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ABSTRACT 
Chronic obstructive pulmonary disease (COPD) is an inflammatory disease primarily caused by 
long-term cigarette smoking. The disease is characterized by both tissue remodelling and an 
accumulation of inflammatory cells including macrophages, neutrophils and T cells, in the lung. 
However, the mechanisms through which T cells contribute to disease progression and tissue 
remodelling remain unclear. In the present work we sought to clarify the role of T cells in 
smoke-induced inflammation. Specifically, we studied how T cells interact with fibroblasts in 
an in vitro model for tissue remodelling. We also elucidated how environmental factors, such as 
smoking and hypoxia, present in the lungs of COPD patients, affect the T cell secretion of 
cytokines and vascular endothelial growth factor (VEGF). Further, we studied the 
neurotrophins in the lungs of neversmokers, smokers and COPD patients. Finally, we 
characterised T cells in blood and bronchoalveolar lavage (BAL) fluid from smokers, never-
smokers and patients with COPD in order to better understand the role of T cells in the 
pathophysiology of the disease. 
 
Activated peripheral T cells stimulated fibroblasts to cause collagen gel contraction and 
collagen degradation in vitro. CD4+ T cells stimulated more than CD8+ T cells did, and MMP-
9 activity was increased in CD4+ T cell stimulated conditions. Also, CD4+ T cells secreted 
more IL-6 and TNF than CD8+ T cells did, and IFN-γ was abundantly secreted by both, 
indicating a role for these cytokines in the remodelling process.  
     Hypoxia significantly stimulated peripheral T cells to secrete VEGF, whereas the cytokines 
IL-4, IL-6, IL-10, IL-13, IFN-γ and TNF were unaffected. In contrast, cigarette smoke inhibited 
cytokine secretion whereas VEGF secretion was unaltered. Moreover, adding VEGF reversed 
the smoke-induced reduction of IL-13 and IFN-γ secretion. T cells from COPD patients 
secreted more VEGF than did T cells from controls. 
     The neurotrophins NGF and NT-3 were decreased in airway samples from both smokers and 
patients with COPD compared to those from non-smokers. Lung fibroblasts exposed to 
cigarette smoke in vitro had a lower gene expression and protein secretion of both NGF and 
NT-3 than did fibroblasts not exposed to smoke. 
     The frequency of CD8+CD103+ T cells was higher in the airways of smokers and COPD 
patients than in the airways of neversmokers. However, within this population of T cells, a 
subset (CD27+ CD69-HLA-DR-) was decreased in smokers and in COPD patients. Further, 
CD4+FoxP3+ regulatory T cells (Tregs) were increased in the airways of smokers than in those 
of neversmokers.  
     
We demonstrate that CD4+ T cells can interact with fibroblasts, thereby stimulating tissue 
degradation – a potential mechanism for the development of pulmonary emphysema. We 
further show that environmental factors such as hypoxia and cigarette smoke affect the T cell 
response. Neurotrophin levels were lower in the lungs of smokers and COPD patients, which 
may potentially hamper repair mechanisms by structural cells. We also demonstrate that CD8+ 
T cells in the lungs of smokers and COPD patients are not only increased but also have altered 
phenotypes compared to those of neversmokers. 
     Based on data presented in this thesis, we conclude that smoke-induced inflammation has a 
significant effect both on T cell phenotype and on the ability of T cells, via cytokines and other 
mediators, to interact with other cells present in the lung. Our findings shed light on the role of 
T cells in smoke-induced inflammation and highlight their role in the development of COPD. 
 



 

POPULÄRVETENSKAPLIG SAMMANFATTNING 
      Tobaksrökning är ett stort och växande folkhälsoproblem med över 1.1 miljarder rökare 
runt om i världen. Kroniskt obstruktiv lungsjukdom (KOL) drabbar företrädesvis rökare men 
kan även orsakas av viss yrkesexponering och matlagning över öppen låga, vilket främst 
drabbar kvinnor i utvecklingsländer. KOL är en inflammatorisk lungsjukdom där celler som 
ingår i immunförsvaret ansamlas i lungvävnaden. Med tiden utvecklas skador på lungvävnaden 
vilket orsakar försämrad lungfunktion och syreupptagningsförmåga. Särskilt T-celler har visats 
öka i luftvägarna vid KOL och deras antal är kopplat till försämrad lungfunktion. T-celler är 
viktiga för kroppens försvar mot bakterier och virus och kan liknas vid soldater. Vanligtvis 
behövs de för att bekämpa infektioner och hålla oss friska. Rökning skapar en immunreaktion 
trots att det inte finns någon infektion att bekämpa. Rökare har därmed en ständig inflammation 
i lungvävnaden och vissa utvecklar ett sjukdomstillstånd där inflammationen inte går att häva 
trots rökstopp.         
      Med detta avhandlingsprojekt avsåg jag att undersöka vilken roll T-celler har vid 
rökorsakad inflammation och vid KOL, samt hur de är delaktiga i vävnadsombildning som 
leder till försämrad syresättning. Jag ville också jämföra huruvida T-celler hos rökare och KOL-
patienter skiljer sig utseendemässigt och funktionellt från friska och studera hur faktorer som 
syrebrist (hypoxi) och cigarettrök påverkar T-cellernas aktivitet. Neurotrofiner är 
signalsubstanser som ökar i koncentration i luftvägarna hos astmatiker och där anses vara 
viktiga för att driva inflammationen och bidra till vävnadsombildning. Vi avsåg därför att mäta 
nivåer av neurotrofinerna NGF och NT-3 i luftvägarna hos KOL patienter samt undersöka hur 
cigarettrök påverkar neurotrofinproduktion. 
     I denna avhandling visar vi att T-celler kan kommunicera med lungans stödjeceller 
(fibroblaster) och få dessa att utsöndra enzymer (MMPs) med vävnadsnedbrytande egenskaper. 
Vi visar att syrebrist och cigarettrök båda påverkar T-cellers aktivitet när det gäller utsöndring 
av signalsubstanser. En av dessa, tillväxtfaktorn VEGF, verkar kunna styra inflammationens 
förlopp beroende på graden av syrebrist och koncentrationen av cigarettrök. Detta skulle kunna 
förklara olika sorters vävnadsombildningar lokalt i samma lunga. I det ena fallet sker en 
vävnadsnedbrytning (emfysem) av de små luftblåsorna där syreupptagning sker, medan det i det 
andra fallet blir en förtjockning av lungvävnaden (fibros). Båda orsakar försämrad lungfunktion 
och i förlängningen även nedsatt syreupptagningsförmåga men stimuleras av olika 
inflammatoriska signalvägar.  
     Jämförelse av T-celler i lungsköljvätska visade en betydande ökning av T-celler med ett 
karakteristiskt utseende (CD8+CD103+) hos rökare och hos KOL-patienter, jämfört med friska. 
Dessa celler är möjligen mer ”aggressiva” och kan vara delaktiga i att driva inflammationen. 
Än mer intressant är att bland dessa T-celler fanns en undergrupp som vi misstänker vara så 
kallade CD8+ regulatoriska T-celler. Dessa är viktiga för att kontrollera inflammation och de 
var kraftigt minskade i antal hos både rökare och KOL-patienter. Vi kunde dock visa att en 
annan typ, så kallade naturliga regulatoriska T-celler var ökade hos rökare jämfört med friska. 
Det är än så länge oklart hur deras antal är vid KOL men en minskning av dem har föreslagits. 
Troligen har dessa naturliga regulatoriska T-celler en skyddande effekt hos rökare och en 
minskning till följd av långvarig rökexponering kan potentiellt bidra till KOL.  
     Neurotrofinerna NGF och NT-3 var minskade i lungsköljvätska både från rökare och från 
KOL-patienter jämfört med friska. Provrörsexperiment där lungans stödjeceller utsattes för 
cigarettrök visade minskade neurotrofin-nivåer. Detta kan spegla en försämrad läkningsprocess 
vid sårskada på lungvävnaden samt en minskad förmåga hos T-celler att aktiveras vid infektion.  
     Sammanfattningsvis har vi visat att T-celler och neurotrofiner kan vara delaktiga vid 
vävnadsombildning samt att de påverkas av de miljöfaktorer som omger dem. Vi visar att T-
cellerna i de djupa luftvägarna inte bara ökar i antal vid rökning och KOL, sammansättningen 
av olika undergrupper av T-celler är också ändrad.  
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GENERAL INTRODUCTION 
 
In the work reported in this thesis we studied T cells in the context of smoke-induced 

airway inflammation. T cells mobilize the body’s defence against invading pathogens. 

This is accomplished through close collaboration with B cells and innate immunity. 

Inflammation is a process induced to activate both innate immunity and adaptive 

immunity and to prevent pathogens from spreading from the site of infection. The 

inflammation usually clears once the pathogen has been annihilated but sometimes the 

inflammatory process is not successfully abrogated and a chronic inflammatory state 

develops. Chemical exposure and toxic gases, such as cigarette smoke, can trigger 

inflammation without the presence of a pathogen. Chronic inflammation is seen in 

many pulmonary diseases, e.g. asthma, chronic obstructive pulmonary disease (COPD) 

and interstitial lung diseases and can ultimately lead to remodelling of the pulmonary 

tissue. T cells accumulate in the lungs of COPD patients, and their concentration 

correlates with decreased lung function. We hypothesized that these cells are important 

in the perpetuation of the inflammation and that T cells are involved in the remodelling 

process, leading to tissue destruction and decreased lung function. 
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1 THE IMMUNE SYSTEM 
The immune system defends the organism against pathogens such as bacteria, viruses, 
fungi, parasites and tumour cells. This complex arrangement of protection consists of 
innate immunity and the adaptive immunity. The innate immunity makes up the first 
line of defence with cells recognizing conserved structures that are shared by many 
microorganisms but not expressed in host cells. The adaptive immunity is antigen 
specific but takes up to four to seven days to mobilize against a new intruding 
pathogen. This response is specific and generates a “memory” so that previously 
encountered pathogens are recognized faster and eliminated on reinfection [1]. 
 
 
1.1 INNATE IMMUNITY 

The first barrier of innate immunity consists of epithelial cells connected by 
impermeable tight junctions, preventing antigen from entering. Skin epithelium can 
secrete antimicrobial peptides while the internal surface, the mucosal epithelium, is 
protected by mucus that prevents pathogens from penetrating. Ciliated epithelium 
facilitates the removal of antigens in the respiratory tract. Antibacterial enzymes in 
tears and saliva, the acidic milieu in the stomach, the complement system and 
antibacterial and antifungal peptides are other means by which innate immunity may 
prevent infection. If microorganisms still penetrate this barrier they encounter 
phagocyting cells, i.e. macrophages, dendritic cells and neutrophils that discriminate 
intruders from self and can ingest and kill pathogens, somtimes independently of help 
from adaptive immunity. Cells of the innate immune system recognize microorganisms 
with receptors encoded in the germ line with configurations that are not antigen-
specific but rather recognize structures essential for the survival and infectivity of the 
microorganisms, e.g. lipopolysaccharide (LPS), mannose residues and double-stranded 
RNA. These receptors are commonly called pattern- recognition receptors (PRRs) and 
recognize an estimated one thousand different structures. Dendritic cells are 
professional antigen-presenting cells (APCs) that recognize pathogens through PRRs. 
After phagocytosis of antigens, the dendritic cells migrate to lymph nodes where they 
display fragments of the pathogen on their cell surfaces in order to activate T cells. This 
is the most important link between the innate immune response and the adaptive.  
 
 
1.1.1 Macrophages 

Macrophages are differentiated monocytes that have entered extravascular tissue. In the 
tissue they survive for a long time scavenging for invaders. When a macrophage 
encounters a pathogen it internalizes (phagocytoses) it in a vesicle called phagosome. 
The phagosome fuses together with another vesicle, the lysosome, which contains 
enzymes that kill the pathogen. Macrophages can also respond with cytokines and an 
inflammatory response that initially recruits neutrophils and plasma proteins. Secretion 
of interleukin (IL)-1 and TNF induces adhesion molecules (E-selectin and P-selectin) 
on the endothelium, promoting rolling and stabilization of leukocytes on the endothelial 
surface. Chemokines direct neutrophils and monocytes through the endothelium to the 
site of infection where they help combat the pathogen. The recruited monocytes 
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differentiate into new macrophages that continue the elimination of pathogens in a 
“second wave” after the immediate response by the neutrophils.  
 
 
1.1.2 Neutrophils 

Neutrophils are short-lived battle cells recruited at an early stage to the site of 
inflammation, usually with a peak during the first six hours. Neutrophils recognize 
pathogens that have been opsonized (covered for recognition) with antibodies or 
complement proteins, or by the expression of conserved molecular patterns. They 
eliminate pathogens through phagocytosis in a mechanism similar to that of 
macrophages. Neutrophils and macrophages may also release toxic substances to kill 
extracellular microorganisms. 
 
 
1.1.3 Natural killer (NK) cells 

Natural killer (NK) cells are large granular lymphocytes able to kill target cells without 
prior sensitization. They can secrete cytokines and chemokines, which contribute to the 
immunological response. NK cells express killer inhibitory receptors that recognize 
major histocompatibility complex (MHC) class I molecules, which are present on all 
nucleated cells in the body (described in detail later). Binding to such a receptor shuts 
down the NK cell. In some infections and in tumour cells MHC I is down- regulated, 
whereupon it activates the NK cell and induces killing via perforin and granzymes or 
by inducing apoptosis [2, 3].  
 
A small subset, NK-T cells, bridge the gap between innate and adaptive immunity. 
These cells express the characteristic T cell marker CD3, the αβ T cell receptor (TCR) 
and classical NK cell markers such as NK1.1 (CD161). However, these cells contain 
even more subgroups, which has led to the proposal that the strict definition of NK-T 
cells should be CD1d (a nonpolymorphic MHC class-I-like protein) restricted 
activation. It has been suggested that CD1d-independent NK1.1+ T cells should be 
referred to as NKT-like cells [4].  
 
 
1.1.4 Dendritic cells 

Dendritic cells develop in the bone marrow from the same progenitor cell as 
macrophages. They are found in the epithelia of most organs where they are long-lived 
scavengers for intruding pathogens. Once a dendritic cell encounters a pathogen it 
engulfs and processes it in a way similar to that of neutrophils and macrophages. 
However, the main function of dendritic cells is not to destroy the pathogen but to carry 
it to the lymph node where it can be presented to T cells. Dendritic cells are the most 
potent antigen-presenting cells that can activate naïve T cells.  
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1.2 ADAPTIVE IMMUNITY 

The adaptive immune response is antigen-specific and takes several days to mobilize. 
However, it generates numerous immune cells that all recognize the same target. The 
adaptive immune system consists of humoral immunity, which involves antibody 
secretion, and cell-mediated immunity.    
 
All blood cells derive from the same progenitor cell, the haematopoietic stem cell in the 
bone marrow. As these progenitor cells become more specific, their fate also gets more 
specific. Lymphoid progenitor cells give rise to all lymphocytes, including T cells, B 
cells and NK cells. The first two are central in the adaptive immune response since they 
are pathogen-specific through their T cell and B cell receptors. When these 
lymphocytes are activated they start proliferating, creating a clonal expansion of 
effector cells that are specific for a certain antigen. Once the infection is cleared most of 
these cells die through apoptosis. However, some survive and remain as an 
immunological memory for a rapid and effective response in case of reinfection.  
  
 
1.2.1 B cells 

B cells develop and mature in bone marrow and generate the humoral immune 
response, which is mediated by antibodies that can neutralize toxins and promote 
phagocytosis of extracellular microbes. B cells recognize proteins, lipids, 
carbohydrates, small chemical groups and macromolecules. This is in contrast to most 
T cells, which recognize antigens as peptides presented on MHC molecules on antigen-
presenting cells. 
  
B cell antigen specificity is formed through somatic recombination of the gene 
segments of the heavy chains V, D and J and the light chains V and J [5]. This is a 
process similar to the somatic recombination in T cells (described below) and generates 
a huge diversity of B cells, each with a unique B-cell receptor (BCR). The B cell 
receptor consists of immunoglobulin (Ig) attached to the membrane surface through Igα 
and Igβ. These Igs or antibodies can also be released and exert distant effector 
functions.  
 
B cell activation can either be triggered T-dependently or T-independently. The former 
involves BCR recognition of pathogens, mainly soluble antigens, viruses and toxins, 
which is followed by internalization in endosomal vesicles where proteins are 
neutralized. Peptides from the processed antigen are displayed on MHC class II 
molecules on the B cell surface together with up-regulated co-stimulatory proteins, e.g. 
CD80/CD86 (B7.1/B7.2) and CD40 [6]. Interaction between CD4+ helper T cells and 
B cells is facilitated in the lymphoid tissue. An antigen-specific helper T cell that binds 
to the B cell and the co-stimulatory proteins (e.g. via CD40-CD40L) secretes cytokines 
(e.g. IL-4) that stimulate B cell proliferation and differentiation. This may generate 
plasma cells able to secrete large amounts of antibodies. Unstimulated B cells express 
IgD and IgM antibodies, but interaction with a helper T cell can further stimulate the B 
cell to produce antibodies with different heavy chains. The process is called isotype 
switching, and is important for adaptation to different microbes. For instance, 



INTRODUCTION 

 

- 5 - 
 

antibodies with the IgG isotype are best suited for coating (opsonizing) extracellular 
bacteria and viruses, thus promoting phagocytosis by macrophages and neutrophils. 
The IgE isotype opsonizes helminthes in parasite infections and is best recognized by 
eosinophils, whereas IgA is important in mucosal defence. A small fraction of the B 
cell clone differentiates into memory cells. These can circulate for months or years 
ready to be activated if the antigen reappears. The T-independent activation of B cells is 
triggered by lipids, polysaccharides and other non-protein antigens without interaction 
with T cells. B cells that recognize several identical epitopes on these antigens can 
cross-link many BCRs, which stimulate the B cells to secrete antibodies. Activation via 
T-independent cross-linking generates as a rule less isotype switching [1, 5, 7].  
 
 
1.2.2 T cell development 

Progenitor T cells are produced in the bone marrow but migrate to the thymus where 
their entire development takes place. As progenitor T cells enter the thymus they are 
negative for the surface markers CD4 and CD8. The specificity of each T cell is 
developed as its receptor (TCR) is formed. The TCR consists of an α chain and a β 
chain each with one variable part (V) and one constant (C) part. The variable parts are 
encoded by approximately 200 genes and a complex somatic gene rearrangement and 
additional changes of flanking nucleotides in the junctions of V (variable), D (diversity) 
and J (junctional) segments generates a tremendous diversity, with approximately 1016 
possible combinations. The variable (V) regions contain short stretches called 
hypervariable parts or complementarity determining regions (CDRs). These are the part 
of the TCR that binds the antigen peptide. Of the three hypervariable parts in each Vα 
and Vβ chain, CDR3 is the most diverse and contributes most to the antigen binding. 
TCR development starts with the generation of the β chain through combining V, D 
and J gene segments. If a functional β chain is generated the pro-T cell induces 
expression of both CD4 and CD8 on the T cell surface. In a next step, gene 
rearrangement from the V and J gene segments forms the α chain. Together with the β 
chain, this completes the TCR. The still immature T cells have to recognize MHC’s, 
class I or II. Cells that bind to MHC are selected by positive selection, whereas cells 
with no or too low affinity for MHC are removed by apoptosis. This is followed by 
negative selection where T cells with too strong affinity are removed. Less than 5 % of 
all T cells manage this quality control [8, 9]. The fate of T cells that do pass these 
selections, i.e. to become CD4+ (T-helper) cells or CD8+ (cytotoxic T cells) is 
governed by chance. Thus, binding to MHC class I generates a CD8+ cell that loses its 
CD4 expression. Conversely, a T cell with affinity for MHC class II will remain CD4+ 
and induce down-regulation of CD8 [1]. The generated CD4+ T cells and CD8+ T cells 
are now mature but still naïve, i.e. they have not yet encountered antigens.  
 
Another T cell subset does not express the αβ TCR as described above. These T cells 
have γδ TCRs which resemble αβ TCRs. γδ TCRs are also constructed through somatic 
recombination of the VDJ segments, generating vast diversity. It is not clear how these 
T cells recognize antigens but the process seems to be independent of classical MHC I 
and MHC II presentation [10]. This subset represents 1-5% of total T cells in the 
normal lymph node but can be vigorously increased during bacterial infection.  
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Activated γδ T cells secrete cytokines similar to αβ T cells and can induce a cytolytic 
response resembling killing by cytotoxic T cells [11]. 
 
 
1.2.3  Antigen presentation and MHC class I and class II 

T cell activation depends on antigen presentation of pathogen peptides on MHC 
molecules. All nucleated cells express MHC class I molecules. These can display 
peptides mainly from viruses and they stimulate the activation of cytotoxic CD8+ T 
cells. MHC II is expressed mainly by professional antigen-presenting cells, i.e. 
dendritic cells, B cells and macrophages. These cells internalize extracellular pathogens 
such as bacteria which are degraded to peptides and displayed on MHC II to CD4+ 
helper T cells. In humans, MHC molecules are called human leukocyte antigens 
(HLA).  
 
MHC class I consists of an α chain that is attached to the cell membrane and 
noncovalently bound to β2-microglobulin. The α chain consists of three domains 
whereof the α1 and α2 form a binding cleft for peptides sized eight to eleven amino 
acids. The α3 domain is a constant region which binds to the T cell co-receptor CD8.   
 
MHC class II is quite similar to MHC class I but consists of two chains, α and β, that 
both penetrate the cell membrane. The peptide binding region is between the distal 
parts of the α1 and β1 domains, and allows binding of peptides sized 10-30 amino 
acids. The β-2 domain is the binding site for the T cell co-receptor CD4 [12]. 
 
In humans, MHC I is coded from three polymorphic genes: HLA-A, HLA-B and HLA-
C. Since both inherited genes (one from each parent) are expressed, each cell has up to 
six different class I MHC molecules. There are also three different MHC II genes, 
HLA-DP, HLA-DQ and HLA-DR but different combinations of the α and β chains can 
also occur, resulting in 10-20 different class-II MHC molecules expressed on each 
antigen- presenting cell. Both MHCI and MHCII are highly polymorphic, giving a huge 
variance. This is an advantage for the species, ensuring that some individuals will 
survive any infection. However, it causes problems in transplantation as MHC 
mismatch often leads to graft rejection. 
 
 
1.2.4 T cell activation 

Naïve T cells from the thymus circulate between blood and the lymphoid organs in 
their search for foreign antigens. Dendritic cells that have phagocytosed antigen can 
migrate to peripheral lymph nodes and display antigen peptides on their MHC 
complexes. A naïve T cell with TCR affinity for a presented peptide becomes activated 
and starts to proliferate. The activation starts with the recognition of MHC-presented 
peptide and TCR engagement together with binding of CD4 or CD8. The TCR 
complex also includes the CD3 and ζ-signal proteins that transmit activation signals. 
For activation, T cells need to bind several MHC complexes for a prolonged time. 
Adhesion molecules are therefore important to stabilize the binding between TCR and 
APC. This is referred to as the immunological synapse [13, 14]. The most important 
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adhesion molecules are the integrins, whereof lymphocyte function-associated antigen-
1 (LFA-1) plays a central role in binding to intercellular adhesion molecule-1 (ICAM-
1) on the APC. There is a positive feedback (mediated via signalling through adhesion 
molecules) between the T cell and the APC once binding has occurred. Plasticity of the 
cell membrane and cytoskeleton allows a central accumulation of MHC molecules, 
surrounded by a peripheral ring of adhesion molecules, e.g. ICAM-1, very-late-
activation-antigen-4 (VLA-4) and transferring receptors,  at the immunological synapse 
[15, 16]. These morphological changes on the APC surface are induced almost 
immediately and can be detected within minutes of the first interaction [14, 17]. T cells 
also polarize the TCRs to the immunological synapse [18], leading to a high 
concentration of MHC-TCR interaction surrounded by adhesion molecules.  
 
TCR binding to MHC alone is insufficient to trigger activation and can instead induce 
apoptosis or anergy [19]. Additional co-stimulatory signals by CD28 interaction with 
CD80 (B7.1) or CD86 (B7.2) on the APC are required for optimal activation and 
proliferation [20, 21]. CD28 molecules are relocated to the immunological synapse 
within a minute of TCR-MHC engagement and stimulate IL-2 expression and anti-
apoptotic proteins in T cells. This binding is balanced by the cytotoxic T lymphocyte 
antigen 4 (CTLA-4), which polarizes at a later stage of the immunological synapse. 
CTLA-4 binds to the same CD80/CD86 molecules as CD28 but with a higher affinity 
and with an inhibitory effect, which is important in the down-regulation of the 
immunological response [22]. Another set of co-stimulatory molecules is CD40L 
(CD154) expressed on T cells and CD40 present on APCs. This stimulates the APC 
to increased expression of CD80/CD86 and secretion of IL-12, further activating the 
T cell [23].  
 
Within a day or two of activation, T cells start to proliferate, generating a clonal 
expansion with identical antigen-specific TCRs. However, during this process the 
cells develop differently depending on the duration of interaction with APC and 
surrounding cytokines. After three to four days differentiated T cells leave the 
peripheral lymph node and migrate to the site of infection [24]. Following several 
rounds of cell divisions, a hierarchal state of activation from  naïve, central memory, 
effector memory to effector cells is generated [24]. 
 
 
1.2.4.1 CD4+ T cells 

CD4+ T helper (Th) cells can differentiate into either Th1 or Th2 subsets of effector 
cells, producing certain cytokines and perform different functions [25]. Typical Th1 
cytokines are IL-2 and IFN-γ whereas Th2 cells typically secrete IL-4, IL-5, IL-6, IL-9, 
IL-10 and IL-13 [26]. Whether a T cell differentiates into Th1 or Th2 depends on the 
duration of TCR engagement and what signals are present during activation [27]. The 
presence of IL-12 favours Th1 through a cascade of events, including STAT-4 (Signal 
Transducers and Activators of Transcription-4), leading to induction of the 
transcription factor T-bet (T box expressed in T cells) and IFN-γ expression (Figure 1) 
[28, 29]. In contrast, IL-4 favours Th2 through activation of STAT-6 and the  
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transcription factor GATA-3 (belonging to a family of transcription factors that binds to 
the consensus DNA sequence (A/T) GATA(A/G)) [30-33]. Both these pathways 
regulate each other negatively, i.e. IL-4 silences T-bet and IL-12 inhibits IL-4 [32]. 
 
Th1 cells are in general responsible for cell-mediated immunity whereas Th2 are 
involved in the extracellular immunity and the humoral response. Th1 secretion of IFN- 
γ activates the microbicidal activity in phagocytes to kill ingested pathogens and 
stimulates B cells to production of antibodies, mainly of the IgG2 isotype [34]. These 
antibodies opsonizes extracellular antigen which together with the complement system 
stimulate phagocytosis of these microbes. Another important feature of the Th1 cell is 
the secretion of IFN-γ and IL-2 that promote differentiation of CD8+ T cells to become 
active cytotoxic cells. Th2 are especially involved in B cell activation and secreted IL-4 
stimulates IgG4 antibodies which neutralize microbes and toxins [35]. IL-4 also 
stimulates secretion of IgE antibodies that when bound to antigen proteins activate mast 
cells to degranulation. The Th2 cytokine IL-5 induces recruitment of eosinophils, 
which are important in the defence against parasites, e.g. IgE antibodies may coat the 
surface of helminthes which stimulate their destruction by eosinophils [1, 36].  In 
countries with relatively low parasite burden, for instance Sweden, IgE is mainly 
associated with allergies. 
 
 
1.2.4.2 CD8+ T cells 

Activation of T cells is quite similar regardless of whether it is a CD4+ or CD8+ T cell 
that differentiates. The major difference is that the TCR of CD8+ T cells binds to MHC 
class I, while CD4+ T cells bind to MHC class II. CD8+ T cells differentiate into 
effector cytolytic T cells able to kill infected cells. An effector CD8+ T cell that 
recognizes antigen presented on MHC I induces its killing without further co-
stimulatory signals. The cytotoxic T cell can induce cell death either through release of 
cytolytic granulae containing perforin and granzymes, or through binding to death 
receptors on the target cell. Perforins are pore-forming proteins that facilitate entrance 
of granzymes, which cleaves caspases that induce apoptosis of the target cell. Cytotoxic 
T cells express the cell membrane protein Fas ligand, which stimulates apoptosis in the 
target cell when binding to the death receptor Fas (CD95). Also, this pathway involves 
cleaving and activation of caspases and induction of apoptosis. Once the killing is 
complete the CD8+ T cell detaches and continues to other MHC I/ ligand-specific 
targets. CD8+ secretion of IFN-γ has the same function in stimulating macrophage 
activation as CD4+ T cells do [37]. CD8+ T cells can, like CD4+ T cells, be divided 
into T cytotoxic (Tc) 1 or Tc2 cells with a cytokine profile of IFN-γ and IL-4, 
respectively [38-40]. 
 
 
1.2.4.3 T regulatory cells 

T cells with excessive affinity for MHC-molecules are ablated already in the thymus to 
avoid reaction against self and induction of autoimmunity. However, some potentially 
auto-reactive T cells may circumvent these selections and enter the circulation. Most 
often these cells do not cause harm but to avoid this possibility, the body has an 
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additional peripheral regulatory system [41]. This is also involved in the down- 
regulation of the immune response after a cleared infection.   
 
Several different T cell subsets have had regulatory functions attributed to them. 
However, CD4+ T cells expressing the transcription factor Fork head box P3 (FoxP3) 
have been recognized as central for immune homeostasis [42, 43]. These regulatory T 
cells (Tregs) develop in the thymus and are referred to as natural Tregs [44]. Mutations 
in the FOXP3 gene in humans cause a multi-organ autoimmune disease (IPEX) with a 
fatal outcome [45]. FoxP3 suppressor cells are altered in several autoimmune and 
inflammatory diseases [46-48]. Surface markers such as CD25, CTLA-4, 
glucocorticoid-induced tumour necrosis receptor (GITR), co-expression of CD25 and 
CD27 and low expression of CD127 have been proposed as identifiers of natural Tregs. 
However, the best available marker today is FoxP3. It provides a good marker for 
natural Tregs but makes functional studies of purified populations difficult since 
permeabilization, which kills the cell, is required in order detect FoxP3. Natural 
regulatory T cells represent 5-10% of the circulating CD4+ T cells. 
 
Tregs can execute their regulatory capacity in different ways: 
 

• Treg-to-effector-T-cell interactions: Direct contact with surface-bound 
inhibitory signals, e.g. TGF-β, and transfer of suppressive compounds have 
been proposed as important in inhibiting effector cells [49, 50]. The high 
expression of CD25 (IL-2R) seen in natural Tregs is believed to be a 
mechanism by which Tregs consume IL-2 produced by effector T cells, thereby 
starving the effector T cells and decreasing their activity and proliferation but 
boosting the Tregs’ own fitness [51]. Tregs can further kill effector cells by 
releasing perforin and granzymes [52, 53].   
 

•  Treg-influencing APC:  Another approach for Tregs to exert their function is 
direct interaction with APC. This either blocks effector T cells from binding or 
decreases their antigen-presenting activity. Tregs can also stimulate APCs 
through strong binding of CTLA-4 to CD80/CD86 which induces APC 
secretion of suppressive enzymes [54, 55] 
 

• Secretion of suppressive molecules: Three inhibitory cytokines, IL-10, TGF-β 
and IL-35, have been assigned as the key suppressor mediators [51, 56]. 

 
 
There are also adaptive CD4+ regulatory T cells called Tr1 and Th3. These can be 
induced from mature T cells in the periphery. These cells mediate their suppressive 
activity through secretion of IL-10 and TGF-β, respectively [57, 58]. 
 
A subset of CD8+ T cells was previously ascribed suppressor functions [59, 60] but the 
regulatory feature  soon became more related to CD4+ T cells. However, more recently  
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the concept of CD8+ regulatory T cells has re-emerged and several different 
subpopulations of CD8+ suppressor cells have been described [61, 62]. One of these  
expresses the surface marker CD103 and is thought to be important in graft rejection 
prevention after transplantation and in avoiding autoimmune reactions [63, 64].  
 
1.2.4.4 Th17 cells 

T helper 17 (Th17) cells express the pro-inflammatory cytokines IL-17A, IL-17F and 
IL-22. They are found mainly close to epithelia, in particular the mucosal epithelium in 
the gut where they afford protection against invading pathogens. IL-17 stimulates 
production of antimicrobial peptides, chemokines, cytokines and growth factors leading 
to recruitment of neutrophils and inflammation. IL-6 and TGF-β are central for the 
differentiation of Th17 cells, whereas IL-23 appears to be essential for the maintenance 
and extension of Th17 effector functions [65]. In the same way as the subsets Th1, Th2 
and Tregs are regulated by the transcription factors T-bet, GATA-3 and FoxP3, 
respectively, the Th17 cells are differentiated after the induction of the transcription 
factor retinoic orphan receptor γt (ROR-γt) [66]. In addition to the defence mechanisms 
against extracellular bacterial infections, Th17 cells have been associated with several 
autoimmune and inflammatory disorders, e.g. rheumatic arthritis, systemic lupus 
erythematosus, asthma and COPD [67-69].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. CD4+ T cell subsets. Naive CD4+ T cells can polarize into Th1, Th2, Th17 or Treg 

effector cells depending on surrounding cytokines when activated. The differentiation is initiated 

by certain transcription factors (T-bet, GATA-3, ROR-γt and FoxP3) which induce a 

characteristic cytokine response in each T cell subset.   

 

Naïve 

CD4 T cell

Th1

Th2

Th17

Treg

IFN-γ, IL-2, TNF

IFN-γ, IL-12

IL-4. IL-5, IL-13

IL-17A, IL-17F, IL-22

TGF-β, IL-10, IL-35

IL-4

IL-1β, IL-6, TGF-β

IL-2, TGF-β

T-bet

GATA-3

ROR-γt

FoxP3



INTRODUCTION 

 

- 11 - 
 

1.2.5 T cell markers 

Surface molecules on leukocytes are designated as clusters of differentiation (CD).  
This international nomenclature was established in 1982 to classify the many antibodies 
developed around the world, often against the same epitopes on leukocytes. Today 
there are over 350 different CDs.  
 
CD25 is up-regulated on T cells 12-24 hours after antigen challenge. CD25 is a part of 
the IL-2 receptor expressed on T cells and is important for proliferation, differentiation, 
and induced-activity cell death. High expression of CD25 is associated with regulatory 
T cell functions but CD25 is not a discriminating marker for natural Tregs since 
activated T cells also express it [70, 71]. 
 
CD27 expressed on T cells binds to its ligand, CD70, which in turn is expressed by T 
cells, B cells and dendritic cells. CD27 is expressed by naïve T cells and is transiently 
up-regulated during T cell activation but gradually down-regulated as the T cell 
differentiates. CD27 mediates a co-stimulatory signal in the immunological synapse 
and promotes CD28 engagement. It also enhances cell survival [72, 73]. CD27 can be 
used as a marker of degree of activation and has been used in combination with 
CD45RA/RO, CCR7 and CD28 to identify naïve, central memory, effector memory 
and effector cells in both CD4+ and CD8+ T cells (Figure 2) [74-76]. CD27-negative T 
cells may represent effector T cells, whereas CD27+ in combination with CD25+ 
identifies natural Tregs [77, 78]. 
 
CD28 is a co-stimulatory molecule co-localized to the TCR in the immunological 
synapse with affinity to CD80 (B7.1) and CD86  (B7.2) expressed on the APC [79]. 
Stimulation of CD28 activates NF-κβ and IL-2 transcription and up-regulation of the 
anti-apoptotic protein Bcl-xL, whereas T cell activation in the absence of CD28 causes 
T cell anergy [80-82]. CD28 is constitutively expressed by almost all CD4+ resting 
cells and by 50-80% of all CD8+ T cells. Loss of CD28 is correlated to antigen 
experience and increases with human age. Such cells express high levels of perforins 
[83]. 
 
CD45 is expressed on all nucleated haematopoietic cells and appears in two different 
isoforms on T cells (CD45RA or CD45RO) and augments TCR signalling. Naïve T 
cells express CD45RA whereas CD45RO is found on central memory and memory 
effector cells. CD45RA finally reappears once the cell has differentiated to become an 
effector cell [84]. 
 
CD69 is an early activation marker up-regulated within one to two hours after TCR 
engagement [85]. It has been demonstrated that CD69 has regulatory functions in the 
thymus during T cell development. Involvement in lymphocyte trafficking to the 
lymphoid organs has been suggested [86, 87]. A recent study describes CD69 as central 
for the induction of asthmatic airway inflammation [88]. However, the ligand for CD69 
is still unknown and the role of CD69 in T cell activity has not been fully clarified.  
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Figure 2. CD8 T cell differentiation. Maturation from naïve to effector T cells 
is associated with a stepwise loss of CD27 and CCR7, followed by increased 
cytotoxicity mediated by granzyme B and perforin. CD45RA expressed by 
naïve T cells is replaced by CD45RO in central memory and effector T cells. 
CD45RA finally re-emerges on effector T cells. Effector memory T cells can 
be subdivided in three subsets (EM1, EM2 and EM3). EM1 has low cytolytic 
activity resembling central memory T cells. A progressive up-regulation of the 
cytolytic activity in EM2 and EM3 culminates in the effector cells. Inspired by 
Romero et al. [76]. 
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HLA-DR is a late activation marker up-regulated 48-60 hours after TCR stimulation. 
The number of circulating T cells expressing HLA-DR increases with human age [89]. 
Although HLA-DR, which is the most prevalent MHC class II, is involved in antigen 
processing and display of APC peptides, it has been suggested that T cells themselves 
can process and present peptides to responder T cells [90-92].  
 
The CD103 molecule, which is the α-subunit of the integrin αEβ7, is expressed on a 
subgroup of T cells and facilitates binding to the epithelium via E-Cadherin [93]. 
CD103 is therefore a marker often used to recognize intraepithelial T cells. αEβ7 
integrin is involved in the retention and stimulation, and also in the recruitment, of 
these T cells [94-96]. The role of the intraepithelial cells is not fully clarified but they 
may constitute a pool of memory cells for rapid response to the most common antigens. 
Another possibility is that these cells maintain tolerance against non-pathogenic 
antigens [97]. CD103 is sparsely expressed in peripheral blood (~2%) but highly 
prevalent on T cells in the intestine and lung [98, 99]. CD8+ T cells expressing CD103 
are highly cytotoxic and involved in allograft rejections [100, 101]. However, the 
expression of CD103 has recently also been described in CD4+CD25+ cells and in 
alloantigen-stimulated CD8+CD103+ T cells with regulatory features [64, 102, 103].  
 
 
1.3 INFLAMMATORY MEDIATORS 

1.3.1 Cytokines, chemokines and growth factors 

Cytokines are small proteins that affect cell behaviour mostly in autocrine or paracrine 
manners, often as a response to stimuli. Chemokines are signal proteins that have 
chemoattractive properties, i.e. induce responder cells to migrate towards a chemokine 
gradient. As previously described, T cells differentiate into specific subsets depending 
on what cytokines are present. The cytokine patterns of the Th1/Th2 paradigm are often 
associated to different diseases. Asthma is a typical Th2 disease whereas COPD most 
often is referred as a Th1 disease. The main Th1/Tc1 cytokines are IL-2, IFN-γ and 
TNF, whereas the characteristic Th2/Tc2 cytokines are IL-4, IL-5, IL-6, IL-9, IL-10 
and IL-13. Signal substances are often multifaceted with functions altering depending 
on their combination. Some main functions of inflammatory mediators are listed below. 
 
IL-1β activates macrophages and T cells to secrete cytokines, chemokines and 
proteases. 
 
IL-2 is mainly an autocrine cytokine important in B and T cell activation. 
 
IL-4 is important in Th2 differentiation and B cell activation. It stimulates isotype 
switching to IgE synthesis. 
 

IL-6 stimulates T and B cell growth and differentiation. It has systemic effects as it 
induces fever, and its plasma levels correlate to those of C-reactive protein (CRP). 
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IL-10 is a potent anti-inflammatory cytokine that inhibits cytokine synthesis, MMP 
production and suppresses macrophage and T cell functions.  
 

IFN-γ is the hallmark of the Th1 response. It activates macrophages and promotes Ig 
class switching. IFN-γ has further antiviral, immunoregulatory and anti-tumour 
properties [104].  
 

TNF induces local inflammation and is important in endothelial activation. TNF is a 
multipotent cytokine involved in cell proliferation, differentiation and induction of 
apoptosis. It is secreted mainly by macrophages but also by epithelial cells, smooth 
muscle cells and T cells. 
 
IL-13 is involved in B cell maturation and differentiation and promotes IgE isotype 
switching. It inhibits macrophage secretion of cytokines and Th1 responses. IL-13 is 
further pro-fibrotic and important in the induction of mucus production [105] 
 
VEGF (Vascular endothelial growth factor) is as the name implies important for 
endothelial survival and proliferation. Blockage of VEGF induces cell death and tissue 
destruction [106]. VEGF is in addition a multifaceted growth factor that affects 
leukocyte accumulation, induces collagen deposition, stimulates myocyte hyperplasia 
and together with IL-13 increases goblet cell metaplasia [107].   
 
IL-8, also named CXCL8, is an important chemokine produced by several cell types, 
including macrophages and epithelial cells, which attract neutrophils and monocytes to 
sites of inflammation. 
 
TGF-β is a pro-fibrotic cytokine that inhibits protease production and stimulates 
proteins that inhibit protease activity. It stimulates myofibroblast differentiation and 
collagen production. TGF-β governs the fate of T cells by directing their differentiation 
towards the Treg or Th17 phenotypes, and it has suppressive functions on Th1, Th2 and 
Th17 cells [108]. TGF-β secreted from epithelial cells is important in the induction of 
CD103+ expression in intraepithelial T cells. 
 

 
1.3.2 Metalloproteinases 

The first matrix metalloproteinase (MMP) was discovered four decades ago as 
collagenolytic activity in tadpole tissue [109]. Soon after its discovery high levels of 
MMPs that correlated to disease severity were found in diseases such as cancer and 
rheumatic arthritis. Today, at least 23 different MMPs have been identified in humans 
and 24 in mice [110]. MMPs are not only proteolytic enzymes with the function to 
degrade tissue proteins, they also have several regulatory functions involving cell 
differentiation, apoptosis, chemotaxis, cell migration, angiogenesis and immune 
surveillance [111-113]. The many cellular sources for MMPs include inflammatory 
cells; neutrophils, macrophages, lymphocytes and also structural cells; epithelial cells, 
fibroblasts and endothelial cells [114-117]. MMP expression can be stimulated by 
cytokines, growth factors and by other MMPs. 
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There are two forms of MMP, secreted and membrane bound. They are divided into 
collagenases; (MMP-1, -8, -13, -18) cleaving collagens I, II and III, gelatinases; (MMP-
2, -9) digesting denatured collagens (gelatins), stromelysins (MMP-3, -10, -11) and 
membrane types (MT) MMPs (MMP-14 to MMP-25, with few exceptions) and others 
(MMP-12) [118]. They are all synthesized in an inactive pro-form. In most MMPs the 
pro-domain consists of a conserved cysteine residue that binds to a zinc ion on the 
catalytic domain. For activation the pro-domain is removed by proteolytic cleavage, 
often mediated by other MMPs. MMP activity is tightly regulated by the inhibitor 
proteins α2-macroglobulins [119], trombospondins [120, 121] and – the most studied 
regulators – tissue inhibitors of metalloproteinsases (TIMPs) [122, 123]. 
 
Chemokines such as IL-8 and other signal mediators including VEGF can be stored in 
extracellular matrix (ECM) by binding to sticky proteins. MMPs can cleave these 
bindings and release signal molecules, forming chemical gradients which are important 
in leukocyte recruitment to sites of infection or tissue damage [124]. MMP-9 can 
potentiate IL-8 more than tenfold by processing its amino terminal, thereby increasing 
neutrophil activation [125]. MMP activity is important for disruption of the ECM and 
extravasation of inflammatory cells to the damaged site. Further, MMP-2 and MMP-9 
are crucial for the clearance of immune cells from to the site of inflammation [126, 
127]. 
 
 
1.3.3 Neurotrophins  

Neurotrophins are a family of polypeptides consisting of nerve growth factor (NGF), 
brain derived neurotrophic factor (BDNF) and neurotrophin (NT)-3, NT-4/5. NGF was 
discovered in the 1950´s and described as a protein with nerve promoting activity 
[128]. It was later established that NGF is pivotal for the development and maintenance 
of the sympathetic nervous system [129]. Reduced levels of neurotrophins causes 
behavioural changes and affect brain functions, such as memory [130-132]. 
 
Two decades later it was demonstrated that other non-neuronal cells, the mast cells, 
responded to neurotrophin stimulation, in this case NGF, by accumulating in different 
tissues and organs, [133]. Today it is well established that neurotrophins are 
synthesized and expressed by a wide range of cells. Structural cells such as fibroblasts, 
epithelial cells and smooth muscle cells are considered as important sources of 
neurotrophins in the pulmonary system [134-136]. Recently it was demonstrated that 
neurotrophins are involved in immune regulation [137]. Cells within the immune 
system, T cells, B cells, macrophages, mast cells and eosinophils both secrete and 
respond to neurotrophins [138-141]. NGF promotes B and T cell proliferation and 
enhances B cell antibody secretion [142-145]. Moreover, NGF has chemotactic 
properties on leukocytes [146, 147] and inhibits apoptosis of inflammatory cells [146]. 
Elevated neurotrophin levels have been detected in allergic diseases, including asthma, 
rhinoconjunctivitis and urticaria [148, 149].  
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2 THE RESPIRATORY SYSTEM 
The main function of the respiratory system is to provide the body with oxygen and 
remove carbon dioxide from the bloodstream. The respiratory system comprises the 
conducting airways extending from the nose and mouth through the pharynx and larynx 
(where the vocal cords are situated) followed by the trachea, which stretches 12-15 cm 
into the thoracic cavity (Figure 3). The trachea divides at the carina into the right and 
left stem bronchi which are further divided into smaller bronchi that finally reach the 
alveoli. There are up to 23 airway divisions between trachea and the alveolar sacs. The 
upper airways filtrate large particles and warm and moisten the inspired air. The gas 
exchange starts at the seventeenth division with respiratory bronchioles and continues 
down to alveolar sacs where oxygen diffuses into the blood in exchange for carbon 
dioxide. The right lung consists of three lobes (upper, middle and lower) and the left 
has two (upper and lower). The lungs and the inside of the chest wall are covered by a 
membrane, the pleura.  Between these two membranes a thin layer of fluid minimizes 
friction during breathing. The branching of the airways generates a respiratory tree with 
a large surface for gas exchange. The total area of the respiratory airways comprises 
approximately 100m2, the size of a tennis court,  and consists of 480 million alveoli 
[150].  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.1 THE AIRWAY EPITHELIUM 

The epithelium covers the entire airway where it constitutes the first line of defence. 
The large airways (airway divisions 0-5) are lined with ciliated epithelial cells 
interspersed with mucous-secreting goblet cells that moisten the airways and bind 
antigens which can be removed by mucociliary clearance. In the smaller airways 
(airway divisions 6-23) the ciliated cells are relatively increased and secretory cells are 
gradually replaced by Clara cells. The epithelium has a slow but constant turnover 
every 30-50 days and in case of injury the cells have to be rapidly replaced. For this 

 

Figure 3. Illustration of the human lung and the bronchial tree. 
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reason basal cells, which are multipotent progenitor cells, are interspersed in both the 
large and the small airways [151]. A small proportion of Clara cells also have 
progenitor cell properties able to renew the epithelium [152, 153]. As the airway finally 
reaches the alveolar tract the epithelium is comprised of non-ciliated type I and type II 
cells [154]. Type II cells produce surfactant, a lipid-rich fluid crucial for maintenance 
of surface tension and preventing alveoli collapse. Surfactant also contains bactericidal 
components [155]. 
 
Epithelial cells influence the inflammatory response by secreting a wide range of 
mediators, including chemokines and cytokines which recruit and activate leucocytes. 
TGF-β is one important factor secreted by the epithelium. It stimulates fibroblast 
migration and collagen deposition; it also stimulates T cell expression of CD103, which 
facilitates the binding to the epithelium via E-Cadherin [99, 156]. It has previously been 
demonstrated that alveolar epithelial cells type II express MHC class II on their surface 
and are able to present antigen to T cells [157-160]. It has been suggested that 
interaction between antigen-presenting alveolar epithelial type II cells and T cells in the 
presence of TGF-β is involved in immune regulation through the differentiation of 
FoxP3+ Tregs [158]. 
 
 
2.2 FIBROBLASTS AND MYOFIBROBLASTS 

Fibroblasts are mesenchymal cells located mainly in the submucosa beneath the 
epithelium and the basal layer. Their primary function is to maintain the structural 
integrity of connective tissue. Fibroblasts are important in wound healing as they 
migrate to the site of injury, proliferate and secrete ECM components such as 
collagens, proteoglycans and fibronectin. Fibroblasts secrete several mediators, 
including IL-1β, TNF and platelet-derived growth factor (PDGF), which have pro-
fibrotic actions [161]. They are an important source of both MMPs and TIMPs which 
are involved in ECM turnover and in wound healing [162-164]. In normal tissue there 
is a fine-tuned balance between these regulators and the production of collagen to 
preserve ECM homeostasis. 
 
Myofibroblasts are contractile cells that are morphologically and functionally an 
intermediate between smooth-muscle cells and fibroblasts. Myofibroblasts express α-
smooth muscle actin. Normal fibroblasts differentiate into myofibroblasts in the 
presence of TGF-β and are central in wound healing. Other potential sources are the 
mesenchymal precursor cells, the fibrocytes, and smooth-muscle cells. It seems that 
mesenchymal cells are capable of dedifferentiation. During the repair process, 
myofibroblasts secrete a battery of mediators including pro-inflammatory cytokines, 
growth factors, collagens and other matrix proteins. The myofibroblasts have been 
suggested as the primary source of collagen I. Myofibroblasts gradually disappear as 
the healing process is completed. However, in fibrosis these cells persist, which may 
make them interesting candidate targets for treatment [165-167]. 
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2.3 AIRWAY SMOOTH MUSCLE CELLS 

Airway smooth muscle cells are intertwined between cartilage discs in the trachea and 
bronchi. As the airway tree divides the amount of cartilage decreases, to disperse totally 
in the bronchioles, where a relatively thick layer of smooth-muscle cells dominates. 
Airway smooth-muscle cells have contractile properties which are important in the 
pathophysiology of bronchial hyperresponsiveness in asthma [168, 169]. Further, 
chronic severe asthma correlates with increased smooth-muscle cells and thickening of 
ECM, causing narrowing of the airway lumen. However, their physiological function 
has not been clarified as there is no disease or physiologic deficit associated with the 
loss of airway smooth-muscle contractility [170]. Besides their structural and 
contractile properties alveolar smooth-muscle cells are highly capable of secreting 
inflammatory cytokines, chemokines, growth factors and ECM components. Moreover, 
they express adhesion molecules which facilitate direct communication with immune 
cells [171, 172].  
 
 
2.4 CONNECTIVE TISSUE  

Connective tissue is composed of cells and ECM, the latter consisting of water and 
macromolecules. The main function of ECM in the pulmonary tract is to provide 
structural support and stability to the lung tissue. However, ECM may also affect 
cellular functions in the contexts of attachment, migration, proliferation and cytokine 
release [173, 174]. ECM consists of collagens, laminins, elastins, tenascins, fibronectin, 
proteoglycans and glycycosaminoglycans and others, which together form a fibrous 
network. These structures are produced by resident cells in the lung tissue; fibroblasts, 
myofibroblasts, alveolar smooth-muscle cells and epithelial cells [173-175].  
  
There are approximately 20 different collagen types in the human body, whereof 11 are 
present in the lung. Of these, collagen I, II, III, V and VII constitute the main structures 
in ECM [173], collagens I and III being the most prevalent in the interstitium of the 
lung parenchyma. Most of these collagen molecules are formed in α-helical structures 
intertwined as triplex chains. These structures have different strengths and provide 
elasticity to lung tissue. Collagen type I is the most fibrous form, comprises 50-60% of 
the ECM and constitutes up to 85% of the collagen produced by fibroblasts [176, 177].     
 
There is a constant turnover of ECM components in the normal lung, in which collagen 
is produced and degraded. TGF-β is an important mediator of ECM production while 
the rate of turnover is balanced by proteases and their inhibitors, for instance MMPs 
and TIMPs (see matrix metalloproteinases) [178, 179].  
 
 
2.5 REMODELLING OF LUNG TISSUE 

In wound healing an inflammatory response is initiated which recruits leukocytes to the 
injured site. The inflammatory cells have important purposes in secreting proteases that 
disrupt wounded tissue and stimulate fibroblasts to proliferate and to produce ECM. 
The two main cell types involved in tissue repair are epithelial cells and fibroblasts 
(myofibroblasts).  
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Lesions are initially repaired with a provisional matrix layer. Bronchial epithelial cells 
can produce collagen IV and fibronectins, whereas the fibroblasts are considered as the 
most important source of collagens, proteoglycans, fibronectins and cytokines [161, 
180]. NGF is believed to be involved in tissue repair as it can induce fibroblast 
migration and differentiation into myofibroblasts [181]. In a second step the epithelial 
cells start to proliferate and migrate over the provisional matrix, involving a complex 
phenomenon with adhesion molecules and integrins as directed by cytokines. 
Fibroblasts in the submucosa proliferate and contract the newly synthesized ECM [161, 
180]. The remodelling process is regulated by MMPs and TIMPs, which are the major 
regulators of ECM in the interstitial space and important for the reestablishment of 
normal scar-free tissue. Once the epithelial cells have covered the provisional matrix 
they suppress fibroblast proliferation and ECM deposition. Failure of this repair delays 
the inhibition of collagen deposition and results in a fibrotic response. ECM is the 
target for tissue remodelling in several pulmonary disorders including asthma and 
COPD [182, 183]. If the turnover of ECM is altered by an imbalance between MMPs 
and TIMPs in favour of TIMPs, it may result in ECM deposition. In fibrosis an 
excessive collagen deposition is followed by stiffening of the lung tissue, while in 
emphysema, imbalance between MMP and TIMP activity results in increased 
degradation and tissue destruction [177, 184, 185]. 
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3 SMOKE INDUCED-AIRWAY INFLAMMATION 
Tobacco smoking is one of the most common and most detrimental addictive 
behaviours, with over 1.1 billion current users worldwide [186]. Cigarette smoke 
consists of more than 4000 toxic compounds including nicotine, polycyclic aromatic 
hydrocarbons, phenol and hydroquinone [187]. These substances may affect both 
innate and adaptive immune responses by increasing allergic and autoimmune reactions 
and at the same time, suppressing cell-mediated and humoral response against infection 
[188]. The continual exposure to chemicals leads to an inflammatory response which 
may over time develop into smoking-related disorders, such as COPD, lung cancer and 
atherosclerosis. Also, many autoimmune diseases have increased prevalence or are 
exacerbated by smoking. These include rheumatoid arthritis, Graves’s hyperthyroidism, 
Crohn’s disease, systemic sclerosis, multiple sclerosis and fibromyalgia [188-191]. 
However, there are also conditions that improve or show decreased prevalence due to 
smoking, e.g. ulcerative colitis and sarcoidosis [191, 192]. Many smokers have 
increased mucus production, which is caused by structural changes with goblet cell 
hyperplasia, glandular metaplasia and alteration of the chemical composition of the 
mucus. 
 
Cigarette smoke contains reactive organic radicals (RORs) which promote systemic 
inflammation by activating epithelial cells to cytokine secretion, stimulating the liver to 
CRP release and the bone marrow to leukocyte and platelet production [193].  Cigarette 
smoke influences diverse responses in different cell types. In general, it stimulates  up-
regulation of pro-inflammatory cytokines, such as IL-1, IL-6, IL-8 and TNF (and also 
TGF-β) [194-196], whereas anti-inflammatory cytokines including IL-10 are 
suppressed. There is also an increase of adhesion molecules and permeability in the 
endothelium which generates an accumulation of inflammatory cells in the lung.  
  
Cigarette smoke causes a considerable influx of macrophages into the alveolar lumen. 
Macrophages engulf smoke particles, as can readily be seen in light microscopy. These 
particles can persist in the lung for more than 15 months after smoking cessation [118]. 
Chronic exposure to cigarette smoke stimulates macrophages to increased secretion of 
MMPs, whereas secretion of their counterparts, the TIMPs, is decreased [197]. This 
may cause a detrimental imbalance leading to tissue destruction. Although 
macrophages are increased in smokers the continual stimulation by smoke particles 
may exhaust them, causing impaired antigen recognition and presentation, and 
decreased metabolic activity [198-201]. 
 
The cell-mediated immune response is suppressed by cigarette smoke but there is still 
uncertainty as to which compounds are involved. However, smokers have increased 
CD8+ T cells in bronchoalveolar (BAL) fluid [202]. Cigarette smoke can prime 
dendritic cells to stimulate CD8+ T cell proliferation, whereas CD4+ T cell 
proliferation is suppressed [203]. Moreover, cigarette smoke suppresses cytokine 
secretion, in particular the Th1 cytokines IL-2, IFN-γ and TNF [204-206]. In contrast, 
some cytokines, e.g. IL-4 and IL-16,  are increased by smoke [207-209]. 
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The oxidative stress of cigarette smoke enhances apoptosis in macrophages [210]. 
There is also increased expression of programmed cell-death receptors in lymphocytes, 
macrophages and epithelial cells in response to cigarette smoke [210-212]. An increase 
of apoptotic material in combination with impaired phagocytic function may cause 
secondary necrosis, which augments the inflammatory response [199]. A slow clearing 
of apoptotic bodies may result in necrosis of polymorphonuclear neutrophils and a 
release of enzymes destructive to the lung tissue.  
 
All the above mentioned mechanisms result in a chronic inflammatory milieu in 
smokers (Figure 4). Why this is accelerated to the development of COPD in some 
individuals but not in others is not yet clear. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Effects of cigarette smoke exposure. Cigarette smoke has immunosuppressive 

effects on innate and adaptive immunity, which may generate an increased risk of infections. It 

also induces pro-inflammatory action that may cause increased rates of auto-immune disease 

and Th2-mediated allergic disorder. The net outcome of these influences in each individual is 

most likely affected by many genetic and environmental factors.  

With modification from Arnson’s et al.[188].   
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4 CHRONIC OBSTRUCTIVE PULMONARY DISEASE 
Chronic obstructive pulmonary disease (COPD) is major public health problem with 
high morbidity and mortality. COPD is estimated to become the third leading cause of 
death worldwide in 2020 [213]. A revised definition from 2007 by the Global Initiative 
for Chronic Obstructive Pulmonary Disease (GOLD) states that COPD is a 
“preventable and treatable disease with some significant extrapulmonary effects that 
may contribute to the severity in individual patients. Its pulmonary component is 
characterized by airflow limitation that is not fully reversible. The airflow limitation is 
usually progressive and associated with an abnormal inflammatory response of the lung 
to noxious particles and gases”. The primary cause of COPD is long-term exposure to 
toxic or noxious gases, mostly related to cigarette smoking. The disease may also 
develop from occupational exposure and cooking over open fire, in particular in women 
in developing countries [214, 215]. There is also a genetic risk factor for individuals 
with α-1 antitrypsin deficiency [216]. It has been estimated that 15 % of all smokers 
develop COPD. However, a recent report indicates that the prevalence may be as high 
as 50% in elderly smokers [217, 218]. 
 
 
Table 1. COPD classification by spirometry test 
_____________________________________________________________________ 
Basal criterion for all stages: FEV1/FVC < 0.7    

   Stage 
I. Mild  FEV1 ≤ 80% of predicted 

 
II. Moderate 50% ≤ FEV1 <80% of predicted 

 
III. Severe 30% ≤ FEV1 <50% of predicted 

 
IV. Very Severe FEV1 < 30% of predicted or FEV1 <50% of predicted  

                                             in addition to chronic respiratory failure 
 

 
 
4.1 CLASSIFICATION AND FEATURES 

COPD is diagnosed based on lung function measurements obtained by spirometry. A 
post-bronchodilator ratio of forced expiratory volume in 1 second (FEV1) / forced vital 
capacity (FVC) below 0.7 is required for diagnosis. In order not to over-diagnose 
elderly people with a natural decline in FEV1/FVC, it has been suggested that the 
criterion for COPD adopt the 65/65 rule, meaning that the ratio should be below 0.65 in 
individuals over 65 years old [219]. The severity of the disease can be divided into four 
stages (I-IV) based on the spirometric cut off values of FEV1, 80%, 50%, 30% of 
predicted (Table 1). Stage I, FEV1 > 80% of predicted, is characterized by a mild 
airflow limitation, sometimes with symptoms such as cough and sputum production. 
Stage IV, very severe COPD with FEV1 ≤ 30% of predicted, is characterized by severe 
airway limitation and substantially impaired quality of life. Patients with respiratory 
failure, i.e. hypoxic arterial pressure, are defined as stage IV even with FEV1 greater 
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than 30% of predicted [214]. The progressive loss of lung function is associated with a 
mixture of small-airways disease (bronchiolitis) and destruction of the lung 
parenchyma (emphysema). These components are present in varying degrees in each 
patient and are often accompanied by chronic bronchitis. COPD patients frequently 
suffer from exacerbations, i.e. an acute onset of a sustained worsening of the patient’s 
condition. The primary cause of exacerbations is infection but occupational and 
environmental exposures may also be triggers, and there are also unknown etiologic 
factors. Exacerbations in patients with severe COPD and viral and bacterial infections 
are associated with decreased lung function [220-222].  
 
 
4.2 CHRONIC BRONCHITIS 

Chronic bronchitis is a common clinical symptom in COPD (and also among smokers 
with normal lung function) characterized by sputum-producing cough for at least three 
months in two consecutive years [223]. This reflects mucus hypersecretion but is not 
necessarily associated with airflow limitation [224]. However, when chronic bronchitis 
is present in individuals with airway limitation it appears to predict a more rapid 
decline in lung function and increased morbidity, than in COPD patients without 
chronic bronchitis [225].  
 
 
4.3 BRONCHIOLITIS 

Small-airway disease is often synonymously referred to as bronchiolitis, inflammation 
and remodelling of the bronchioles. It generates narrowing of the small airways (<2 
mm in diameter) and is the main cause of obstruction in COPD [224]. Airway 
limitation is mainly a consequence of lumen occlusion of mucus exudates and 
thickening of the airway wall [224, 226, 227]. There is increased mucus production as a 
result of goblet cell hyperplasia and goblet cell metaplasia of Clara cells and epithelial 
cells [227]. A repair process by fibroblasts and differentiated myofibroblasts is 
involved in the remodelling leading to subepithelial and adventitial fibrosis [228]. 
Lymphocytes are recruited to the bronchioles and may aggregate and form lymphoid 
follicles (Figure 5). These follicles have centred B cells surrounded mainly by CD4+ T 
cells but also scattered CD8+ T cells. Antigen transported from epithelium to the 
follicle is presented by dendritic cells. Lymphoid follicles also facilitate meeting 
between CD4+ T cells and B cells specific for the same antigen. B cells that are 
activated proliferate and secrete antibodies in the germinal centre of these follicles 
[224, 229]. This could be a mechanism that drives an autoimmune response which has 
been postulated for COPD. Both the occlusion by mucus exudates and the number of 
lymphoid follicles are strongly associated with disease progress. However, thickening 
of the airway wall has the strongest association to COPD progression [224].   
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Figure 5. Pathological findings in small airway disease from a COPD patient. Panel A 

shows bronchial lymphocytes darkly stained in epithelium and in lymphoid follicle. Panel B 

shows another lymphoid follicle positively stained for B cells, whereas panel C shows 

scattered CD4+ cells in the edges of the follicle and in the airway wall. Panel D shows small 

airway fibrosis with an increased deposition of connective tissue.   

Reprinted with permission. Hogg et al.  N Engl J Med. 2004 Jun 24;350(26):2645-53. 

Copyright © 2004 Massachusetts Medical Society. All rights reserved. 

 
 
4.4 EMPHYSEMA 

Emphysema is defined as “a condition of the lung characterized by abnormal, 
permanent enlargement of the airspaces distal to the terminal bronchiole, accompanied 
by destruction of their walls, and without obvious fibrosis” [230]. This condition 
reduces the area for gas exchange and decreases the elastic pressure that generates 
expiratory flow [231]. Neutrophils are increased in the lungs due to smoking and have 
the capacity to release degrading enzymes. Neutrophil elastase, a potent enzyme- 
denaturing elastin, is inactivated by α-1 antitrypsin. Smokers with α-1 antitrypsin 
deficiency have an increased risk of emphysema. [216]. This group constitutes 1-3 % of 
all COPD patients [232]. 
 
Imbalances between MMPs and their regulators (TIMPs) have been observed in 
pulmonary inflammatory disorders [197]. For instance, patients with emphysema have 
increased levels of MMP-1 and MMP-9 in BAL-fluid [197, 233]. A recent study 
showed that a certain gene variant of MMP-12 reduced the risk of emphysema, 
indicating that there is an inherited susceptibility to COPD [234]. Increased cell death 
of structural lung cells has been proposed to be involved in tissue destruction. An 
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increased number of structural cells undergoing apoptosis has been reported in 
emphysema [235, 236].  
VEGF is an important mitogen and survival factor, and decreased levels thereof have 
been associated with the apoptosis of endothelial and epithelial cells [237, 238]. COPD 
patients with emphysema have decreased VEGF levels in sputum, BAL fluid and in the 
lung tissue [235, 239, 240]. Moreover, blocking of VEGF receptors in murine lungs 
cause emphysema [106]. 
 
 
4.5 AIRWAY INFLAMMATION IN COPD  

Airway inflammation in COPD is characterized by increased numbers of macrophages, 
neutrophils and lymphocytes, in particular CD8+ T cells [224]. Epithelial cells are also 
believed to be important as they form the first barrier that encounters cigarette smoke 
and are potent sources of pro-inflammatory mediators [241]. Initially, the airway 
inflammation is similar to that in smokers but for unknown reasons some individuals, 
perhaps more susceptible, develop an accelerating inflammation that ultimately leads to 
COPD. Macrophages and neutrophils are increased in all stages of COPD. In severe 
disease, T cells and B cells are believed to be crucial  [224]. Pro-inflammatory 
cytokines from both innate and adaptive immune cells, e.g. IL-1β, IL-6 and TNF are 
increased in COPD.    
 
Neutrophils are implicated in stimulating mucus hypersecretion from submucosal 
glands and goblet cells. They may also induce goblet-cell metaplasia, which is a feature 
of chronic bronchitis [242]. Neutrophils are increased in BAL fluid and sputum 
samples in COPD patients [243]. Secreted neutrophil elastase (NE), reactive oxygen 
species (ROS) and MMPs are components that promote tissue destruction. However, 
other diseases involving neutrophilia are not associated with elastolysis. This fact 
together with a negative correlation between the number of neutrophils and alveolar 
destruction in COPD, suggests that other cells than neutrophils  are more important in 
emphysema [242, 244]. 
 
Macrophages appear to be very important in the pathophysiology of COPD as they by 
themselves can orchestrate most known features seen in COPD. There is a 5-10 fold 
increase of macrophages in the bronchoalveolar lumen in both  smokers and in COPD 
patients [245]. Retamales et al. showed that macrophage concentrations in lung tissue 
and air space were rather similar in smokers and COPD patients with mild emphysema, 
whereas macrophage numbers were 15-fold increased in severe emphysema [246]. 
Macrophages are located at sites of alveolar destruction in emphysema and their 
numbers correlate with disease severity [247-250]. Macrophages can respond to 
cigarette smoke by secreting inflammatory mediators, including TNF, IL-8, MCP-1, 
ROS and other chemokines that recruit and activate inflammatory cells [251]. 
Macrophages secrete elastolytic enzymes, including MMP-1, MMP-2, MMP-9, MMP-
12, cathepsins and also neutrophil elastase taken up from neutrophils. Interestingly, 
macrophages from COPD patients secrete more inflammatory mediators and have 
greater elastolytic activity than macrophages from  smokers [242, 244]. 
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T cells are increased in lung parenchyma and peripheral and central airways in COPD. 
Although both CD4+ and CD8+ T cells are increased, the latter show greater 
amplification and correlate with disease severity [252-254]. In COPD there is a 
decreased CD4+/CD8+ ratio in the lung [253]. However, in severe emphysema CD4+ 
T cells are dominant in lung tissue [246, 255]. T cells in COPD are considered to be 
mainly of Th1/Tc1 type (IFN-γ dominant) [256, 257], although there is most likely a 
mixture of both Th1 and Th2 responses [258] as symptoms such as mucus production, 
cough and airway oedema are more associated with Th2 cytokines (IL-4, IL-9 and IL-
13) [105, 259]. The role of CD4+ T cells in severe COPD is not known but they may be 
involved in perpetuation of the inflammation by stimulating macrophages through IFN-
γ secretion and by generating immunologic memory. Cytokine secretion by CD4+ T 
cells contributes to the inflammation, and interaction with B cells may stimulate 
autoantibodies. CD8+ T cells have a cytotoxic capacity that can induce cell death 
through release of perforins, granzyme B and TNF. An association has been 
demonstrated between T cells and apoptosis of epithelial and endothelial cells in 
emphysema [254, 260]. Moreover, T cell cytokines may contribute to tissue 
remodelling. Fibroblast secretion of collagen can be attenuated by IFN- γ and TNF 
activity [261, 262], whereas IFN-γ may induce emphysema by inducing apoptosis of 
epithelial cells and stimulating cathepsins and MMPs [263, 264]. Cigarette smoke may 
induce proteolytic responses that uncover previously protected autoantigens, or  may 
possibly have a direct damaging effect on structural cells that make them antigenic 
[265]. Cigarette smoke can also induce post-translational modifications of proteins, e.g. 
citrullination of proteins that induce an autoimmune response, a feature associated with 
rheumatoid arthritis [266]. The numbers of CD4+ and CD8+ T cells increase 
significantly after 30 pack years of smoking (one pack year equals 20 cigarettes per day 
for one year), which may reflect a response against a “new” antigen [254]. Together, 
these studies suggest that there may be an autoimmune component in COPD, which is 
supported by the finding of auto-antibodies and auto-reactive T cells in COPD patients 
[267, 268]. 
 
Once COPD has developed, the inflammation will not be abrogated even after smoking 
cessation [202, 269-271]. This is in contrast to healthy ex-smokers where the 
inflammatory response is attenuated [270, 272]. However, encouraging results show 
that smoking cessation for more than 3.5 years decreases bronchial epithelial 
remodelling in COPD patients compared to current smokers with COPD [273].  
 
 
4.6 ARE THERE ANY DIFFERENCES BETWEEN T CELLS IN SMOKERS 

AND COPD? 

The number of T cells increases in the lungs of smokers and in COPD but it is not clear 
whether phenotype and function differ in these individuals. T cells in alveolar space 
and lung tissue include more activated effector/memory cells than T cells in blood do 
[46]. This is seen in healthy, smokers and in COPD patients. It is therefore relevant to 
also include healthy non-smokers as control group when comparing lung samples from 
smokers and COPD patients. However, the proportion of CD8+ CD45RA+ T cells is 
significantly larger in COPD patients than in smokers. Further, CD8+ T cell expression 
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of CD28 is reduced in both smokers and COPD patients [46], which may reflect late-
stage differentiation. Also, CD8+ T cells have increased cytotoxic activity in COPD 
patients than among smokers and healthy people [271, 274].  
 
T cells in peripheral blood from smokers and COPD patients may include more 
cytotoxic T cells (CD45RA+CD27-) than in healthy people. Moreover, CD8+ T cells in 
COPD patients have increased expression of the chemokine receptor CXCR3, which is 
important for migration to the lung [275]. Expression of the activation marker CD69 on 
CD4+ correlates with lung function measured as FEV1% of predicted in smokers with 
or without COPD [276]. 
 
T regulatory cells (Tregs) are important in regulating the immune response. They are 
reportedly increased in BAL fluid from smokers [46, 277]. One of these studies showed 
decreased Tregs in COPD patients. Plumb et al. recently reported increased Tregs in 
lymphoid follicles in COPD patients compared to those in healthy and smokers [278]. 
Another study showed that Tregs are increased in the large airways in both smokers 
and COPD patients but decreased in the small airways in COPD patients [279].  
 
 
In conclusion, T cells are believed to be important in the pathogenesis of COPD but it 
is not fully elucidated why they migrate to the lung and by what mechanisms they 
contribute to disease progression and tissue remodelling. 
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5 AIMS  
 
The general aim of the work presented in this thesis was to study T cells in relation to 
inflammatory responses caused by cigarette smoke, with special focus on chronic 
obstructive pulmonary disease (COPD). 
 
Specific aims were: 
 

• To study T cell interactions with structural cells (fibroblasts) in the context of 
tissue remodelling. Further, to elucidate whether CD4+ and CD8+ T cells 
generate different responses.  
 

• To elucidate how environmental factors such as hypoxia and cigarette smoke 
affect the T cell response, with special interest in the multipotent growth factor 
VEGF. Additionally, to investigate VEGF and cytokine levels secreted by T 
cells from COPD patients compared to healthy people.   
 

• To determine levels of the neurotrophins NGF, NT-3 and BDNF in BAL fluid 
from COPD patients, smokers and healthy people. Also, to elucidate the effect 
of cigarette smoke per se on neurotrophin expression and secretion by 
fibroblasts. 
 

• To characterise the cell composition in BAL fluid and in particular to analyze 
the expression of T cell markers in peripheral blood and BAL fluid from 
healthy neversmokers and smokers. 
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6 COMMENTS ON METHODOLOGY 
The experiments presented in this thesis were performed on cells isolated from human 
blood and bronchoalveolar lavage (BAL) fluid and on a commercially available 
fibroblast cell line. All the studies were approved by the Regional Ethics Review Board 
and written consent was obtained from all participants. The corresponding papers are 
referred to with roman numerals (I-IV). 
 
6.1 SUBJECTS (I-IV) 

Subjects recruited for these studies are described in each paper. However, in project IV 
an additional group of COPD patients was included. Patient characteristics for never-
smokers, smokers and COPD patients are described in Table 2. 
 
 

Table 2. Characteristics and lung function data on neversmokers, smokers and COPD (IV). 

  

  Neversmokers Smokers COPD 

Subjects (n) 25 38 9 

Gender (male/female) 13/12 18/20 6/3 

Age (years) 62 (46-66) 52.5 (44-65)  57 (47-65) 

Pack years 0 33.5 (15-84) 40 (17-62) 

Cig./day last 6 months 0 20 (10-40) 15 (0-25) 

FEV1% of pred. 120 (103-147) 108.5 (91-140) ** 72 (52-78)***
/###

 

FEV1/FVC 83 (69-105) 77.5 (71-88) * 56 (46-65)***
/###

 

DLCO (% of pred.) 90 (74-124) 78.5 (48-106) ** 66 (47-83)*** 

RV (% of pred.) 100 (53-123) 110 (74-181) 156.5 (137-228)***
/##

 

Data are presented as median (range) for all. 1 pack year = 20 cigarettes (Cig.)/day for 1 

year, forced expiratory volume in one second (FEV1), forced vital capacity (FVC), diffusion 

capacity of the lung for carbon monoxide (DLCO) and residual volume (RV).  

Statistical differences presented as * in comparisons with neversmokers and 
#
 for 

comparing smokers vs. COPD. 

* p<0.05, **
/##

 p<0.01, ***
/###

 p<0.001 
 

 
6.2 BRONCHOALVEOLAR LAVAGE (III, IV) 

BAL was performed at Umeå University Hospital (paper III) and at Karolinska 
University Hospital, Solna, Stockholm (paper IV). The BAL techniques differed 
between the two sites. In Umeå three aliquots of 60mL sterile saline solution were 
instilled and aspirated after a prior “bronchial wash” with 2x20mL. At Karolinska five 
aliquots of 50mL were instilled with no prior “bronchial wash”.  
 
6.3 CELL CULTURE (I, III) 

A commercially available cell line, human foetal lung fibroblasts (HFL-1), was 
employed in study I and III. The fibroblasts were used in passages 15-20.  
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6.4 COLLAGEN GEL CONTRACTION ASSAY (I) 

The three dimensional collagen gel contraction assay, described by Bell et al. [280],  is 
a simplified but established in vitro model used to study remodelling and fibrotic 
mediators [281, 282]. Several factors influence fibroblast-mediated gel contraction. The 
fibroblasts themselves behave differently depending on strain, cell density, age and  
passage of the cell culture [281, 283]. Collagen concentration and medium surrounding 
the gels are other conditions that affect gel contraction and which need standardization. 
Soluble mediators influence gel contraction differently, for instance TGF-β and PDGF 
are factors stimulating gel contraction, whereas PGE2, heparin and β-agonists have 
opposite effects [281, 282, 284-286]. Recent studies have shown marked differences in 
cells cultured in ECM in three dimensions compared to plate-bound cell cultures [284, 
287-289]. Therefore, we believe that culture of fibroblasts in these artificial ECM gels 
is a better reflection of the in vivo situation.  
 
Collagen type I was extracted from rat tail tendons. Briefly, after excising tendons from 
tails, sheath and other connective tissues were removed. Tendons were repeatedly 
washed with TRIS-buffered saline before continued washing with increasing 
concentration of ethanol. Finally, type I collagen was extracted from tendons with 
acetic acid. In order to maintain the preparation in fluid phase, the purified collagen 
was stored at 4°C until use. 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 6. Fibroblast-mediated collagen gel contraction assay (kindly provided by U. Zagai) 

 
Collagen gels were cast in 24-well tissue plates by mixing collagen (Figure 6), 
fibroblasts, distilled water and medium (described in paper I). After thirty minutes of 
gelation at 37°C, 5% CO2, the gels were transferred to 60mm culture dishes, in which 
they floated freely in serum-free medium. Each experiment was conducted with 
triplicate gels (Figure Y). T cell conditioned media was added to the surrounding media 
and gel area was measured daily for four days with a digital image analyser system. In 
some experiments a broad spectrum MMP-inhibitor was added to the system. Data are 
presented as percent of initial gel area, which means the horizontal mean area of the 
triplicate gels at day 0.  
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6.5 T CELL ISOLATION (I,II) 

Peripheral blood mononuclear cells (PBMC) were isolated from blood with density 
gradient centrifugation. T cells were isolated through positive (I-II) and negative 
selection (II). The positive selection was achieved by cell sorting using monoclonal 
CD3-FITC, CD4-PECy5 and CD8-PE antibodies. In the latter study negative isolation 
with magnetic beads was used for CD3+, CD4+ and CD8+ T cells.  
 

 

6.6 GELATINE ZYMOGRAPHY (I) 

In paper I we used gelatine zymography to study fibroblast secreted MMPs. This 
method measures enzymatic activity of the gelatinases MMP-2 and MMP-9. Briefly, 
the surrounding media from the collagen gel contraction assay was concentrated 
through filtered high-velocity centrifugation. The samples were electrophoresed and 
proteins were separated over an acrylamide gel containing gelatine. The gels were 
washed in a detergent that removed denaturating SDS and thereafter incubated at 37°C 
in a buffer containing Ca2+ and Zn2+ ions, required for enzymatic activation of the 
MMPs. After two days the gels were stained with Coomassie blue and digested gelatine 
bands, reflecting MMP activity, were visualized as bright bands on a dark-blue-stained 
background. The human fibrosarcoma cell line HT1080, known for its high secretion of 
MMP-2 and MMP-9, was used as a positive control (Figure 7).  
 
Gelatine zymography is a sensitive method for detecting MMPs in picogram 
concentrations. In comparison to ELISA, RT-PCR and Western blot, this method 
detects both the pro- and active form of MMP-2 and MMP-9, as the proteins are 
separated according to size. Further, gelatine zymography does not rely on the 
specificity of antibodies or primers.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Gelatine zymography. Detection of pro- and active forms o MMP-2 and MMP-9 are 

visualized as clear bands on the dark background. HT-1080 is used as a positive control 

followed by a control sample (Ctrl) of unstimulated fibroblasts. The third row shows a 

representative sample with T cell conditioned media stimulated fibroblasts.  

  

 --- proMMP-9 (92kD) 

 --- active MMP-9 (82kD) 

 --- proMMP-2 (72kD) 

--- active MMP-2 (62kD) 

HT-1080      Ctrl      Sample      
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6.7 CIGARETTE SMOKE EXTRACT (II, III) 

Cigarette smoke extract (CE) was produced by bubbling smoke from two research 
cigarettes into serum free culture medium, using a vacuum pump (Figure 8). The 
solution obtained was filtered through a 0.2 µm filter and considered as 100% CE. To 
standardize the method each cigarette was combusted for 4-5 minutes and CE medium 
was always applied to cell culture within 30 minutes of preparation. Different cell types 
differ in sensitivity to CE concentration, which is reflected in the dosages added to T 
cells and fibroblasts. The preparation of CE in culture medium selects water-soluble 
compounds. This is not without limitations since a large fraction of cigarette smoke 
consists of lipid-soluble components. However, water soluble compounds have been 
shown to readily reach both circulation and cells in the interstitium and since both 
fibroblasts and T cells mainly are located beneath the epithelium we believe that this is 
a relevant fraction to study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
6.8 HOECHST STAINING (I) 

Hoechst staining is an established method for measuring DNA content. An enhanced 
fluorescence when the dye bisbenzimidazole (Hoechst 33258) binds to DNA is 
measurable with a spectrophotometer. The method is sensitive down to a concentration 
of 10ng/mL DNA.  
 
 
 
 

Figure 8. Cigarette smoke extract (CE), was prepared by bubbling smoke 

from research cigarettes through cell-culture medium using a vacuum pump. 
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6.9 HYDROXYPROLINE ASSAY (I) 

Hydroxyproline is mainly confined to connective tissue collagen. Collagens consist of 
three polypeptide α-chains intertwined to form a stable complex. Each α-chain consists 
typically of a repeating glycine-X-Y sequence. The glycine is important for binding the 
chains together and in the Y region 4-hydroxyproline provides thermal stability. In 
collagen I, hydroxyproline account for about 100 among every every 1000 amino acid 
residue. By hydrolysing collagen I, hydroxproline can be released and consecutively 
oxidized by Chloramine-T reagent and form pyrrole. Adding Ehrlich reagent produces 
a chromophore which can be measured in a spectrophotometer. The amount of collagen 
can be determined in relation to a calibration curve [290]. 
 
 
6.10 ELISA (II, III) 

Enzyme-linked immunosorbent assay (ELISA) was used to measure VEGF165 levels in 
T cell conditioned media (paper II). NGF, NT-3 and BDNF concentrations in BAL 
fluid and in supernatant from smoke-stimulated fibroblasts were measured with ELISA 
(paper III). 
 
 
6.11 REAL-TIME PCR (I, II, III) 

Expression of mRNA levels in stimulated fibroblast and T cells was analysed with real-
time reverse transcriptase-polymerase chain reaction (PCR)). In study I, MMP-9 
mRNA expression was normalized against the housekeeping gene ribosomal protein 
large P0 (RPLP0). In studies II and III, VEGF, IFN-γ, NGF and NT-3 were quantified 
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The relative change of 
target genes in stimulated cells compared to control (unstimulated) cells was calculated 
with the arithmetical formula 2 –∆∆CT. 
 
 
6.12 CELL VIABILITY ASSAY (III) 

The WST-1 assay is a method for determining cell proliferation or cell viability. WST-
1 is a tetrazolium salt that is metabolized in the mitochondria by the enzyme 
dehydrogenase. The reaction product is coloured and can be measured in a 
spectrophotometer. The rate of WST-1 cleavage correlates to the amount of viable cells 
in the culture. In study III we stimulated fibroblasts with cigarette smoke and used 
WST-1 to determine cell viability.  
 
 
6.13 FLOW CYTOMETRY (I, II, IV) 

Cell sorting (I, II) 
CD3+, CD4+ and CD8+ T cells were isolated with cell sorting and purity was 
determined with flow cytometry.   
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Analysis of soluble cytokines (I, II) 

Cytometric bead array (CBA) flex set is a technique that allows detection of multiple 
soluble analytes in a small volume of sample. The principle is similar to ELISA with a 
sandwich system. Cytokines are too small to be detected in flow cytometry. In CBA, 
beads coated with antibodies specific for certain analytes are employed. These beads 
have a unique fluorescence intensity which allows combination of beads with different 
specificities. Antibodies with the reporter molecule PE are used to quantify the analytes 
against a standard curve. In our experiments IL-1β, IL-4, IL-6, IL-8, IL-10, IL-13, IFN-
γ, VEGF and TNF were analysed with CBA flex set. After evaluation, the 
recommended sample volume and corresponding assay diluents were optimized from 
50µL to 30µL per test.  
 
Analysis of surface and intracellular markers (IV) 

Surface markers on T cells from BAL fluid and blood were analysed with multi-colour 
flow cytometry. The dominating cell type in BAL fluid is the macrophage. The size and 
stickiness of these cells, especially in smokers, cause technical problem, and 
autofluorescence in macrophages is a known problem [291]. In order to decrease the 
number of macrophages we treated BAL cells with iron powder. Macrophages that 
phagocytosed iron could subsequently be removed with a magnet.  
 
When analysing T cells in BAL fluid, especially from smokers we occasionally saw 
autofluorescence in the PE-Cy5 channel, especially in combination with anti-CD8 
AmCyan staining. We therefore excluded this parameter in BAL cells. However, this 
was not a problem when analysing intracellular staining of BAL cells. Fixation and 
permeabilization, which are steps in that staining protocol, change the size of the cells 
and probably concentrates the lymphocyte population in forward scatter (FSC) and side 
scatter (SSC). This makes it easier to exclude from the lymphocyte gate the 
macrophages which most likely cause the autofluorescence problems.  
 
Regulatory T cells were analysed with FoxP3-PE (clone PCH101) antibodies from 
eBiosciences. Comparable results were obtained by staining with FoxP3-PE (clone 
259D/C7) from BD. 
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7 RESULTS AND DISCUSSION 
 
7.1 T CELL INDUCED TISSUE REMODELLING 

Peripheral blood T cells were stimulated with anti-CD3/CD28 coated beads and the 
obtained conditioned media (CM) was added to the three dimensional collagen gel 
contraction assay. T cell CM stimulated fibroblasts to increased gel contraction and 
collagen degradation (Figure 9) (I). The contraction was associated with increased 
MMP-9 secretion which could be abrogated by a broad spectrum MMP-inhibitor. 
CD4+ T cells were more potent than CD8+ T cells in stimulating this effect.  
 
 
 
 
 
 
  
 
 
 
We compared the cytokine pattern in CD4+ CM and CD8+ CM and found more IL-6 
and TNF in CD4+ CM, whereas IFN-γ secretion was detected in CM from both subsets 
(I). IFN-γ and TNF secretion may influence the fibroblasts to decreased collagen 
production [261, 262]. Both TNF and IL-6 can stimulate fibroblast-mediated collagen 
degradation through MMP-activity [292, 293]. In our study we detected increased 
MMP-9 and a high constitutive expression of MMP-2. Since the contraction could be 
abrogated to the same extent in T cell CM stimulated gels as in control gels by the 
broad spectrum MMP-inhibitor, we conclude that MMPs are important in the 
contraction mechanisms. Smoke-induced emphysema in guinea pigs can be  attenuated 
by a broad spectrum MMP-inhibitor [294]. A later study by Churg et al. further 
established that a specific MMP-9/MMP-12 inhibitor attenuated smoke-induced 
emphysema in these animals [295]. Whether MMP-9 directly caused the collagen 
degradation was not investigated, but this is unlikely since collagen I used in this model 
is not its main substrate. However, MMP-9 is a potent activator of other MMPs and 
signal pathways. 
 
Specific MMP inhibition at emphysema sites could be a novel treatment approach. 
However, the specificity of MMP inhibitors has been a problem. There have been 
clinical trials with MMP inhibitors, in particular in the treatment of cancers. 
Encouraging results were obtained in phase I and II but the phase III data was 
disappointing. One complication with this treatment was a high incidence of 
rheumatoid side effects [296]. However, there is at least one MMP-inhibitor, 
doxycycline (Periostat) clinically approved and used in the treatment of periodontal 
disease. Doxycycline is also used as a broad spectrum antibiotic. In experiments, 
inactivation of the VEGF gene in adult mice results in development of emphysema-like 
destruction of the alveolar walls. Treatment with doxycycline largely prevent this  
 

Figure 9. T cell CM stimulates fibroblast-mediated collagen gel contraction. 

Photographs show control gels (a) and CD3+ CM stimulated gels (b) at day 4.  

a. b. 
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process [297]. Interestingly, doxycycline is a broad-spectrum MMP-inhibitor but it has 
been suggested that it acts in particular through inhibition of MMP-9 [298, 299].  
 
Our results show that CD4+ T cells were the most potent T cell subset with regard to 
stimulating fibroblast-mediated collagen gel contraction and degradation (I). These 
findings suggest a role for CD4+ T cells in tissue destruction. Aoshiba et al. showed 
that T cells are distributed differently depending of the severity of emphysema, and that 
this varied in different sites in the lung. CD4+ T cells were more dominant in severe 
emphysema [255].  
 
Interestingly, in study II we found that cigarette smoke extract inhibited the secretion 
of Th1 cytokines IFN-γ and TNF, and also IL-6, at lower concentrations than needed to 
reduce the secretion of IL-4 and IL-13. Excessive levels of VEGF have been reported 
in asthma and bronchitis, and over-expression of VEGF stimulates a Th-2 inflammation 
with an asthma-like phenotype, including parenchymal and vascular remodelling and 
mucous metaplasia [300]. IL-13 is a known pro-fibrotic Th2 cytokine that when over-
expressed also induces an asthma-like inflammation and pulmonary fibrosis [301, 302]. 
Possibly, our results reflect the condition in bronchiolitis where an increased collagen 
deposition is seen in the small airways. Moreover, IL-4, IL-13 and VEGF are also 
involved in goblet-cell metaplasia and mucus hypersecretion [107, 300].   
 
 
7.2 HYPOXIA, CIGARETTE SMOKE AND T CELL SECRETION OF VEGF 

AND INFLAMMATORY CYTOKINES 

Smokers are constantly exposed to toxic compounds in cigarette smoke which 
perpetuates an inflammatory response. Inflammation is often accompanied by a 
hypoxic microenvironment. Since both these factors are present in smokers and perhaps 
even more in COPD patients, we wanted to elucidate how the immune response was 
affected in such conditions. T cells were stimulated in normoxia (21% O2) and in 
hypoxia (2% O2) with or without cigarette smoke extract (CE) (II). Hypoxia stimulated 
VEGF secretion, whereas IL-4, IL-6, IL-10, IL-10, IL-13, IFN-γ and TNF were 
unaffected. In contrast cigarette smoke inhibited cytokine secretion whereas VEGF was 
not altered. The addition of recombinant VEGF reversed the smoke-induced inhibition 
of IL-13 and IFN-γ secretion.  
 
VEGF levels are altered in various lung disorders. For instance, in asthma increased 
sputum concentrations have been recorded. In COPD, the level seems to be both stage 
and subtype dependent, i.e. increased concentrations of VEGF has been demonstrated 
in sputum in chronic bronchitis whereas decreased concentrations are seen in COPD 
patients with emphysema [239]. The VEGF concentrations measured for instance in 
sputum is much higher (1.000-10.000 pg/mL) than the levels we measure in T cell CM 
(10-100pg/mL). This probably reflects different sources of VEGF. The epithelium is a 
known source that likely contributes to the high levels found in the airway lumen, 
whereas T cell secreted VEGF, may possibly have more autocrine or local effects.  
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The fact that the T cell response is affected at relatively low concentrations of CE may 
result in increased vulnerability to bacterial and viral infections. For instance, 
exacerbations in COPD are frequently caused by infections [303]. The unaltered 
cytokine secretion together with increased VEGF levels in hypoxia may 
physiologically be a mechanism by which T cells remain functional in tumour or 
inflammatory environments, since these often generate areas of hypoxia. Hypoxic 
conditions impair the T cell response with regard to T cell proliferation and survival 
[304, 305]. However, although fewer cells are activated, cytolytic activity and the 
expression of activation markers are increased in cytotoxic T cells developed under low 
oxygen tension [306]. A recent report demonstrates that CD4+CD45RO+ memory T 
cells express the VEGF receptors VEGFR1 (Flt-1) and VEGFR2 (KDR) and more 
importantly, VEGF added to culture media together with anti-CD3 stimulates IFN-γ 
secretion [307]. The authors further demonstrated that VEGF has no effect on IL-4 
production but stimulates chemotaxis of CD4+CD45RO+ T cells. An increased IFN-γ 
secretion is in line with our report (II) that VEGF has direct immunoregulatory effects 
on T cells. The up-regulation of VEGF that we see in hypoxia may thus be an autocrine 
loop, where T cells regulate their own activity. In our study we also saw increased IL-
13 secretion when T cells were stimulated with VEGF. It has been reported that VEGF 
is able to induce both Th1 and Th2 responses [300, 308]. IL-13 was less sensitive to 
cigarette smoke than IFN-γ was. There may be a delicate balance where the 
environmental factors in the microenvironment affect the T cell response. For instance, 
the degree of hypoxia affecting VEGF and cigarette smoke affecting IL-13 and IFN-γ 
may direct the inflammation differently. This could be one explanation of the 
simultaneously occurrence of small-airway fibrosis and emphysema in adjacent lung 
tissue in COPD.  
 
Stimulated peripheral blood T cells from COPD patients secreted significantly more 
VEGF than T cells from healthy individuals. Since the number of patients is small and 
heterogeneous we are cautious in our interpretation of the data. However, the increased 
VEGF secretion may mirror a higher frequency of memory and effector cells in blood 
from COPD patients, alternatively more cells that are predisposed to VEGF secretion 
due to previous hypoxic experience. In study IV we saw that smokers had altered T cell 
populations, e.g. an increased percentage of CD4+ T cells in PBL. Adding more COPD 
patients followed by analysis of surface markers will reveal whether the T cell 
phenotypes differ in these groups. 
 
 
7.3 SMOKE-INDUCED INHIBITION OF NEUROTROPHINS  

Neurotrophins have previously been demonstrated to be increased in BAL fluid from 
patients with asthma and sarcoidosis [149, 309]. In contrast, COPD patients and 
smokers showed significantly lower NGF and NT-3 levels in BAL fluid than healthy 
non-smokers did (III). However, there was no difference between smokers and COPD 
patients. The BDNF levels were below the detection limit of the ELISA kit. Fibroblasts 
constitutively secreted NT-3 during cell culture, whereas NGF was undetectable. 
Stimulation with a mixture of IL-1β, IFN-γ and TNF increased both NT-3 and NGF 
mRNA expression and protein secretion. Exposure to cigarette smoke extract (CE)  
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resulted in a concentration-dependent inhibition of cytokine-stimulated NT-3 and NGF, 
(both at protein level and mRNA level). 
 
NT-3 expression is decreased in bronchial tissue  in COPD [310]. However, it was not 
clear whether the decrease was attributed to cigarette smoke. Further, primates exposed 
to environmental cigarette smoke in utero have decreased NGF levels in BAL fluid as 
infants [311]. Moreover, smokers have decreased BDNF plasma levels which can be 
restored after smoking cessation [312]. Our results show that cigarette smoke affects 
the neurotrophin levels in the lung in smokers with or without COPD. Interestingly, 
COPD patients that had ceased smoking showed a tendency (p=0.07) towards increased 
NGF levels. Our in vitro experiments demonstrated that cigarette smoke per se affects 
fibroblasts to express and secrete lower levels of neurotrophins. Altogether, these 
findings show that cigarette smoke has an inhibiting effect on neurotrophin production. 
  
Neurotrophins are reportedly involved in tissue repair and have pro-fibrotic properties 
[313]. NGF can stimulate fibroblast migration and differentiation to myofibroblasts 
[181]. As discussed previously, T cells stimulate fibroblasts to increased MMP 
secretion and collagen degradation. If the potency of fibroblasts to migrate and 
differentiate is hampered by decreased neurotrophin levels, the number of 
myofibroblasts at the site of injury may become inadequate. These cells are producers 
of ECM components and important in tissue contraction. Fewer myofibroblasts and 
increased secretion of degrading proteases may generate an imbalance between tissue 
repair and tissue destruction. 
 
A correlation analysis of neurotrophin concentrations in BAL fluid and differential cell 
counts showed a positive association between NGF and the percentage of lymphocytes 
in BAL (in all individuals; r = 0.41, p = 0.0024) III. NGF enhances T and B cell 
mediated immune responses, such as differentiation and proliferation [142, 143]. It may 
be speculated that smoke-induced inhibition of NGF results in a deteriorated immune 
response to pathogens, which is in line with the clinical manifestation of COPD 
resulting in increased susceptibility for respiratory infections [314].   
 
 
7.4 CD4+ AND CD8+ T CELLS IN SMOKERS AND COPD PATIENTS 

Lymphocytes, in particular CD8+ T cells, are increased in the lungs of both smokers 
and COPD patients. Several studies show further increase of mainly CD3+ and CD8+ 
T cells in the lung tissue of COPD patients compared to smokers [250, 252, 254, 315]. 
Löfdahl et al. presented data demonstrating increased numbers of intraepithelial CD4+ 
T cells in stable COPD [316] and Hogg et al. [224] and Turato  et al. [250] showed that 
both CD4+ and CD8+T cell frequencies and numbers increase with disease 
progression. However, not all published studies are consistent in this regard as lack of 
difference in T cell numbers in small-airway submucosa and frequencies in BAL from 
COPD compared to smokers has been reported [247, 317]. Di Stefano demonstrated 
that CD3+ and CD8+ T cells decrease in severe COPD compared to mild/moderate 
COPD and in smokers [247]. Discrepancies in the results may be due to the location of 
the sampling, i.e. whether the samples reflect proximal or distal parts of the airways.  
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Moreover, the criteria for inclusion of patients and controls differ between studies. In 
addition, some studies are based on few study subjects, which makes the data 
vulnerable to outliers. Other studies have only included patients with chronic bronchitis 
without measuring lung function. When lung resection specimens from COPD patients 
are compared with corresponding samples from controls, the latter often have some 
other underlying disease that may not represent normal tissue. Recent exacerbations 
may also influence the cell profile. However, most studies suggest that CD8+ T cells 
increase in the lungs of COPD patients compared to smokers’. Moreover, these cells 
correlate with airway obstruction measured as FEV1 % of predicted.  
 
In paper IV we demonstrate that the percentage of CD8+ T cells is significantly 
increased in smokers compared to neversmokers, which is in line with previous results 
[202, 318, 319]. Just a few studies have compared the CD4+ and CD8+ distribution in 
BAL fluid from COPD patients and smokers, indicating no difference between these 
groups [202, 320]. Data from our COPD material is difficult to definitely interpret due 
to the relatively low numbers of patients included.  
 
 
7.5 REGULATORY T CELLS IN SMOKE-INDUCED INFLAMMATION 

T cells in BAL and PBL were stained for FoxP3, which is the best available marker 
today to identify natural Tregs. This marker is often used in combination with CD25 
which is highly expressed on a large fraction of natural Tregs. Since FoxP3 is an  
intracellular protein its identification is detrimental to the cell, which makes functional 
studies of purified Tregs difficult. Therefore, much effort has been invested in finding 
good surface markers that can identify these cells. It has been suggested that by 
combining CD27 with CD25, a very high purity of FoxP3+ cells can be isolated [77, 
78]. In our analysis we gated for CD4+CD27+CD25+ T cells in BAL and analyzed the 
FoxP3 expression in this population. A median of ~50% were FoxP3+, which also 
represented approximately half of all Tregs identified by FoxP3 alone (IV). This 
surface marker combination may therefore not be applicable when high purity and high 
yield of Tregs is required. It has also been suggested that CD103 is a marker for Tregs. 
However, we could not detect double positive CD103+FoxP3+ T cells in either the 
CD4+ or the CD8+ T cell subset.  
 

 
 

Figure 10. Natural Tregs in BAL fluid. Frequencies of regulatory 

CD4+FoxP3+ cells in neversmokers, smokers and COPD patients 
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Smoking increases the number of Tregs in BAL fluid from smokers. However, some 
studies indicate that these cells are down-regulated in the lungs of COPD patients [46, 
202, 268]. Our results agree with those of previous studies showing a significant 
increase in Treg frequency in BAL fluid from smokers. We did not find any differences 
in the FoxP3 expression in COPD patients compared to smokers (Figure 10). However, 
at the present the COPD group consists of only eight patients with an extensive spread 
in the FoxP3 expression. Including more subjects in the COPD group will shed light on 
this issue. A decreased number of Tregs in COPD could be one mechanism which may 
result in an uncontrolled inflammation.   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Chronic inflammation due to cigarette smoke generates a long-term exposure to 
oxidative stress and proteases, mainly secreted by macrophages and neutrophils. As 
shown in paper I, T cells can contribute by stimulating fibroblasts to increased MMP 
secretion. This can lead to degradation of the interstitial tissue (e.g. collagen, elastin 
and proteoglycans). An impaired macrophage function may further increase the toxic 
burden by secondary necrosis of cells that would otherwise be phagocytosed. It has 
been suggested but not proven that these processes create or reveal antigens that T cells 
recognize as non-self. COPD could thereby be considered as an autoimmune disease.  
Interesting data from a study including patients with systemic lupus erythematosus 
(SLE) shows that CD8+CD103+ Tregs were much more potent than CD4+CD25hi 
Tregs in suppressing autoreactive T cells [63]. In paper IV we detected a significant 
decrease in a subset of CD8+CD103+ T cells in BAL fluid from smokers. These cells 
expressed CD27 but were CD69-negative and had low expression of HLA-DR. These 
characteristics fit very well with the description of a CD8+CD103+ regulatory T cell 
phenotype [62]. We have additional data showing a significant decrease of this 
particular subset also in COPD patients (Figure 11). If these CD8+ T cells truly are 
regulatory and if similar mechanisms apply to COPD as to SLE, this may reflect an 
important regulatory pathway that is down-regulated in the lungs of smokers and 
COPD patients. Functional studies are needed in order to clarify this.  
 
Perhaps “it takes an eight to stop an eight” 

 
 

Figure 11. CD8+ regulatory cells? Frequencies of CD8+CD103+CD27+CD69- 

in BAL fluid from neversmokers, smokers and from COPD patients. 
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7.6 CD103+ T CELLS IN THE LUNG 

The frequency of CD8+CD103+ T cells were significantly increased in BAL fluid from 
smokers compared to healthy neversmokers (IV). Additional data show that these cells 
are also increased in COPD patients (Figure 12). The majority of CD8+CD103+ T cells 
were CD69+ in both smokers and in neversmokers. However, in combination with 
CD27 it was evident that the double-positive population of CD69+CD27+ among the 
CD8+CD103+ T cells was significantly increased in smokers. These cells are likely 
central memory or early-stage memory cells with a moderate cytotoxic capacity [76]. 
The fact that they are present in the lung, express CD103 and have a high expression of 
HLA-DR (IV) argues that they are not naïve T cells. In response to stimuli, they may 
mature to late-stage effector cells with a high capacity to secrete cytolytic mediators. In 
COPD, increased levels of granzyme B and perforin correlate with apoptosis of 
bronchial epithelial cells [271]. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The function of the CD103 molecule has not been clearly defined. CD103 is an 
intraepithelial T cell marker important for the retention of these cells in the epithelium. 
This marker has also been described as an activation marker on T cells. Further, it does 
not just facilitate binding to E-Cadherin on epithelial cells; it also affects the shape and 
motility of lymphocytes [321]. CD103 induces an amoeboid-like motion over E-
Cadherin. This function was abrogated by anti-CD3 antibodies. The function of 
squeezing in between epithelial cells may be one attribute that assist the cells to migrate 
into the alveolar lumen.   

Figure 12. CD8+CD103+ T cells in BAL. The percentage of CD103 

expressing cells of the total CD8+ T cell population in BAL fluid from 

neversmokers, smokers and from COPD patients.  

                CD103+ in BAL

Neversmokers

Smokers
COPD

0

20

40

60

80

100

***

***

%
 C

D
1

0
3

+
 o

f 
C

D
8

+



Mikael Mikko    ____                

- 42 - 
 

8 SUMMARY 
 
 

Figure 13. Summary of results presented in this thesis.  
 
Conditioned media from activated CD4+ T cells (including TNF, IFN-γ and IL-6) 
stimulated fibroblast MMP-9 secretion and collagen degradation.  
 

Cigarette smoke extract (CE) inhibited cytokine secretion of T cells (CD3+), whereas 
VEGF was unaffected. Additional VEGF could reverse the smoke-induced inhibition of 
IL-13 and IFN-γ.  
 

Fibroblasts exposed to CE had decreased expression and secretion of the 
neurotrophins NGF and NT-3.  
 

T cells stimulated in low oxygen tension (hypoxia) had increased VEGF secretion and 
unaltered cytokine release.  
 

Analysis of T cells from the airways showed increased frequencies of CD8+CD103+ T 
cells and CD4+T regulatory cells in smokers compared to healthy individuals. In 
contrast, the CD8+CD103+CD27+ T cells (regulatory?) were decreased in smokers.  
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9 CONCLUSIONS  
 

� Activated human peripheral T cells stimulate fibroblast-mediated collagen gel 
contraction. T cell stimulated fibroblasts have an up-regulated expression and 
secretion of active MMP-9 in association with collagen degradation. CD4+ T 
cells are more potent in mediating this effect than CD8+ T cells are. 
Conditioned media from CD4+ T cells has significantly more IL-6 and TNF 
than that from CD8+ T cells has. IFN-γ is highly abundant in both CD4+ and 
CD8+ T cells. 

 
� Human T cells cultured under hypoxia respond with increased VEGF secretion 

whereas production of IL-4, IL-6, IL-10, IL-13, IFN-γ and TNF is unaffected. 
Cigarette smoke extract (CE) decreases T cell secretion of these cytokines but 
does not alter VEGF secretion. IL-4 and IL-13 are less sensitive to CE than the 
other cytokines. Moreover, adding VEGF attenuates the smoke-induced 
inhibition of IFN-γ and IL-13. These observations suggest a fine-tuned balance 
between the degree of hypoxia, the concentration of cigarette smoke and the 
VEGF level that may influence the inflammation to either a Th1 or a Th2 
response. 

 
� Stimulated peripheral-blood T cells from COPD patients secrete more VEGF 

than T cells from healthy individuals do.  
 

� The concentrations of NGF and NT-3 are decreased in BAL fluid from smokers 
and COPD patients compared to that from healthy individuals. Cigarette smoke 
inhibits both fibroblast NGF and NT-3 gene expression and protein secretion. 
This may explain the decreased neurotrophin concentrations in the airways of 
smokers and COPD patients.   
 

� T cell phenotypes in BAL fluid from smokers and COPD patients differ from 
never-smokers’. CD8+CD103+ T cells are significantly increased in both 
smokers and COPD patients. These cells include a possible regulatory subset 
(indentified as CD8+CD103+CD27+ but CD25-HLA-DR-), which is decreased 
in smokers and COPD patients.  
 

� Natural Tregs (CD4+FoxP3+) are increased in BAL fluid from smokers 
compared to that from neversmokers, suggesting a protective role in smokers. 
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