that patients with BALF fibroblast (these
patients also had increased eosinophils in BALF) would have increased numbers of the
fibroblast progenitor cells, fibrocytes, beneath the basement membrane. Furthermore
we hypothesized that presence of these cells could correlate to structural changes such
as thickness of the basement membrane. Three different antibody combinations (to
detect the fibrocytes) were used and in all case the presence of fibrocytes were sig-
nificantly higher in patients with BALF fibroblasts compared to controls and patients
without BALF fibroblasts. Patients with BALF fibroblasts displayed a 17-fold increase
of CD45R0O/prolyl-4-hdyroxylase positive fibrocytes beneath the basement membrane
compared to controls (figure 13b). Importantly, the increase of this antibody combina-
tion was also noticed in asthmatics without BALF fibroblasts, although the numbers
were still significantly lower compared to asthmatics with BALF fibroblasts. This sug-
gests that fibrocytes are present in all mild asthma individuals and that their presence
can be enhanced upon ongoing inflammation. Furthermore, basement membrane
thickness could be correlated to the number of fibrocytes. This can be viewed as an
indication of pathological remodeling in the tissue and demonstrates that presence of
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fibrocytes could influence the composition of the basement membrane (figure 13c).
The findings in this paper suggest that even mild asthmatics have signs of remodeling
and that this possibly could be estimated by the presence of fibrocytes.
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Figure 13 A) Example of staining combination used in the present study to identify fibrocytes. Biopsies
were stained against CD34 (green), pro-collagen (red) and nuclei (blue) and posititve cells are positioned
(in white boxes) close to the basement membrane. B) Quantification of CD34/pro-collagen I positive
cells in asthmatic patients and controls. C) Basement membrane thickness correlates to thickness of

the basement membrane in the individuals. Definition av abrrevations: BM = Basement membrane,
+BALF fibroblasts = asthma patients with fibroblasts in their BALE, -BALF = asthma patients without
fibroblasts in their BALE. BALF = Bronchoalveolavage fluid, Filled brown triangles = patient with BALF
fibroblastas, Filed black squares = patients without BALF fibroblasts, Filled blue circles = controls.

Paper II

Specific haptoglobin expression in bronchoalveolar lavage during differentiation of
circulating fibroblast progenitor cells in mild asthma

In this study we hypothesized that the fibroblasts present in BALF in mild asthmatics
are fibrocytes and that these cells have changed their phenotype as judged by analy-
sis of the BALF proteome. The discovery that fibroblasts could emerge in the BALF
in combination with the presence of fibrocytes beneath the basement membrane in
mild asthmatics started this study’®*!. By the gel-based proteomic approach regulation
of proteins in the BALF as measured by optical density were calculated. Among the
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Results and comments

expressed spots the four haptoglobin-B domains were the most highly up-regulated
peaks from the haptoglobin spectrum showed peptide fragments covering 33% of the
haptoglobin-f domain including regions near both the N- and C-termini. This up-
regulation was further validated with Western blot protein expression and a 2.5 fold
increase of the haptoglobin-B domain was observed in BALF from asthmatic patients
with BALF fibroblast compared to controls (p<0.05) (Fig 14). Importantly, the BALF
fibroblasts were positive for the fibrocytes markers CD34, CD45 and a-SMA (17%)
confirm the hypothesis of recruitment of progenitor cells (figure 15). Importantly, asth-
matics without fibroblast in their BALF and controls did not express the haptoglobin-
domains suggesting that the fibroblast in these patients participates in disease specific
mechanisms.
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Figure 14 Protein expression after Western Blotting for haptoglobin in BALF from controls (lane 1-3),
asthmatic subjects without BALF fibroblasts (lane 4-6) and asthmatics with BALF fibroblasts (lane 7-9).
The haptoglobin domains are markes as follows: 39 kDa 8- domain, 14 kDa and 9 kDa are the a1 and
02 domain respectively. Values are presented as means + SEM for n=3/group.

Figure 15 Fibrocytes in BALE The fibroblasts were stained with antibodies against the fibrocyte markers
CD34 (green), CD45RO (red) and 0-SMA (blue) and subjected to confocal microscopy. Transmission
image are shown to visualize the cell.
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Paper III and IV

111 Altered matrix production in the distal airway of asthmatic and atopic individuals
1V Altered fibroblast proteoglycan production in COPD and possible effects on pathogenesis

The major role of the fibroblast is to produce matrix and maintain the tissue homeosta-
sis. With the novel findings that fibroblast could originate from localizations such as the
bone marrow (fibrocytes) we wanted to investigate whether we could obtain fibroblast
different phenotypes based on their localization (central and distal) within the human
lung and if these cells are altered in disease situations. In these two studies, proliferation
from healthy controls, atopic individuals, patients with asthma and COPD patients
were compared in proliferation capacity, proteoglycan production. Furhtermore, the
effect of TGF- stimulation on the proteoglycan production from the fibroblasts was
also investigated.

The absence of smooth muscle cell marker SM22 in the cultured fibroblast from
controls, patients with asthma and COPD patients suggests that we obtained a ho-
mogenous fibroblast population and no contamination of smooth muscle cells in the

culture (figure 16)

Central fibroblasts

. .
Distal fibroblasts

3 @ D
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Vimentin Alpha-SMA Prolyl-4-OH SM 22

Figure 16 Characterization of distal fibroblasts. The figure illustrates asthma distal fibroblasts expressing
fibroblast (vimentin, prolyl-4-hydroxylase) and myofibroblast (0.-SMA) proteins, but absence of SM22
which is a sensitive marker of smooth muscle cells. Fibroblasts from COPD patients displayed the same
expression

In this study, proliferation rate from asthmatics was reduced compared to controls
which suggest that the fibroblast have acquired a “resident, spindle shaped” fibroblast
phenotype which produce matrix. This reduction in proliferation was not observed
in atopic individuals or in COPD subjects. By compare fibroblast proliferation from
central and distal localization, distal control fibroblasts have significantly increased their
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proliferation capacity compared to central fibroblast. This was apparent in controls and
asthma. Importantly, distal fibroblast from both asthma and COPD had reduced ca-
pacity compared to distal control fibroblast suggesting a disease related phenotype shift
in proliferation capacity (figure 17a and b)
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Figure 17 Proliferation capacity of fibroblasts from central and distal localization from controls, atopics,
patients with asthma and COPD were investigated. 24hours proliferation was calculated in A and
48hour in B respectively.

Increasing interest has been directed to the fibroblast ability to produce extracellular
matrix molecules such as proteoglycans that could modulate the local environment.
To test if the fibroblast from the subjects had changed their proteoglycan production,
versican, perlecan, biglycan and decorin was measured. Verscian production from cen-
tral asthma and COPD fibroblasts was increased compared to controls (figure 18a).
In addition, the versican production from distal asthma fibroblasts was significantly
elevated in compared to controls. Versican and its spliced variants have been suggested
to influence cellular responses such as proliferation and tissue elasticity by affecting
the elastin binding protein. Production of biglycan from centrally derived asthma fi-
broblasts, and this was in contrast to atopic individuals and COPD patients where the
levels were not changed compared to controls (figure 18b). Production of the basement
membrane proteoglycan, perlecan, was significantly decreased in COPD patients. This
phenomenon could not be seen in the asthma or atopic subjects. This suggests that the
proteoglycan profiling from fibroblasts in various diseases are different and need to be
considered when interpreting remodeling of ECM (figure 18c). In addition to this,
lung function parameters such as PD, and bronchial flux were correlated to produc-
tion of individual proteoglycans in centrally- and distally fibroblast. This suggests that
individual proteoglycan production can be linked to hyperreactivity and NO produc-
tion in distal airways and not only in central airways as previously described*”

To elucidate the role of TGE-J3, on the proteoglycan production, TGF-f3, was admin-
istered to the cells. Although no significance increase in any of the individual proteo-
glycans could be measured from atopic or asthma subjects, the result demonstrate that
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fibroblast from these patient groups response to TGF-J, and the differences from basal
level persist. This suggests that despite absence of TGF-B , fibroblasts from in these pa-
tients have the capacity to alter the ECM. Importantly, centrally derived COPD fibro-
blasts did not respond to TGF-B, stimulation as distal COPD which propose that these
cells are not that sensitive to growth factor thus partly lost their reparative potential.
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Figure 18 Proteoglycan expression from non asthmatic controls (atopics- open circles, controls- closed
circles), patients with asthma and COPD patients. The significances in the figure described difference
when comparing asthma and COPD versus non-asthmatics (controls).
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(General discussion

This thesis demonstrates the complexity of the human lung when consider the ECM
and its contribution to chronic pathological airway remodeling. Moreover it establishes
that different fibroblast phenotypes are present in various geographical localizations
which could have a major impact on disease development in chronic diseases.

Matrix has classically been regarded to be a quiescent element. The major function
has been to construct the scaffold for the inflammatory cells and to maintain the integ-
rity. With this view, the fibroblast was often forgotten when experiments and inflamma-
tory responses were presented and discussed. However, the lack of treatments that fully
restore lung function has forced the scientists to re-think and the ECM is now regarded
to play a significant role in chronic lung diseases. As the major ECM producing cells,
fibroblasts are now considered to be key cells in pathological remodeling processes. The
possibility to use fibroblast phenotypes and their proteoglycan expression as read-out of
the fibrotic status would give a tremendous insight into the fibrotic status of the indi-
vidual.

In the first two papers the hypothesis of fibroblast progenitor cells in mild asthma
patients was investigated. At first, the presence of fibrocytes was investigated. Fibrocytes
express several inflammatory surface molecules that are important in the recruitment
of fibrocytes to sites where they are needed but also have the ability to produce matrix
proteins®*”°. These dual functions make these cells interesting as possible target to con-
trol remodeling. The presence of fibrocytes close to the basement membrane suggests
that they have been recruited and differentiate into a matrix producing cell*'. By addi-
tion TGF-B, to purified peripheral blood fibrocytes these cells lose expression of their
hematopoietic surface molecules and increase production of mesenchymal proteins.
However, it is not known if these cells have unlimited proliferation and differentia-
tion capacity. But does it really matters? The patients used in the first two papers had
increased numbers of eosinophils and neutrophils in the BALF fluid. This suggests that
an ongoing inflammation recruit these cells to specific environment. In theses situation,
on ongoing recruitment of fibrocytes potentially could harm the host in same way as a
fully differentiated fibroblast. Fibrocytes also express several types of the TLR receptors
(TLR-2, TLR-4 and TLR-7) and perhaps some of these individuals have an asthma
phenotype that by be linked to an innate immune response, as judged by the neutro-
phils.

The presence of fibrocytes in the BALF in study I and II suggests that the cells are
recruited into the lumen by some chemotactic gradient. Candidates for this recruit-
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ment are chemokines such as SDF-1 produced by epithelial cells and newly discovered
lysophosphatidic acid and its corresponding receptor LPA1. This could explain the
large increase of fibrocytes beneath the basement membrane compared to controls®*%,
It is tempting to speculate the role of these cells in the airway lumen but their pres-
ence is likely to be pathologic since these cells cannot be found in BALF from healthy
individuals. Furthermore, mesenchymal like cells in the BALF have also been found in
more fibrotic diseases such as systemic sclerosis (SSc) and IPF?*?%. In addition to this
the observation, the increased presence of fibrocytes in asthma patients with BALF fi-
broblast compared to asthma patients without BALF fibroblast suggest different asthma
endotypes. Presence of these cells could theoretically therefore be used as a predictor for
future remodeling events.

The hypothesis that fibrocytes may contribute to pathological remodeling received
attention since investigations where bone marrow MSCs were administered in various
animal models was partly disappointing. Even though labeled MSCs are found in the
bleomycin exposed lung, the cells cannot be found in peripheral blood when searching
for MSC surface antigen. This suggests that the administered mesenchymal stem cells
do not express bone marrow MSC surface antigens. A possible explanation might be
that labeled cell are a subtype of MSC, e.g. fibrocytes®®*'?42. Furthermore, presences
of the MSC in human lung are very few. It is therefore reasonable to question current
animal models and if they truly represent the clinical situations.

The most used animal model to study fibrotic disease is bleomycin induced fibrosis.
However this model has many disadvantages to clinical settings. The major weakness
is that fibrosis in this model is self-limiting and the exposed mice/rats will recover after
administration (if not a lethally dose will be administered). Basically, bleomycin, this
fully reversible model, is used as a model for clinical non-reversible lung diseases such
as IPE It is therefore more likely that this model correspond to acute inflammation. In
addition, the fact that not a single compound has been accepted for use in human (in
20 years), but all have failed the clinical trials also suggests that the use of this model
as a representative fibrosis model needs to be re-evaluated**. However, if the proto-
cols could be modified thus include repetitive administration and lower concentration
the bleomycin this model might be representative to clinical situation. Not to forget,
bleomycin is frequently used in treat cancer such as squamous cell carcinomas and has
historically been an important molecule in the inflammatory research.

Study remodeling events in asthma situations have mainly been focused on OVA-
albumin inflammation or LPS induced lung injury. These models have similar disad-
vantages as bleomycin but not that extensive. Their strength is the importance in acute
and immediate situations where allergen or bacterial exposure induces an inflammatory
reaction. This has highly clinical relevance and the roles of these models are and have
been important in characterizing inflammatory events. Nevertheless, the protocols used
have primarily not been design to study chronic events and it will be necessary to design
new protocols. This chronic exposure has been considered in host-dust mite models
which have described chronic remodeling events*. And even though patients with
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moderate and severe asthma symptoms are under poorly or inadequate controls no ani-
mal model exists to shed light on the mechanisms in these diseases (Fig 19).

As a consequence, it is importance to encourage scientists to start translational re-
search which would give a new dimension to the results. In this thesis, only human
primary fibroblasts and tissue has been used. Despite low n-numbers and large hetero-
geneity of the samples it is necessary to continue research on primary samples to achieve
more knowledge of the clinical situations. One commonly used argument in obtain-
ing fibroblast from biopsies is that the cells do not represent the fully heterogeneity of
structural cells in the lung. The possibility that the cells have changed their phenotype
has also been stated. However, despite these arguments, differences can be measured in
the fibroblasts cultured from controls as well as patient with asthma and COPD.

. Good inflammatory 1
Mild well control | wump- animal models
Poor or inadequate Inadequate models
Moderate control 7 ".*for chronic lung disease,
remodeling
Severe Treatment failure

Figure 19 Overview of asthma phenotypes, how they are controlled and how relevant the current animal
models are to represent true disease, modified from'

Why are remodeling necessary to study in COPD? Scientists have for many years stud-
ied the inflammation (influence from inflammatory cells) as a major target for treat-
ment of patients with COPD. However, reduce/diminish the traditionally inflamma-
tory response may not have the same effect on the tissue repair and mechanisms driven
by the matrix producing cells such as the fibroblasts. The matrix changes are also a
part of the inflammation and needs to be considered in all inflammatory events, acute
or chronic. Patients with COPD have predominantly areas of emphysema where the
loss of lung structure will have an enormous impact on lung function and quality of
life. However, areas of fibrosis are also present making this disease less homogenous as
initialized thought. Thus it is highly motivated to study and compare the matrix pro-
duction from the fibroblast derived from different localizations and from diseases such
as asthma and COPD.

Collagen is the most abundant molecules in the human lung and therefore also the
most studied molecule when investigation fibrosis and emphysema. However, presence
of collagen should only be used as a guideline to further go deeper into the connective
tissue composition and role in lung. We therefore studied the proteoglycan produc-
tion from fibroblasts derived from individuals with asthma and COPD. Proteoglycans
are molecules that consist of a core protein and substituted with GAG side chains.
Proteoglycans can be very abundant and at cell surface of epithelial cells, syndacan-1
in highly expressed and cartilage have a high density of proteoglycan, mainly aggrecan.
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Despite their wide expression throughout the human body, very little is known about
their role in adult connective tissue homeostasis. The developmental biology and the
cancer research have contributed with importance messages that these molecules have
essential roles during normal and pathological conditions. It is therefore reasonable and
important to describe presence and function of these molecules in chronic lung diseases
as well. GAGs are highly sulphated which enabled the GAGs to selectively interact with
chemokines thereby forming gradients for recruitment of cells. In study III and IV, the
fibroblast from asthma and COPD patients produce different levels of the versican,
perlecan, biglycan and decorin compare to controls. These differences suggest that the
cells are producing a “disease” specific proteoglycan pattern which potentially could be
used as a fingerprint.

Asthma, has for many years been considered to be bronchial disease and the increase
of the versican and biglycan production from central derived asthma fibroblasts are
confirming the immunohistochemical investigation presented by others'®***. The role
of the increased versican production in not known, but it is suggested to give stability
in the tissue. It is a large and very charged molecule which could bind water. In this
way, the increased versican production would be a secondary effect to compensate for
something else such as repetitive epithelial injury which eventually ends up in breaking
the epithelial barrier. Indeed, increased thickness of the basement membrane suggests
that the EMTU compartment is altered.

Biglycan production is also increased in central asthma fibroblast and this is in con-
trast to the centrally derived COPD fibroblasts that not are changed compared to con-
trols. On the other hand, the decreased perlecan production from centrally derived
COPD fibroblasts suggests that basement membrane composition in central airways
is effected in COPD patients. Perlecan, which is a heparan sulphate proteoglycan, is
expressed in the lamina densa in the basement membrane. Perlecan has been shown
to bind basement membrane protein including laminin and collage IV. Alterations in
the basement membrane composition may therefore be important for the basement
membrane integrity in adults and subsequently activation of the EMTU. Even though
COPD is regarded to be a small airway and distal airway disease the united airway hy-
pothesis suggests that pathological events in central airway may have an effect on other
localization in the lung.

By investigating the proteoglycan production in distal airway from asthma and
COPD subjects interesting comparisons can be accomplished. The increase of distal
versican production in both asthma and COPD may have important relevance for the
clinical situations. In COPD it has been proposed that versican due to its high chon-
droitin sulphate/dermatan sulphate content could be negative for the lung elasticity by
inhibiting elasting binding proten (EBP) and thus interfere with assembly of the elastic
fibers. This suggests that enhanced versican production can be regarded to be pathologi-
cal in these clinical situations. Importantly, the COPD patients in the study are GOLD
IV and these cells are under pressure to re-create lost tissue architecture whether in mild
asthmatic, the patients are not believe to have the same effects. This comparison pos-
tulates that despite different diseases (asthma and COPD) the fibroblasts try to restore
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the altered connective tissue back to normal composition by mechanisms that could be
quite similar. It is tempting to speculate that the sulphating levels of the proteoglycan
could have an impact on the properties of the proteoglycans and subsequently on their
mechanisms.

One molecule that is known to have an effect on proteoglycan production is TGF-
B,. Its effect on cultured fibroblast was therefore investigated. In the controls, TGF-f3,
induced an increase in proteoglycan production in both central and distal fibroblasts.
However, fibroblasts from patients with asthma did not further increase their prote-
glycan production compared to controls. This suggests that TGF-B, is not required
to induce an altered proteoglycan production. This was in contrast to fibroblast from
COPD patients and indicates that COPD fibroblasts might have been exposed to TGE-
B, in the patients thus are primed to TGF-B, stimulation.

By studying the proliferation capacity from the central and distal fibroblasts, impor-
tant information of the fibroblast phenotype can be obtained. The decrease in prolifera-
tion rate in central asthma fibroblasts compared to controls suggests that the fibroblast
have changed its phenotype, adapting a more resident, contractile and matrix produc-
ing cell. The increased verscian expression described earlier strengthens this hypothesis.
On the other hand, the increased biglycan production suggests that the connective
tissue have adapted a more inflammatory composition. Previously published data have
shown that the SLRPs such as biglycan can induce morphological and cytoskeletal
changes in fibroblast. This suggests that biglycan may have a role in the conversion of
the resident fibroblast to an inflammatory fibroblast phenotype™. The migratory capac-
ity of the cells in the study was not evaluated, however, ongoing work try to elucidate
this. Furthermore, control subjects have increased proliferation capacity of the distal
lung fibroblasts compared to central control fibroblasts which suggests that the role of
distal fibroblast might be different compared to central.

Structural cells present in the upper airway are surrounded be a variety of struc-
tural elements such as cartilage and smooth muscle cells. In the lower airways such as
the alveolus the fibroblast are present in close proximity where the gas exchange takes
place. In alveolus, fibroblasts are continuously exposed to mechanical forces and it is
tempting to speculate that fibroblasts have to respond directly to reparative signals. The
increased distal proliferation therefore represents a more active fibroblasts compared to
central airways. As a consequence, a decrease in proliferation capacity observed in distal
fibroblasts from patients with asthma and COPD compared to controls might have an
important role in the reparative potential in these subjects. The proliferation capacities
of central fibroblasts from patients with asthma further strengthen the hypothesis of
asthma as a unified airway disease. It is also tempting to speculate that the increased
proliferation capacity potentially could be a risk factor for develop cancer in the distal
airways.

In conclusion, considering the complex mechanism behind asthma and COPD
this thesis demonstrates that different fibroblast phenotypes are present in human
lung. These fibroblasts can be separated by their proliferation and matrix production.
Presence of fibroblast progenitor cells close to the basement membrane in suggests that
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ongoing remodeling processes take place. Further studies are needed to clarify the role
of different fibroblast phenotypes in human adult lung diseases.
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Future Perspectives

In this thesis the presence of different fibroblast phenotypes and their possible origin
has been studied. The concept that central fibroblasts are different compared to distal in
control as well as disease fibroblast is novel and must me be taken into account in future
studies. The establishment of fibroblast in the BALF in patient with mild asthma has
led into speculation regarding the origin of these cells and their role in the lumen.

As a main goal, future studies should therefore continue to include research on the
different fibroblast phenotypes including the progenitor cells such as fibrocytes and
tissue resident fibroblast stem cells. Differentiation of these phenotypes to fibroblasts/
myofibroblasts and how the ECM such as proteoglycans potentially regulate this dif-
ferentiation will shed light into the role of fibrocytes in lung diseases. The ability to
migrate to site of ongoing remodeling has to be further investigated. Chemokines such
as SDF-1 and lysophosphatidic acid (LPA) are interesting molecules in the recruitment
process and the influence from angiogenic factors such as VEGF in differentiation pro-
cess.

Since the proteoglycans are composed by variety of GAGs it would be interesting to
study the composition and detailed structures of these GAGs in patients. This could
be achieved by study proteoglycan production in fibroblasts from patients with asthma
and COPD patients. In addition, it is not known if expression or functions of the en-
zymes that are involved in the GAG synthesis are different in controls vs. patients with
asthma and COPD. This would provide understanding of how the connective tissue is
composed in chronic lung diseases.

To explore the density of mesenchymal cells in human lung tissue, mesenchymal
markers can be used in various combinations such as prolyl-4-hydroxylase, VEGE
SM22, vimentin in combination with markers that visualize proliferating cells (ki67)
and apoptotic cells (e.g. caspase 3). This will give important information of the localiza-
tion and expression of the mesenchymal cells.

The different fibroblast phenotypes presented in this thesis suggest that the cells
have different roles in central and distal airways. To get more insight into these roles
migration capacities of these cell populations will be explored. This will give us insight
in to the responsiveness of the cell. To explore if distal fibroblast exhibit a more inflam-
matory phenotype the production of prostaglandin such as PGI,, PGE, and PGD,
would be interesting to study. In addition, production from distal fibroblasts of other
inflammatory molecules such interleukins as IL-8, IL-10 and IL-17 would shed light
on the reparative crosstalk in the distal lung. These have been suggested to play a role
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neutrophilic, T-regulatory and Th17 responses which are newly discovered cells that
may participate in disease progression.

It would also be interesting to study a possible role of nitric oxide in the production
of proteoglycans. This is particular interest since both patients with asthma and COPD
patients have increased levels of nitric oxide in exhaled air and the increased levels have
not been explained. A future study could thus be to examine if nitric oxide could be
used as a marker for remodeling in combination with inflammation.
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Populirvetenskaplig

sammanfattning

Astma och kronisk obstruktiv lungsjukdom (KOL) ir tvé folkhilsosjukdomar som ir
mycket kostsamma f6r samhillet. Idag dr vi framgangsrika i att behandla de flesta ast-
matiker s att dessa individer inte behover forindra sin livsstil. Diremot finns det inte
nigon bra behandling for de som utvecklat svirare symtom. Behandling av astma ir
livsling. Den frimsta orsaken till att utveckla KOL 4r rokning. Om man slutar roka kan
lungornas forsimring saktas ner, men det gar aldrig att aterstilla lungans fullstindiga
funktion.

En viktig gemensam nimnare i bida sjukdomarna ir att det pdgir processer som
kan liknas vid en konstant sarlikning som aldrig tar slut, det liks aldrig. Idag behandlar
man frimst den inflammatoriska delen med anti- inflammatoriska likemedel. Trots
denna behandling finns det nu bevis for att andra celler, s.k. fibroblaster ir férindrade
i bdda sjukdomarna. Fibroblasternas roll ir att tillverka imnen som ir viktiga for lung-
ornas uppbyggnad och struktur. I denna avhandling har fibroblaster frin olika delar
av lungan studerats samt hur dessa fibroblaster tillverkar komponenter som ir viktiga
i sarlikningen. Dessa fibroblaster kommer frdn astmatiker och KOL patienter. Det har
dven undersokts om cellerna redan finns i lungvivnaden eller om de kanske kommer
frin blodet och rekryteras till astma och KOL lungorna vid den konstanta sarlikningen.
Resultatet frin denna avhandling 4r att fibroblaster ir olika beroende pd var de finns i
lungan. Celler uppe i bronkerna ir annorlunda in cellerna lingt nere i lungan. Annu
viktigare ir att astma och KOL fibroblasterna har forindrats och tillverkar kompo-
nenter som kan vara skadliga for respektive sjukdom. Vi upptickte dven att stamcel-
ler il fibroblaster, sk fibrocyter finns hos astmatiker i omriden dir tydlig sirlikning
sker. Nirvaron av dessa stamceller éverensstimde dven med f6rindringar av lungornas
struktur. Mina fynd i avhandlingen ger en ny syn och 6kad forstdelse pd hur sarlik-
ningsprocesser kan bidra till sjukdomar som astma och KOL f6r att kunna utveckla nya

likemedel.
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