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ABSTRACT
Several epidemiological studies have revealed an association between particulate matter (PM) 
pollution and various health effects. Importantly, there is evidence to suggest that individuals 
with pre-existing respiratory disease, such as asthma, are more sensitive to elevated ground 
levels of particulate matter as compared to healthy subjects. Among the various sources of 
PM pollution, diesel powered vehicles have been identified as important contributors.
The aim of this thesis was to investigate the airway effects of experimental chamber exposure 
to diesel exhaust (DE) in healthy and asthmatic subjects, focusing on airway responsiveness, 
airway inflammation and lung function. To achieve a comprehensive picture of the airway 
responses to DE, a number of different methods were used, including lung function 
measurements, methacholine inhalation tests, induced sputum and bronchoscopy. Each 
subject acted as his/her own control by being exposed both to filtered air and DE in a 
crossover design.
Short term exposure to DE, at a particle concentration (PMi0) of 300 ug/m3, was associated 
with a clinically significant increase in bronchial hyperresponsiveness in asthmatic subjects. 
In accordance with the epidemiological data suggesting a 1-4 day lag effect for most health 
outcomes to PM pollution, the increase was detected one day after DE exposure, indicating a 
long lasting response to DE in asthmatic airways.
Diesel exhaust induced a range of airway inflammatory changes as reflected in induced 
sputum, bronchoalveolar lavage and bronchial mucosal biopsies. In healthy subjects, DE 
exposure was associated with an increase in neutrophils and IL-6 in sputum, elevated levels of 
IL-8 and IL-6 in bronchial wash (BW), enhanced expression of IL-8 and GRO-a in the 
bronchial epithelium and with increases in P-selectin and VCAM-1 in the airway mucosa. In 
contrast, asthmatics responded with an increase in IL-6 in sputum and an enhanced expression 
of IL-10 in the bronchial epithelium following exposure DE. Thus, clear differences were 
identified between healthy and asthmatic subjects in the inflammatory response to DE.
Airway epithelial cells constitute the first line of cellular defence towards inhaled air 
pollutants and increasing evidence suggests that these cells contribute markedly to the 
initiation of airway inflammatory responses. The bronchial epithelium was identified to have 
an important regulatory role in response to diesel exhaust, including the capacity to produce 
chemoattractant and immunoregulatory proteins associated with development of airway 
inflammation and bronchial hyperresponsiveness.
Lung function measurements revealed that short-term exposure to DE induces an immediate 
bronchoconstrictive response in both healthy and asthmatic individuals, with significant 
increases in airway resistance (Raw) following DE exposure.
This thesis also investigated the effects of a lower concentration of DE (PMio 100 ug/m3) than 
previously studied. It was shown that exposure to DE at a concentration corresponding to a 
PM level that may be encountered in busy traffic situations, was still associated with 
potentially adverse airway responses in healthy and asthmatic subjects.
In summary, the results presented here indicate that short term exposure to diesel exhaust, at 
high ambient concentrations, has the potential to induce a range of biological events in the 
airways of healthy and asthmatic subjects.
Keywords: air pollution, diesel exhaust, airway responsiveness, airway inflammation, lung 
function, asthmatics, immunohistochemistry, bronchial epithelium.
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ABSTRACT

Several epidemiological studies have revealed an association between particulate matter (PM) 
pollution and various health effects. Importantly, there is evidence to suggest that individuals 
with pre-existing respiratory disease, such as asthma, are more sensitive to elevated ground 
levels of particulate matter as compared to healthy subjects. Among the various sources of 
PM pollution, diesel powered vehicles have been identified as important contributors.
The aim of this thesis was to investigate the airway effects of experimental chamber exposure 
to diesel exhaust (DE) in healthy and asthmatic subjects, focusing on airway responsiveness, 
airway inflammation and lung function. To achieve a comprehensive picture of the airway 
responses to DE, a number of different methods were used, including lung function 
measurements, methacholine inhalation tests, induced sputum and bronchoscopy. Each 
subject acted as his/her own control by being exposed both to filtered air and DE in a 
crossover design.

Short term exposure to DE, at a particle concentration (PMio) of 300 ug/m3, was associated 
with a clinically significant increase in bronchial hyperresponsiveness in asthmatic subjects. 
In accordance with the epidemiological data suggesting a 1-4 day lag effect for most health 
outcomes to PM pollution, the increase was detected one day after DE exposure, indicating a 
long lasting response to DE in asthmatic airways.
Diesel exhaust induced a range of airway inflammatory changes as reflected in induced 
sputum, bronchoalveolar lavage and bronchial mucosal biopsies. In healthy subjects, DE 
exposure was associated with an increase in neutrophils and EL-6 in sputum, elevated levels of 
IL-8 and IL-6 in bronchial wash (BW), enhanced expression of IL-8 and GRO-a in the 
bronchial epithelium and with increases in P-selectin and VCAM-1 in the airway mucosa. In 
contrast, asthmatics responded with an increase in IL-6 in sputum and an enhanced expression 
of IL-10 in the bronchial epithelium following exposure DE. Thus, clear differences were 
identified between healthy and asthmatic subjects in the inflammatory response to DE.
Airway epithelial cells constitute the first line of cellular defence towards inhaled air 
pollutants and increasing evidence suggests that these cells contribute markedly to the 
initiation of airway inflammatory responses. The bronchial epithelium was identified to have 
an important regulatory role in response to diesel exhaust, including the capacity to produce 
chemoattractant and immunoregulatory proteins associated with development of airway 
inflammation and bronchial hyperresponsiveness.
Lung function measurements revealed that short-term exposure to DE induces an immediate 
bronchoconstrictive response in both healthy and asthmatic individuals, with significant 
increases in airway resistance (Raw) following DE exposure.
This thesis also investigated the effects of a lower concentration of DE (PMio 100 ug/m3) than 
previously studied. It was shown that exposure to DE at a concentration corresponding to a 
PM level that may be encountered in busy traffic situations, was still associated with 
potentially adverse airway responses in healthy and asthmatic subjects.
In summary, the results presented here indicate that short term exposure to diesel exhaust, at 
high ambient concentrations, has the potential to induce a range of biological events in the 
airways of healthy and asthmatic subjects.
Keywords: air pollution, diesel exhaust, airway responsiveness, airway inflammation, lung 
function, asthmatics, immunohistochemistry, bronchial epithelium.
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ABBREVIATIONS

AHR Airway hyperresponsiveness
APRT Adenine phosphoribosyl transferase
BAL Bronchoalveolar lavage
BW Bronchial wash
DE Diesel exhaust
DEP Diesel exhaust particles
ECP Eosinophil cationic protein
FEVi Forced expiratory volume in one second
F VC Forced volume capacity
GMA Glycomethacrylate
GM-CSF Granulocyte-macrophage-colony stimulating factor
Gro-a Growth related oncogene alpha
HC Healthy control subjects
ICAM-1 Intercellular adhesion molecule-1
IL- Interleukin-
MA Mild asthmatic subjects
MPO Myeloperoxidase
NO Nitric oxide
n o 2 Nitric dioxide
O3 Ozone
PM Particulate matter
RANTES Regulated upon activation, normal T cell expressed
Raw Airway resistance
RT-PCR Reverse transcriptase polymerase chain reaction
SO2 Sulphur dioxide
sRaw Specific airway resistance
TNF-a Tumour necrosis factor alpha
VCAM-1 Vascular cell adhesion molecule-1
VE Volume of gas expired





INTRODUCTION

Health effects due to air pollution arising from motor vehicles have become an 
important public and political issue worldwide. Estimates by the United Nations 
indicate that over 600 million people living in cities around the world are exposed to 
unhealthy and dangerous levels of motor vehicle generated air pollutants (1). Among 
the various pollutants emitted from motor vehicle exhaust, particulate matter (PM) has 
generated major concern, as several epidemiological studies have suggested an 
association between the emission of particles and various health effects. Although the 
sources of particulate matter vary from place to place and time to time, one of the most 
important sources of airborne particles is that derived from diesel exhaust (DE).

During the last decades, there has been a steady increase in the prevalence of asthma, 
especially in the industrialized world (2, 3). Today asthma constitutes a common and 
troublesome problem affecting a substantial proportion of the childhood and adult 
population worldwide. The genesis of asthma and allergy is generally considered as a 
complex interaction between genetic and environmental factors. However, genetic 
factors can neither explain the increase in prevalence over the last decades nor the 
large differences in prevalence between regions of similar ethnic backgrounds, 
rendering the increase in asthma and allergies most likely explained by environmental 
factors. Extensive research has been performed to investigate the relationship between 
air pollution and allergic disease, and currently, there is much evidence to suggest that 
elevated levels of air pollution can exacerbate existing asthma, while evidence that air 
pollution can promote the induction of asthma is limited.

DIESEL EXHAUST 

Diesel exhaust components
Diesel exhaust is a common air pollutant in urban settings as well as in various work 
environments worldwide. Due to their high emissions of particles, diesel engines have 
been identified as major contributors of particulate matter pollution in areas with heavy 
traffic. Studies have shown that diesel engines emit approximately 10 times more 
particles than petrol engines without catalytic converters and up to 100 times more than 
petrol engines with catalytic converters (4, 5).

DE consists of a complex mixture of both gases and particles. The main gases are 
carbon monoxide (CO), nitric oxides (NO, N 0 2), sulphur dioxide (S02) and 
hydrocarbons (6). Compared to the gases emitted from petrol engines, diesel engines 
are lower in CO, C 02 and hydrocarbons, but higher in oxides of nitrogen (NOx). Diesel 
exhaust particles have a mass median diameter of 0.05-1.0 (im, rendering them to be 
easily respirable and capable of depositing in the airways and alveoli (7). By virtue of
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INTRODUCTION

their greater surface area to mass ratio, these small particles can carry large fractions of 
toxic compounds such as hydrocarbons, aldehydes and transition metals on their 
surface. Once emitted, diesel exhaust particles have also been shown to absorb several 
antigens onto their surface, and therefore act as potential carriers of allergens (8). 
Thereby, both the dose of allergen and the antigenicity of a pollen allergen may be 
enhanced. The composition and concentration of diesel exhaust is further influenced by 
a number of factors, including engine type, age and wear of the engine, operating 
condition, fuel type, maintenance and driving manners.

Toxicology and deposition
The deposition of particles in the respiratory tract is dependent on both particle size 
and pattern of breathing. Particles with an aerodynamic diameter of less than 5 pm are 
likely to reach the smaller airways and the alveoli, whereas larger particles are 
predominantly deposited in the upper or larger airways (9, 10). Ultrafine particles (<0.1 
pm) may penetrate through the epithelium and continue into the blood system, possibly 
provoking changes in blood coagulability (11). Mouth breathing increases the upper 
cut-off size for particles reaching the lower airways and results in greater particle 
deposition in the lower airways (9, 10). Particle deposition may also be increased in 
patients with obstructive disease as compared to healthy subjects, which is possibly 
explained by a prolonged transit time for particles in the airways due to the lower 
expiratory flows seen in patients with obstructive disease (12).

Measurements
Particulate matter has traditionally been measured as total suspended particles (TSP) or 
black smoke (BS). Lately, estimates based on the size of the particles have become 
increasingly used. Particles are generally divided into three different size ranges. Fine 
(<0.1-2.5 pm) and ultra fine (<0.1 pm) are mainly formed during combustion 
processes, while larger particles (>2.5 pm), often referred to as coarse particles, are 
predominantly formed mechanically. Ultra fine and fine particles have long half-lives 
in the atmosphere and can be transported long distances as well as penetrate indoors. 
PM10 represents the fraction of particles with an aerodynamic diameter of less than 10 
pm, but does not discriminate between ultra fine, fine and coarse particles. As 
compared to TSP and BS, the associations between particulate matter and health 
effects are generally stronger for PM10, and currently, PM10 is the most commonly used 
size specific indicator. Increasing attention has also been focused on PM2 .5 (particles 
with an aerodynamic diameter of less than 2.5 pm) as there is evidence to suggest that 
fine and ultra fine particles constitute the most harmful fraction of PM pollution.

Most of the long-term air pollutant measurements are achieved by stationary collectors 
at street level or on rooftops in urban areas. The latter are predominantly used for 
estimations of background changes over time and exposure assessments in 
epidemiological studies. Although measurements from fixed stations are of great
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INTRODUCTION

importance in estimating the level of public exposure to common air pollutants, they 
may underestimate the level of personal exposure. Studies have shown that 
assessments of personal exposure may result in two to ten times higher average 
concentrations as compared to corresponding area measurements (13). Assessments of 
air pollutant concentrations can further be performed continuously or as a mean over 
some time period such as one hour, 24 hours, one month or one year. Since many 
biological effects are likely to be related to peak concentrations, it is important to 
include short-term analysis.

PM pollution in ambient air
The most important source of PM pollution in outdoor ambient air is the emissions 
from motor vehicles. Consequently, high concentrations of PM pollution are found in 
urban areas with heavy traffic and congested streets. Among the worlds megacities 
(population exceeding 10 millions), the United Nations environmental programme and 
WHO have reported particulate matter to be the most serious global air pollution 
problem. Several of these cities have annual mean concentrations of particulate matter 
in the range of 200-600 |Xg/m3 with peaks over 1000 |xg/m3 (14). In the UK, annual 
levels of PM10 in metropolitan areas generally range from 10-45 |xg/m3, with maximum 
daily averages of 70-150 |Xg/m3 (15). However, hourly means may reach 300-400 
|Xg/m3 with peaks exceeding 600 |xg/m3. In Sweden, maximum daily PMi0 in urban 
settings may range from 20 to 130 (Xg/m3, with hourly mean concentrations exceeding 
300 |xg/m3, depending on traffic intensity and type of street (16, 17). In a road tunnel in 
Stockholm, the PMi0 concentrations during rush hour were in the range of 103-613 
M-g/™3 (18).

PM pollution in workplaces
Workplace concentrations of DE and other PM pollution are often higher than ambient 
levels. High PM levels are particularly encountered in working environments with a 
vast number of running diesel engines in combination with enclosed spaces, such as 
garages and mines. Measurements from a non-coal mine showed that the mean 
concentration of respirable particles ranged from 100 to 900 |xg/m3 and the maximum 
concentration from 700 to 2,100 |xg/m3 (19, 20). In another study, where personal 
exposure to particulate matter was measured in railroad employees, the mean 
concentrations varied from 49 to 191 |xg/m3 (21).

Exposure limits
In the United States and many European countries, annual and 24-hour PMi0 standards 
have been set at 50 jxg/m3 and at 150 (Xg/m3, respectively. In Sweden, new and stricter 
guidelines for PMi0 exposure have been proposed, suggesting the 24-hour PMi0 
exposure limit for 2001 to be 75 (Xg/m3.
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INTRODUCTION

EPIDEMIOLOGICAL STUDIES

During the last decade there has been a burst of epidemiological studies investigating 
the health effects of particulate air pollution. Altogether, these studies have provided 
strong epidemiological evidence for an association between particulate air pollution 
and adverse health effects, including both respiratory and cardiovascular morbidity and 
mortality (22-24). Importantly, most effects have been observed at PMi0 concentrations 
below the WHO safety guidelines and there is no clear evidence of a threshold which 
can be considered safe for human health. Instead, the relative risk of morbidity and 
mortality has generally been shown to increase in a near-linear fashion with increased 
particulate concentrations (25, 26).

Regarding the relationship between particulate matter and asthma, patients with pre
existing respiratory disease such as asthma, appear to be at particular risk (24, 27). A 
review of the epidemiological literature has shown that a 10 |Lig/m3 increase in PM10 is 
associated with a 1-3% increase in asthma exacerbations, respiratory symptoms and 
hospital admissions for respiratory complaints and asthma (28). Analysis of the 
mortality related to particulate matter has indicated that for each 10 |ig/m3 increase in 
PMio, total mortality increased by 1%, respiratory mortality by 3.4% and 
cardiovascular mortality by 1.4% (28). In most studies, a time-lag effect of 1-4 days 
was detected for the various health outcomes related to PM.

Although current epidemiological data present a coherent picture of associations 
between PM pollution and various health outcomes, the epidemiology still holds some 
limitations and weaknesses that need to be mentioned. Firstly, epidemiological studies 
do not discriminate between personal and ambient exposures. Depending on a persons 
lifestyle, including the time spent outdoors, in busy streets, garages etc, the inter
individual differences in exposure may be extensive. Thus, the coherence between 
personal and ambient exposure may be very low. Secondly, alternative risk factors may 
be correlated with air pollution, resulting in potential confounding. Thirdly, the 
epidemiology provides no information about the underlying biological mechanisms 
that may explain the observations.

PREVIOUS DIESEL EXPOSURE STUDIES 
- INFLAMMATORY AND PRO-ALLERGIC RESPONSES

In recent years, an increasing number of experimental studies have been conducted to 
evaluate the biological effects of DE in both humans and animals. An extensive review 
of these studies was recently presented by Sydbom et al (29).

Human exposure studies
Using the same experimental human exposure system as in this thesis, the effects of
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diesel exposures have been evaluated using symptom questionnaires, lung function 
measurements and bronchoscopy.

Symptoms and lung function effects have only been addressed in a small number of 
studies. In one study, exposure to high ambient levels of DE was shown to cause 
unpleasant smell and eye irritation whereas no changes were seen in FEVi (30). In 
another study, it was investigated whether the use of a particle trap on the tail pipe of 
an idling diesel engine would reduce the effects of DE on symptoms and lung function. 
Although the particle trap reduced the particle number by 46%, DE exposure was still 
associated with increases in symptoms and airway resistance (Raw)? suggesting that 
other components than the particles may be involved in these responses (31).

In an important study performed by Salvi et al (32), the inflammatory effects of short
term exposure to DE (PMi0 300 |ig/m3) were evaluated using bronchoscopy to obtain 
specimens for analysis. Six hours after DE exposure, a marked inflammatory response 
was observed, with an upregulation of adhesion molecules along with a marked 
infiltration of inflammatory cells, including neutrophils, lymphocytes and mast cells in 
the bronchial mucosa. Elevated concentrations of methyl-histamine were also detected 
in the BAL, suggesting an increased degranulation of mast cells following exposure to 
DE. The inflammatory effects of DE have also been investigated at a later timepoint. 
At 24 hours following DE exposure, inflammatory changes were still present, 
including an increase in neutrophils and macrophages in bronchoalveolar lavage, along 
with a reduced phagocytosis rate by alveolar macrophages in vitro (33).

Taken together, human exposure studies have shown that exposure to high ambient 
levels of DE is associated with symptoms from the eyes and nose, increased airway 
resistance and an acute inflammatory response in the airways of healthy volunteers.

In addition to these studies investigating the effects of DE exposure alone, a few 
studies have also been performed to examine the effects of naturally occurring 
mixtures of air pollution. Recently, Svartengren et al demonstrated that short-term 
exposure to air pollution in a road tunnel, was associated with an enhanced reaction to 
inhaled allergens in asthmatic subjects. The response was related to the exposure 
concentration of N 0 2 and, to a lesser extent, the level of PM pollution (18).

Human nasal challenge studies
A number of human nasal provocation studies have been performed to elucidate 
inflammatory effects of diesel exhaust particles in the nose. In an early study, the 
effects of DEP on localized immunoglobulin production were investigated by 
performing nasal challenges with varying doses of DEP. Four days after challenge, a 
significant rise in nasal IgE but not IgG, IgA, IgM, or albumin was observed (34). In 
coherence with these findings, the combination of mucosal stimulation with DEP and 
ragweed allergen has been shown to induce in vivo isotype switching to IgE in humans 
with ragweed allergy (35). DEP have also been shown to influence cytokine
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production. In one study, the effects of intra nasal challenge with DEP and ragweed, 
both alone and combined, were investigated. Allergen challenge resulted in a weak 
response, DEP challenge caused a strong but non-specific response, while allergen plus 
DEP caused a significant increase in the expression of mRNA for TH2-type cytokines 
(IL-4, IL-5, IL-6, IL-10, IL-13) with a pronounced inhibitory effect on IFN-y gene 
expression (36), indicating that diesel exhaust particles may skew cytokine production 
to a T helper 2-type pattem. Recently, Dias-Sanchez et al presented a study in which 
two groups of atopic subjects were included. One group underwent immunization to a 
neoantigen (keyhole limpet hemocyanin (KLH)) during a 2-week period whereas the 
other group underwent challenge to both KLH and DEP. In the group in which KLH 
challenge was preceded by DEP, 9 out of the 15 subjects produced anti-KLH-specific 
IgE, as compared to no one in the group receiving only KLH. This study suggests that 
DEP can act as mucosal adjuvants and induce primary allergic sensitisation to a 
neoantigen in the human nasal mucosa (37).

Altogether, these human nasal challenge studies have demonstrated that DEP can 
synergize with allergen to induce isotype switching to IgE in human B cells, enhance 
allergen-specific IgE production, initiate a TH2 cytokine environment and even 
promote primary allergic sensitisation, thus suggesting that DEP may be important in 
initiating and exacerbating allergic disease.

Animal Studies
In recent years, several animal studies have been designed to evaluate immunologic 
and pro-allergic effects of DEP. A common approach has been the use of combined 
challenges, including both DEP and allergens, to enable investigation of the adjuvant 
properties of DEP in exerting allergic responses. Although animal studies contribute 
extensively to the understanding of biological effects of DE, several considerations 
must be kept in mind when evaluating animal data. First, the concentrations of DE 
used in most animal studies are much higher than what is normally encountered in 
ambient air. Animals are often exposed to PM concentrations ranging from 1,000- 
10,000 |LLg/m3 over days, months and even years, as compared to PM concentrations of 
100-300pg/m3 for one to two hours in most human exposure studies. Furthermore, 
species differences in sensitivity to pollutants must be considered. Studies have 
indicated that the dosimetry in the small airways of animals, such as rodents, is very 
different to that of humans (38).

A few animal studies have addressed the effects of DEP on airway responsiveness. In 
mice, intranasal administration of DEP has been shown to increase airway 
responsiveness to acetylcholine (39). Others have investigated the effects of co
administration with both DEP and antigen on airway responsiveness. 24 hours after 
challenge, respiratory resistance to inhaled acetylcholine was significantly greater 
following treatment with the combination of ovalbumin and DEP as compared to either 
threatment alone (40). In another study, DE exposure with antigen challenge was
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shown to induce airway hyperresponsiveness and airway inflammation, characterized 
by increased numbers of eosinophils, mast cells and goblet cells in lung tissue. 
Exposure to DE alone also enhanced airway hyperresponsiveness, but did not induce 
eosinophil infiltration (41).

Several studies performed in mice have suggested that DEP may act as an adjuvant for 
IgE production to antigens. In one study, intraperitoneal injection of DEP was reported 
to increase the IgE response to both ovalbumin and Japanese cedar pollen (42). 
Similarly, DEP was shown to enhance the production of IgE and IgG following 
immunization with mite allergen (43). Co-administration of DEP with antigen has also 
been shown to increase IL-4, and decrease IFN-y in local lymph nodes of mice 
compared with instillation of antigen alone (44, 45). Similarly, others have shown 
significant increases in local expression of IL-4, IL-5, granulocyte macrophage-colony 
stimulating factor (GM-CSF), and IL-2, following six weeks with intratracheal 
administration of DEP and antigen (46). In the same study, DEP and antigen was also 
shown to increase inflammatory cell numbers, including elevated levels of eosinophils, 
neutrophils and lymphocytes in BAL, together with increased infiltration of 
eosinophils and lymphocytes in the bronchial epithelium.

Taken together, data from experimental animal studies suggest that DEP may increase 
airway responsiveness, elevate IgE production, modulate cytokine expression and 
induce cellular inflammation. Importantly, these responses were predominantly seen 
when DEP was combined with antigen challenge.

ASTHMA

Asthma is a complex obstructive lung disease characterized by variable and reversible 
bronchoconstriction, airway inflammation and increased airway responsiveness to a 
variety of stimuli. Frequently, there is an allergic component to the disease, with 
elevated levels of circulating IgE, specific to environmental allergens. The symptoms 
of asthma include recurrent episodes of wheezing, cough, chest tightness and 
breathlessness, associated with airflow limitation that is at least partly reversible, either 
spontaneously or with treatment.

The cellular and pathologic characteristics of asthmatic airways are known to involve 
infiltration of inflammatory cells together with structural changes such as epithelial 
destruction, thickening of the reticular collagen layer below the basement membrane 
and airway smooth muscle hypertrophy. Studies on cellular infiltration have suggested 
a complex interaction of many cell types, in which eosinophils, mast cells and T- 
lymphocytes are likely to play a key role.

Eosinophils are important participants in the immunopathogenesis of allergic 
inflammation (47, 48) and elevated numbers of eosinophils have been demonstrated in
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peripheral blood, sputum, BAL and bronchial mucosa of asthmatic subjects (49-52). 
The accumulation of eosinophils in the airway tissue is regulated by survival and 
activation factors, including IL-3, IL-5, GM-CSF produced by T-cells and mast cells. 
Upon stimulation, eosinophils may release substances such as leukotrienes as well as 
cytoplasmic granule proteins, including major basic protein (MBP) and eosinophilic 
cationic protein (ECP). There is also increasing evidence to suggest that eosinophils 
are capable of producing a wide range of cytokines, including eosinophil growth 
factors (IL-3, IL-5, GM-CSF), immunoregulatory cytokines (IL-2, IL-4, IL-10 and 
INF-y) and proinflammatory cytokines (IL-1, IL-6, IL-8 and TNF-a) (47, 48).

Mast cells have been suggested to play an important role in the development of allergic 
inflammation (53) and there is good evidence that mast cells are both key effectors and 
orchestrators of the inflammatory response in asthmatic airways. Following activation, 
mast cells release mediators such as histamine, leukotrienes and proteases, as well as 
many cytokines, pivotal to the genesis of an allergic inflammatory response (54). In 
particular, mast cells have been identified as an important source of IL-4 and IL-5 (55).

The recruitment of inflammatory cells from the blood to the lung tissue is a complex 
process that involves the interaction of adhesion molecules on the vascular endothelial 
cells with their counterligands on the leukocyte surfaces, as well as various 
chemoattractant cytokines. During the earliest stages of this process, circulating 
leukocytes undergo tethering and rolling on the endothelial surface. These events 
involve weak reversible bonds between selectins and their counterligands. The selectin 
family includes E-selectin and P-selectin, which are expressed on endothelial cells, and 
L-selectin, which is restricted to leukocytes. P-selectin can appear within minutes of 
activation from preformed stores, whereas E-selectin is dependent on biosynthesis with 
maximum surface expression 4-6 hours after stimulation. The initial reversible step of 
leukocyte rolling, is followed by firm adhesion between leukocytes and endothelial 
cells. This step is mediated by leukocyte integrins that interact with endothelial 
adhesion molecules belonging to the immunoglobulin superfamily such as intercellular 
adhesion molecule-1 (ICAM-1) and vascular adhesion molecule-1 (VCAM-1). 
Important members of the integrin family are leukocyte function associated antigen 
(LFA-1) and very late antigen-4 (VLA-4). In asthmatic disease, the interaction between 
VLA-4 and VCAM-1 is of particular interest as this pathway is involved in the tissue 
migration of eosinophils, basophils and lymphocytes, whereas neutrophil migration is 
predominantly mediated through binding of LFA-1 to ICAM-1. The expression of 
VCAM-1 is stimulated by certain cytokines, including IL-1, TNF-a, IL-4 and IL-13 
(56, 57).

In recent years, increasing attention has been focused on the role of various cytokines 
in the pathogenesis of asthma, mainly because of their ability to promote inflammatory 
cell migration and activation, or cause structural changes in the airways. Particular 
interest has been directed towards the CD4+ T-helper 2 (TH2) subset of cytokines, 
including IL-3, IL-4, IL-5, IL-10 and IL-13, which stimulate the growth,
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differentiation and recruitment of mast cells, basophils, eosinophils and B-cells, all of 
which are involved in humoral immunity and allergic disease. In asthma, this arm of 
the immune response seems to be overactive, while THi activity, generally 
corresponding more to cell-mediated immunity, is dampened. It is not yet known why 
asthmatics have this “out-of-balance” immune activity, but genetics, viruses, heavy 
metals, nutrition, and pollution have all been suggested as contributors (58-60).

Airway hyperresponsiveness (AHR) is an important feature of asthma and has been 
shown to correlate well with severity of the disease (61-64). The term 
hyperresponsiveness refers to an exaggerated tendency of asthmatic airways to respond 
with bronchoconstriction to a large variety of stimuli, meaning that airways narrow 
more easily to various stimuli. Many different factors have been implicated in the AHR 
seen in asthma. To begin with, it is likely that different mechanisms are responsible for 
the underlying hyperresponsiveness seen in asthmatic subjects, as compared to the 
mechanisms responsible for the variations in AHR seen throughout the course of the 
disease (65). Several studies have been conducted to investigate the relationship 
between airway inflammation and AHR. Although these two features are both 
recognized as major characteristics of bronchial asthma, their relationship is still poorly 
understood, and the results of correlation studies on baseline airway responsiveness 
and airway inflammation have been somewhat inconsistent. Although there is strong 
evidence to support a temporal relationship between airway inflammation and airway 
responsiveness (66, 67), there are also some arguments to suggest that AHR and 
airway inflammation should be considered as two separate events derived through 
different mechanisms (68, 69). Thus, there is no current consensus on whether AHR 
and airway inflammation simply coexist or whether there is a causal relationship 
between them.
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AIMS

The overall aim of this thesis was:

• To evaluate the airway effects of diesel exhaust in asthmatics and healthy 
subjects.

Specific aims were:

• To study the effects on airway hyperresponsiveness in asthmatic subjects after 
short-term exposure to DE.

• To characterize the inflammatory response to diesel exhaust in healthy and 
asthmatic airways.

• To identify possible differences between asthmatics and healthy subjects in 
their response to diesel exhaust exposure.

• To study the role of the bronchial epithelium in the inflammatory response to 
diesel exhaust exposure.

• To investigate whether diesel exhaust, at a concentration below the current 
guidelines for particulate matter pollution, would cause adverse effects in 
healthy and asthmatic airways.

• To investigate lung function responses following short-term exposure to diesel 
exhaust in asthmatics and healthy subjects.

• To evaluate the use of induced sputum as a non-invasive tool to investigate 
inflammatory effects of diesel exhaust.
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MATERIAL AND METHODS

To achieve a comprehensive picture of the airway responses to DE, various 
experimental approaches were used, ranging from non-invasive techniques such as 
lung function measurements, methacholine inhalation tests and induced sputum, to 
more invasive techniques such as bronchoscopy. A summary of the methods used in 
each study is presented in Table 1.

SUBJECTS

The studies were designed to include different study populations. In short, studies I and 
III were performed in healthy subjects, study II in asthmatic subjects, and study IV in 
both asthmatics and healthy controls. The inclusion criteria for healthy subjects 
involved no history of asthma or other respiratory disease, normal physical 
examination, normal lung function and a negative skin-prick test. The asthmatic 
subjects were diagnosed according to the GINA guidelines (70). All had a history of 
asthma, normal physical examination, normal lung function, a positive skin prick test 
to at least one airborne allergen and were hyperresponsive to methacholine (PC2o 
methacholine < 8 mg/ml). In all studies, subjects were non-smokers, had normal ECG 
and were free from airway infection within at least four weeks prior to and during the 
study period. Verbal and written informed consent was obtained from all subjects and 
the studies were approved by the Ethics Committee of Umeå University.

Study 1
The study comprised fifteen healthy, non-smoking volunteers (2 female, 13 male). The 
mean age was 25 years (range 22-33 years).

Study 2
The study population included 14 non-smoking subjects (7 female and 7 male; mean 
age 26, range 22-57 years) with diagnosed asthma. The subjects used inhaled short 
acting ß2-agonists as needed, as well as daily medication with inhaled corticosteroids 
(400-1200pg).

Study 3
In study III, fifteen healthy subjects (4 female, 11 male) were recruited. The mean age 
was 24 years (range 21-28 years).
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Study 4
Fifteen subjects with mild asthma (5 female and 10 male; mean age 30 years, range 22- 
52 years) and 25 healthy subjects (9 female and 16 male; mean age 24 years, range 19- 
42 years) were included. The asthmatics used only inhaled short acting ß2-agonists as 
needed, to control their asthma.

STUDY DESIGN

All studies were performed using a crossover design with each subject acting as his/her 
own control. In order to prevent any bias due to possible carry over effects, the 
exposures were conducted at least two weeks apart and in a randomized sequence, with 
half the study population being exposed to air as their first exposure and the other half 
being first exposed to DE. Subjects and investigators were blind as to exposure 
sequence, but the engineering staff supervising the chamber were aware of exposure 
details. During all exposures, intermittent light exercise on a bicycle ergometer was 
interspersed with rest in 15-min periods.

Study 1
The study was conducted in order to evaluate the time course of the inflammatory 
response following exposure to DE by the analysis of induced sputum from healthy 
volunteers. Each subject was exposed to air and DE (PM10 300|ng/m3) for one hour in 
an exposure chamber. To follow the kinetics of the response to DE induced sputum 
was performed at both six and 24 hours after each exposure.

Study 2
The aim of this study was to investigate the effects of short-term exposure to DE in 
asthmatics, by specifically addressing the effects on airway hyperresponsiveness, lung 
function and airway inflammation. Each subject was exposed to air and DE (PM10 
300|ig/m3) for one hour in an exposure chamber. Lung function responses were 
measured before and immediately after the exposures. Sputum induction was 
performed at 6 hours and methacholine inhalation test at 24 hours after each exposure.

Study 3
The study addressed the hypothesis that the leukocyte infiltration following exposure 
to DE previously reported by our group (32, 33), was mediated by enhanced cytokine 
expression in the airways. The aim of the study was therefore to investigate the effects 
of DE on cytokine gene transcription and protein production as reflected in bronchial 
biopsies and BW. Subjects were exposed to DE (PMi0 300|ig/m3) and air for one hour, 
followed by bronchoscopy performed six hours after exposures.
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Study 4
The study was designed to explore whether ambient levels of DE would affect the 
airways and whether mild asthmatic subjects would react differently as compared to 
healthy subjects. All subjects were exposed to air and DE (PMi0 108jag/m3) for two 
hours. Lung function responses, including FVC, FEVi and Raw, were measured 
immediately before and after the exposures. In addition, Raw was also measured one 
hour into the exposure. Bronchoscopy was performed six hours after each exposure.

CHAMBER EXPOSURES

The diesel exhaust exposure system used in the studies was developed by Bertil Rudell 
and has been carefully evaluated and validated (30-33). Detailed information about the 
exposures is presented in each study, as well as in previous reports. All exposures were 
performed in an exposure chamber located at Svensk Maskinprovning (SMP, Swedish 
Machinery Testing Institute) in Umeå, Sweden. DE was generated by an idling Volvo 
diesel engine (Volvo TD45, 4.5L, 4 cylinders, model 1991, 680 r/min). Approximately 
90% of the exhaust was shunted away and the remaining part diluted with air and fed 
into the chamber at a steady state concentration. During the exposures, air was sampled 
in the breathing zone of the subjects and was continuously monitored for the 
concentrations of carbon monoxide (CO), oxides of nitrogen (NO2 , NO), and 
hydrocarbons (HC). A Miran 1-A, an infrared-instrument (Foxboro Co, East 
Bridgewater, MA, USA), was used for analysis of CO. Oxides of nitrogen were 
analyzed with a chemiluminiscence instrument, (ECO-Physics CLD 700, Boo 
Instruments, Stockholm, Sweden). HC were analyzed with a FID-instrument, model 3- 
300 (J.U.M. Engineering GmbH, München, Germany). Mass of particles (fig/m3) was 
determined by weighing of PM collecting filters. The air in the chamber was 
repeatedly changed every 2-3 minutes, with the waste air being extracted through a 
tube in the ceiling. The DE entering the environmental chamber was standardized to 
give a particle concentration of 300 |ig/m3 in study I-III and 108 pg/m3 in study IV.

LUNG FUNCTION ASSESSMENTS

Lung function parameters (FVC, FEVi, Raw and Gaw) were measured using a 
computerized whole body plethysmograph (system 2800, Sensor Medics Corp., CA, 
USA). In accordance with the recommendations of the American Thoracic Society 
(71), a minimum of three adequately performed measurements of each parameter were 
conducted.
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METHACHOLINE INHALATION TEST

Methacholine challenge testing is a well established method to assess airway 
responsiveness. Here, methacholine inhalation test was performed in study II and IV 
(screening), using the method described by Juniper et al (72). The test aerosols were 
generated continuously by a Wright's nebuliser, with a calibrated output of 0.13 
mg/ml. A noseclip was applied and subjects were instructed to inhale through a 
mouthpiece by quiet tidal breathing for 2 minutes. Normal saline was inhaled first, 
followed by doubling concentrations of methacholine (0.06-16mg/ml) at intervals of 5 
minutes. The response was measured by FEVi before and at 30 s, 1.5 min and 3 min 
following each inhalation. The inhalations were stopped when there was a fall in FEVi 
of 20% or more below the lowest post saline value. Results were expressed as the 
provocation concentration of methacholine giving a 20% fall in FEVi (PC20) obtained 
from the log dose response curve by linear interpolation of the 2 last points expressed 
in non cumulative units. The variability of the method is ± 1 doubling concentration 
(65). Special care was taken to obtain high-quality baseline FEVi measurements since 
unacceptable maneuvers may result in false-positive or false-negative results.

SPUTUM INDUCTION AND PROCESSING

Sputum induction was performed according to the method described by Pin et al (73). 
In short, hypertonic saline was nebulised using an ultrasonic nebuliser with an output 
of 1.5 ml/min. Before the induction, all subjects received an inhaled ß2-agonist (0.5 mg 
terbutaline). Inhalation was performed at 3 intervals of 7 minutes with increasing 
concentrations of saline (3, 4 and 5%). FEVi was monitored before and after every 
inhalation period. Following each inhalation interval, subjects were asked to rinse their 
mouth with water and blow their nose before expectorating into a sterile plastic 
container.

Sputum was processed in accordance with the method described by Pizzichini et al 
(74), using only selected parts of the expectorated samples. Portions appearing more 
viscid and dense were separated from saliva and debris and transferred to a 10 ml 
siliconized tube. After adding diothiotreitol (DTT) 0,1% at a volume equal to four 
times the selected sputum weight, the sputum was rocked for 15 min to dissolve the 
mucus and disperse the cells. PBS was then added at a volume equal to that of DTT 
and the rocking continued for 5 minutes. The mixture was filtered through a 48 pm 
Mesh nylon filter into another 10 ml tube and centrifuged at 1,200 rpm (300 g) for 10 
minutes at 4°C. The supernatant was then separated from the cell pellet, recentrifuged 
at 2,000 rpm (1,000 g) for 10 minutes to further remove debris, aspirated and stored in 
Eppendorf tubes at -70°C for later analyses. The cell pellet was resuspended in 
1,000 pi PBS and total cell counts and cell viability were determined in a 
hemocytometer using trypan blue. Cell suspension was adjusted to 0,5 x 106 cells/ml
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and 50 pi were placed in each cup of a Shandon 3 cytocentrifuge (Shandon Southern 
Instruments Inc., Sewikly, PA, USA). Cytospins were made on pre-wet cytospin filters, 
prepared at 400 rpm for 5 minutes and stained with May-Grünwald Giemsa.

SPUTUM ANALYSES

Cell Counts
Following staining with May-Grünwald Giemsa, at least 400 non-squamous cells were 
counted and the differential cell counts were expressed as a percentage of the total 
non-squamous cell count. The proportion of squamous cells was obtained by counting 
400 additional cells and expressed as a percentage of total cells. Samples were 
considered adequate for analysis if the squamous cell contamination was <20% and the 
viability >50%. Total cell count was calculated by dividing the total number of cells 
with the volume of processed sputum (lm g = lpl).

Soluble Components
The sputum supernatant samples were analyzed for a number of inflammatory 
mediators. Levels of methyl-histamine, eosinophil cationic protein (ECP) and 
myeloperoxidase (MPO) were determined using sensitive commercial RIA kits 
(Pharmacia & Upjohn, JAB, Uppsala, Sweden). Tumor necrosis factor-a (TNF-a), 
interleukin-6 (IL-6), IL-8, and IL-10 were measured with commercial ELISA kits 
(R&D systems, Inc., Abingdon, UK).

BRONCHOSCOPIES

The bronchoscopies were conducted according to international guidelines. Subjects 
were premedicated with subcutaneous atropine (1.0 mg). Topical anesthesia was 
obtained by Lidocaine, which was gargled, sprayed in the mouth and pharynx and 
instilled in the larynx and upper trachea. A flexible video bronchoscope (Olympus BF 
type IT200, Tokyo, Japan) was inserted through the mouth via a protective 
mouthpiece. The airway sampling was performed in a standardized procedure in which 
biopsies were obtained from one side and lavage carried out on the contralateral side. 
This was reversed during the second bronchoscopy. A minimum of four biopsies were 
taken with fenestrated forceps (FB-21C; Olympus, Tokyo, Japan) either from the 
anterior portion of the main carina and the subcarinae of the 3-4* generation airways 
on the right side or from the posterior part of the main carina and the corresponding 
subcarinaes on the left side. The size of the biopsies was approximately 2 mm3.

The sampling of airway lavages was designed to separate between the proximal parts
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of the airways and the bronchoalveolar spaces. Two aliquots of 20 ml of sterile 
phosphate buffered saline (PBS), pH 7.3 at 37°C were infused and gently sucked back 
after each infusion to retrieve a portion defined as the bronchial wash (BW), 
representing predominantly the bronchial conducting airways. This was followed by 
three alliquots of 60 ml of PBS to obtain the bronchoalveolar lavage (BAL), 
corresponding mainly to the distal airways and the bronchoalveolar spaces. The BW 
and BAL were placed into siliconized containers and placed on ice until processing.

BIOPSY PROCESSING

Mucosal biopsies obtained at bronchoscopy were either used for immunohistochemical 
analysis or for reverse transcriptase/polymerase chain reaction enzyme-linked 
immunosorbent assay (RT-PCR ELISA). At least three biopsies were placed in ice- 
cold acetone containing protease inhibitors (phenylmethylsulphonyl fluoride, 2 mM 
and iodoacetamide, 20 mM) and processed into glycomethacrylate (GMA) resin for 
immunohistochemical staining. The remaining biopsies, used for RT-PCR ELISA, 
were immediately suspended in liquid nitrogen until further analysis was performed.

IMMUNOHISTOCHEMISTRY

The biopsy specimens were stained according to Britten and coworkers (75). 
Following treatment with protease inhibitors the biopsies were cooled rapidly and 
fixed overnight at -20°C. The next day, samples were placed in acetone at room 
temperature for 15 minutes and methylbenzoyl for another 15 minutes. The biopsies 
were then immersed in glycolmethacrylate (GMA) monomer (Polyscience, 
Northampton, UK) at 4°C for six hours, with the GMA solution being changed three 
times during this period. After this, the specimens were placed in embedding solution 
(GMA solution A, 10 ml, GMA solution B, 250 pi and benzoyl peroxide, 45 mg) and 
transferred into flat-bottomed plastic capsules. The samples were covered by lid to 
exclude air and polymerised overnight at 4°C. The GMA containers were then stored 
in airtight boxes at -20°C until they were used for cutting and staining.

GMA sections were cut at 2 pm in thickness and floated on to ammonia water (1:500), 
picked onto 0.01% poly-L-lysine glass slides and allowed to dry at room temperature 
for 1 h. The sections were treated with 0.1% sodium azide and 0.3% hydrogen peroxide 
in distilled water to block endogenous peroxidase. Nonspecific antibody binding was 
blocked with undiluted blocking medium (Dulbeccos MEM containing 10% fetal calf 
serum and 1% bovine serum albumin) for 30 min followed by application of the 
primary monoclonal antibody (mAb) (Table 1 and 2). The sections were incubated at 
room temperature overnight. After rinsing in TRIS-buffered saline (TBS), biotinylated 
rabbit anti-mouse IgG F(ab’ )2  (Dako Ltd, High Wycombe, UK) was applied for 2 h,
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followed by the streptavidin-biotin horseradish peroxide complex (Dako Ltd) for 
another 2 h. After rinsing in TBS, sections for analysis of cells and adhesion molecules 
were developed with aminoethyl carbamazole (AEC) in acetate buffer (pH 5.2) and 
hydrogen peroxide to develop a peroxide- dependent red color reaction, whereas 
sections for epithelial measurements of cytokine expression were developed as a brown 
color with 3,3-diaminobenzidine (DAB). All sections were counterstained with Mayer’s 
hematoxylin.

QUANTIFICATION OF IMMUNOSTAINING IN MUCOSAL BIOPSIES

Cells
Quantification of stained inflammatory cells was performed separately in the 
epithelium and in the submucosa using a light microscope. Areas with mucosal glands, 
blood vessels, smooth muscle or folded/tom tissue were excluded. The counts were 
expressed as cells/mm in the epithelium and cells/mm2 in the submucosa. The length of 
the epithelium and the area of the submucosa were calculated using a computer- 
assisted image analysis program (QWin, Leica Q500IW; Leica, Cambridge, UK). The 
cells showed two different staining patterns, including cytoplasmatic staining 
(neutrophil elastase and mast cell tryptase) and ring staining (CD3+, CD4+ and CD8+).

Adhesion molecules
Adhesion molecules were quantified on sequential sections that were cut at 2-(im 
thickness, allowing for the same vessels to be present in consecutive sections. Blood 
vessels stained with specific mAbs towards each adhesion molecule were counted and 
compared with the total number of vessels, identified by staining with the endothelial 
marker EN4. The number of vessels staining positive for each adhesion molecule was 
then expressed as a percentage of the total vessel population.

Cytokines
Quantification of stained cytokine immunoreactivity in the bronchial epithelium was 
performed on sections developed with DAB as the substrate. The epithelial expression 
of each cytokine was quantified with the assistance of computer-aided image analysis 
(QWin, Leica Q500IW; Leica, Cambridge, UK) and expressed as the percentage of 
epithelial area with positive immunostaining as compared with the total epithelial area. 
Epithelial stainings for IL-10 and Gro-a are presented in Figure 1 and 2.

RT-RCR ELISA
RT-PCR ELISA is a novel and sensitive technique used to quantify relative changes in 
cytokine messenger RNA (mRNA). The analysis was performed in collaboration with
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colleagues at the University of Southampton, UK.

The RT-PCR ELISA technique for cytokine mRNA detection was developed at 
Southampton general hospital, UK, and has been previously described in detail (76). 
Total RNA was extracted from bronchial biopsies and BW cells using Trizol (Life 
Technologies, Paisley, Scotland), precipitated with isopropanol and washed in 80% 
ethanol. Using equal amounts of total RNA from paired samples polyadenylic acid 
mRNA was reverse transcribed to produce complementary DNA (cDNA).

PCR amplification of the cDNA was conducted using primer pairs specific for the 
cytokines of interest and for the constitutively expressed gene adenine phosphoribosyl 
transferase (APRT). Two and one-half microliters of cDNA was amplified using 1 U 
Taq DNA polymerase (Promega, UK) together with 15 pmol of both primers, 2.5 pi 
PCR digoxigenin (DIG) labeling mix (0.2 mM deoxyadenosine triphosphate, 
deoxycytidine triphosphate, and deoxyguanosine triphosphate; 0.19 mM 
deoxythymidine triphosphate; 0.01 mM DIG-ll-deoxyuridine triphosphate) 
(Boehringer Mannheim, Mannheim, Germany), magnesium-free PCR buffer (50 mM 
KC1; 10 mM Tris-HCl, pH 9.0; 0.1% Triton X-100) (Promega), and 1 mM MgCl2. 
Target cDNA was amplified using a three-temperature PCR, with primer annealing 
temperatures optimized for each cytokine.

Ten microliters of the PCR product was denatured with 40 pi dénaturation solution 
from the PCR ELISA kit (Boehringer Mannheim) for 15 min. Biotinylated, labeled 
"capture probes" specifically designed to hybridize with each cytokine PCR product 
were then hybridized to the complementary DIG-labeled PCR product and immobilized 
on duplicate wells of streptavidin-coated microtiter plates at 37°C for 3 h. After 
thorough washing to remove free antibodies, bound PCR products were detected by 
incubation for 30 min at 37°C with an anti-DIG antibody conjugated to horseradish 
peroxidase, followed by reaction with the substrate 2,2’-Azino-di-(3-ethyl 
benzthiazoline sulfonate). During green color development, the absorbance (at 405 nm) 
was measured with an ELISA plate reader. Absorbance readings were taken and a time 
point of 20 min, at which the absorbance values were still within the dynamic range of 
the ELISA, was used throughout. Cytokine expression was then 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).

BAL AND BW ANALYSIS

Cells
The samples were filtered through a nylon filter (pore diameter, 100 pm; Syntab AB, 
Malmö, Sweden) and centrifuged at 400 g for 15 min. The cell pellets were separated 
from the supernatant and resuspended in PBS. The cell suspension was adjusted to
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achieve 5 x IO4 cells per slide and cytospin slides were prepared at 1,000 rpm for 5 
minutes. Following staining with May-Griinwald Giemsa, the slides were used for 
differential cell counting of at least 400 cells per slide. Mast cells were analyzed on 
slides stained with acid toludine blue and counterstained with Mayer’s acid 
haematoxylin, counting a minimum of 12 visual fields at 20x magnification.

Cytokine mRNA expression in BW cells
The cell pellets obtained from bronchial wash were also used for analysis of the 
expression of cytokine mRNA, as previously described in the RT-PCR ELISA section.

Soluble Components
The BAL and BW supernatant samples were analyzed for a number of inflammatory 
mediators. Albumin and total protein were assayed using commercial kits from 
Boehringer Mannheim (Mannheim, Germany). Levels of methyl-histamine, eosinophil 
cationic protein (ECP) and myeloperoxidase (MPO) were determined by sensitive 
commercial RIA kits (Pharmacia & Upjohn, JAB, Uppsala, Sweden). Soluble 
intercellular adhesion molecule-1 (ICAM-1), tumor necrosis factor-a (TNF-a), 
interleukin-6 (IL-6) and IL-8 were measured with commercial ELISA kits (R&D 
systems, Inc., Abingdon, UK).

STATISTICAL EVALUATION

Study I
Wilcoxon’s non-parametric signed rank test for paired observations was used to 
compare data on cells and soluble markers after air and diesel exhaust exposures, as 
these data were not necessarily normally distributed. Correlations between data were 
assessed using the Spearman rank correlation test.

Study II
Comparison of lung function data was performed with Paired Samples t test. All 
methacholine values were log-transformed before statistical analysis. Results were 
presented as geometric mean and geometric standard error of the mean, SEM. The 
comparison between methacholine values after air and diesel exposure was done with 
Student’s t test. Wilcoxon’s non-parametric signed rank test for paired observations 
was used to compare sputum data on cells and soluble markers after air and diesel 
exhaust exposures.
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Study III
Immunohistochemical and PCR variables were analyzed using Wilcoxon’s non- 
parametric signed rank test for paired observations.

Study IV
Within group changes were analyzed using Wilcoxon’s paired rank test. Between 
group differences were compared with Mann-Whitney U-test. Lung function responses 
were compared by repeated measures two-way ANOVA. Post-hoc analysis was 
performed using the Student-Newman-Kuels test.
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Ta ble  1 : S um m ary o f  m ethods u s e d  in st u d y  l-IV

S tu d y  I

300 jug/m3 
1 hour 

Healthy 
subjects

II
300 jug/m3 

1 hour 
Asthmatics

III IV
300 jug/m3 108 ng/m3 

1 hour 1 hour 
Healthy Healthy 
subjects subjects and 

asthmatics
Lung function test 
Methacholine inhalation test 
Induced Sputum X 
Bronchoscopy

X
X
X

X

X X
X = performed; - = not performed

Table  2: Mo no clo na l  A ntibo dies U s e d  Fo r  Imm unostaining  O f Cy to k ines

Name Clone Catalog No Company
GRO-cc 20,326.1 
IL-5 14,611.3 
IL-4 4D9 
IL-4 3H4 
IL-6
IL-8 NADII 
IL-10 23738.11 
GM-CSF
ENA-78 33,160.111 
TNF-oc 18,255.121 
RANTES 21445.1

MAB 275 
MAB 205 
211-44-134A 
211-44-134B 
1618-01 
BMS 136 
MAB217 
ZM-213 
MAB 254 
MAB 210 
MAB278

R&D Systems 
R&D Systems 
Nordic Biosite AB 
Nordic Biosite AB 
Genzyme Diagnostics 
Bender Medical System 
R&D Systems 
Genzyme Diagnostics 
R&D Systems 
R&D Systems 
R&D Systems

Ta ble  3: Mo no clo na l  A ntibo dies U s e d  Fo r  Im m unostaining  O f C el l s  A nd  
A d h esio n m o le c u l es

Name Marker Cells Company
NE Neutrophil Elastase Neutrophils DAKO
AA1 Tryptase Mast Cells DAKO
CD3 CD3 T-Cells DAKO
CD4 CD4 T-Cells DAKO
CD8 CD8 T-Cells DAKO
ICAM-1 ICAM-1 Microvasculature DAKO
VCAM-1 VCAM-1 Microvasculature DAKO
E-Selectin E-Selectin Microvasculature DAKO
P-Selectin P-Selectin Microvasculature Serotec
EN4 Endothelium Microvasculature Bio-Zac
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MAIN RESULTS

STUDY I

In Study I, healthy subjects were exposed to DE (300 pg/m3) and air for one hour on 
two separate occasions. Sputum induction was performed 6 and 24 hours after 
exposure.

DE exposure was associated with a median increase of 49.8% in the percentage of 
sputum neutrophils (p=0.002) detected at six hours. At the same time, a significant 
increase was also seen in the fluid phase concentrations of IL-6 (p=0.006) and methyl- 
histamine (p=0.024). At 24 hours following exposure to DE, a small, but significant 
increase was seen in the percentage of lymphocytes (p=0.046) (Table 4 and 5).

STUDY II

In this study, asthmatic subjects underwent short-term exposure to DE (300 jug/m3) 
followed by investigation of lung function, airway hyperresponsiveness and 
inflammatory changes. Spirometry was carried out immediately following exposures, 
while sputum induction was performed at 6 hours and methacholine inhalation test at 
24 hours following exposures.

Lung function measurements revealed a significant increase in airway resistance 
following exposure to DE ((Raw after air-before air)/before air vs (Raw after diesel- 
before diesel)/before diesel), p=0.004. No changes were detected in FVC or FEV! 
values between exposures.

Exposure to DE induced a significant increase in the degree of airway responsiveness, 
with the mean methacholine PC2o following diesel and air being 1.77 mg/ml 
(SEM=1.35) and 3.47 mg/ml (SEM=1.36), respectively (pO.OOl) and the mean diesel 
versus air shift in the PC20 being 0.97 doubling concentrations. The increase in airway 
responsiveness following diesel exhaust was further confirmed by analysis of the 
change from pre-exposure to post-exposure (using data from the visits performed 3-7 
days prior to each exposure as pre-exposure data). Likewise, this way of analyzing data 
revealed a significant increase in AHR following exposure to DE.

Exposure to DE was also associated with a significant increase in the fluid phase 
concentration of IL-6 in sputum (p=0.048), whereas no changes were detected in total 
or differential cell counts (Table 4 and 5).
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STUDY III

In study III, healthy subjects were exposed to same concentration of DE (300 jig/m3) as 
in study I and II. Bronchoscopy, with bronchial biopsies and BW, was performed six 
hours after exposures.

After DE exposure, a significant upregulation of IL-8 mRNA was detected in BW fluid 
cells (p=0.03) and in the bronchial tissue (p=0.02), with a median relative increase of 
240% and 17%, respectively. No significant changes were detected in the mRNA gene 
transcript levels for IL-lß, IL-4, 11-5, TNF-a and GM-CSF. Immunohistochemical 
analysis of protein expression in the bronchial epithelium revealed a significant 
increase in IL-8 (median increase 198%) (p=0.04) as well as in GRO-a (median 
increase 229%) (p=0.01). No changes were seen in GM-CSF or ENA-78 (Table 5).

STUDY IV

In this study, mild asthmatics and healthy controls were exposed to DE (108 jug/m3) 
and air for two hours on two separate occasions followed by investigation with 
spirometry and bronchoscopy.

Differences at baseline between asthmatics and healthy controls
Consistent with their asthmatic status there were a number of differences in the 
samples obtained from the asthmatis after air exposure, compared with the 
corresponding samples from the healthy subjects. To begin with, the asthmatics 
showed significantly higher numbers of eosinophils (BW and BAL) and mast cells 
(BW), accompanied by higher levels of ECP and methyl-histamine in BW. The 
asthmatics also demonstrated higher levels of IL-8 mRNA and a greater expression of 
TNF-a, ICAM-1 and VCAM-1 compared with the healthy controls. In contrast the 
asthmatics had lower baseline expression of IL-10 in the epithelium and lower 
lymphocyte counts in BAL together with fever CD3+ lymphocytes in the bronchial 
epithelium. The asthmatics further revealed higher base line levels of airway resistance 
compared with the healthy control group.

Lung function
Exposure to DE was associated with a significant increase in airway resistance in both 
healthy and asthmatic subjects (p<0.05) of similar magnitude, whereas no changes 
were seen in FEVi or FVC.

Inflammatory responses to DE in the healthy control group
Exposure to DE induced a significant increase in the percentage of BW neutrophils
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(p<0.05) together with an increase in both the relative (p<0.05) and total (p<0.05) 
number of BAL lymphocytes. A parallel decrease in CD3+ lymphocytes was noted in 
the bronchial epithelium (p<0.05). DE exposure was also associated with an increase 
in various pro-inflammatory markers, including IL-6 and IL-8 in BW as well as IL-8 
mRNA, P-Selectin and VCAM-1 in the bronchial mucosa (Table 4 and 5).

Inflammatory responses to DE in the mild asthmatic group
In asthmatic subjects, DE exposure was associated with a significant increase in the 
epithelial expression of IL-10 (p<0.01). No other inflammatory changes were detected 
apart from a small decrease in the number of eosinophils (p<0.05) detected in BW 
(Table 4 and 5).
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DISCUSSION

DISCUSSION OF METHODS AND PROCEDURES

Subjects
The number of subjects included in each study was based on previous studies within this 
field. Very large study populations would naturally be advantageous but due to practical 
reasons this was not possible. The size of the study population was limited both by 
recruitment aspects as well as by the extensive study protocols, with several visits 
required for each subjects, the vast number of samples and the long duration demanded 
for each study.

Although epidemiological data have identified asthmatics as a sensitive group to PM 
pollution, most prior experimental studies have been performed in healthy subjects. To 
the best of our knowledge, this thesis includes the first studies in which methacholine 
inhalation tests (study II) and bronchoscopy (study IV) have been performed to 
investigate the effects of DE in asthmatic subjects.

Exposures
The concentration of DE used in the studies was set to represent moderate (PM10 
concentration 108 |Lig/m3) to high (PM10 concentration 300 |ig/m3) levels of particulate 
air pollution. In comparison, daily PMi0 concentrations in urban areas of southern 
Sweden occasionally reach 100-150 |ig/m3 (77) and maximum hourly means of 300 
(ig/m3 have been encountered in busy streets during peaks (16, 17).

One main advantage of chamber exposures with DE is that it enables controlled and 
well-characterized exposure concentrations of gases and particles. The system provides 
unique possibilities to study effects of whole diesel exhaust, but was not designed to 
allow evaluation of the individual gases or particulates.

Methacholine inhalation tests
Methacholine inhalation tests are widely used to measure airway responsiveness in 
asthmatic subjects. However, a number of features are important when interpreting tests 
of airway responsiveness. To begin with, it is imperative that the baseline FEVi 
measurements are of high-quality since unacceptable maneuvers may lead to incorrect 
results. Furthermore, the degree of airway responsiveness is variable and known to 
increase during exacerbations of asthma induced by allergen and other stimuli. Thus, 
when performing measurements of airway responsiveness, a number of subject-related 
factors that may improve or worsen airway responsiveness must be considered and

31.



DISCUSSION

controlled for, including alterations in asthma medications, recent respiratory tract 
infections and recent antigen exposure. In our study, these factors were as far as possible 
controlled in that all subjects had stable disease with no changes in asthma medication 
during the study period, excluding any subject with a respiratory tract infection within 
four weeks prior to or during the study and by performing the study out of pollen season. 
To further control for the factors above, an additional visit with methacholine inhalation 
test was performed 3-7 days before each exposure in which the variability of the test 
was not allowed to exceed ± 1 doubling concentration as compared to the result obtained 
at study inclusion. Many possible confounders, including seasonal changes in 
temperature and increased compliance to asthma medication during the study period, 
were eliminated by performing the exposures in a randomized sequence, with half of the 
study population being exposed to DE as their first exposure and the other half being 
first exposed to air. Taken together, several precautionary measures were undertaken to 
minimize and control for variability in airway responsiveness during the study period.

Induced Sputum
Induced sputum is a non-invasive and easily applicable method of acquiring material 
from the lower respiratory tract. The method of sputum induction has been validated in a 
number of studies and reported safe and reproducible (78-81). Data obtained from 
analysis of induced sputum have been shown to correlate well with data obtained from 
bronchial wash and bronchoalveolar lavage (82-84), but there are also some differences 
that need to be mentioned. Compared to BW and BAL, sputum samples are generally 
more concentrated and contain higher percentages of neutrophils and lower percentages 
of macrophages and lymphocytes (82, 83). The constituents of induced sputum have 
further been shown to more closely resemble those in BW as compared to BAL, most 
likely reflecting that BW and sputum predominantly sample the central airways and are 
less mixed with alveolar lining fluid than are the airway secretions recovered by BAL 
(83). The main advantage of induced sputum lies in its noninvasive nature, which makes 
it suitable for investigations in sensitive groups such as elderly and patients with 
respiratory disease, as well as it provides unique possibilities to study inflammatory 
effects of air pollutants in field studies, work situations and larger study populations. 
Thus, induced sputum constitutes an important non-invasive alternative to bronchoscopy 
in situations in which the latter is not feasible.

Analysis of induced sputum was performed in study I and II. Induced sputum has 
previously been used to investigate inflammatory effects of ozone (85) and N 0 2 (86), but 
to the best of our knowledge, study I was the first study in which sputum was used to 
evaluate the respiratory effects of DE. In this study, induced sputum was performed to 
elucidate the time course of the inflammatory events to DE by repeated sampling. At the 
time when the study was performed, there were no available data to suggest that the 
procedure of sputum induction itself may cause an inflammatory response. However, 
irrespective of exposure, the results from study I revealed a significant increase in 
neutrophils in sputum obtained at 24 hours compared with sputum obtained at 6 hours,
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suggesting that the procedure of sputum induction with hypertonic saline is associated 
with a neutrophilic response in the airways. Since then, a few studies have been 
published on this issue, including at least two other studies that have shown data in 
accordance with our results (87, 88). In contrast, others have not revealed any significant 
change in sputum composition following sputum induction performed on consecutive 
days (89). Although there is no current consensus on this issue, it seems advisable that 
special care is taken when interpreting results from repeated sputum inductions when 
performed closer in time than 24 hours. Nevertheless, this matter might be of less 
importance if subjects are used as their own controls, as in our study design.

Bronchoscopies
Fiberoptic bronchoscopy provides unique access to the human airway and is the 
reference method in investigations of airway pathology. The method allows for analysis 
of both airway lavages and bronchial biopsies. Whilst BAL and BW provide 
information on the cellular and soluble constituents of the airway lumen, bronchial 
biopsies enables morphological investigations of events in the airway wall and allows 
identification of the relationship between inflammatory responses and airway structure. 
Nevertheless, the method of bronchoscopy also holds some limitations in being invasive, 
expensive and technically difficult.

Biopsies
An essential part of this work is based on analyses of bronchial biopsies with 
immunohistochemistry and RT-PCR. Both methods require biopsies of good quality to 
enable quantification. Our study design is based on paired samples which means that 
good biopsies must be obtained following both air and diesel exposure. Since there is no 
way of determining whether the quality of the biopsy is good enough for analyses during 
the bronchoscopy, there is always a risk of ending up with a shortage of good biopsies. 
To minimize this problem, a minimum of four biopsies was taken at each bronchoscopy 
according to a pre-determined schedule to avoid sampling in the same area twice. The 
biopsy specimens were further improved by using fresh sharp fenestrated forceps, 
meaning that the forceps were discarded after only 20 biopsies. Bronchial biopsies used 
for immunohistochemical analysis were embedded in GMA resin as this technique 
provides several advantages as compared to paraffin imbedding or cryosections, such as 
the combination of superior morphology and good preservation of antigens as well as it 
allows tissue sections to be cut in very thin sections (1-2 pm).

Bronchial biopsies have previously been used for investigations of DE effects on cells 
and adhesion molecules. In addition to these techniques, the present studies have 
generated novel data on the effects of DE on cytokine expression. Knowing that 
increased gene transcription does not necessarily mean that the protein is produced and 
released, we used two complementary techniques, PCR and immunohistochemistry, to 
achieve a broad picture of the cytokine effects of DE. By analysis of the pattern of
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immunoreactivity of each cytokine, the method of immunohistochemistry also rendered 
it possible to identify the cellular source of each cytokine. Thus, the role of the epithelial 
cells in cytokine production could be investigated exclusively.

BWandBAL
The use of fractionated lavage techniques, represented by BW and BAL, allowed for 
investigation of different compartments of the respiratory tract. Based on theoretical 
reasoning, the small volume of B W (20ml) is considered to predominantly represent the 
bronchi and bronchioli whereas the larger volumes of BAL (3x60mL) predominantly 
reflect the alveolar spaces. Nevertheless, this division is not clear-cut and BW partially 
recovers cells from the alveolar compartment and BAL partially from the bronchial 
compartment. Previous studies using fractionated lavages have revealed differences in 
the inflammatory cells and soluble components between BW and BAL following 
exposure to 0 3 and N 0 2 (90, 91). Here, exposure to DE was associated with an increase 
in neutrophils in BW and an increase in lymphocytes in BAL of healthy subjects. 
Likewise, Salvi et al previously showed that the neutrophilic response to DE exposure 
was most pronounced in the BW while the lymphocyte and histamine responses were 
found in the BAL samples. This may partly reflect differences in resident cell 
populations between proximal and distal airways, but it is also consistent with the view 
that particles of different sizes deposit differently in the central and peripheral airways 
and thus may have distinct effects in different parts of the airways.

General comments on different airway sampling techniques
Analysis of bronchial biopsies, BAL, BW and sputum all provide reflections of airway 
inflammatory processes. However, they do not give an identical picture as each 
technique samples different anatomical compartments: bronchial biopsies samples the 
mucosa of central airways, BW samples mainly the bronchi and bronchioli, BAL 
samples predominantly the alveoli, and induced sputum samples mainly the airway 
lumen of central airways. As airway inflammation is a dynamic process with cell 
migration from the submucosal blood vessels, through the mucosa and epithelium and 
into the airway lumen, the use of different sampling techniques, which all contribute 
with complementary information, provides great possibilities to achieve a 
comprehensive picture of inflammation.
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DISCUSSION OF MAIN RESULTS

This part of the discussion involves an analysis of the main results from all studies, 
beginning with a discussion of the changes in airway responsiveness, followed by 
comments on lung function changes, and finally, an analysis of the inflammatory 
response to DE exposure.

EFFECTS OF DIESEL EXHAUST ON AIRWAY RESPONSIVENESS

As presented in study II, DE exposure was associated with a significant increase in AHR 
in asthmatic subjects. The relevance of this finding is supported by the consistency of 
the data, with 12 of 14 subjects showing decreased PC2o values following exposure to 
DE, as well as by the magnitude of the response, with a mean air vs. diesel shift in PC2o 
of almost one doubling concentration of methacholine. In comparison, studies of 
allergen exposure in asthmatic subjects have generally been shown to enhance AHR to 
cholinergic stimuli by 1-2 doubling doses from a stable baseline. Importantly, the 
increase in AHR was observed in spite of the fact that all subjects had stable asthma and 
used regular medication with inhaled corticosteroids and it is likely that other groups of 
asthmatics, with more severe and unstable disease, may exhibit a more pronounced 
response following exposure to DE.

In accordance with the epidemiological data suggesting a lag effect of at least one day 
for most health outcomes to PM (27, 24), the increase in airway responsiveness was 
detected at 24 hours after exposure. This finding indicates a long lasting response to DE 
in asthmatic airways and is of particular interest, as a prolonged response may not only 
be hazardous by itself, but may also increase the time when other stimuli, such as 
allergens and pollution peaks, can trigger asthma symptoms. Altogether, the increase in 
AHR presented here may provide an important link to the epidemiological findings of 
asthma exacerbations following exposure to PM peaks.

Many different factors have been suggested to be involved in the AHR seen in asthma, 
and much interest has been directed towards the role of various cytokines. Recent 
studies have shown that a number of TH2 cytokines, including IL-5, IL-10 and IL-13, 
may participate in the induction of AHR (92, 93). In this thesis, we found a marked 
increased in the epithelial expression of IL-10 in asthmatic subjects following exposure 
to DE (study IV). This finding is particularly interesting as there is increasing evidence 
to suggest that IL-10 may act as a regulatory cytokine in the expression of airway 
responsiveness. Studies investigating this issue have demonstrated that IL-10 deficient 
mice do not develop hyperresponsiveness and that the presence of IL-10 is necessary for 
the expression of airway hyperresponsiveness (94, 95). Furthermore, exogenous 
administration of IL-10 has been shown to elicit an increase in the contractility to
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acetylcholine in airway smooth muscle cells from atopic subjects, indicating that IL-10 
may enhance the responsiveness of atopic airway smooth muscle (96). Although the role 
of IL-10 in asthmatic disease is still far from clarified, the increase in AHR seen in 
asthmatic subjects following exposure to DE may at least partly be mediated through an 
increase in the epithelial expression of IL-10.

To the best of our knowledge, study II was the first study to investigate the effects of 
DE on airway responsiveness in humans. Previously, the biological mechanisms by 
which DE may induce AHR have been addressed in animals. Most animal studies have 
been performed using combined challenges, including both DEP and allergens, whereas 
only a few studies have investigated the effects of DE alone. Co-administration of both 
DEP and antigen was recently shown to increase airway responsiveness and airway 
inflammation, characterized by increased numbers of eosinophils, mast cells and goblet 
cells in lung tissue. Exposure to only DE was also associated with enhanced AHR, but 
did not induce eosinophil infiltration (41). This finding indicates that AHR following 
exposure to DE may not be mediated by the infiltration of inflammatory cells, but may 
instead be explained by alternative and additional pathways.

The increase in AHR presented here was observed following exposure to whole DE. 
Using this exposure system, it is not possible to discriminate between the individual 
contribution of different components of the exhaust. Thus, it is not known whether it is 
the particulate or gaseous phase of DE that is responsible for the increase in AHR. 
Regarding the gaseous phase of DE, some studies have investigated the effects of N 0 2 

on airway responsiveness showing somewhat contradicting results. Although a number 
of studies have reported an immediate increase in airway responsiveness following 
exposure to N 0 2 (97, 98), others have not detected any changes (99-101). Comparing 
AHR responses between studies is difficult not only because of variation in exposure 
protocol, such as exposure concentration and duration, but also because of the variety of 
methods used to estimate airway responsiveness. Differences in the bronchoconstrictor 
stimuli used (methacholine, histamine, cold air etc), as well as different endpoints 
(FEVi, sRaw and sGaw), may at least in part explain the discrepancy seen between 
different studies. Although measurements of Raw is a very sensitive parameter that is 
often used in research to measure airway reactivity to various bronchoconstrictor 
stimuli, changes in FEVi are more likely to represent increases in AHR that are 
clinically relevant. Another factor that render it difficult to compare results from 
different studies, is the large differences in the duration between N 0 2 exposure and 
AHR measurement. Previously, most studies investigating the relationship between N 0 2 

exposure and AHR have been designed to explore early and immediate effects and it is 
not clear from the literature whether N 0 2 is able to induce a sustained increase in AHR. 
At 27 hours following short-term exposure to N 0 2, Strand et al did not see an increase 
in airway responsiveness (98), but the concentration of N 0 2 used was lower as 
compared to the present study. As regards to the particulate phase of DE, animal studies 
have provided evidence that the particulate fraction of DE is able to cause an increase in
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airway responsiveness (40), but there are no previous experimental data concerning 
particulate pollution and hyperresponsiveness in humans.

EFFECTS OF DIESEL EXHAUST ON LUNG FUNCTION

Epidemiological studies have indicated a link between particulate air pollution and lung 
function declines. In a recent review on this issue, Pope and Dockery (102) suggested 
that each 1 0  (ig/m3 increase in daily mean PM10 is associated with small, but often 
statistically significant, decreases in peak flow measurements as well as in FEVi (103). 
Previous experimental studies have revealed a significant increase in airway resistances 
in healthy subjects detected immediately after DE exposure (31). This thesis include 
new data regarding lung function responses to DE in asthmatic airways as well as lung 
function effects of lower concentrations of DE than previously investigated. Altogether, 
the data presented here suggest a bronchoconstrictive response in both asthmatic and 
healthy subjects even at low concentrations of DE, with increases in airway resistance 
observed immediately after exposure. Although epidemiological studies have observed 
more pronounced lung function effects in sensitive populations such as asthmatics, the 
increase in airway resistance presented here was of similar magnitude in both healthy 
and asthmatics subjects. In both groups, the response was subclinical and no changes 
were seen in other parameters of lung function. However, in view of the epidemiological 
data suggesting a lag effect of at least one day ( 1 0 2 ), it cannot be excluded that other 
parameters of lung function may be affected at a later timepoint.

INFLAMMATORY RESPONSES TO DIESEL EXHAUST

The inflammatory response to DE was investigated in many different ways. Firstly, a 
variety of methods were used, including sputum, BW, BAL and bronchial biopsies. 
Secondly, the inflammatory effects of two different concentrations of DE were 
investigated, chosen to represent moderate (PMi0 108|ig/m3) to high (PM10 300|ig/m3) 
levels of particulate air pollution. Thirdly, the inflammatory response to DE was 
investigated in both healthy and asthmatic subjects. To bring structure to the discussion 
of the inflammatory effects observed, this part of the discussion has been divided into 
different sections, beginning with a short discussion of the main findings in both healthy 
and asthmatic subjects, continuing with discussion on individual cells and mediators, 
followed by an analysis of the differences seen between healthy and asthmatic subjects, 
and finally, a general discussion of possible pro-allergic effects of DE.

Inflammatory responses to DE in healthy subjects
Study IV addressed the inflammatory effects of moderate concentrations of DE (PMi0 

108|ig/m3) by analysis of BW, BAL and bronchial biopsies at six hours after exposure.
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In healthy subjects, exposure to DE was associated with increases in inflammatory cells, 
cytokines and adhesion molecules, including elevations of neutrophils, lymphocytes, 
levels of IL- 6  and IL-8 , together with increases in P-Selectin and VCAM-1. Study I and 
III investigated the inflammatory effects of a higher concentration of DE (PMi0 

300|Lig/m3) in healthy subjects, showing that short-term exposure to high levels of DE is 
associated with an early increase ( 6  hours) in sputum levels of neutrophils, IL- 6  and 
methyl-histamine as well as with an elevated expression of IL- 8  and GRO-a in the 
bronchial epithelium. Exposure to DE was further shown to induce a late (24 hours) 
increase in the percentage of lymphocytes in sputum.

In addition to the studies included here, the inflammatory effects of DE in healthy 
subjects have previously been investigated in bronchoscopy studies by our group (30, 
31, 33). Using the same exposure protocol as in study I and III (PM10 300p,g/m3), DE 
was shown to produce a marked inflammatory response in the airways, involving 
neutrophils, lymphocytes, mast cells, methyl-histamine as well as an increased 
expression of adhesion molecules and their complementary ligands on inflammatory 
cells. Noticeably, this concentration of DE was associated with cellular infiltration in the 
airway mucosa, where as the lower concentration of DE, investigated in study IV, was 
only associated with cellular increases in the bronchial lavages.

Altogether, experimental exposure studies in healthy subjects have revealed a broad 
inflammatory response in healthy airways following exposure to DE. As expected, the 
changes were more pronounced following exposure to the higher concentration of DE 
(PMio 300|ig/m3) as compared to the lower concentration of DE (PM10 108|ig/m3), 
indicating a dose-response effect of DE exposure.

Inflammatory responses to DE in asthmatic subjects
In spite of the epidemiological data suggesting asthmatics to be a sensitive group to air 
pollution, very few inflammatory changes were detected in asthmatic subjects following 
exposure to DE. As presented in study IV, exposure to moderate levels of DE (PM 10 

108|ig/m3) was associated with an increase in epithelial expression of IL-10, whereas no 
increases were seen in inflammatory cells, adhesion molecules or other mediators. Study 
II addressed the inflammatory effects of a higher concentration of DE (PMi0 300jig/m3) 
in asthmatic airways, but apart from a small increase in IL-6 , there were no 
inflammatory changes.

Discussion of individual cells and mediators following exposure to DE

Effects o f  DE on bronchial epithelial cells
Airway epithelial cells constitutes the first line of cellular defence towards inhaled air 
pollutants and increasing evidence suggests that these cells contribute markedly to the 
initiation of airway inflammatory responses. To the best of our knowledge, the data 
presented in study II and IV represent the first findings of an in vivo effect of DE
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exposure on epithelial cytokine production in the lower airways of human subjects. 
Altogether, these studies provide strong evidence to support that DE exposure can 
induce the epithelial expression of important regulatory cytokines, including IL-8 , 
GRO-a and IL-10.

In accordance with our data, in vitro exposure of human epithelial cells with DE and 
DEP has previously been shown to elicit an increase in the expression of various 
cytokines, including IL-8 , IL-6 , GM-CSF and RANTES (104-108). Studies have also 
suggested that the molecular actions by which DEP induce cytokine production in 
airway epithelial cells may involve the p38 mitogen-activated protein kinase (MAPK) 
pathway (107), as well as nuclear factor-kappa B (NF-kB) (109). Although studies using 
human bronchial epithelial cell lines have contributed to the understanding of the effects 
of DEP in human epithelial cells, it is important to notice that in vitro cell culture studies 
do not take into account the various defence mechanisms involved in vivo, such as the 
protective epithelial lining fluid and various anti-oxidants and anti-inflammatory 
mediators.

Effects o f  DE on the recruitment o f  neutrophils
The recruitment of neutrophils and other inflammatory cells from the blood into the 
tissue occurs in a highly regulated manner involving sequential upregulation of adhesion 
molecules on the endothelial cells and their respective ligands, along with release of 
chemoattractant cytokines from the epithelial and inflammatory cells. Here, exposure to 
DE was associated with a neutrophilic response in healthy subjects together with an 
increase in ICAM-1 and epithelial expression of IL- 8  and GRO-a. In addition, previous 
studies of DE exposure have demonstrated an increase in the leukocyte expression of 
LFA-1, which is the corresponding ligand of ICAM-1. IL- 8  and GRO-a are CXC 
chemokines that possess a range of biological effects on various cell types, with 
predominant effects on the activation and attraction of neutrophils. Thus, there is 
evidence to suggest that DE exposure have the potential to stimulate several aspects of 
neutrophil migration, including upregulation of adhesion molecules and neutrophil 
chemoattractant factors.

IL-6
Exposure to DE was associated with an increase in IL- 6  in the bronchial lumen of both 
asthmatics and healthy subjects (study I, II and IV). IL- 6  is a multifunctional cytokine 
that exerts a number of biological effects, such as induction of acute-phase reactions and 
regulation of immunological responses. The early increase in IL- 6  presented here is 
likely to represent an acute response to DE that may result from direct effects of DE on 
airway cells. IL- 6  is produced by a wide variety of cells, including eosinophils, mast 
cells, T-lymphocytes, macrophages, epithelial cells, endothelial cells and smooth muscle 
cells (110). Although the studies included here provide no information on the cellular 
sources of the release of IL- 6  following exposure to DE, it is likely that the epithelial 
cells, being the first target for inhaled air pollutants, are involved in this process. This
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assumption is supported by recent data from in vitro studies, showing that exposure to 
DEP increases IL- 6  production in epithelial cells (105). However, other cell types may 
also be involved in the release of IL- 6  following DE exposure. So far, studies 
investigating this issue have demonstrated increased production of IL- 6  in alveolar 
macrophages ( 1 1 1 ) and mast cells ( 1 1 2 ) following exposure to air pollution particles 
in vitro.

IL-10
One of the most interesting findings in this work was the increase in epithelial 
expression of IL-10 observed in asthmatic subjects following exposure to DE. To the 
best of our knowledge, there are no previous data on the effects of DE on IL-10 
expression in the lower airways of humans. In the upper airways, Diaz-Sanchez et al 
have previously reported an increase in the expression of mRNA for IL-10 after 
challenge with ragweed plus DEP in allergic subjects (36). Although the knowledge 
about the effects of DE on IL-10 production is still limited, studies investigating the 
effects of other potentially hazardous agents, including ozone, cigarette smoke and 
various allergens, have likewise reported these substances to increase the expression of 
IL-10 (113-115).

IL-10 has been described as an extremely pleiotropic cytokine with both inhibitory and 
stimulatory effects on inflammatory events. IL-10 was originally identified as a TH2 

cytokine that inhibited cytokine synthesis by THj cells. Subsequently, IL-10 was shown 
to possess marked anti-inflammatory effects on neutrophils and macrophages, including 
down regulation of several proinflammatory cytokines produced by these cells (116).

As research on IL-10 activities has progressed, several anti-inflammatory effects of IL- 
10 have been added to the original picture of IL-10 as a cytokine with predominant 
effects on THi mediated cellular inflammation. Currently, IL-10 is often considered to 
suppress both THi and TH2 mediated inflammatory responses, and there is some 
evidence to suggest that IL-10 is involved in controlling the balance between immune 
responses induced by these T cell subsets. (116, 117). However, due to its diverse 
functions and complex interactions, the role of 1 1 - 1 0  in allergic disease is still 
surrounded by much uncertainty. Noticeably, several studies have presented apparently 
contradicting results regarding the effects of IL-10 in inflammatory responses. For 
instance, IL-10-knock out mice have been shown to express both increased (116), as 
well as decreased (118) eosinophilic airway inflammation. Although the discrepancy 
between different studies may be explained by variations in methodology, it may also be 
explained by the complex nature of IL-10. To begin with, it has been suggested that IL- 
1 0  plays opposite roles in the induction phase as compared to the effector phase of the 
asthmatic reaction, possibly exerting a promoting effect on the induction phase of 
eosinophilic responses by enhancing IL-5 production, while playing an inhibitory role in 
established eosinophilic inflammation (118). Likewise, IL-10 potentially has a dual role 
in influencing IgE synthesis, with an inhibitory effect on IgE production from human 13- 
cells when present during the initial immune response to an allergen, but in contrast, a
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stimulatory effect on IgE production in B-cells that are already IgE switched (119, 120). 
IL-10 also seems to exert dual actions on mast cells, on the one hand acting as a growth 
factor of mast cells ( 1 2 1 ), and on the other hand inhibiting their cytokine production
116. As regards the effects of IL-10 on airway responsiveness, several studies have 
suggested IL-10 to play a critical role in the development of AHR (94-96). Importantly, 
IL-10 has been reported to increase AHR in the absence of an inflammatory response 
(122). Likewise, IL-10-deficient mice did not develop AHR, but exhibited an increased 
airway eosinophil response following allergic sensitisation (94). Therefore, the effects of 
IL-10 on AHR seem to be, at least partly, independent of airway inflammation.

In summary, the biological effects of IL-10 have been difficult to delineate due to the 
complex and varying activities of this cytokine. However, current knowledge suggest 
that in spite of its predominant anti-inflammatory effects, IL-10 may also be associated 
with detrimental effects in asthmatic airways, including a potential increase in airway 
responsiveness. Thus, the increase in epithelial expression of IL-10 presented in study 
IV may be an important link to the increase in AHR presented in study II.

Differences between asthmatics and healthy subjects in the response to 
DE exposure
In view of the epidemiological data suggesting asthmatics to be more adversely effected 
by PM pollution, it might have been expected that asthmatics would present more 
inflammatory changes following DE exposure as compared to healthy subjects. 
However, the studies included here present an opposite picture, with more evidence of 
inflammatory changes in healthy subjects as compared to asthmatics after exposure to 
DE. To begin with, exposure to DE was associated with an increase in sputum 
neutrophils in healthy subjects whereas no cellular change was seen in asthmatics using 
the same study protocol. Likewise, exposure to the lower concentration of DE was 
associated with an increase in several inflammatory parameters in healthy subjects, such 
as neutrophils, lymphocytes, adhesion molecules and cytokines, whereas only an 
increase in IL-10 was detected in asthmatics. Thus, in spite of the enhanced clinical 
sensitivity of asthmatics, these studies provide no evidence of either a neutrophilic 
response or an enhanced eosinophilic response to DE exposure in asthmatic subjects.

The apparent lack of an inflammatory cell influx/migration in asthmatic subjects may be 
explained by several different factors. Firstly, the time course for developing an 
inflammatory reaction to DE may differ between asthmatics and healthy subjects and the 
time point selected may have been too early to detect possible cellular responses in 
asthmatic subjects. Secondly, the underlying inflammation seen in asthmatic airways 
may be associated with compensatory and counter-regulatory mechanisms that act to 
dampen or delay inflammatory changes to inhaled pollutants. The increase in IL-10 seen 
in asthmatic airways may represent one such inhibitory mechanism. Due to its anti
inflammatory effects, IL-10 may act to suppress or delay the inflammatory responses to 
DE and thereby possibly explain the lack of an early neutrophilic response in asthmatic
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airways. Thirdly, the asthmatics included in the studies all had stable disease, and it 
cannot be excluded that other subpopulations of asthmatics with more severe and 
unstable disease would react differently. The use of anti-inflammatory drugs, such as 
inhaled corticosteroids may also have affected the results, but as this drug was only used 
in study II, and not in study IV, this cannot entirely explain the lack of an inflammatory 
response. Fourthly, it is possible that, the increased susceptibility to PM pollution seen 
in asthmatic subjects may not necessarily be mediated through the inflammatory 
mediators measured here. Instead, other mechanisms, such as the increase in airway 
responsiveness presented in this thesis, may be more relevant in explaining the 
epidemiological findings of asthma exacerbations following exposure to PM peaks.

Possible pro-allergic effects of DE
Epidemiological data have suggested a link between PM pollution and exacerbations of 
asthma. However, it is still not fully known in what way and to what extent DE and 
other sources of PM pollution contribute to allergic disease and symptoms. During the 
last decade, a number of experimental studies, predominantly performed in animals, 
have been conducted to investigate possible pro-allergic effects of DE. Although many 
questions still surround this issue, at least three different mechanisms of action have 
been postulated.

To begin with, DE has been suggested to modulate the immune response in asthmatic 
airways. This assumption is supported by studies showing that DE/DEP may alter 
cytokine production, increase IgE production and even promote primary allergic 
sensitisation. Secondly, DE and other PM pollutants may contribute to the exacerbations 
of asthma by causing a non-specific irritation in the airways, which may enhance the 
airway hyperresponsiveness of asthmatic subjects and thus make the airways more 
sensitive to other inhaled components, such as allergens. A third possibility is that DEP 
and other pollution particles act as carriers of airborne allergens and thereby increase the 
allergen dose that reaches the lungs. Studies have also suggested that particles may 
interact with pollen allergens in ambient air and possibly alter the antigenicity of these 
allergens.
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Previously, most evidence implicating adverse health effects of DE has come indirectly 
from a vast number of epidemiological studies that have revealed an association 
between PM matter and various health outcome indices. However, the validity of any 
relationship identified by epidemiological studies can only be established by the 
existence of plausible, underlying biological mechanisms, and thus, there has been a 
need for experimental research to elucidate this matter.

In this thesis, series of experimental studies were performed to investigate airway effects 
of DE exposure in healthy and asthmatic subjects. In order to achieve a comprehensive 
picture of the airway responses to DE, the effects were investigated using several 
methodological approaches, including lung function measurements, methacholine 
inhalation tests, induced sputum and bronchoscopy. In asthmatic subjects, the data 
presented here suggest that DE exposure may induce an immediate increase in airway 
resistance, alter the expression of certain cytokines, and most importantly, increase 
airway hyperresponsiveness. Combined, these findings may provide an important link to 
epidemiological findings of asthma exacerbations following exposure to particulate 
matter peaks. In healthy subjects, this work has predominantly contributed with new 
data regarding the role of the epithelial cells in producing cytokines following exposure 
to DE as well as knowledge about the effects of lower doses of DE than previously 
investigated.

Importantly, the airway effects observed here were detected at particle concentrations 
comparable to what millions of people may be exposed to in their everyday life. 
Estimates by the United Nations indicate that, on a world wide scale, more than 600 
million people are living in urban areas with unhealthy and dangerous levels of motor 
vehicle generated air pollution (1). Due to rapidly increasing urbanization, development 
of industry and intensification of traffic, the highest concentration of PM pollution are 
generally found in major cities of the developing world. Current data suggest that more 
than half of the world’s megacities (cities with a population > 1 0  million) have annual 
mean PM concentrations ranging from 200-600 pg/m3 (14). In comparison, the airway 
effects observed here were detected at a particle concentration of 100-300 pg/m3.

Although increasing research efforts have been made to elucidate the health effects of 
diesel exhaust and other sources of PM pollution, much work still remains. To begin 
with, future studies are needed to further investigate the underlying biological 
mechanisms that may explain the epidemiological data of adverse health effects 
following exposure to PM pollution. In particular, studies should be performed in people 
with asthma, allergy and other respiratory disease, as these groups appear to represent 
more sensitive populations with respect to air pollution. Possible adjuvant effects of 
pollutants on allergic reactions may be addressed by performing allergen provocation 
tests in addition to pollution exposures. Secondly, the effects of lower concentrations of
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PM pollution should be more intensely investigated in order to, if possible, determine 
the threshold levels of the noxious effects. Thirdly, significant work still remains to 
elucidate the relative role of different components of DE and to investigate the 
interaction between DE and other components of ambient air, including allergens and 
other air pollutants.
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This thesis indicates that diesel exhaust has the potential to induce a range of biological 
events in the airways of healthy and asthmatic subjects.

It is concluded that:

• Asthmatic subjects developed a clinically significant increase in airway 
hyperresponsiveness one day after exposure to diesel exhaust. This finding is in 
accordance with a suggested lag time between exposure to particulate matter 
pollution and deterioration of asthma, as seen in epidemiological studies.

• Diesel exhaust induced airway inflammatory changes as reflected in induced 
sputum, bronchoalveolar lavage and bronchial mucosal biopsies. Importantly, 
clear differences were identified between healthy and asthmatic subjects, which 
may be linked to the increased sensitivity in asthmatics to particulate air 
pollution suggested by epidemiological studies.

• The bronchial epithelium was identified to have an important regulatory role in 
response to diesel exhaust, including the capacity to produce chemoattractant 
and immunoregulatory proteins associated with development of airway 
inflammation and airway hyperresponsiveness.

Exposure to diesel exhaust with PM10 100 |ig/m3, corresponding to a PM level 
that may be encountered in busy traffic situations, was associated with 
potentially adverse airway responses in healthy and asthmatic subjects.

• Short-term exposure to diesel exhaust was associated with a bronchoconstrictive 
response in both healthy and asthmatic individuals.

• Induced sputum was identified as an important complementary non-invasive 
method to bronchoscopy in studies of diesel exhaust effects in the airways. Care 
should be taken when interpreting results from repeated sputum inductions, as 
the induction procedure itself may be associated with a neutrophilic response.
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Partikulära luftföroreningar såsom dieselavgaser har länge associerats med en rad 
negativa hälsoeffekter. I detta sammanhang har astmatiker identifierats som en speciellt 
känslig grupp. Trots övertygande epidemiologiska bevis för en koppling mellan 
partikulära luftföroreningar och en rad negativa hälsoeffekter så är kunskapen kring de 
biologiska mekanismer som följer av partikelexponering mycket begränsad. Denna 
avhandling syftar därför till att öka kunskaperna kring luftvägseffekter av dieselavgaser 
hos astmatiker och friska.

Samtliga studier bygger på kammarexponeringar där försökspersoner exponeras för 
dieselavgaser och luft vid två olika tillfallen i randomiserad ordning i en s.k. cross-over 
design. Effekterna av dieselavgaser jämförs sedan med effekterna av filtrerad luft med 
hjälp av ett flertal olika undersökningsmetoder, inklusive spirometri, metakolintest, 
inducerat sputum och bronkoskopi.

I studie I undersöktes det inflammationssvar som följer av korttidsexponering (lh) för 
dieselavgaser (PMi0 300 ju.g/m3) hos friska försökspersoner. Vi konstaterade att 
dieselexponering gav en persisterande inflammatorisk reaktion i luftvägarna med en 
ökning av andelen neutrofiler, IL- 6  och metyl-histamin i sputum efter 6 h samt en ökning 
av andelen lymfocyter 24 h efter exponering.

I studie II undersöktes effekterna av korttidsexponering (lh) för dieselavgaser (PMi0 
300 jag/m3) hos astmatiker. För att möjliggöra undersökning av olika komponenter av 
astmasjukdomen, såsom påverkan på lungfunktion, bronkiell hyperreaktivitet samt 
luftvägsinflammation, utfördes undersökning med både spirometri, metakolintest och 
inducerat sputum. Det viktigaste fyndet var den ökning av bronkiell hyperreaktivitet som 
påvisades 24 h efter diesel exponering. I övrigt sågs en ökad luftvägsresistans samt en 
uppreglering av IL- 6  i sputum.

Studie III syftade till att undersöka cytokineffekter i bronkslemhinnan efter 
korttidsexponering (lh) för dieselavgaser (PMi0 300 fig/m3) hos friska försökspersoner. 
Studien visade att dieselavgasexponering är associerat med en ökning av 
neutrofilattraherande faktorer såsom IL- 8  och Gro-a.

I studie IV var syftet dels att undersöka effekter av en lägre koncentration av
dieselavgaser (PM10 108 pg/m3) hos friska och milda astmatiker samt dels att försöka
identifiera biologiska mekanismer som kan förklara astmatikernas ökade känslighet för 
partikulära luftföroreningar. Trots att koncentrationen av dieselavgaser var lägre än 
WHO air quality standards kunde negativa effekter påvisas. Studien visade också att 
astmatiker och friska uppvisar olika inflammationsmönster efter exponering för 
dieselavgaser. Hos den friska gruppen sågs inflammatoriska förändringar med påverkan
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på både celler och mediatorer. Astmatiker uppvisade en kraftig ökning av IL-10 uttryck i 
bronkialepitel, till skillnad från friska som visade ett diametralt svar med minskat 
uttryck.

Sammanfattningsvis har studierna i denna avhandling bidragit med kunskaper kring hur 
luftvägarna påverkas av exponering för dieselavgaser. I studie III kunde vi för första 
gången experimentellt påvisa en ökning av bronkiell hyperreaktivitet 24 h efter diesel 
exponering, vilket kan utgöra en viktig länk till de epidemiologiska data som visat på 
försämringar av astma 1-4 dagar efter luftföroreningstoppar. Vi har också kunnat påvisa 
att även en förhållandevis låg koncentration av dieselavgaser, som ligger inom 
gränsvärdet för de flesta europeiska länder, påverkar luftvägarna hos både friska och 
astmatiker. Studierna bidrar till att öka förståelsen kring de inflammatoriska förlopp som 
sker i luftvägarna efter exponering för dieselavgaser både avseende tidskinetik och 
ingående komponenter. Vidare har skillnader i reaktionsmönster mellan friska och 
astmatiker påvisats, vilket kan sammanhänga med astmatikers tendens att lättare 
försämras efter exponering för avgaser.
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