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ABSTRACT 
Adverse health effects of ambient air pollution are well recognised and include increased 
morbidity and mortality in respiratory and cardiovascular diseases. Diesel engines are major 
contributors to ambient particulate matter pollution and diesel particles have been shown 
to have strong toxicological and oxidative properties. 
Mechanistic aspects of diesel engine exhaust exposure have been investigated in bronchial 
mucosal biopsies sampled during bronchoscopy of human subjects exposed in a validated 
experimental exposure set-up. Two exposure series were performed. Two separate groups 
of 15 healthy subjects each were exposed to filtered air and diesel exhaust during 1 hour in 
random order. The first exposure series was performed with the engine at idling with a 
PM10 concentration of 300μg/m3 and the second was carried out during urban cycle 
(European Transient Cycle) running conditions with 270 μg particles/m3. Bronchoscopies 
with sampling of bronchial mucosal biopsies were performed 6 hours after exposure. 
Biopsies fixed in acetone were bedded in glycolmethacrylate (GMA) resin and were stained 
for immunohistochemistry. Readings were done with light microscopy as well as image 
analyser with digital stainings processing of. 

Diesel exhaust enhanced the expression of the cytokines IL-8 and GRO-α in the bronchial 
epithelium suggesting that the epithelium plays a major role in mediating the neutrophil-
dominated airway mucosal inflammation. The bronchial expression of Th1 and Th2 
cytokines was evaluated, addressing the hypothesis that diesel exhaust would induce a Th2 
airway response. Diesel exhaust enhanced the expression of Th2 related cytokine IL-13 
whereas the expression of Th1 cytokines was unaffected.  
The investigation of epithelial signal transduction pathways, by means of newly developed 
and validated cytoplasmic and nuclear stainings for key transcription factors and kinases, 
demonstrated that exposure to diesel exhaust increased the nuclear translocation of redox 
sensitive signal transduction components including phosphorylated (p)-p38-MAPK, p-
JNK, p-c-jun (AP-1) and p65 (NFκB). These findings indicate novel mechanistic aspects to 
be involved in the airway response to particulate air pollution. 
The expression of epidermal growth factor receptor (EGFR) as well as phosphorylated C-
terminal Tyr 1173 increased significantly following DE exposure. The findings are 
consistent with the upregulation of p38 and JNK MAPkinases as well as increased NFκB 
expression. The MEK-ERK pathway was not affected and Src related phosphorylation was 
absent. 
Diesel exposure at urban European transient cycle running conditions resulted in 
upregulation of the vascular adhesion molecule expression in the bronchial mucosa as signs 
of an early inflammatory response, while infiltration of inflammatory cells had not yet 
occurred. Differences in organic composition and particle concentration in the exhaust 
compared to idling situation may have influenced the outcome. 
This thesis has added a mechanistic basis for the diesel exhaust induced airway 
inflammation in-vivo in humans. It is concluded that activation of epithelial signal 
transduction pathways, cytokine production and increased endothelial adhesion molecule 
expression play important roles in the airway inflammatory response to diesel exhaust. 
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SVENSK SAMMANFATTNING 
Luftföroreningar såsom dieselavgaser från motorfordon är en betydelsefull källa till 
partikulära luftföroreningar. Dieselavgaser är toxiska och har oxiderande egenskaper. 
Epidemiologiska studier har visat en rad negativa hälsoeffekter av partikulära 
luftföroreningar framför allt associerade till försämrat hälsotillstånd hos känsliga grupper 
såsom individer med astma, KOL samt hjärt- och kärlsjukdomar. Kunskapen om de 
bakomliggande biologiska mekanismerna till dessa negativa hälsoeffekter är dock 
begränsad. 

Denna avhandling syftar därför till att öka kunskapen kring de biologiska mekanismerna 
bakom luftvägseffekter av dieselavgaser hos friska individer. Studierna bygger på 
kammarexponeringar, där försökspersoner exponerades för dieselavgaser och luft vid två 
olika tillfällen i randomiserad ordning. Vid exponeringarna för dieselavgaser genererades 
avgaserna på två olika sätt; tomgångskörning och så kallad city körning. Effekterna av 
dieselavgaser jämfördes med effekter efter luftexponering med hjälp av bronkoskopi med 
biopsier och bronksköljningar. 

I den första exponeringsserien (studie I-IV) genererades dieselavgaserna under 
tomgångskörning. Femton friska försökspersoner exponerades under en timme för 
dieselavgaser med en partikelkoncentration (PM10) på 300 μg/m3 och luft. Bronkoskopi 
med slemhinnebiopsier genomfördes sex timmar efter avslutad exponering. 

Studie I avsåg att undersöka cytokineffekter i bronkslemhinnan efter exponering för 
dieselavgaser. Studien visade att den neutrofildominerade luftvägsinflammation, som 
tidigare beskrivits efter exponering för dieselavgaser, var associerad till en ökning av de 
neutrofilattraherande cytokinerna IL-8 och Gro-α. 

I studie II undersöktes effekterna på Th1- och Th2-relaterade cytokiner i luftvägsepitelet. Vi 
konstaterade att exponering för dieselavgaser inducerade ett ökat uttryck av IL-13 i 
luftvägsepitelet. Detta skulle potentiellt kunna innebära en ökad risk för allergisk 
sensibilisering hos icke-atopiska individer och därigenom utgöra en förklaringsmodell till 
ökad känslighet för partikulära luftföroreningar hos allergiska astmatiker. 

Studie III syftade till att studera de molekylära mekanismer som är involverade i 
signalöverföring i bronkepitelet efter exponering för dieselavgaser. Resultaten visade att 
dieselavgaser inducerade fosforylering av p38 och JNK MAPkinaser samt uppreglering av 
transkriptionsfaktorer såsom NFкB och AP-1 i cytoplasman med nukleär translokation 
som följd. Uppregleringen av dessa signalvägar förefaller vara medierad genom oxidativ 
stress utlöst av dieselexponering och leda till produktion av pro-inflammatoriska 
mediatorer och efterföljande inflammationsutveckling. 

Studie IV avsåg att undersöka huruvida epidermal tillväxtfaktorreceptor (EGFR) var av 
betydelse i signalvägar för mediering av dieselavgaseffekter. Studien visade att 
dieselexponering inducerade ökat uttryck av EGFR samt fosforylering av tyrosin 1173 i 
bronkepitelet som ett tecken på aktivering eller transaktivering av EGFR. 

I studie V exponerades femton friska försökspersoner för luft och dieselavgaser 
(partikelkoncentration 270 μg/m3) genererade under så kallad city körning (European 
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Transient Cycle), vilket innebär att dieselmotorn accelereras och bromsas enligt ett 
förutbestämt protokoll för att imitera dieselavgaser genererade i storstadstrafik. 
Bronkoskopi utfördes sex timmar efter avslutad exponering. 

Syftet med denna studie var att jämföra luftvägseffekter av dieselavgaser genererade i 
”storstadstrafik” med tomgångssituationen. Man fann uppreglering av 
adhesionmolekylerna P-selectin och VCAM-1 i blodkärlen i bronkslemhinnan samt ökade 
eosinofiler i de alveolära luftvägarna, som tecken på ett tidigt inflammationssvar. Ytterligare 
studier behövs för att jämföra verkningsmekanismer och skillnader i effekter mellan 
dieselavgaser genererade vid tomgångskörning respektive i storstadstrafik.  

Sammanfattningsvis har studierna i denna avhandling bidragit till att öka kunskapen kring 
hur den dieselinducerade luftvägsinflammationen medieras. Studierna beskriver 
uppreglering av cytokiner, MAPkinaser, transkriptionsfaktorer och EGFR i 
bronkslemhinnan som viktiga komponenter i regleringen av luftvägsinflammationen efter 
exponering för dieselavgaser, samt att dieselavgaser även synes inducera ett Th2-svar i 
luftvägsslemhinnan. Vidare har exponering för dieselavgaser genererade under citykörning 
indikerat både likheter och skillnader i verkningsmekanismer och inflammatoriska effekter 
jämfört med tomgångskörning. Med resultaten från denna avhandling som bas är det nu av 
stor betydelse att genomföra motsvarande undersökningar på individer med 
luftvägssjukdomar såsom astma och KOL. Detta för att söka förstå de bakomliggande 
mekanismer till den ökade känslighet för partikulära luftföroreningar som noterats hos 
dessa grupper.  
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SELECTED ABBREVIATIONS 
APRT Adenine phosphoribosyl transferase 
AP-1 Activator protein-1 
AHR Airway hyperresponsiveness 
BAL Bronchoalveolar lavage 
BW Bronchial wash 
DAG Diacylglycerol 
DE Diesel exhaust 
DEP Diesel exhaust particle 
EGFR Epidermal growth factor receptor 
ELF Epithelial lining fluid 
ERK Extracellular regulated kinase 
ETC European Transient Cycle 
GMA Glycolmethacrylate 
GPCR G protein coupled receptor 
Grb2 Growth factor receptor-binding protein 2 
GM-CSF Granulocyte - macrophage colony-stimulating factor 
Gro-α Growth-regulated oncogen alfa  
IL- Interleukin- 
ICAM-1 Intracellular adhesion molecule-1 
MAPK Mitogen-activated protein kinase 
NFκB         Nuclear factor-kappa B 
PM Particulate matter 
PI3-K Phosphatidylinositol 3 – kinase    
PLC-γ Phospholipase C-gamma 
PAHs Polycyclic aromatic hydrocarbons 
PKC Protein kinase C 
ROS Reactive oxygen species 
RTKs Receptor tyrosine kinases 
RANTES Regulated upon activation, normal T cell expressed and secreted 
RTLF Respiratory tract lining fluid 
RT-PCR Reverse transcriptase polymerase chain reaction 
Shc Src homology and collagen protein 
TGF-β Transforming growth factor-beta 
TNF-α Tumour necrosis factor alpha 
Tyr Tyrosine 
VCAM-1 Vascular cell adhesion molecule-1 
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INTRODUCTION 
The adverse health effects associated with air pollution have been described in over a 
hundred epidemiological studies world wide (156). Clear associations have been 
demonstrated for nitrogen dioxide (NO2), ozone (O3) and particulate matter (PM). The 
adverse effects on health include increased airway symptoms, medication need, emergency 
room treatment and hospitalization related to increased respiratory and cardiovascular 
morbidity as well as mortality. Subjects with pre-existing respiratory and cardiovascular 
diseases have been indicated to be especially sensitive (102, 103, 118). Furthermore 
associations between reduction of lung function and ambient air pollution has been 
demonstrated including adverse effects on the lung development and growth in children 
(57, 58, 99). Pollutants generated by motor vehicles, including diesel exhaust (DE) have 
been identified as the major problem in many cities, and many studies have shown the 
relationship between adverse health effects and traffic related air pollution (27, 68, 143). 
There is now evidence suggesting, relationships between air pollution and exacerbation of 
pre-existing asthma, enhancement of allergic reactions and a range of manifestations of 
cardio-respiratory diseases. Still, the mechanism whereby air pollution is promoting these 
effects is not clear. Therefore, apart from the many epidemiological studies, a range of 
experimental in vitro and in vivo studies have been performed in order to determine the 
biological mechanisms contributing to adverse effects.  

PARTICULATE MATTER AND DIESEL EXHAUST 
Particulate matter air pollution and its relationship to traffic has often been suggested to be 
the major driving factor behind adverse health effects. Not only are subjects with pre-
existing cardiovascular and respiratory diseases sensitive, but also healthy subjects may 
experience symptoms (5, 49, 50, 102, 114, 119, 120, 144). An increase of PM10 
concentration by 10 µg /m3 has been reported to be associated with 2-3% increase in 
asthma exacerbation. Regarding the association between mortality and particulate air 
pollution concentration, it has been shown that each 10µg /m3 increase in PM10 is 
associated with increased respiratory and cardiovascular mortality by 3.4% and1.4% 
respectively (1). 

Particulate matter with ability to enter airways can be grouped in three size categories 
according to the aerodynamic diameter; coarse (10-2.5µm), fine (2.5-0.1µm) and ultra fine 
(<0.1µm) particles. The properties of these particles differ not only by physical size, but 
also by shape, porosity and chemical composition (151). Diesel exhaust is a major 
component of PM pollution especially where particle numbers are concerned since diesel 
engines produce large amounts of nano-meter sized particles. These engines may produce 
up to 10-100 times more particles compared to petrol engines. Due to the sturdiness, low 
running costs, high efficiency and ability to use the less refined and often cheap diesel fuels, 
diesel engines are very widely used. Since they last very long, there is world wide a much 
slower turn-over of diesel engines than their gasoline counterparts (160). Pollutants 
generated by motor vehicles, including DE has been identified as the major problem in 
many cities, and many studies have shown a relationship between adverse health effects 
and traffic related air pollution 
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PROPERTIES OF DIESEL EXHAUST 
Exhaust produced during the combustion of diesel fuel consists of a complex mixture of 
both gases and particles. The main gases are carbon monoxide (CO), nitric oxides (NO, 
NO2), sulphur oxide (SO2) and hydrocarbons including aromatic and polycyclic aromatic 
hydrocarbons (PAHs) (116). The majority of diesel exhaust particles containing various 
surface components including organic compounds such as PAHs, have a diameter of less 
than 0.1 µm and are capable of entering and depositing in the airways (123). It can be 
noted that the smaller particles (fine and ultrafine) have greater surface area in relationship 
to the mass, and therefore, greater bioavailability and biologic effects (95). Diesel exhaust 
particle (DEP) with a size <0.1 µm, may have a larger surface area on its carbonaceous core 
to which components such as polycyclic aromatic hydrocarbon (PAHs) and aldehyds, acids 
and transient metals are adsorbed, in comparison to particles with larger size, as for 
example >2.5 µm (117). The ability of particles or their adsorbed component to produce 
adverse effects is dependent on their physical and chemical characteristics which play 
important roles in the interaction with biological substances and compartments (54, 139). 
Deposition of inhaled particles in airways and alveoli and the subsequent interaction with 
the lung tissue has been shown to be dependent on both particle size and pattern of 
breathing (25). Deposition of particles increase both by particle number and mass 
concentration, as well as during exercise, compared to spontaneous breathing at rest (33). 
Particles deposited in the airways interact with various chemical entities including proteins 
and lipid substances in the liquid media of the airways (respiratory tract lining fluid, RTLF). 
Some of the particle bound components that have weak bindings primarily interact with 
molecules in the liquid media and the remaining components bound on the core surface 
may interact with cells such as macrophages and bronchial epithelial cells. Some smaller 
sized particles might even enter circulation. The association of adverse health effects with 
traffic related pollutants and increased sensitization to pollen have been shown to be 
associated with the number of trucks in traffic indicating that DE potentially could be an 
important contributor to these health outcomes (68, 143). DE have been studied with 
focus on the role of DEP in exacerbations of allergic airway diseases and enhancement of 
the allergic response (44-46, 127). Many studies have suggested that the DE-induced health 
effects depend on the its oxidative stress inducing properties and likely by its adsorbed 
organic components, such as PAHs, and quinones and interaction of these components 
with various components in the airways (11, 77, 82, 111). However the issue of air 
pollution and allergy is complex and the overall contribution of diesel exhaust is not 
resolved. 

PREVIOUS DIESEL EXPOSURE STUDIES 

Human exposure studies  

A series of experimental human exposure studies using a validated chamber exposure 
system with controlled challenges with dilute diesel exhaust has been carried out to evaluate 
the diesel induced health effects (92, 110, 115). Exposure to high ambient levels of DE was 
associated with increases in symptoms and increased airway resistance (110). In-vitro tests 
with alveolar macrophages harvested during brochoscopy after diesel and air challenges in 
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healthy subjects demonstrated that DE exposure adversely affect the phagocytic function 
of these important immune regulatory cells (109). Short term exposure to DE (PM10, 300 
µg/m3) was shown to induce a pronounced inflammatory response, including neutrophils, 
lymphocytes and mast cells in the bronchial mucosa (112). The inflammatory response was 
accompanied by a migration of lymphocyte subpopulations into the airways and activation 
of mast cells with histamine secretion. Furthermore, up-regulation of adhesion molecules, 
intracellular adhesion molecule (ICAM-1) and vascular cell adhesion molecule (VCAM-1) 
in the vascular endothelium was observed (112). An increased neutrophil percentage 
together with increased IL-6 and methyl histamine was found in sputum performed 6 and 
24 hours after high dose DE exposure (PM10, 300 µg/m3) (93). In the study performed by 
Nightingale, exposure to DE (200 µg/m3 for 2 hours) caused increased neutrophil 
percentage and myeloperoxidase concentration in induced sputum at 4 h after DEP 
exposure (92). In asthmatic subjects treated with inhaled corticosteroids (800-1200 μg/d), 
DE induced a increase in airway responsiveness to methacholine at 24 hours after DE 
exposure (94). Even exposure to a concentration lower than in the studies mentioned 
above, (108µg/m3 for 2h) was found to cause increased airway resistance in both healthy 
and asthmatic individuals. Bronchoscopy sampling at 6 hours post exposure showed a 
neutrophilic response in healthy subjects without any neutrophilic or eosinophilc response 
in asthmatics. In contrast, the investigators demonstrated a five fold increase in interleukin-
10 (IL-10) expression in the bronchial epithelium in the asthmatics as compared with a 
reduction by half in the healthy subjects (127). In a recent study performed by Behndig et 
al, healthy subjects were challenged with a low concentration of DE (100 μg / m3 for 2 h), 
and sampling at 18 h post-exposure showed an inflammatory response in the bronchial 
compartment (16). An increase in neutrophil numbers and in IL-8 concentration in the 
bronchial lavage, as well as increased neutrophil and mast cell numbers in bronchial 
mucosa was observed by the authors.  

A series of studies by Diaz-Sanchez and co-workers have shown that instillations of diesel 
exhaust particle in combination with allergen induced increased IL-4 and other Th2 type 
cytokines, suggesting that DEP can interact with allergen to promote allergic disease. The 
studies have shown that DEPs induce isotype switching to IgE and enhance allergen-
specific IgE production, and that DEPs in combination with allergen caused a significant 
increase in the expression of Th2-type cytokines (48, 56).  

Animal studies 

Several animal studies have been performed to evaluate biological effects of DE including 
pro-allergic effects of DEP. An acute instillation of DEPs in mice (111) has been shown to 
cause severe lung injury and high mortality, which were prevented by pretreatment with 
superoxide dismutase. This suggested that the toxicity of DEP was connected to the 
production of the radical superoxide (O2-). The effect of DEP on the production of IgE 
antibodies and its adjuvant activity in mice was also demonstrated. IgE levels were higher 
in animals treated with mixed allergen and DEP than those immunized with allergen alone 
(91). DE combined with antigen challenge in sensitized mice induced airway 
hyperresponsiveness and increased number of eosinophil and mast cells in the lung tissue 
(88, 89). The mechanisms that contribute to association between DEP exposure and 
asthma have been in the focus in animal studies. It has been suggested that DEP may 
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promote a Th2 response by production of inflammatory cytokines and simultaneously 
inhibiting production of interferon- γ (IFN-γ) (55). Quinone components can induce 
expression of IL-5, eotaxin, and increased inflammatory cells including eosinophils, in 
bronchoalveolar lavage fluid in mice challenged with combined allergen and quinone 
component. Quinones components of DEP may also be involved in the DEP toxicity and 
enhance the allergic responses (65, 66).  

In-vitro studies 

DEP has been suggested to modulate and increase susceptibility of the host to respiratory 
infections. In vitro studies have been reported to reduce the phagocytosis capacity of 
macrophages and decrease its antimicrobial ability (152). DEP and its organic extracts, such 
as phenanthrene, has been shown to enhance in vitro production of IgE from IgE-
secreting B lymphocytes (134, 141). Airway epithelial cells are today known to have a 
prominent role in the pathogenesis of respiratory disease. Exposure of epithelial cells to 
DEP results in increased synthesis and release of pro-inflammatory cytokines and 
mediators such as IL-6, IL-8, granulocyte-macrophage colony-stimulating factor (GM-CSF) 
and adhesion molecules (43). Bronchial epithelial and macrophage cell lines, as well as 
primary cultures of bronchial epithelial cells, can release a variety of chemokines and 
cytokines when treated with DE particles or their organic extracts (7, 11, 12, 74, 84). Much 
attention has been focused on the capacity of DEP to elicit oxidative stress in the airways 
and trigger regulating molecules, especially the redox sensitive transcription factors nuclear 
factor-κB (NFκB) and activator protein-1 (AP-1) (62, 135). The capacity of DEP to cause 
oxidative reactions in vivo, has been attributed to their content of metals, polycyclic 
aromatic hydrocarbons (PAHs), and quinones (11, 22, 23, 90, 125, 129). These components 
are suggested to be critical in the up-regulation of oxidative-stress-sensitive signalling 
pathways. The receptor tyrosine kinases (RTKs) including epidermal growth factor 
receptor (EGFR) are the primary mediators of many of stimuli and incoming signals 
(Figure 1). Notably, metals and polycyclic aromatic hydrocarbons, have been shown to be 
capable of activating or transactivation of EGFR pathway (11, 29, 63). In addition, DEP 
can up-regulate the expression of amphiregulin, an EGFR ligand in cultured human 
bronchial epithelial cells (18). The amphiregulin secretion was blocked by inhibiting the 
EGFR tyrosine kinase and treatment with the antioxidant N-acetyl cysteine, but inhibited 
EGFR had no effect in amphiregulin secretion, study suggested that oxidative stress may 
be involved in the trans-activation of EGFR. 
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Figure 1: Schematic picture of particle interaction between the epithelial lining fluid (ELF) 
and epithelial cells, and subsequent responses [modified picture, original picture Mudway 
IS, Kelly FJ. Ozone and lung: a sensitive issue. Mol Aspects Med 2000]  

Antioxidant components in the ELF scavenge external oxidant gases and particles with 
oxidative properties, as well as endogenously produced oxidant species released by 
macrophages and neutrophils. When antioxidant defences overwhelmed by the oxidative 
burden, oxidation of macromolecules in the ELF to production of secondary oxidants. 
Together with PM, cytokines and ROS produced by macrophages and neutrophils may 
increase the production of EGFR ligands which may directly activate EGFR, while 
oxidants may indirectly lead to transactivation of EGFR. Activation of EGFR results in 
phosphorylation of downstream kinases, activation of transcription factors and cytokine 
production.  
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CYTOKINES 
Cytokines are a group of proteins that mediate and are involved in the development of 
inflammatory responses. These mediators are secreted by various cells involved in the 
regulation of different events in the inflammatory processes such as cell migration, growth, 
differentiation, repair, apoptosis and fibrosis. Cytokine production by cells is dependent on 
the properties of the incoming stimulus, and once cytokines are produced and secreted, 
they exert their effects on target cells. Cytokines stimulate target cells through cell surface 
receptors to produce mediators, to control and regulate inflammatory responses (71). 
Cytokines such as tumour necrosis factor-α (TNF-α), IL-6, IL-1, GM-CSF, interferon-γ 
(IFN-γ) and IL-12 are critical in the induction of the inflammatory response. All of these 
mentioned cytokines are pro-inflammatory. Some of the cytokines however, have down-
regulating effects on inflammation such as, transforming growth factor-β (TGF- β), IL-10, 
IL-4, IL-13 and are known as anti-inflammatory cytokines (71). Furthermore, a number of 
cytokines have the ability to promote migration of leukocytes into inflammatory sites, and 
are described as chemokines. Examples of these are IL-8, growth regulated oncogene-α 
(Gro-α). The major sources for cytokine production are macrophages, T-lymphocytes and 
mast cells, but other cells such fibroblasts and epithelial cells are also capable of producing 
cytokines. The secreted cytokines bind to their own receptors and exert their effect on 
target cells. The majority of the receptors use intermediators, such as Janus-kinases (JAKs) 
to transduce signals. The bronchial epithelial and macrophage cell lines have been shown 
to release a variety of chemokines and cytokines when treated with particulate matter and 
DEP or its organic extracts (3, 20, 44, 74, 106). 

ADHESION MOLECULES 
Further mechanisms which are involved and regulate the recruitment and migration of 
leukocytes, such as neutrophils from circulation to the inflammatory sites are adhesion 
molecules. There are three families of adhesion molecules and these include the integrins, 
selectins and immunoglobulin superfamily. The integrins contain heterodimeric αβ subunits 
and are known as ligands to members of the immunoglobulin superfamily and extracellular 
matrix such as fibrinogen and fibronectin. The integrins, LFA-1 (CD11a/CD18), Mac-
1(CD11b/CD18) on leukocytes, and VLA-4 (α4β1) on eosinophils, lymphocytes 
monocytes play a key role in transmigration of these cells through binding to their ligand 
counterreceptor on endothelial cells, intracellular adhesion molecule (ICAM-1) and 
vascular adhesion molecule (VCAM-1) (31, 40, 41). The selectins, E-selectin, P-selectin and 
L-selectin are important in cell-cell interaction and play key roles in the initial binding of 
leukocyte to endothelial cells in inflammatory responses (40, 100). P-selectin is 
constitutively synthesized and stored in weibel-palade bodies of endothelial cells and 
following stimulation of the endothelium, translocated to the plasma membrane within 
seconds, and reinternalized within 1h. E-selectin is activated by pro-inflammatory cytokines 
such TNF-α and IL-1 and expression on endothelial cells occurs within 1 hr following 
stimulation, with maximal expression between 4-8 hr.  



INTRODUCTION 

 - 21 - 

NEUTROPHIL CHEMOATTRACTANTS 
Recruitment of leukocytes including neutrophils from the circulation to the inflammatory 
site is a complex process and highly regulated by a number of molecules including 
chemokines (8). The effects of DE on chemokine production by macrophage and epithelial 
cells have been studied in rat and many in vitro studies (13, 96, 126). These studies 
demonstrated that DEP can induce the production of inflammatory mediators such as 
neutrophil attractants which are suggested to be involved in the recruitment of 
inflammatory cells following DE exposure. IL-8 and Gro-α are CXC chemokines which 
have a number of biological effects. The major role is to attract and activate leukocytes for 
example neutrophils. Other members of CXC chemokines are epithelial cell-derived 
neutrophil activating peptide-78 (ENA-78) and neutrophil-activating peptide-2 (NAP-2) 
which also have neutrophil attracting properties. They mediate the effect by binding to 
CXCR1 and CXCR2 expressed on neutrophils, monocytes, NK-cells and T-lymphocytes 
(9, 87). IL-8 has been reported to be involved in lymphocyte, eosinophil and basophile 
activation and migration to the inflammatory site, and suggested to play a role in asthma 
(52, 154). The transcription activation of the chemokines occurs by a variety of stimuli such 
as IL-1, TNF-α and bacterial endotoxin. Reactive oxygen species can also induce the 
transcription activity. The IL-8 gene contains, binding sites for several transcription factors, 
such as NFкB, nuclear factor IL-6 (NF-IL6), AP-1 AP-2 and AP-3 in its promoter region. 
NFкB together with either AP-1 or NF-IL6 is involved in the activation of the IL-8 gene 
(87). Additional pathways for neutrophil recruitment and activation have been described. 
LTB4 is a potent neutrophil chemoattractant from the arachidonic acid cascade (4). 

Th2 CYTOKINES  
There is now evidence to suggest the existence of two different T cell responses based on 
the cytokine production. The Th1 cytokines include IL-2, TNF-β, IFN-γ all involved in cell 
mediated responses and Th2 cytokines, such as IL-4, IL-5, IL-10 and IL-13, and they are 
suggested to be important in allergic diseases and to mediate the antibody mediated 
responses. Diesel exhaust has been proposed to be involved in the increased incidence of 
respiratory allergic diseases. Many cell culture studies and studies combining allergen 
challenge with DEP have demonstrated that sensitisation to allergen may be enhanced by 
DEP exposure (46, 132, 133, 135). IL-13 is thought to be involved in a large number of 
inflammatory responses and share many properties with IL-4. IL-13 is often produced in 
larger amounts than IL-4 and exerts its biological effect through IL-13R and a complex of 
IL-4R-α-chain, and airway hyperreactivity may be increased following activation and 
mediated by IL-13R (36, 153). In mice, IL-13 stimulates B cells and enhances antibody 
production by these cells. Furthermore, IL-13 induces eotaxin expression by airway 
epithelial cell (79, 81). In addition IL-13 has a role in mucus secretion and may interact 
with epithelial growth factor receptor (EGFR) in the airway epithelium to cause mucus cell 
metaplasia and hyperplasia (121, 142). Diesel exhaust is suggested to cause inhibition of the 
LPS induced IFN-γ response (55). Among the cytokines involved in Th1 responses, IL- 18 
has been shown to play a key role in inducing IFN-γ. Together with IL-12 it has been 
demonstrated that IL-18 has a synergistic effect on IFN-γ production (140). Mice 
challenged with lipopolysaccharide (LPS) showed a higher level of IL-18 expression while 
ovalbumin-challenged mice showed a lower level (30).  
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TRANSCRIPTION FACTORS 
Regulation of gene expression is essential during different processes including cell 
responses to oxidative stress, inflammatory stimuli and cytokines. Transcription factors are 
specific DNA-binding proteins which have their binding sites in the promoter region of 
target genes (97). Signals and stimuli incoming from the cell surface become integrated into 
the nucleus through series of phosphorylation by kinases and activate transcription factor 
proteins in order to induce production of bioactive molecules such as cytokines, receptors, 
enzymes and other components (67, 72). The expression of cytokines and mediators in 
inflammatory responses is induced and regulated by a wide range of transcription factors 
such as NF-IL6, nuclear factor of activated T cell (NF-AT), NFκB and AP-1, which have 
their binding sites in the promoter regions for many cytokines. 

Transcription factor NFκB consists of a heterodimer of the Rel family transcription factors 
which includes c-Rel, p50, p65,p52, and RelB (122). Some of these families have potent 
transactivational activities such as p65 and others such as p50 have potent DNA binding 
activities (122). Stimuli which activate NFκB include TNF-α, IL-1, LPS and oxidative 
stress. After activation, NFκB can regulate transcription of many inflammatory mediators, 
such as IL-6, IL-8, RANTES, TNF-α and IL-1 (15). The transcription factor NFκB in 
inactive form is located in the cytoplasm of cells in complex with Inhibitory κB (IκB) (14, 
155). Following stimulation , phosphorylation and degradation of IκB, NFκB is released 
from the complex molecule and transported to the nucleus where it may bind to binding 
sites in the promoter regions of genes (155). The transcription factor AP-1 consist of 
subunits of Fos (c-fos, fosB, fra1, fra2) and Jun (c-jun, junB, junD) that build either 
heterodimers (Fos/Jun) or homodimers (Jun/Jun) in various combinations (130). This 
transcription factor together with NFκB are known as redox sensitive transcription factors 
and many studies have suggested an interaction between activating pathways of these 
transcription factors (51). Treatment of bronchial epithelial cell cultures with DEP cause 
cytokine production by these cells accompanied by activated NFκB and AP-1 (62, 106, 135, 
137).  

MITOGEN-ACTIVATED PROTEIN KINASES (MAPKs) 
MAPKs are a group of protein kinases (enzymes) with important functions in transducing 
signals which mediate responses of cells by different stimuli and activate intracellular 
signaling cascades leading to a wide range of responses such as cytokine expression, cell 
proliferation and apoptosis. These enzymes transfer the γ-phosphate of ATP to serine (Ser) 
and threonine (Thr) residues in the target protein and are activated by dual phosphorylation 
on Threonine (Thr) and Tyrosine (Tyr) residues (35, 39, 107). The members of the MAPKs 
family include ERK, P38 and JNK which are activated in the last step of the intracellular 
phosphorylation cascades (39, 107). The MAPKs activation pathways are regulated in 
response to EGF, PDGF or other stimuli such as LPS through cell surface receptors 
including EGFR (10, 42, 86, 108). In addition seven-transmembrane spanning receptors 
that are linked to G-proteins are involved in these pathways, which lead to activation of the 
small G protein such as Ras and initiate activation of MAPKs (37, 38). 

The P38 MAPKs have been shown to be activated by the exposure of cells to various 
stimuli including environmental stress, endotoxin and cytokines (60, 61, 108, 146). This 
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activation is regulated by its upstream activators, MKK3 and MKK6, and also by MKK4 
an activator of JNK (70). There are other Ser/Thr kinases, TAK1 and ASK-1, that may act 
as MAPKKK for the p38 pathways (78). p38 MAPK is involved in the activation of many 
transcription factors, such as ATF-2, c-jun, and NFκB, (17, 32, 73, 104). P38 activity 
regulate expression and production of such cytokines as TNF-α, IL-1 IL-6 and IL-8 by (98, 
159). The JNK MAPKs play an important role in the phosphorylation and activation of 
many transcription factors such as ATF-2, Elk and c-jun (138). The kinases which regulate 
activation of JNK are the upstream kinases MKK7 and MKK4 (39). The ability of 
particular matter in general and by DEP in particular, to modulate immune responses and 
production of ROS and RNS was the reason for investing molecular mechanisms behind 
these effects, and role of MAPKs in the signalling pathways  

EPIDERMAL GROWTH FACTOR RECEPTOR (EGFR)  
EGFR belongs to a family of cell surface receptors with protein tyrosine kinase (PTK) 
activity. The receptor tyrosine kinases (RTKs) are primary mediators of many of the signals 
during biological processes, such as proliferation, differentiation, motility and apoptosis. 
The EGFR consists of an extracellular ligand-binding domain and a membrane spanning 
domain followed by a cytoplasmic protein tyrosine kinase domain and Src homologi-1 
(SH1) which mediate auto-phosphorylation of the carboxyl terminal (19, 145). The 
autophosphorylated tyrosine residues of the EGFR create binding sites for SH2 and 
phosphotyrosine-binding (PTB)-domain on proteins. These proteins which are 
phosphorylated and activated, are either enzymes, such as phospholipase C-γ (PLCγ) and 
phosphatidylinositol 3-kinase (PI3-K), or adapter molecules such as Shc (Src homology and 
collagen protein) and Grb2 (growth factor receptor-binding protein 2) which links receptor 
tyrosine to downstream signalling pathways (19, 59, 145). The EGF, TGF-α, amphiregulin, 
heparin-binding EGF-like growth factor and betacellulin are presently the identified ligands 
that bind to EGFR and lead to its activation. The tyrosine phosphorylation of EGFR and 
association with adaptor molecules Shc and Grb2 lead to stimulation and activation of 
small G-proteins, such as Ras and activation of MAPKs (Figure 2).  
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Figure 2: EGFR, protein tyrosine kinases and downstream signalling pathways. Extended 
and modified from Puddicombe SM. Clinical and Experimental Allergy, 2000;30:7-11. 
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AIMS 
The overall aim of this thesis was: 

To evaluate, the inflammatory effects of diesel exhaust in the airways of healthy human 
subjects, with focus on underlying regulatory mechanisms. 

 

Specific aims were: 

To investigate the effects of acute exposure to DE on cytokine expression in bronchial 
tissue in healthy subjects. 

To determine neutrophil chemotactic pathways in the bronchial tissue following DE 
exposure 

To evaluate whether exposure to DE would induce a shift towards a Th2 cytokine 
response profile in healthy non-atopic subjects. 

To investigate the activation of redox-sensitive transcription factors and their associated 
upstream stress-related mitogen activated protein kinases (MAPKs) in relationship to DE 
exposure 

To investigate the potential involvement of the epidermal growth factor receptor (EGFR) 
signaling pathway in the epithelial response to DE exposure. 

To investigate airway inflammatory responses to diesel exhaust in healthy subjects, 
generated by a diesel engine during urban running conditions based on the standardized 
European Transient Cycle. 
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MATERIAL AND METHODS 
In order to investigate the mechanisms involved in the inflammatory response to DE 
exposure, endobronchial biopsies were obtained from healthy non-atopic subjects exposed 
to air and DE in a blinded random order. Immunohistochemistry with appropriate 
antibodies were used in study I-IV on biopsies previously obtained. Biopsies, bronchial 
wash and bronchoalveolar lavage were sampled in study V from healthy subjects, in order 
to investigate the mechanisms attributed to the airway response to diesel exhaust.  

SUBJECTS 

Healthy, non-smoking volunteer (11 males and 4 females) mean age 24 years (range 21-28 
years) were included in studies I-IV. Fifteen non-atopic, non-smoking healthy individuals 
(7 males and 8 females) mean age 26 (range 21-40 years) participated in study V. 

They all had normal lung function (FEV1 and FVC) with negative skin prick tests to 
common airborne allergens and were free from respiratory tract infections for at least 6 
weeks prior to or during the study period. The studies were performed according to the 
Declaration of Helsinki and approved by the local Ethics committee at Umeå University. 
All subjects gave their written informed consent. 

STUDY DESIGN 

In studies I-IV previously obtained bronchial biopsies from volunteers which had been 
exposed to DE and air were investigated. The subjects who had participated in the DE 
exposure studies acted their own control.  

In study V new bronchial biopsies were obtained. In order to avoid any bias due to carry 
over effects from previous challenge, the exposures in this study were carried out at least 
three weeks apart and in a randomized blinded sequence. During exposure the subjects 
alternated mild exercise (V E = 20L / min / m2) on a bicycle ergonometer and rest at 15-
minute intervals. 

STUDY I 
In this study the hypothesis that the leukocyte infiltration following exposure to DE was 
regulated by enhanced cytokine expression was based on earlier biopsy findings (112). The 
effect of a short time but high dose DE exposure (300 g/m3 for 1h) on cytokine 
production, as reflected in bronchial wash cells and bronchial biopsies obtained by 
bronchoscopy performed six hours after exposures was investigated.   



MATERIAL AND METHODS 

 - 28 - 

STUDY II 
The relationship between DE and allergy has been investigated by in vitro and in vivo 
studies (45, 46, 48), and suggest that diesel exhaust particles may enhance the sensitization 
to allergen and development of allergic responses. This study was designed to examine the 
hypothesis that in healthy non-atopic subjects exposure to DE would induce a shift 
towards a Th2 cytokine response in the bronchial mucosa, and/or suppress a Th1 response. 

STUDY III 
The knowledge that oxidative effects of DEP and its content of metals, aromatic 
hydrocarbons, polyaromatic hydrocarbons (PAHs) and quinones might potentiate diesel 
exhaust effects were the background factors for this study. We hypothesized that the 
increased production and release of pro-inflammatory cytokines from the human airway 
after DE exposure could be attributed to the activation of redox-sensitive transcription 
factors (NFκB and AP-1) and their associated upstream stress-related MAP kinases (p38 
and JNK). Thus, we evaluated the DE exposure effect on the activation of these 
transcription and MAPKs in the bronchial epithelium.  

STUDY IV 
The tyrosine kinases including receptor tyrosine kinases (RTKs) such as epidermal growth 
factor receptor (EGFR) mediate a wide range of cellular processes, including mitogenesis, 
apoptosis, migration, differentiation and proliferation. We hypothesized that the earlier 
demonstrated DE responses in studies I-III could be due to involvement of EGFR 
activation, and this was investigated in study IV.  

STUDY V 
The healthy subjects participated in this study were exposed to DE generated during city 
cycle running condition (ETC), and underwent bronchoscopies 6 hours after exposure. 
Bronchial biopsies, bronchial wash and bronchoalveolar lavage were sampled to investigate 
the effects of DE generated during city cycle condition.   

DIESEL EXHAUST EXPOSURE 

The diesel exhaust exposure set-up was originally developed and evaluated by Bertil Rudell 
during his work as a research fellow and was extensively described in his thesis (110) The 
diesel exhaust was generated by using an idling Volvo diesel engine (BM – Volvo T45, 4.5 l, 
4 cylinders, 1991, 680r / min) and the used diesel fuel content was: cetane number 51; 
polycyclic aromatic hydrocarbons (PAHs) 0.5%, vol. sulphur 0.06% weight, carbon 86,4% 
weight, hydrogen 13.5% weight, nitrogen < 0.02%weight and oxygen < 0.1% weight. The 
10% vol. boiling point was 200 °C, the 50% vol. boiling point was 282 °C and the 95% vol. 
boiling point was 355 °C. Over 90% of the exhaust was shunted away and the remaining 
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part was diluted with filtered air and fed into the exposure chamber. The exposure was 
standardized with the concentration of particulates with a mass median diameter of less 
than 10µm (PM10) at 300µg/m3. This was accompanied by levels of NO2 of 1.6 ppm, NO 
of 4.5 ppm, CO of 7.5 ppm, total hydrocarbons of 4.3 ppm, formaldehyde of 0.26 mg/m3 
and 4.3x106 suspended particulates /cm3. Diesel exhaust in city cycle running condition 
was generated using a Volvo diesel engine (Volvo TD40 GJE, 4.0 L, four cylinders, 1996), 
programmed to mimic the workload of an engine running in a European Transient Cycle 
(ETC) environment. The ETC test cycle has been introduced together with the European 
Stationary Cycle (ESC), for emission certification of heavy-duty diesel engines in Europe, 
starting in the year 2000 (2). The ETC comprise three different driving conditions, 
including urban, rural and motorway. In this study we used the urban driving part, 
representing city driving with a maximum speed of 50 km/h, frequent starts, stops, and 
idling (Figure 3). The diesel fuel used was Statoil class 1; cetane number 54; aromatics, 4% 
volume; polycyclic aromatic hydrocarbons, < 0.02 % volume; sulphur <1ppm. The initial 
boiling point was 195 °C and 95% volume boiling point was 280 °C. The low boiling 
point, contribute to almost complete combustion of fuel. More than 90% of the exhaust 
was shunted away and the remaining part was diluted with filtered air and fed to exposure 
chamber. The DE concentration of particlulates with a mass median diameter <10μm 
(PM10) was 270 ± 46 SD. This was associated with concentrations of nitrogen dioxide 
(NO2) of 0.35 ± 0.07 ppm, nitrogen oxide (NO); 5.9 ± 0.36 ppm, carbon monoxide (CO); 
3.0 ppm, and total hydrocarbons (HC); 1.4 ± 0.12 ppm. 

BRONCHOSCOPIES 

Six hours after each exposure bronchoscopy was performed using a flexible video 
bronchoscope (Olympus BF type IT200, Tokyo, Japan), in alternating lungs on the two 
occasions. Prior to bronchoscopy topical anesthesia was applied by lidocaine, which was 
sprayed in the pharynx and instilled in the larynx and upper trachea. The airway sampling 
with airway lavages and endobronchial biopsies were carried out using a standardized 
protocol (112). The bronchoscopies in study V were performed 6 hours after diesel and 
filtered air exposures, including biopsy sampling, bronchial wash (BW, 2x20 ml) and 
bronchoalveolar lavage (BAL 3x60 ml) were carried out on the contra-lateral side, in a 
predetermined randomized way. The aspirates recovered from the first and second 20 ml 
instillations of the BW and the pooled BAL were collected into separate siliconised 
containers and immediately placed on ice. All lavage samples were filtered through nylon 
(pore diameter 100 µm) and centrifuged at 400 g for 15 minutes. Cell pellets were re-
suspended in PBS at a cell concentration of 106 cells/ml. Differential cell counts were 
performed on cyto-centrifuge preparations stained with May-Grünwald Giemsa and 400 
cells per slide were counted. 

BIOPSY PROCESSING 

Mucosal biopsies obtained at bronchoscopy were either used for a reverse 
transcriptase/polymerase chain reaction enzyme-linked immunosorbent assay (RT-PCR 
ELISA) or for immunohistochemical analysis. The biopsies used for RT-PCR ELISA were 
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immediately submerged in liquid nitrogen until further analysis. The biopsies used for 
immunohistochemical analysis were fixed overnight in chilled acetone (–20°C) containing 
the protease inhibitors iodoacetamide and phenylmethyl sulfonyl fluoride. After fixation, 
biopsies were processed into glycolmethacrylate (GMA) resin and stored at –20°C until 
cutting and immunostaining. 

IMMUNOHISTOCHEMISTRY 
Two sections from one biopsy with proper morphologic structures from each subject and 
exposure were cut at 2µm thickness and placed onto poly-L-Lysine treated slides. 
Endogenous peroxidases were inhibited using 0.1% sodium azide and 0.3% hydrogen 
peroxide. Non-specific antibody binding was blocked with undiluted culture medium 
containing bovine serum albumin and fetal calf serum. For transcription factor- and 
phosphorylation, specific antibodies further blocking steps were performed by using rabbit 
or swine normal serum and incubation of 30 minutes, before applying primary antibodies 
and incubation at room temperature overnight. The primary antibodies were diluted in 
TRIS-buffered saline with 0.05% Triton-X-100 (TBST) with 1% bovine serum albumin 
(BSA), except for cytokines, cells and adhesion molecules stainings, for which dilutions 
have been performed in TRIS-buffered saline (TBS). In the rinsing steps, for staining with 
transcription factors, MAPKs and EGFR antibodies, TRIS-buffered saline with 0.1% 
Triton-X-100 (TBST) was used as washing solution, and TRIS-buffered saline (TBS) was 
used as rinsing buffer during staining with remaining antibodies. After overnight 
incubation with primary antibodies, the sections were rinsed with TBST or TBS for 3x5 
minutes. The biotinylated rabbit anti-mouse (IgG F(ab´)2 Dako Glostrup, Denmark) were 
used as secondary antibodies on the slides immunostained with mAb, and biotinylated 
swine anti rabbit (Dako Glostrup, Denmark) were applied on slides on which the primary 
antibody source was rabbit, and incubated for 2 hours. After further rinsing with TBS 3x5 
minutes, streptavidine-biotin horseradish-peroxidase complex (Dako) diluted in Tris-HCl 
was added and incubated for another 2 hours, followed by 3x5 minutes washes with TBS. 
In the sections for submucosal analysis, the sections were visualized with aminoethyl 
carbazole (AEC) in acetate buffer (pH 5.2), whereas sections for epithelial 
immunoreactivity measurement, diaminobenzidine (DAB) was used in the visualization 
step. The sections were then counter-stained with Mayer’s Haematoxylin. IgG antibodies 
and diluents were used as negative controls.      

QUANTIFICATION OF IMMUNOSTAINING 
The immunoreactivity was quantified using a colour video camera (Sony DXC-950P 3-
CCD three-chip power HAD) containing 380 000 effective picture elements (pixels) (Sony, 
Tokyo Japan). The camera was connected to a LEICA imaging workstation, with highly 
specific PC software (Leica Q500IW, Leica Cambridge UK). The image setting included a 
possibility to carefully adjust the individual colour components being displayed by the 
system in order to ensure a close match between what were being viewed directly and the 
image as displayed. Detection of an appropriate colour was quantified using binary 
definition of colour images as displayed on the screen. All biopsies with good morphologic 
areas and intact epithelium from both sections on a slide were used for quantification. The 
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appropriate areas were selected using image software which provides automatic area 
calculation. The immunoreactivity determined as positive staining was given as percentage 
of area selected with the image system. Nuclear translocation was determined and 
expressed as the number of positively stained nuclei / mm2 of the selected epithelial area. 
The inflammatory cell were counted in epithelium and submucosal using light microscopy 
and expressed as cell /mm in the epithelium and cells/mm2 in the submucosal respectively. 
The epithelium length and submucosal area was measured using the computer assisted 
image system. The endothelial adhesion molecules were quantified by expressing the 
proportion of stained adhesion molecules as a percentage of vessels stained with the 
endothelial marker EN4 in adjacent sections. 

RT-PCR ELISA 
To quantify relative changes in cytokine messenger RNA (mRNA) at the time of Study 1, 
the RT-PCR ELISA technique, described previously (113), was used. Total RNA was 
extracted from bronchial wash cells and biopsies using Trizol (Life Technologies, Paisly, 
Scotland) according the manufacture description. The equal amount of extracted total 
RNA from paired samples was used to produce complementary DNA (cDNA). The 
primer pair specific for the cytokines of interest and as a house keeping gene the 
constitutively expressed gene adenine phosphoribosyl transferase (APRT) were used to 
conduct PCR amplification of the cDNA. Taq DNA polymerase (Promega, UK) together 
with primer pairs and PCR digoxigenin (DIG) labeling mix (deoxyadenosine triphosphate, 
deoxycytidine triphosphate, deoxyguanosine triphosphate, deoxythymidine triphosphate 
and DIG-11 deoxyuridine triphosphate) [Boehringer Mannheim, Mannheim, Germany] 
was used performing PCR amplification products. The PCR product was denatured with 
denaturation solution from the PCR ELISA kit (Boehringer Mannheim). The 
complementary DIG- labeled PCR product were hybridized to biotin labeled “capture 
probes” specific to each cytokine PCR product and immobilized on duplicate wells of 
streptavidin-coated microtiter plates. After washing to remove unbound PCR products, an 
anti-DIG antibody conjugated to horseradish peroxidase followed by reaction with the 
substrate 2,2´-Azino-di-(3-ethylbenzthiazoline sulfonate), was used to detect the bound 
PCR products. Cytokine expression was obtained by comparing the levels of cytokine 
transcripts to the level of APRT, and expressed as a percentage of APRT (level of cytokine 
products/level of APRT product x 100). 

STATISTICAL EVALUATION 

Wilcoxon´s non-parametric signed rank test for paired variables were used to compare data 
after air and diesel exhaust exposures. Correlation analyses were carried out using 
Spearman’s-Rank-Order-Correlation. 
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MAIN RESULTS 

STUDY I 

In study I healthy subjects were exposed to DE (300 µg/m3) and air during one hour on 
two separate occasions. Bronchoscopy with bronchial biopsies and bronchial wash was 
performed six hours after exposure. A significant upregulation of IL-8 mRNA in bronchial 
biopsies (p=0.02) and in the BW cells (p=0.03), without any significant effects on other 
cytokine mRNA was detected after DE exposure. Immunohistochemical analysis of 
protein production in the bronchial biopsies showed a significant increase in IL-8 (p=0.04) 
as well as in Gro-α (p=0.01). No changes were seen in GM-CSF or ENA-78 expression. 

STUDY II 

This study addressed Th1 and Th2 cytokine expressions in the bronchial mucosa after diesel 
and air exposures. Following DE exposure, immunohistochemical analysis of cytokine 
expression showed a significant increase in IL-13 in the epithelium (p=0.009). No 
difference was detected for the expressions of IL-10 or IL-18.  

STUDY III 

This study investigated the role of a number of transcription factors and kinases in the 
immune regulation after diesel and air exposures. Short term exposure to DE (300 µg/m3) 
showed an increase in total (cytoplasmic plus nuclear) immunoreactivity of phosphorylated 
p38 MAP kinase in the bronchial epithelium, p=0.03. We also observed increased nuclear 
translocation of phosphorylated p38 and c-Jun NH2-terminal kinase (JNK) MAP kinase in 
bronchial epithelium after DE (p=0.01 and p=0.04 respectively). The increased nuclear 
translocation of phosphorylated MAP kinases were accompanied by elevated nuclear 
phosphorylated tyrosine (p-Tyr) immunoreactivity, p<0.05. Together with changes in 
MAPKs expression a significant increase in nuclear translocation of the p65 subunit of 
NFκB (p=0.02) as well as the phosphorylated c-jun subunit of AP-1 (p=0.02) was seen 
after DE exposure. Comparison of these results with those previously obtained for 
epithelial IL-8, Gro-α and IL-13 immunoreactivity after air and diesel exhaust revealed that 
the expression of IL-8 was positively associated with nuclear phosphorylated p38 (rs=0.74, 
p=0.002) and c-jun (rs=0.77, p=0.001) and to a less degree nuclear p65 (rs=0.61, p=0.02) 
after DE, but not after filtered air.  
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STUDY IV 

The role of EGFR in the bronchial epithelium after diesel and air exposure was addressed 
in this investigation of biopsies. Short term exposure to DE (300µg/m3) induced a 
significant increase in the expression of EGFR (p=0.004), which was accompanied by an 
elevation of its autophosphorylation site Tyr 1173 (p=0.02). Other EGFR tyrosines, as well 
as Src and ERK pathway were not found to be affected by the exposures.  

STUDY V  

This study investigated the effects of diesel exhaust exposure from an engine running 
under a well defined urban running cycle (ETC). Analyses of bronchial mucosal biopsies 
sampled at 6 hours after exposures demonstrated significant increases in the endothelial 
expression of P-selectin and VCAM-1 after diesel compared to filtered air exposures (p= 
0.036 and 0.030, respectively). No significant changes were seen in inflammatory cell 
numbers in the epithelium or submucosa. BAL analyses showed increased numbers of 
eosinophils (p= 0.017) without any changes in the number of the other cells in lavages. 
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DISCUSSION 

DISCUSSION OF METHODS 

Fifteen healthy, non-smoking volunteers were included in study I-IV and fifteen others 
were included in study V. For statistical evaluations each subject was his or her own 
control. The number of subjects included in these studies was almost twice that in our 
earliest experimental human studies (109) and were based on previous studies by this and 
other groups (16, 127, 128). Due to the limitations in recruiting subjects, in addition to 
practical purposes including staff resources, it was not possible to include substantially 
larger groups of subjects in these studies. Although the possibility that true effects can be 
missed by too few research subjects always is a possibility (type II error), it is not evident 
that the present studies would have benefited extensively from larger groups of subjects. 
The work on archived biopsy material eventually resulted in the biopsies being consumed.  

The mucosal biopsies obtained at bronchoscopies were judged by their size and 
macroscopic structure to be of acceptable size and morphology. They were then processed 
in chilled acetone fixation and glycolmethacrylate (GMA) embedding. All GMA resin 
processed biopsies from each subject and brochoscopy were cut for microscopic 
evaluation. Biopsies containing proper epithelium and submucosal structure were accepted 
for the staining processes. This particular embedding in slow hardening resin gives the 
possibility to cut very thin sections. This has the advantage that the investigator is able to 
cut sequential sections and have the possibility to evaluate different inflammatory markers 
in sequential sections, even through the same cells. Two sections from a biopsy with 
properly morphologic structure from each subject and exposure, were cut at 2µm 
thickness, and placed onto poly-L-Lysine treated slides for immunostaing. 

The antibodies used in the studies were commercially available and were mainly 
monoclonal antibodies. During staining processes fixed incubation time and room 
temperature were used. To obtain an optimum antibody dilution, a series of experimental 
dilutions have been tested. These tests were performed on tonsil tissues. The dilution with 
optimum staining intensity and minimal background staining were chosen for the biopsy 
stainings. An optimal balance between sensitivity and specificity was essential during the 
work. During the staining processes non-immunized immunoglobulin and antibody 
diluents were used as negative controls. The substrate, diaminobenzidine (DAB) which 
mainly was used in these studies, results in a brown end product with staining intensity that 
makes it easy to use in a computer aided image analysis. Detection and choice of an 
appropriate colour as positive staining was quantified using binary definition of colour 
images as displayed on the screen. This is an advantage in the quantification of 
immunostaining with a given antibody since the user is able to use the same binary 
definition of colour in the all tissue stained with a given antibody.     
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DISCUSSION OF MAIN RESULTS 

Toxicological and inflammatory events caused by air pollution particles have been linked to 
both their size and chemical composition. These aspects have also been linked to adverse 
health effects of ambient particulate matter. DEP have been demonstrated to be 
toxicologically potent (90, 131), but ambient PM, and especially the metal rich residual oil 
fly ash (ROFA), have often shown an even higher potency. A variety of cell types and cell 
free systems have been utilized to investigate the toxicity of particles and the pathways that 
mediate their responses. The first surface to interact with DEP is the respiratory tract lining 
fluid and oxidative properties of DEP have been demonstrated. The alveolar macrophages 
and airway epithelial cells are the first cell types to encounter inhaled particles. Therefore, 
most investigators have focused on these cells (3, 20, 84, 96), and reported alterations of a 
variety of cytokines such as IL-1β, IL-8, GM-CSF, TGF-β and others by DEP stimulation. 
In vivo exposure studies in humans have reported neutrophilic responses and 
inflammatory mediator production following DE exposure (16, 92, 93, 127). Exposure to 
DE (PM10 300 µg/m3) induced a pronounced airway inflammatory response with 
recruitment of neutrophils, lymphocytes and mast cells into the bronchial mucosa. 
Together with inflammatory cell influx, up-regulation of adhesion molecules, intracellular 
adhesion molecule (ICAM-1) and vascular cell adhesion molecule (VCAM-1) was observed 
in the vascular endothelium (112). In this thesis, archived biopsies were used (study I-IV) 
to investigate the underlying biological mechanisms and inflammatory pathways in the DE 
induced cellular response reported previously (112), by evaluating chemokines, cytokines, 
transcription factors, MAPKs and upstream signalling pathways. 

EFFECT OF DIESEL EXHAUST ON PRO-INFLAMMATORY 
CYTOKINES 
DEP containing a variety of adsorbed organic components, such as aliphatic, aromatic and 
polyaromatic hydrocarbons, including pyrenes and quinones on their core, have been 
reported to induce airway inflammatory responses in subjects exposed to different 
concentration of the diesel exhaust (16, 92, 93, 112, 127). Furthermore, in vitro studies 
have reported increased production of cytokines such as IL-8 and GM-CSF, following 
exposure to DEPs or extracted organic components (12, 21, 74). DEPs are capable of 
causing oxidative stress, partly dependent on their content of quinones, and suggested to 
produce superoxide and hydroxyl radicals in mice. Pretreatment with antioxidants 
decreased the oxidative damage caused by DEP instillation (77, 111, 150). Additionally, 
metabolism of polyaromatic compounds through cytochrome P-450 may result in oxidative 
components. Semi-quinones may also undergo metabolism inducing oxidative capacity. 
Additionally, metabolism of polyaromatic compounds and expression of CYP1A1, a 
cytochrome P-450, is involved in this metabolism, thereby demonstrating the critical role 
of organic compounds in the DEP-induced proinflammatory responses (11, 22). 
Semiquinones may also undergo metabolism, generate ROS and give rise to oxidative 
damages (125). Furthermore, the capacity of DEP to generate oxidative stress in the 
respiratory tract induce activation of antioxidant defences, induction of Heme oxygenase-1, 
phase II enzyme expression in macrophages and activation of transcription factor Nrf2 (11, 
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82, 85). Signs of oxidative stress in the airways following DE challenge in human have been 
recently demonstrated (16, 90).  

Induction of cytokines by DEP in vitro has been inhibited by radical scavengers and it has 
been suggested that adsorbed organic compounds are the main inducers of cytokine 
production (3, 20). Activation of transcription factors and TNF-α cytokine expression has 
been reported in macrophages exposed to ultrafine particles and has been suggested to be 
mediated by ROS and modulating intracellular calcium concentration (26).  

In Study I, exposure to a high concentration of DE was associated with enhanced 
expression of IL-8 and Gro-α in the bronchial epithelium, but not ENA-78. It is well 
established that DE particles can elicit increased synthesis and release of pro-inflammatory 
cytokines from airway epithelial cells in vitro (3, 62), which is in accordance with our data. 
IL-8 and Gro-α are CXC chemokines with biological effects on various cell types, including 
activation and attraction of neutrophils. Increased neutrophil attractants after DE exposure 
were associated with a neutrophilic response, together with the upregulation of the vascular 
endothelial adhesion molecule ICAM-1 and the increase in the leukocyte expression of 
LFA-1 demonstrated in a previous study (112). Furthermore, IL-8 has been reported to 
play a role in lymphocyte, eosinophil and basophil activation and migration to 
inflammatory sites, such as asthma (52, 53, 154). LTB4 is an interesting chemoattractant 
produced by the arachidonic acid cascade. This has not been investigated after DE 
exposure, but represents one of several other components which potentially could have 
been addressed. The cytokines IL-4, IL-5, IL-6, TNF-α, GM-CSF and IFN-γ which were 
investigated in study I, showed no changes after DE exposure, except for a trend towards 
an increase in IL-5 gene transcription in the bronchial tissue. All this taken together, the 
available data demonstrate that DE exposure has the ability to stimulate expression of 
proinflammatory cytokines along with the upregulation of adhesion molecules and 
migration of inflammatory cells in human subject in-vivo.  

EFFECTS OF DIESEL EXHAUST ON Th2 CYTOKINES 
A number of experimental studies, mainly in animals, have been performed to investigate 
possible immune modulating effects of DEP (115). In mice, immunization with allergen 
mixed with DEP caused enhanced IgE antibody production compared with allergen alone, 
indicating adjuvant activity of DEP (91). In humans, allergen provocation together with 
DEP have shown elevated Th2 cytokines release (47, 48). Study II examined the hypothesis 
that exposure to DE would induce a shift towards a Th2 cytokine response in the 
bronchial mucosa and / or suppress Th1 responses in healthy non-atopic subjects. In 
asthmatics exposed to DE (PM10, 300 µg/m3) and filtered air, methacholine tests at 24 h 
demonstrated that diesel exhaust exposure caused a significant increase in the degree of 
bronchial hyperresponsiveness (94). A lower concentration of DE (PM10, 108 µg/m3 for 2 
hours) in asthmatics induced a five fold elevation of the IL-10 expression in the bronchial 
epithelium (127). In non-atopic healthy subjects, exposure to DE (PM10, 300µg/m3) caused 
enhanced IL-13 expression in the epithelium (Study II). IL-18 is an IFN-γ inducer (140), 
and was selected to represent a Th1 related response. IL-18 was unchanged after exposures 
as were IL-4 and IL-5. IL-10, which has been demonstrated to enhance Th2 responses and 
to potentiate IgE production by B cells that have become committed to IgE production 
(69), was unchanged.  
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IL-13 is an important Th2 cytokine and is normally expressed in larger amounts than IL-4. 
These two cytokines share many properties (36, 153). IL-13 has been reported to have 
effects on chemokine expression in the lung and stimulate eotaxin production in the 
absence of TNF-α (81). In addition, DEP have been shown to enhance the eotaxin gene 
expression in human bronchial epithelial cells via a NFκB dependent pathway (135). IL-13 
is involved in inducing proliferation of airway epithelial cells mediated by TGF- α (24). IL-
13 plays a key role in the recruitment of leukocytes by inducing chemoattractant expression 
and is also of importance in mucin production and goblet cell metaplasia (76, 80, 121). The 
DE induced increase in IL-13 expression in non-atopic healthy subjects occurred in 
association with inflammatory cell infiltration, upregulation of the adhesion molecules 
ICAM-1 and VCAM-1 and the increased expression of chemokines IL-8 and Gro-α. DE 
enhanced IL-13 expression may potentially contribute to worsening of respiratory 
symptoms during pollutant episodes in subjects with asthma and COPD, due to enhanced 
Th2 responses as well as mucus hypersecretion. Furthermore, the DE induced IL-13 
expression may contribute to an enhanced risk of allergic sensitization in previously non-
atopic individuals as well as enhanced sensitization and allergy development in allergic 
asthmatic subjects. It could consequently be one of the mechanisms underlying the clinical 
observation in subjects with respiratory diseases, who develop symptoms after an episode 
with increased pollution.  

Following the studies of cytokine production after diesel exhaust in Study I and II, Studies 
III-IV investigated the signal transduction mechanisms behind the inflammatory events. 

EFFECTS OF DIESEL EXHAUST ON TRANSCRIPTION 
FACTORS AND MAPKs 
The diesel exhaust-induced cytokine release detected in studies I and II, requires activation 
of transcription factors and their upstream signalling pathways MAPKs, that modulate 
cytokine gene expression. The properties of PM in general and DEP in particular to elicit 
oxidative stress and activation of inflammatory pathways regulating these responses have 
been reported in several animal and in vitro studies (22, 23, 83, 84, 90). In addition, 
bronchial epithelial cells and macrophages challenged with DEP show increased expression 
of cytokines in association with NFкB and AP-1 that may be attenuated by antioxidant 
supplementation (62, 137, 157). The association of redox-sensitive transcription factor 
activation with their upstream MAPKs has been confirmed in vitro (62, 158). The 
involvement of the MAPKs, p38 and JNK, in the activation of transcription factors such as 
NFкB, AP-1 ATF2 and Elk and their downstream signalling for cytokine production, has 
been reported previously (17, 32, 98, 159). The capacity of DEP to generate free radicals by 
their metal (90), PAH (12) and quinone (125) content and the upregulation of redox-
sensitive signalling pathways after DE exposure in study III are in accordance with the key 
role of NFкB and AP-1 and their upstream kinases in the regulation of DE effects (62, 136, 
137). Upregulation of the redox-sensitive transcription factors NFκB and AP-1 and 
MAPKs signalling pathways, p38 and JNK, in the bronchial epithelium after DE exposure 
in healthy subjects, indicate that these pathways may be the molecular mechanisms 
involved in DEP-induced oxidative stress and the subsequent proinflammatory cytokine 
production and leukocyte recruitment. 
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EFFECTS OF DIESEL EXHAUST ON EGFR EXPRESSION 
AND ACTIVATION 
In study IV, the signalling pathways, which activate and regulate the downstream signalling 
pathways found in study III, were investigated. Therefore, EGFR expression, activation 
and its downstream signalling were evaluated after inhalation of diesel exhaust. Receptor 
tyrosine kinases (RTKs) and EGFR are known as mediators of the incoming signals and 
have been shown to play key roles in cellular processes such as mitogenesis, proliferation, 
bronchial repair, remodelling, migration and inflammation, of importance in respiratory 
diseases such as asthma and COPD. There are several studies which have shown activation 
of EGFR by metals, organic components and oxidative stress, accompanied with activation 
of downstream MAPKs and transcription factors (29, 147-149). Recent studies have 
demonstrated the capacity of DEP to induce secretion of EGFR ligand, and its quinone 
compounds have been shown to activate Phospholipase A2 (PLA2). These signalling 
pathways could be blocked by PTK, EGFR inhibitors and antioxidants, which indicate the 
ability of DEP to activated by EGFR ligands and transactivate EGFR tyrosine residues, as 
a consequence of oxidative stress (18, 75). Cytokines may interact with EGFR, IL-13 has 
been shown play a key role in goblet cell metaplasia (142) and to activate neutrophils via 
EGFR interaction to increase goblet cell mucin production (121). Evaluation of EGFR in 
study IV, showed increased EGFR expression and phosphorylation of Tyr 1173. This 
autophosphorylation site is suggested to be involved in the association of EGFR with 
PLC-γ (34) and signal transduction coupled to PI3-K (6). Tyr 1173 also acts as a docking 
site for Shc (Src-homology and collagen protein), which in turn can bind to Grb2 (Growth 
factor receptor-binding protein 2) (101, 158), leading to MEK kinase-1 (MEKK1) 
activation and subsequent activation of JNK and p38 MAPKs (101, 105). These aspects 
together with the findings in study III indicate the ability of DEP to induce oxidative stress 
and cause activation / transactivation of EGFR. In addition, activation of EGFR, together 
with our finding of enhanced IL-13 expression in the bronchial epithelium following 
exposure to DE in humans, could be of particular importance for patients with asthma and 
COPD, who may experience exacerbation of their diseases after exposure to particulate 
matter air pollution (28, 94, 124).  

The results from study I-V do, together with antioxidant data after diesel exhaust exposure 
(16), indicate that DEP may overcome the antioxidant defences locally in the airways, 
through their direct oxidative capacity. This oxidative stress to airways may be further 
augmented through the production of oxidative species after metabolisation of organics 
and ROS from activated macrophages and neutrophils. This may lead to EGFR 
transactivation as well as potential activation by EGFR ligands.  

A variety of constituents of DEP have the potential to cause ROS generation and results in 
oxidative stress. These include metals and mainly organic compounds such as PAHs and 
quinones (64, 77). The organics constituents also have the ability to activate oxidative stress 
signalling pathways such as NFκB and p38 MAPK (22, 62). In addition, DEP may initially 
stimulate airway epithelial cells and macrophages to release pro-inflammatory cytokines 
that mediate inflammatory cell recruitment. The released cytokines may cause the release of 
EGFR ligands that bind and activate the EGFR through ligand dependent mechanisms. 
Activation or transactivation of EGFR results in tyrosine phosphorylation, such as Tyr 
1173, and provide binding opportunities for adaptor proteins like Shc or enzymes such as 
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PLC and PI3-K. The adaptor protein Shc is able causing activation of small G protein, 
RAS and its downstream signalling pathways MEKK1, JNK, p38 and subsequent 
transcription factors. The cellular response to oxidative stress might increase the activity of 
the enzymes such as phospholipase A2, phospholipase C which regulate the activities of 
DAG and PI3-K, known to be activators of protein kinases. The enzymes PLC and PI3-K 
are involved in the activation of signalling pathways such as PKC, G protein coupled 
receptor (GPCR), small G protein and other signalling molecules, which could activate 
downstream signalling pathways in cooperation with EGFR. These mechanisms may be of 
importance particularly for sensitive populations with asthma and COPD that include 
EGFR-related mechanisms and airway remodelling in their pathophysiological 
characteristics. 

EFFECTS OF DIESEL EXHAUST GENERATED AT 
EUROPEAN TRANSIENT CYCLE RUNNING CONDITION ON 
HUMAN AIRWAYS  
Earlier diesel exposure studies have mainly used diesel exhaust generated during idling 
conditions, which gives higher organic contributions to the exhaust. Diesel exhaust with 
lower organic content and more carbon core particles is generated in traffic situations when 
engines work at higher speed. Study V was therefore performed to address the airway 
inflammatory responses to diesel exhaust, generated by a diesel engine during standardized 
ETC running conditions healthy human subjects. The present study demonstrated 
significant increases in the expression of the vascular endothelial adhesion molecules 
VCAM-1 and P-selectin which are important for recruitment and migration of 
inflammatory cells into the bronchial tissue. P-selectin is known to initiate the early phase 
of adhesion-rolling of inflammatory cells along the endothelial surface. The inflammatory 
cells can bind to ICAM-1 via LFA-1 and leads to migration of cells to the inflammatory 
site, but VCAM-1 mainly, bind to eosinophils, lymphocytes and monocytes via VLA-4. 
Absence of altered endothelial ICAM-1 expression and the finding of upregulated P-
selectin, suggests an early phase of inflammatory cell recruitment into the airway mucosa. 
Whether a further development would occur during the forthcoming hours needs to be 
further addressed.  
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FINAL COMMENTS 
Adverse health effect of PM and DE, as a major contributor of particulate air pollution, 
have been revealed by a number of epidemiological studies which have suggested that 
subjects with respiratory and cardio-vascular diseases comprise susceptible sub-
populations. However, experimental studies are needed to elucidate and understand the 
underlying biological mechanisms behind these adverse effects. In this thesis, two separate 
diesel exposure set-ups were studied; diesel engine exhaust produced during idling as well 
as exhaust produced during city cycle running conditions. The aims of these studies were to 
investigate airway effects of DE exposure in healthy subjects and plausible biological 
mechanisms contributing to DE induced inflammatory outcomes in the human airways. 
Following exposure to DE generated by idling diesel engine, a neutrophilic inflammation 
accompanied with elevated adhesion molecules was reported in a previous study. This 
thesis shows that DE induced inflammation is mediated by enhanced chemokines and 
cytokines in the bronchial epithelium. The DE induced enhancement of cytokines may be 
regulated by augmentation of redox-sensitive transcription factor activity, in association 
with increased activation of their upstream MAPKs. An activation of redox-sensitive 
pathways and subsequent oxidative stress upon exposure to DE, may be mediated by 
metals, PAHs and quinones or ROS generated by respiratory cells and result in increased 
release of cytokines. The first study done with diesel under running cycle conditions 
demonstrated relatively similar effects as idling, but there were indications of a slower 
development of inflammation in the airways, that demand further attention. The finding of 
bronchoalveolar eosinophilia could be of certain importance for asthmatic subjects. 

Combined, these findings may provide important links to the epidemiological findings of 
susceptibility of subjects with respiratory and cardio-vascular diseases, which already have 
ongoing oxidative stress responses. Importantly, this study demonstrates a key role for 
EGFR which can regulate migration, inflammation, repair, proliferation and remodelling 
following DE exposure. Complementary research also needed to study effects of diesel 
exhaust generated by various engines with and without particle filters and at various 
running conditions to better understand the toxicological features of diesel exhaust with 
different chemical and particulate properties. 
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CONCLUSIONS 
The findings in this thesis indicate that diesel exhaust has potential to induce cascades of 
biological mechanisms in the airways of healthy subjects, which may be of particular 
importance for sensitive populations with respiratory and cardiovascular diseases.  

It is concluded that: 

Diesel exhaust generated during European transient cycle running condition as well as 
idling conditions, have the capacity to induce airway inflammatory events. Differences 
between the responses to the two types of exhaust may be due to the exhaust composition, 
dose and time kinetic aspects. 

Diesel exhaust induced production of chemokines and cytokines with immunoregulatory 
abilities in the bronchial epithelium, resulting in a shift towards a Th2 cytokine response. 
These finding highlight the regulatory role of the bronchial epithelium in the inflammatory 
response to diesel exhaust. 

Diesel exhaust induced cytokine production was associated with increase in the redox-
sensitive transcription factors NFκB, AP-1 as well as JNK and p38 MAPkinases in the 
bronchial epithelium.  

Exposure to diesel exhaust was associated with increased EGFR expression and 
phosphorylation of the C-terminal Tyr 1173 residue which may reflect the ability of diesel 
exhaust to induce oxidative stress and cause activation or transactivation of EGFR. 
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